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Abstract

Liquid metals are promising heat transfer fluids since they remain liquid in a wide temperature range and can transfer
heat efficiently due to their high thermal conductivity. A first-of-its-kind lab-scale thermal energy storage system with
filler material and with lead-bismuth as heat transfer fluid is currently tested at the Karlsruhe Institute of Technology,
while a 100-kWh storage system is under construction. This numerical study aims to analyse the influence of the filler
parameters on the system’s efficiency when the fluid used is a liquid metal. The filler should store part of the thermal
energy, be efficiently discharged during the cyclic process and buffer the degradation of the thermocline during standby.
For each of these purposes different particle diameters and values of some thermophysical properties of the filler, such
as thermal conductivity, specific heat capacity and density, may be advantageous. Their influence on the thermocline
extension is numerically investigated using a one-dimensional concentric dispersion model.

The results of the parameter study show that for an efficient discharge process in a liquid metal dual-media storage, a
small filler particle size is beneficial (d < 10mm for the reference case chosen in this work). In contrast, the standby
phase is favored by larger diameters, here an order of 10-20 mm. Furthermore, a high thermal conductivity of the filler
material improves the discharge performance, due to the enhanced heat transfer, but leads to an accelerated growth of
the thermocline during standby. For this case, the optimum value is 5-10 W/mK. Moreover, using a filler material with a
high volumetric heat capacity leads to the best overall performance.

A full factorial analysis shows that the filler diameter has the strongest effect on the discharge behaviour, while,

during standby, the volumetric heat capacity has the largest influence.
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1. Introduction

Thermal energy storage systems play an important role
for a constant and reliable heat generation under fluctu-
ating renewable energy generation. One example is the
concentrating solar power technology, where large-scale
thermal energy storage systems with molten salt already
enable a 24/7 operation [1]. But also the implementation
in conventional coal-fired or nuclear power plants is pro-
posed with the aim of increasing the capacity factors and
minimizing the number of start-ups [2, 3, 4].

Liquid metals as heat transfer fluids offer the advan-
tage of excellent heat transfer characteristics and a broad
operating temperature range [5, 6]. Sodium, for example,
is liquid between 98 and 883°C (1bar) and the eutectic
mixture of lead and bismuth (LBE) is liquid between 125
and 1533°C (1bar) [7, 8]. Therefore, they have been pro-
posed as heat transfer fluids in concentrating solar power
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plants [9, 10, 5, 11] and also for the use in thermal energy
storage systems [12, 13, 14, 15].

A dual-media thermal energy storage system with filler
material and liquid metal at heat transfer fluid is proposed
by the authors as an efficient storage solution in previous
publications, with the possibility to bring down the storage
material costs as well [16, 17, 18].

At the Karlsruhe Institute of Technology (KIT), a dual-
media thermal energy storage system with LBE has been
demonstrated for the first time on a lab scale. Currently, a
100 kWh pilot-scale storage system is under construction.

For the proper design of its packed bed, some filler
parameters are analysed in this study and general conclu-
sion are derived about their impact on the efficiency of
the liquid metal system. In a storage system with liquid
metals, which have a very high thermal conductivity, the
storage material must be chosen in such a way as to main-
tain sufficient stratification during the standby periods and
at the same time ensure a good heat transfer during the
charge and discharge phases. These opposing requirements
for standby and cycling are discussed in this study.

In previous works [17, 19, 18] the influence of the tank
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height, bed porosity, fluid velocity, particle diameter, fluid
inlet temperature and initial storage temperature on the
discharge and standby performance of a large-scale liquid-
metal dual-media storage system was investigated by vary-
ing one factor at a time. The results indicate that large
tank height-to-diameter ratios, a low porosity and small
particle sizes are to be preferred.

Previous literature works for thermal storage systems
with molten salts or oils, show that the discharge efficiency
is independent of the thermal conductivity for small grain
sizes of the filler material [20] while it increases with the
thermal conductivity for larger grain sizes [21, 22, 23]. In
fact, while for such fluids and for sufficiently small grain
sizes the conductive thermal resistance of the material is
negligible compared to the convective thermal resistance,
this is not the case with liquid metals which practically
always have a high Biot number [17]. Consequently, the
lumped capacitance method, used in previous work with
molten salts and oils [20, 22, 24, 25, 26], is not applicable
here and it is necessary instead to solve the energy equation
even in the solid phase, as discussed in [17, 18]. For an
overview of numerical methods to simulate thermoclines,
the interested reader is referred to Ref. [27].

To date, a parametric analysis of the key filler material
properties that determine the efficiency of a liquid metal
storage system, such as size, thermal conductivity, and
volumetric heat capacity, is absent. This is done in the
present work considering the configuration of the 100 kWh
pilot plant currently under construction at KIT. In addition
to the discharge phase alone, the combination of discharge
and standby is also considered, the latter being particularly
challenging for liquid metals as a result of their high ther-
mal conductivity, which promotes thermocline degradation.
The results were also analysed by full-factorial analysis to
determine which of the parameters had the greatest impact
on the efficiency and the mutual interactions between them.
It should be noted that the compatibility between liquid
metals and filler material, an important aspect due to the
high corrosiveness of such fluids, is not considered in this
study but will be experimentally analysed at the KIT.

2. Model description

A one-dimensional concentric dispersion model, dis-
cussed and validated in previous works by the same authors
[17, 18], is used to simulate the discharge and standby pro-
cess. Due to the high Biot number when using liquid metal
as heat transfer fluids, the temperature profile inside the
particles needs to be solved. The following assumptions
are made:

e no axial heat conduction in the solid phase, as only
point contact between the spherical filler particles

e no heat losses to the ambient, i.e. ideally insulated
tank

e uniform fluid velocity and temperature across the
cross section of the tank

e isotropic packed bed with monodisperse, spherical
filler particles

2.1. Governing equation

The energy equation is solved for the fluid (Eq. 1) and
the solid filler spheres (Eq. 2). The equations are coupled
through a convective boundary condition at the surface of
the filler spheres (T} ,). For the standby process, the fluid
velocity u is set to zero. Figure 1 shows a scheme of the
simulated storage system.
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Figure 1: Scheme of a discharge process in a dual-media storage
showing the temperature distribution in axial direction in the tank
(z) and intra-particle radial direction (y), red: high temperature,
blue: low temperature

u

2.2. Initial and boundary conditions

For the discharge process, the initial condition is of
homogeneous temperature in the fluid and in the particles
(Timax), while for the standby simulation the initial temper-
atures for the fluid and the particles are those at the end
of the discharge process, as shown in Eq. 3.

T(z) =Tp(z,y) = Tmax discharge
t=0: T(x) =T (2, tais) standby ~ (3)
Tp(l‘, y) = Tp (.’I}, Y, tdis) Standby

The boundary condition for the fluid is of constant
temperature at the inlet and zero gradient at the outlet of
the tank (Eq. 4-5). For standby, a zero gradient boundary
condition is assumed at the inlet.

T =1T;, discharge

4
8—T =0 standby @
Ox
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x=H: e 0 discharge/standby (5)
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The filler spheres have a symmetry boundary condition
in the centre and a convective boundary condition at the

interface with the fluid (Eq. 6-7).

: T,
y=0: oy 0 (6)
) 0T, B
y=d/2: NG = (T =) (7)

2.8. Heat transfer between fluid and filler

The volumetric heat transfer coefficient h, is calculated
as the product of the (surface specific) heat transfer coeffi-
cient a and the specific surface of the particles s, in the
bed (Eq. 8).

Nu - /\f 6(1 — E)
= )

hy,=«a-s, with «a= and s, =

Due to the lack of available literature correlations for
the convective heat transfer coefficient between LBE and
solid spheres in a packed bed [17], a conservative Nusselt

number value of Nu = 2 was assumed.

2.4. Solution procedure

The energy conservation equations are solved with an
in-house finite volume code. The time discretization is
performed with a second-order Crank-Nicolson scheme. A
central difference scheme is used for the spatial discretiza-
tion of the diffusive terms, while a first order upwind scheme
was chosen for the advective terms. The size of the control
volumes in the filler particle is continuously reduced by a
factor of 0.9 starting from the largest control volume in
the center (y = 0).

A grid sensitivity analysis is performed according to
Roache [28]. The number of control volumes is consid-
ered sufficient to provide the solution if the thermocline
efficiency values obtained with two different grids differ
by less than 0.2%. This implies, for the reference case,
1000 elements along the tank axis and 70 elements in the
particles, considering a time step of 0.3 s for discharge and
3 s for standby.

3. Methodology

Firstly, a reference case is defined followed by the cal-
culation of the storage and performance parameters and
by an overview of the properties considered in the param-
eter study. Finally, the method of full factorial design of
experiments is presented.

3.1. Reference case

The reference case and its operating temperature limits
are based on the pilot-scale demonstrator that is currently
under construction at KIT. The storage tank dimensions,
mass flow, bed porosity and temperatures are defined as in
the planned experiment:

tank dimensions: H = 2m, D = 0.6m
mass flow discharge: m = 2.43 kgs!
ﬂin = 193::0,15 = ﬁmin = 200°C

Vg,t=0 = Umax = 400°C

bed porosity: € = 0.37

standby time: 480 min (8h)

The storage tank size and the operating temperatures
are limited by the space available for the test section of the
liquid metal loop at KIT. In general, higher temperatures
can be realized in liquid-metal storage systems.

The mass flow and the bed porosity are defined accord-
ing to pre-tests in a lab-scale storage system at KIT. Thus,
the numerical results can be used for the selection of a
suitable filler material and, later on, to compare numerical
and experimental results.

Table 1 lists the properties of LBE at 300 °C, while in
the simulation the temperature dependent properties from
the LBE Handbook [8] are used.

Table 1: Physical properties of LBE (at T' = 300 °C) [8]

cpt/Ikg 'K pr/kgm®
146 10337

(pcp)e/kJm>K1  Ag/WmtK!
1.5-103 12

3.2. Storage parameters

The storage capacity @ is determined from Eq. 9 with
the properties taken at Tiean = 0.5(Tmax + Timin)-
Q = (mfcpf + mscps)(Tmax - Tmin) (9)

The fluid and solid mass (ms and ms) are evaluated
with Eq. 10 and 11, respectively.

mD?H
me = e~ —ps (10)
mD2?H
ms = (1 — 5)74 s (11)

3.3. Performance parameters of discharge and standby

Both discharge and standby are evaluated by determin-
ing the ratio of the thermocline zone, i.e. the zone zyy
where the fluid temperature is between ¥,,;, + 5K and
Umax - DK (Fig. 2), and comparing it to the total tank
height (Eq. 12).

Tth

Czl—F (12)
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Figure 2: Example of a thermocline zone x}, as the part of the storage
tank axis z (in m) with a fluid temperature 9 (in °C) between 9pin
+ 5K and Ymax - 5K

An efficiency of ¢ = 0 represents the worst case, i.e. a
storage tank filled completely with the thermocline region.
An ideal storage system with a thermocline efficiency of
¢ =1, by contrast, has an ideal separation of the hot and
the cold zone.

The discharge process is simulated for half of the ideal
discharge time starting from a fully charged tank (Eq. 13).

Q

mcpf(Tmax

(13)

1
tais = 3" tdis,ideal =

N =

- Tmin)

After this time interval, the thermocline zone z;, has
moved to the centre of the tank. The next standby phase,
simulated for 480 minutes (8h), starts from the most unfa-
vorable situation, being half of the tank at the minimum
temperature and the other half at the maximum tempera-
ture.

The thermocline efficiency after half of the discharge
time is defined as (qis (Eq. 14) and after an additional
standby of 480 min (8h) as (s (Eq. 15).

Cdis = C(tdis) (14)
(st = C(tais + 480 min) (15)

The difference between the discharge efficiency (g4;s and
the total discharge and standby efficiency (s represents
the growth of the thermocline during standby (Eq. 16).

AQ = (st — Cais (16)
3.4. Parameter study
The base case for the parameter study is:

o filler diameter: d = 50 mm
e thermal conductivity: Ay = 5 Wm'K-!
e volumetric heat capacity: (pc,)s = 5+ 10% kJm3K?

As the storage tank dimensions are kept constant, the
storage capacity changes depending on the volumetric heat
capacity (pcp)s of the filler. Table 2 shows the variation
ranges of the parameters and their influence on the storage
capacity and efficiency.

The parameter range is chosen according to the review
of Almendros-Ibéafiez et al. [29] that list the typical ther-
mal properties of filler material in packed-bed heat storage
systems. The thermal conductivity of the filler is limited
to the maximum value of 50 W/mK, since in order to mini-
mize the degradation of the thermocline during standby,
it must always be lower than the liquid metal’s thermal
conductivity.

Table 2: Overview of variation range of the parameters and their
influence on the storage capacity and efficiency; v': has an influence,
X: has no influence

parameters range Q ¢
d/mm [1...100] x
As/Wm K- [0.1...50] X v
(pcp)s/KJmPK' [5-102..5-10%] v v

In Fig. 3 the reference case and the varied parameters
are summarized.

FIXED VARIED

Yimax = 400°C

>\'S9 (pcp)s

2000 mm
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9in = 9min =200°C
thBE =243 kg/S

Figure 3: Scheme of the discharge process of a dual-media storage
with the fixed and varied parameters in the parameter study

3.5. Analysis with full factorial design of experiments

In order to assess not only one factor at a time, but
the combined effect of the three parameters varied in this
study, additionally, an analysis with the method of full
factorial design of experiments (DOE) is used [30]. It is
used to determine the parameters with the largest effect
on the results and their possible interactions.



This principle is schematically shown in Fig. 4. For
k = 3 factors influencing a test result, a 2* plan can be
created with the test numbers representing the edges of

the three-dimensional variation space of the three variables.

The centre and the arrows represents the base case and the
parameter study vectors, respectively.
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Figure 4: Schematic illustration of the three-dimensional parameter
matrix according to the full factorial design of experiments, the
numbers 1 to 8 representing the test numbers and A, B and C the
influencing factors

In Table 3 the test plan with the 2 — 1 effects on the
test result y; is shown.

Table 3: Signs for the calculation of the effects and interactions of
the three factors A, B and C

A C AB

No. B AC BC ABC y;
1 - - - + + + - Y1
2 + - - - - + + Y2
3 -+ - - + - + oy
4+ o+ - 4 - - - w
5 - -+ o+ - - + s
6 + - + - + - - Ye
T -+ o+ - - + T
8 + 4+ + o+ o+ 4+ + oy

effj effA effB effc effAB effAc effBC effABC

The effects are calculated with Eq. 17 [31].
8

eff, =1/4 Z(sign “Yi) (17)

i=1

The ‘4’ sign stands for the maximum value of each
factor A, B and C, the ‘-’ sign the for the minimum value
of each factor. The signs of the interactions are calculated
as the products, e.g. sign(AB) = sign(A)-sign(B). The
parameter ‘y;’ corresponds to the test result, i.e. is the
thermocline efficiency ¢ in this work. The calculation of
the effect of the factor A (effp) on the test result is shown
exemplarily in Eq. 18.

effa =1/4- (—y1+y2 —ys +Ya —Ys + Y6 — y7 + ys) (18)

If the effect is negative it means that this factor has
a reducing effect on the target value y; a positive effect
means that this factor is enhancing y. If the interaction
effect, e.g. of AB, has the same sign as the effect of the
main factor A, it implies that additionally increasing factor
B has a boosting effect on the result y; if it is the opposite
sign it means it has a weakening effect [31].

4. Results

In the following, the simulation results for the reference
case and the parameter study are shown. The discharge
process is simulated starting from a fully charged tank for
half of a discharge period and the standby for 480 min (8 h).

4.1. Reference case

Figure 5 presents the fluid temperature distribution
along the vertical tank axis for four time steps during
discharge. The thermal storage capacity of the reference
case storage system (as described in Sec. 3.1) is 116.5 kWh
with a total discharge time of ¢gis jdeat = 98 min (1.64h).
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Figure 5: Fluid temperature 9 (in °C) distribution for the reference
case along the vertical tank axis z (in m) at four time steps during
discharge and during standby

It can be observed that during the discharge process,
the thermocline moves through the tank and expands until
the end of the simulated discharge process is reached (solid
line, at 49 min). In gray, the temperatures during the
following standby process are shown for 240 min (4h) and
480 min (8h).

Figure 6 shows the corresponding intra-particle temper-
ature difference along the tank axis that decreases with
time. This is the difference between the temperature in
the centre of the particle (T}, ;) and its outer surface (T}),
ie. AT, =15 — T

At the end of the discharge time ¢4;5 the maximum value
of the intra-particle temperature difference is AT, ~10K



and reduces to values close to zero during standby due to
the heat transfer to the surrounding LBE.
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Figure 6: Intra-particle temperature difference AT}, (in K) for the
reference case along the vertical tank axis z (in m) at four time steps
during discharge and during standby

Figure 7 shows that the thermocline efficiency is 44.2%
after discharge, i.e. 55.8% of the tank are filled with the
thermocline zone. During the 480 min (8 h) of standby the
efficiency decreases to 23.6%.
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Figure 7: Thermocline efficiency ¢ (in %) during 49 min of discharge
and 480 min (8 h) standby for the reference case

4.2. Parameter study
In the following, the simulation results for different filler
sizes and properties for both the discharge and standby

phase are presented.

4.2.1. Variation of the filler particle diameter d

The fluid temperature and the intra-particle temper-

ature difference are plotted in Fig. 8 and Fig. 9, where

the solid line represents the base case results. By reduc-

ing the particle size, a reduced intra-particle temperature

difference is obtained during discharge, because the bigger
surface-to-volume ratio implies a higher heat transfer from
the filler material to the liquid metal. The maximum intra-
particle temperature difference during discharge decreases
from AT, max = 20K (d = 100mm) to AT}, max = 0.01K
(d = 1mm). This results in sharper fluid temperature
profiles, with consequently reduced thermocline regions,
and an improvement of the storage performance during

discharge.
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Figure 8: Fluid temperature ¥ (in °C) along the vertical tank axis x
(in m) after discharge (tqis) depending on the particle size d (in mm)

[\
o

—_
ot

—_
o

ot

Intra-particle temperature difference ATy

o

1 1
04 06 08 1 1.2
Tank axis x

Figure 9: Intra-particle temperature difference AT}, (in K) along the
vertical tank axis = (in m) after discharge (tqis) depending on the
particle size d (in mm)

Figure 10 shows that (qi5 increases by reducing the par-
ticle diameter (ais = 11.9% for d = 100 mm to (qis = 83.6%
for d = 1mm). For d <10 mm the improvements by further
decreasing the particle diameter are not significant, though.



The standby behaviour, by contrast, improves when
choosing particles with a larger diameter, as the reduced
heat transfer surface minimizes the heat transfer to the fluid,
which is advantageous for the stratification in the tank.
This can be observed by the decrease of the thermocline
zone (A() for increasing particle diameters.

For a standby time here considered, the best efficiency
(st is achieved with particle sizes of 10-20 mm. However, if
much longer standby periods are necessary, larger particles
may be more advantageous.
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Figure 10: Thermocline efficiency after discharge (qis (in %) and after
an additional standby (st (in %) depending on the particle size d (in
mm)

4.2.2. Variation of the thermal conductivity A

The smallest thermocline regions in the fluid and thus,
the most efficient discharge process, can be seen in Fig. 11
for the highest thermal conductivity of the particles. This
is also indicated by the intra-particle temperature differ-
ence in Fig. 12, which is minimum due to the excellent
heat transfer in highly thermally conductive filler mate-
rial. The maximum intra-particle temperature difference
for Ay = 50W/mK is AT, max = 1K, compared with
AT, max = 149K for Ay = 0.1 W/mK.

As shown in Fig. 13, a high thermal conductivity leads
to the best results during discharge ((qis = 52.2% for
As = 50 W/mK), as the heat transfer is improved. However,
the increase of the thermocline efficiency is negligible for
As > 10 W/mK. Indeed, above this value, the convective
heat transfer resistance between the filler material and
the surrounding fluid dominates, thus preventing further
improvement of (4is as Ag increases.

On the contrary, during standby, thermal conductiv-
ity values lower than 1 W/mK considerably reduce the
expansion of the thermocline, because of the prevailing
conductive thermal resistance in the filler material over the
filler-fluid convective one. This is shown by the decreasing
values of the thermocline growth A(¢ in Fig. 13 (accord-
ing to Eq. 16). Thus, the optimum thermal conductivity
of the filler material for the reference case of this study
is Ay & 5-10 W/mK, but is, of course, depending on the
standby time.
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Figure 11: Fluid temperature ¢ (in °C) along the vertical tank axis
z (in m) after discharge (tqis) depending on the thermal conductivity
of the filler A¢ (in W/mK)
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Figure 12: Intra-particle temperature difference AT}, (in K) along
the vertical tank axis z (in m) after discharge (tqis) depending on
the thermal conductivity of the filler As (in W/mK)

4.2.8. Variation of the volumetric heat capacity (pcp)s

The influence of the volumetric heat capacity on the
fluid and filler material temperatures in the storage tank
during discharge is presented in Fig. 14 and Fig. 15. The
temperature profile along the vertical axis is steeper for low
values of (pcp)s resulting in lower thermocline thicknesses
and therefore higher efficiencies.

The same positive effect is found in the intra-particle
temperature decrease with decreasing (pc,)s. For (pep)s =
5-10"kJ/(m3K) the maximum intra-particle temperature
difference is AT}, max = 10K, for (pcp)s = 5-10°kJ/(m®K)
it is ATy max = 8K.

Nevertheless, the volumetric heat capacity has a reduced
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Figure 13: Thermocline efficiency after discharge (gis (in %) and
after an additional standby (st (in %) depending on the thermal
conductivity of the filler Ag (in W/mK)
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Figure 14: Fluid temperature ¥ (in °C) along the vertical tank axis
z (in m) after discharge (tqis) depending on the volumetric heat
capacity (pcp)s (in kJ/(m3K))

influence on the discharge compared with the diameter and
thermal conductivity, as can be observed by the small
changes the fluid temperature in Fig. 14 and the intra-
particle temperature difference in Fig. 15. This is due to
the simultaneous reduction of the discharge time with lower
(pcp)s (Table 4).

As shown in Fig. 16, although low values of (pcp)s in-
crease the thermocline efficiency during discharge, high
values favour the standby operation. The reason is a de-
creased thermal diffusivity in the filler particles (As/(pcp)s)
which reduces the heat diffusion processes inside them. For
the standby time of this study, high values of (pc,)s even
lead to an overall increase of the combined discharge and
standby operation. Moreover, it is beneficial from an eco-
nomic point of view to store the main part of the heat
in (low-cost) filler material with a high volumetric heat
capacity [17].
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Figure 15: Intra-particle temperature difference AT}, (in K) along
the vertical tank axis z (in m) after discharge (tqis) depending on
the volumetric heat capacity (pcp)s (in kJ/(m3K))

Table 4: Filler mass, storage capacity and discharge time for varied
volumetric heat capacities of the filler

(pcp)s mg Q tdis
kJ/(m3K) kg kWh  min
5102 251.9 27.4 12
1-10° 356.3 37.3 16
2103 503.8 57.1 24
5-103 796.6 116.5 49
1-10% 1126.6 2154 91
5-10% 2519.1 1007.1 426
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Figure 16: Thermocline efficiency after discharge (qis (in %) and after
an additional standby (st (in %) depending on the volumetric heat
capacity (pcp)s (in kJ/(m3K))

4.2.4. Main effects and interactions of the parameters

In order to assess the magnitude of the effects of the
influencing parameters and their interactions on the result,
a full factorial DOE was performed. The results of the
cases described in Table 3 are summarized in Table 5 with



the target value y; being either the thermocline efficiency
¢ or the thermocline growth during standby A(. Efficiency
values of zero imply that the thermocline region fills the
entire tank (Eq. 12).

The three parameters A, B and C correspond to the
filler particle diameter d, the thermal conductivity As, and
the volumetric heat capacity of the filler (pc,)s, respectively.
The correlations between these parameters are given by
the combinations of A, B and C.

The effects of these parameters, which are presented in
Fig. 17-19 are calculated according to Eq. 17. The results
are shown in Fig. 17 for the discharge, in Fig. 18 for the
combined discharge and standby and in Fig. 19 for the
thermocline growth A(.

Table 5: Results for y; after tgq;s and and additional standby of
480 min (8h) for the 2% tests according to Table 3

Y1 Y2 Y3 Ya
Cais  82.7% 26.7% 82.8% 58.4%
Gt 0% 0% 0% 0%
AC 88.7T% 26.7% 82.8% 58.4%

Ys Yo Y7 Ys
Cais  83.2% 6.9% 83.9% 12.9%
Gt T76.0% 0%  764% 6.3%
AC T72%  6.9%  7.5%  6.6%

It can be concluded from Fig. 17 that increasing the
diameter of the filler (A) has a strongly negative effect
on (gis- An increase of the volumetric heat capacity (C)
leads to a decrease of (q;s as well, whereas a larger thermal
conductivity (B) has a positive effect on the thermocline
efficiency. However, the effects of B and C and the in-
teractions between the parameters are rather limited, in
comparison with the effect of A.

I I I I I I I
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Figure 17: Magnitude of effects and interactions of the factors A
(=d), B (= Xs) and C (= (pcp)s) on Cais

Considering the combined discharge and standby (Fig. 18),

the increase in volumetric heat capacity (C) results in an
increased thermocline efficiency (s, comparable to its de-
crease due to larger filler diameters (A). The negative value
of the interaction AC indicates that a simultaneous in-
crease in filler diameter (A) reduces the effect of increasing

the volumetric heat capacity (C) on (s, but promotes the
negative effect of factor A.
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Figure 18: Magnitude of effects and interactions of the factors A
(Zd), B (2 A) and C (2 (pey)s) on Cer

The results shown in Fig. 19 indicate that the dominat-
ing parameter on the thermocline growth is the volumetric
heat capacity (C). The negative value of C results in a
reduced growth of the thermocline region during standby
as (pcp)s increases. The filler diameter (A) has an ap-
proximately 3 times smaller and also negative influence on
AC(, leading to a reduced growth of the thermocline during
standby with larger particles. If both filler diameter (A)
and volumetric heat capacity (C) are increased simultane-
ously (interaction AC) it leads to a reduced effect of both
factors. The influence of the thermal conductivity (B) and
the interdependencies AB, BC and ABC can be neglected
in comparison. It should be noted, that in the numeri-
cal model point contact between the filler particle spheres
is assumed and thus, no inter-particle heat conduction is
considered.
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Figure 19: Magnitude of effects and interactions of the factors A
(2d), B (2 ) and C (= (pey)s) on AC

5. Conclusion

In this work a dual-media storage system composed of
a liquid metal (lead-bismuth eutectic) and a filler mate-
rial is numerically analysed. The geometry and operating
conditions correspond to those of a 100-kWh pilot-scale



storage system currently under construction at the Karl-
sruhe Institute of Technology with a tank height of 2m and
a diameter of 0.6 m in order to select the optimum filler
material and size for the experiment. To the best of the au-
thors’ knowledge, it will be the first-of-its-kind dual-media
storage system with liquid metal as heat transfer fluid.

The general conclusions, however, can be transferred
to any liquid metal dual-media storage system. The sim-
ulations are carried out for the discharge phase and the
combined discharge and standby operation. The thermo-
cline efficiency is evaluated and compared for different
values of the filler diameter d, the thermal conductivity
As and the volumetric heat capacity (pcp)s by varying one
factor at a time and by using a full factorial design of
experiment.

e d: The discharge phase is favoured by small diameter
particles, however with no significant improvement
for very small sizes (for the reference case chosen in
this work: d < 10mm). During standby, by contrast,
larger particles are preferred. The combination of
the two shows an optimum for diameters of about
1020 mm for the considered reference case.

e )¢ The thermal conductivity also has opposing ef-
fects on the discharge and standby phases. The for-
mer is favoured by high values while the latter by
low ones. For the reference case in this study, a value
of 5-10 W/mK represents an excellent compromise
between the two.

e (pcp)s: A low volumetric heat capacity improves the
thermocline efficiency during the discharge phase, as
the storage volume is kept constant as well as the fluid
mass flow leading to shorter discharge times, which
improve the thermocline behaviour significantly. A
high volumetric heat capacity, however, favors the
standby phase. Moreover, due to the relatively high
cost of liquid metals it is preferable to store energy
in cheap fillers with high volumetric heat capacity.

e The combined effects of the parameters on the ther-
mocline efficiency are analysed through a full factorial
analysis. It shows that the filler diameter has the
strongest effect on the thermocline efficiency during
the discharge phase. For the combined discharge and
standby phase, the filler material and the volumetric
heat capacity prevail, with opposite effects on the
thermocline efficiency. When only the standby phase
is considered, the volumetric heat capacity dominates.
According to this analysis, the effect of the thermal
conductivity does not have a dominating influence
on the results.

e Studies in the literature with molten salt or ther-
mal oil show that small filler diameters and a high
thermal conductivity (in case of large particles) are
beneficial for the discharge process. However, these
studies do not consider a parametric analysis of the
filler size and properties during standby. As the ther-
mal conductivity of molten salt and thermal oil is

10

significantly lower than that of the liquid metal, the
selection of the filler material does not seem to be as
relevant as for the liquid-metal based storage system.
For the latter, the standby is especially challenging
and thus, the filler material needs to buffer the ther-
mocline degradation with a low thermal conductivity,
opposite to conventional heat transfer fluids.

Nomenclature

Subscripts
dis Discharge
f Fluid
i Inner
max Maximum
min Minimum
o} Outer
p Particle
th Thermocline

Solid

st Standby
v Volumetric

Acronyms
DOE Design of experiments
KIT Karlsruhe Institute of Technology
LBE Lead-bismuth eutectic

Latin letters

S URS QW

S

SEHANTSIOSS

A.]Tth

Yi

factor in DOE

factor in DOE

factor in DOE

Specific heat capacity (JkgtK™1)
Filler particle diameter (mm)

Tank diameter (m)

Effects in full factorial DOE (-)
Tank height (m)

Volumetric heat transfer coefficient (Wm™3K!)
Mass (kg)

Mass flow (kgs™)

Storage capacity (J)

Specific surface (m™)

Time (s)

Fluid temperature (K)

Particle temperature (K)

Fluid velocity in packed bed (ms™)
Thermocline thickness (m)
Coordinate along tank height (m)
Coordinate along particle radius (m)
Test result in full factorial DOE (-



Greek letters

¢

B NS

Heat transfer coefficient (Wm2K™1)
Thermocline growth during standby (%)
Bed porosity (-)

Fluid temperature (°C)

Thermocline efficiency (%)

Thermal conductivity (Wm1K!)
Density (kgm™)
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