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 A B S T R A C T

Thermal energy storage (TES) systems are a crucial component of pumped thermal energy storage systems, 
so-called Carnot Batteries, and are expected to play an important role in the energy transition. As a possible 
TES configuration, a packed-bed with liquid metal as a heat transfer fluid has been proposed. To optimize 
and further investigate this concept, simulations of the thermocline propagation in the packed-bed TES are 
required. For this purpose, one-dimensional heterogeneous continuum models are frequently used. The heat 
transport mechanisms and the effective transport parameters needed for these models have been extensively 
studied for conventional fluids. However, due to the high thermal conductivity of the liquid metals used, 
the governing heat transfer mechanisms differ fundamentally from those of conventional fluids. In this work, 
the heat transport mechanisms present in the TES were examined for different Péclet numbers. The analysis 
revealed that axial heat transport across the thermocline region is the dominant mechanism. By contrast, 
the heat transfer between particles and fluid, as well as the intra-particle heat conduction, contribute only 
marginally to the overall axial heat dispersion and, consequently, to thermocline propagation. For low Péclet 
numbers, where molecular heat conduction dominates, axial heat dispersion can be described for liquid metals 
using established correlations. For these Péclet numbers, the model developed here was successfully validated 
against experimental data (Pe0 ≤ 0.32). However, for moderate Péclet numbers, which may occur in industrial-
scale TES, the effective transport parameters are subject to high uncertainties. Further research is therefore 
needed in this area.
1. Introduction

For the success of the energy transition, an increased use of re-
newable energy sources is necessary. However, since wind and solar 
power fluctuate significantly during the day and do not always match 
the demand, efficient large-scale energy storage systems are required 
to ensure grid stability [1]. The most important requirements for the 
necessary storage systems are low costs and independence of geo-
graphical requirements. For this reason, the so-called Carnot battery 
is of particular interest [2]. In this concept, electricity is taken from 
the grid during times of surplus and low cost. Then it is converted 
into heat using a power-to-heat cycle and stored in a thermal energy 
storage (TES). When electricity demand again exceeds the supply from 
renewable sources, the stored heat is reconverted to electricity using 
a heat-to-power cycle (see Fig.  1). As a core component of the Carnot 
battery, TES systems are therefore of particular importance. In general, 
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a distinction is made between sensible, latent, and thermochemical 
storage systems. Efficiencies and exergy losses in the power-to-heat and 
heat-to-power cycle are not addressed in this paper as the main focus 
will be on sensible TES systems.

To reduce costs and increase storage capacity, single-tank systems 
with a packed bed have been proposed as sensible TES [3]. In this 
storage concept, a hot layer forms in the upper part of the storage and 
a cold layer forms in the lower part during charging and discharging 
(see Fig.  1). A transition zone develops in between, the so-called 
thermocline. The thickness of the thermocline indicates the exergy loss 
in the TES system and should therefore be as small as possible [4]. As 
heat transfer fluids (HTF), molten salts or thermal oils have been used 
so far in laboratory and pilot-scale facilities for packed-bed TES [3,5]. 
Molten salts are already commercially used as storage medium in two-
tank TES systems [6]. A disadvantage of using thermal oils or molten
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Nomenclature

Acronyms

GUM Guide to the expression of uncertainty in 
measurement

HTF heat transfer fluid
KALLA Karlsruhe Liquid Metal Laboratory
LBE lead-bismuth eutectic
TC thermocouple
TES thermal energy storage
Subscripts

0 initial
amb ambient
bed packed bed
exp experimentally measured
f fluid
i inner
in inlet
ins insulation
o outer
p particle/solid filler material
sim simulated
TES thermal energy storage (liquid and packed-

bed)
w wall

Latin letters
𝛥𝑇 rel mean relative deviation between measured 

and simulated temperatures (median value 
derived from Monte Carlo simulation) (%)

𝛥𝑇rel,max maximum relative deviation between mea-
sured and simulated temperatures (median 
value derived from Monte Carlo simulation) 
(%)

𝛥𝑇rel relative deviation between measured and 
simulated temperatures (%)

𝑚̇ mass flow rate (kg s−1)
𝐴 surface area (m2)
𝐴𝑖 contribution to overall axial heat dispersion 

(index 1 = axial heat transport; 2 = heat 
transfer between particle and fluid; 3 =
intra-particle heat conduction) (−)

𝑐p heat capacity (J kg−1 K−1)
𝐷 diameter of the packed bed (m)
𝑑p particle diameter (m)
𝑓𝑎 shape factor (−)
𝐻 height of the packed bed (m)
𝑘 overall heat transfer coefficient 

(Wm−2 K−1)
𝑟𝑖 relative contribution to overall axial heat 

dispersion (index 1 = axial heat transport; 2 
= heat transfer between particles and fluid; 
3 = intra-particle heat conduction) (−)

𝑠 thickness (m)
𝑠v specific surface area of all particles in the 

packed bed (m−1)
𝑇 temperature (K)
𝑡 time (s)
𝑢0 superficial fluid velocity (ms−1)
2 
𝑢𝜀 interstitial fluid velocity (ms−1)
𝑉 volume (m3)
𝑥 storage height coordinate (m)
𝑦 particle radius coordinate (m)
Greek letters
𝛼 heat transfer coefficient (Wm−2 K−1)
𝛿 diffusion coefficient (m2 s−1)
𝛿ax effective axial diffusion coefficient (m2 s−1)
𝜆 thermal conductivity (Wm−1 K−1)
𝛬ax effective axial thermal conductivity 

(Wm−1 K−1)
𝜇 dynamic viscosity (Pa s)
𝜌 density (kgm−3)
𝜎 standard deviation (K or %)
𝜀 porosity (−)
Non-dimensional parameters

Bi Biot number: Bi = 𝛼(𝑑p∕2)
𝜆p

K capacity ratio: K =
(1−𝜀)𝜌p𝑐𝑝,p
𝜀𝜌f 𝑐𝑝,f

Nu Nusselt number: Nu =
𝛼𝑑p
𝜆f

Pe Péclet number: Pe0 = Re0Pr or Pe𝜀 = Re𝜀Pr; 
Pe0 = Re0Sc or Pe𝜀 = Re𝜀Sc

Peax effective axial Péclet number: Peax =
𝑑p𝑢0𝜌f 𝑐𝑝,f

𝛬ax
 or Peax =

𝑑p𝑢0
𝛿ax

Pr Prandtl number: Pr = 𝜇f 𝑐𝑝,f
𝜆f

Re Reynolds number: Re0 =
𝜌f 𝑢0𝑑p
𝜇f

 or Re𝜀 =
𝜌f 𝑢𝜀𝑑p
𝜇f

Sc Schmidt number: Sc = 𝜇f
𝜌f 𝛿

salts is their relatively low thermal conductivity, which leads to only 
moderate heat transfer [7]. As an alternative HTF in packed-bed TES, 
liquid metals have been proposed [8–10]. A detailed overview of TES 
experiments using liquid metals as HTF is given by Niedermeier [11]. In 
contrast to conventional fluids, their thermal conductivity is up to 100 
times higher, enabling efficient heat transfer [12]. Furthermore, liquid 
metals remain stable over a wide temperature range, allowing large 
temperature differences inside the TES. For example, the liquid range 
of sodium is 98 ◦C to 883 ◦C, and the liquid range of lead is 327 ◦C to
1743 ◦C [13]. Consequently, high storage capacities can be achieved [7] 
and high-temperature applications well above 500 ◦C are possible [11].

1.1. Previous work at Karlsruhe Liquid Metal Laboratory on TES and 
novelty of this paper

At the Karlsruhe Liquid Metal Laboratory (KALLA), packed-bed TES 
systems are currently being investigated, in which liquid metals are 
used as HTF. Based on simulations using a heterogeneous continuum 
model with a dispersed solid phase, competitiveness with other packed-
bed TES systems with molten salts as HTF has been demonstrated [15]. 
The storage concept was also successfully tested in a lab-scale experi-
ment by Müller-Trefzer et al. [16]. For this purpose, a TES unit with 
a thermal capacity of approximately 1 kWh was constructed. Zirco-
nium silicate spheres with a diameter of about 2.65mm were used as 
the filler material. The monodisperse packing enabled a porosity of 
approximately 36%. Because of the existing infrastructure at KALLA, 
lead-bismuth eutectic (LBE) was used as a model HTF with a Prandtl 
number of around 0.03. Considering the constraints of the test loop and 
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Fig. 1. Schematic representation of a packed-bed TES system as part of a 
Carnot battery.
Source: Adapted from [14]

Fig. 2. CAD drawing of the lab-scale experiment (compare [16]; CAD-
Drawing: KIT/Daubner). The TES is filled with zirconium silicate spheres with 
a diameter of approximately 2.65 mm and a bed porosity of approximately 
36%.

the fluid properties, storage temperatures between 180 ◦C and 380 ◦C
could be realized. The temperatures during the experiment were mea-
sured using a total of 30 thermocouples, which were distributed along 
a vertical ‘‘thermocouple lance’’ and two centrally placed horizontal 
’’thermocouple lances’’ (see Fig.  2). In the experiment, Péclet num-
bers (Pe0 = Re0 ⋅Pr) between 0.06 and 0.32were achieved, corresponding 
to an interstitial fluid velocity between 0.4 and 2.3mm s−1. For more 
information on the experimental data used in this study, the interested 
reader is referred to [17].

Based on the findings from the lab-scale experiment, a 100 kWh
pilot-scale TES is currently under construction. LBE serves again as 
model HTF, and zirconium silicate spheres are again being used as filler 
material. In contrast to the lab-scale experiment, higher flow velocities 
and thus discharge powers can be realized in the pilot-scale TES, which 
might be relevant for industrial-scale application. The experiment’s 
3 
limited maximum temperature of 450 ◦C does not limit its relevance 
for high temperature TES based on liquid metals, as the heat transfer 
processes are primarily governed by temperature differences rather 
than the absolute temperature level. Only temperature-dependent ma-
terial properties and losses to the environment could be affected: 
the former is addressed by using non-dimensional representations for 
the evaluation of results, and the latter is minimized in any case by 
insulation measures. The pronounced corrosiveness of liquid metals 
at higher temperature levels is a major challenge in later industrial 
application, necessitating research into suitable filler materials [18,19] 
and the operability of components such as pumps and valves [20].

Although the numerical model developed by Niedermeier et al. [15] 
for simulating the thermocline propagation was successfully validated 
using literature data from TES systems with thermal oil and molten 
salt, it did not adequately capture the behavior observed in a lab-scale 
experiment. Deviations of up to 20K between simulated and measured 
temperatures were reported [16]. Apparently, the heat transport phe-
nomena of liquid metals and the boundary conditions of the lab-scale 
experiment could not be sufficiently modeled with the assumptions and 
simplifications made. However, the accurate simulation and modeling 
of TES systems is essential for both optimization and targeted design. 
In particular, the calculation of the thermocline propagation during 
charging and discharging in single-tank configurations plays an impor-
tant role. This study therefore aims to investigate the underlying heat 
transport phenomena for liquid metals in more detail and to extend the 
numerical model of the TES so that validation with the experimental 
data from the lab-scale experiment becomes possible. Furthermore, the 
influence of the Péclet number on the modeling of the TES system will 
be examined. This will allow conclusions about the modeling of the 
pilot-scale TES and highlight existing knowledge gaps in the modeling 
of heat transport in packed beds with liquid metal flow.

1.2. Simulation of packed-bed TES systems

TES systems can reach large dimensions and as a consequence 
high-resolution CFD simulations are typically not performed. Especially 
when a packed bed is present in the TES, the required computational 
effort would be too high for most applications. Instead, continuum 
models are often used. Rather than resolving all pores individually, 
these models are averaged over larger volume elements [21]. Since 
local transport phenomena are not resolved, effective transport coef-
ficients for heat transport phenomena are required for the modeling 
process [22].

Depending on the required level of detail, the models are formulated 
as one- or two-dimensional. Furthermore, a distinction is made between 
homogeneous and heterogeneous models. In homogeneous models, the 
temperature difference between the fluid and the particles is neglected, 
and the fluid and solid are treated as a single continuous phase [23]. 
In heterogeneous models, however, the two phases are considered sep-
arately. In this case, either both the fluid and solid phases are modeled 
as continuous phases, or the solid phase is represented as a dispersed 
phase. A disadvantage of the continuous solid phase approach is that 
separate effective transport parameters are required to describe axial 
heat transport in both the solid and fluid phases [24]. However, these 
two phenomena are difficult to separate. In contrast, modeling the solid 
phase as a dispersed phase offers the advantage that only one effective 
thermal conductivity is needed. This value is included in the differential 
equation of the fluid phase but also accounts for the influence of the 
packed bed [24]. To capture thermal conductivity within the spherical 
particles, a temperature field with concentric isotherms is assumed and 
calculated within the particles [24]. Heat transfer in a packed bed 
subject to flow of conventional fluids has been extensively investigated 
in the past [24,25]. The center of a temperature marker moves through 
an infinitely extended packed bed by advection. The velocity of the 
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advective propagation is solely influenced by the interstitial fluid ve-
locity and the capacity ratio 𝐾 between the solid and the liquid phases 
(Eq. (1)) taking the bed porosity 𝜀 into account [25]. 

𝐾 =
(1 − 𝜀)𝜌p𝑐𝑝,p

𝜀𝜌f 𝑐𝑝,f
(1)

However, for the diffusive propagation of a temperature marker, and 
thus the broadening of the thermocline region in a packed-bed TES, 
three mechanisms have been identified that are responsible for axial 
heat dispersion: axial heat transport, heat transfer between fluid and 
particles, and intra-particle heat conduction [25]. Axial heat transport 
is due to molecular heat conduction in both the solid and fluid phases, 
as well as heat transport caused by turbulent mixing, with both mech-
anisms acting across the thermocline (i.e. along the vertical axis of the 
packed bed) (see also Section 2.2).

From the derivation of a transfer function for a heterogeneous 
continuum model with dispersed solid phase, Tsotsas [25] obtained the 
Eqs. (2)–(5), which enable the calculation of the relative contributions 
𝑟𝑖 of the three heat transport mechanisms to the overall axial heat 
dispersion. For detailed derivation, the authors refer to the original 
literature [25]. Hereby, index 1 refers to the contribution of axial heat 
transport, 2 to the heat transfer between particles and fluid, and 3 to the 
contribution of intra-particle heat conduction. The axial heat transport 
is mainly described by the effective thermal conductivity 𝛬ax and the 
heat transfer between particles and fluid by the Nusselt number Nu. 

𝑟𝑖 =
𝐴𝑖

∑3
𝑖=1 𝐴𝑖

, (2)

with 

𝐴1 =
(1 +𝐾)2

Pe0
⋅
𝛬ax
𝜆f

, (3)

𝐴2 =
𝐾2 ⋅ Pe0

6(1 − 𝜀)Nu
, (4)

𝐴3 =
𝐾2 ⋅ Pe0

60(1 − 𝜀) ⋅ 𝜆p∕𝜆f
. (5)

As an important simplification for this analytical approach, the 
temperature dependence of material properties and the influence of the 
tank wall are neglected [25].

The influence of individual heat transport mechanisms on the over-
all axial heat dispersion strongly depends on the Péclet number. Based 
on a preliminary assessment of the dominant mechanisms for the Péclet 
number range under investigation, the necessary effective transport 
parameters can be determined. This ensures that the relevant heat 
transport mechanisms are taken into account in the simulation.

2. Heat transport mechanisms in packed beds with liquid metal 
flow

Because of the high thermal conductivity and comparatively low 
viscosity of liquid metals, several particularities arise in comparison to 
conventional fluids. The thermal boundary layer is significantly thicker 
than the hydrodynamic boundary layer, which is expressed by the 
characteristically low Prandtl number of liquid metals. Consequently, 
heat transfer in a turbulent bulk flow is strongly influenced by molec-
ular heat conduction [26]. Due to this fundamental difference in heat 
transfer, correlations derived for conventional fluids cannot be applied 
to turbulent liquid metal flow [26]. With the exception of intra-particle 
heat conduction, which is independent of the HTF used, this has a major 
impact on the calculation of the heat transport mechanisms mentioned 
in Section 1.2. The following provides an overview of the existing 
knowledge on relevant heat transfer mechanisms and identifies existing 
research gaps. Furthermore, conclusions will be drawn regarding the 
implications of simulating packed-bed TES systems using liquid metals 
as HTF.
4 
2.1. Heat transfer between fluid and particles and between fluid and wall

To the best of the authors’ knowledge, there are no valid corre-
lations for the heat transfer between fluid and particles in a packed 
bed with a liquid metal flow. However, Melissari and Argyropou-
los [27] experimentally determined a correlation for forced liquid metal 
convection around a single sphere (Eq. (6)): 
Nu = 2 + 0.47 ⋅ Re1∕2𝜀 ⋅ Pr0.36 (6)

Ahmed and Yovanovich [28] analytically derived an equation for a 
single sphere in cross-flow applicable to all Prandtl numbers. The 
calculated Nusselt numbers agree with those from Eq. (6) within a 
deviation of less than 1%, for the relevant Prandtl number in this study 
of approximately 0.03.

Since the Nusselt number of a packed bed is always greater than 
that of a single sphere [29], a minimum Nusselt number for a packed 
bed through which liquid metal flows can be estimated. For heat 
transfer between fluid and wall, several correlations exist for pipe flows 
under various boundary conditions [30,31]. However, to the best of 
the authors’ knowledge, no correlations have been validated for liquid 
metals with a packed bed.

2.2. Axial heat transport

As mentioned above, continuum models do not resolve each in-
dividual particle but instead average over larger volumes. Axial heat 
transport is described in this context by the effective thermal conductiv-
ity [24,25]. The effective thermal conductivity accounts for molecular 
heat conduction in both the solid and fluid phases, as well as heat 
transport due to turbulent mixing. This leads to an asymptotic behavior 
for very low and very high Péclet numbers (see Fig.  3). At low Péclet 
numbers, molecular heat conduction dominates, and the effective ther-
mal conductivity approaches the conductivity of the packed bed under 
stagnant conditions 𝜆bed. This limiting value can be calculated with the 
model by Zehner, Bauer, and Schlünder [32], which has been validated 
for the 𝜆p∕𝜆f  ratio relevant to liquid metals. Since the correlation refers 
to a stagnant fluid and purely molecular heat conduction, no differences 
in behavior between liquid metals and conventional fluids are to be 
expected. In contrast, at very high Péclet numbers, heat transport is 
governed solely by turbulent mixing of the fluid. In this case, a theoreti-
cal limiting value for axial heat transport can be derived from a cascade 
of ideally mixed reactors [33]. For the transition region between these 
two limits, Tsotsas [22] and Wakao and Kaguei [24] recommend Eq. (7) 
for calculating the effective thermal conductivity 𝛬ax. 
𝛬ax = 𝜆bed + 0.5Pe0𝜆f (7)

However, only few studies exist, in which the Prandtl number is 
varied. Experiments were often conducted with gases, which usually 
have a Prandtl number of approximately 0.7 [25]. The Prandtl number 
for liquid metals, however, is typically an order of magnitude lower 
(e.g., for LBE at 250 ◦C, Pr ≈ 0.03 [26]). In addition, the fundamental 
differences in the heat transport mechanisms between liquid metals 
and conventional fluids described above must be considered. There-
fore, based on the current state of knowledge, the effective thermal 
conductivity of packed beds with liquid metal flow cannot be reliably 
determined in the transition region between the two asymptotic limits. 
Fig.  3 shows that the pilot-scale TES system currently under construc-
tion at KALLA operates in this transition region. In contrast, due to 
the significantly lower flow velocity in the lab-scale experiment, its 
Péclet number range is largely outside the transition region, where no 
significant deviation from Eq. (7) is expected.

In addition to the specific characteristics of low-Prandtl-number 
fluids, it should be noted that a dependence of the effective axial 
Péclet number Peax on the Schmidt number (Sc = 𝜇f∕(𝜌f 𝛿)) has been 
observed in a large number of mass transport experiments. The analogy 
between heat and mass transfer permits the transfer of insights from 
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Fig. 3. Asymptotic behavior of the effective thermal conductivity for LBE 
(Pr ≈ 0.03) and a packed bed of zirconium silicate spheres (𝑑p = 2.65mm, 
𝜀 = 36%). Furthermore, the Péclet number range of the lab- and pilot-scale 
experiments at KALLA are depicted.

mass transport experiments to heat transfer phenomena. The Schmidt 
and Prandtl numbers are interchangeable in the corresponding corre-
lations. Consequently, the effective axial Péclet number Peax can be 
defined with the effective axial thermal conductivity for heat transport 
or with the effective axial diffusion coefficient for mass transport 
respectively (Eq. (8)). 

Peax =
𝑑p𝑢0𝜌f 𝑐𝑝,f

𝛬ax
 or Peax =

𝑑p𝑢0
𝛿ax

(8)

Through the analysis of a large number of mass-transport experi-
ments, Delgado [34] was able to fit empirical correlations that allow 
the calculation of the effective axial Péclet number for various Schmidt 
numbers. A distinction is made between gases, which typically have 
low Schmidt numbers, and liquids, which exhibit substantially higher 
Schmidt numbers. As shown in Fig.  4, both liquids and gases exhibit a 
pronounced deviation in the actual evolution of Peax from the reference 
value. This reference value is calculated using the effective axial diffu-
sion coefficient 𝛿ax according to Eq. (9) (see also the analogous Eq. (7) 
for heat transport) [22]. 
𝛿ax = 𝛿bed + 0.5 Pe0 𝛿 (9)

In the transition region at moderate Péclet numbers, gases are ob-
served to attain higher Peax values in the experiments than predicted 
using Eq. (9). In contrast, for liquids, Peax decreases with increasing 
Schmidt number in the transition region. The observed Schmidt number 
dependency is likely caused by a combination of microscopic flow 
maldistribution and radial molecular diffusion [22,35].

Since the lowest Schmidt number examined in the mass transport 
experiments (Sc = 0.2) is an order of magnitude higher than the 
Prandtl number of liquid metals (for LBE, Pr ≈ 0.03), the empirical 
correlations derived by Delgado [34] cannot be transferred to liquid 
metals using the analogy between heat and mass transfer. However, 
the observations reinforce the hypothesis that deviations from Eq. (7) 
in the transition regime at moderate Péclet numbers are expected for 
the effective thermal conductivity of a liquid-metal flow in a packed 
bed due to its low Prandtl number.

2.3. Relative contributions of individual heat transport mechanisms to the 
overall axial heat dispersion for TES with liquid metal

Based on the method described in Section 1.2, the relative contri-
butions of the heat transport mechanisms to the axial heat dispersion 
are analyzed. The results for an exemplary TES based on the storage 
concept investigated at KALLA are presented in Fig.  5. Similar to 
5 
Fig. 4. Effective axial Péclet number Peax for different Schmidt numbers 
(compare [34]). The reference value for the axial Péclet number (solid line) is 
calculated with Eq. (9) for the effective diffusion coefficient 𝛿ax.

Fig. 5. Relative contributions of the heat transport mechanisms to the overall 
axial heat dispersion for LBE (Pr ≈ 0.03) and a packed bed of zirconium silicate 
spheres (𝑑p = 2.65mm, 𝜀 = 36%). Furthermore, the Péclet number range of the 
lab- and pilot-scale experiments at KALLA are depicted.

the lab-scale experiment and the pilot-scale TES currently under con-
struction, zirconium silicate spheres with a diameter of approximately 
2.65mm are used and a porosity of 36% is assumed. As HTF, LBE at 
a temperature of 280 ◦C is selected. Due to the lack of a validated 
equation, the heat transfer between fluid and particles is calculated 
using the correlation by Ahmed and Yovanovich [28]. In comparison 
to the correlation by Melissari and Argyropoulos [27] (Eq. (6)), this 
correlation has the advantage that its range of validity is not limited 
for low Reynolds numbers and therefore a continuous calculation is 
possible. For the effective thermal conductivity, the recommended 
correlation for conventional fluids (Eq. (7)) is used. As shown in 
Section 2.2, this correlation is subject to considerable uncertainties for 
low Prandtl number fluids. As a consequence, the following analysis 
can only be used to identify trends. Detailed conclusions about the 
relative contributions of the heat transport mechanisms are therefore 
not possible.
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As shown in Fig.  5, at very low Péclet numbers, axial heat transport 
dominates. With increasing Péclet number, the contribution of axial 
heat transport decreases, and intra-particle heat conduction as well 
as heat transfer between particles and fluid become more significant. 
While heat transfer between particles and fluid may reach a maximum 
at moderate Péclet numbers, intra-particle heat conduction dominates 
at very high Péclet numbers. It is noticeable that the curve describing 
the relative contribution of the heat transfer between fluid and particles 
shows a relatively low peak. Due to the high thermal conductivity 
of liquid metals, heat transfer between particles and fluid might not 
dominating at any Péclet number.

Additionally, the operating range of the pilot-scale TES and the 
lab-scale experiment is indicated in Fig.  5. Both in the lab-scale ex-
periment and in the pilot-scale TES, axial heat transport is most likely 
the dominant mechanism. In the lab-scale experiment, heat transfer 
between particles and fluid as well as intra-particle heat conduction 
have a negligibly small influence on axial heat dispersion. In contrast, 
at moderate to high Péclet numbers in the pilot-scale TES, the influence 
of these two mechanisms seems to be non-negligible. This is different 
for conventional fluids. Here, heat transfer between particles and fluid 
clearly dominates over a wide Péclet-number range.

2.4. Conclusion for the simulation of TES with liquid metal as HTF

As shown in Section 2.2, the effective thermal conductivity in the 
Péclet number range relevant to the lab-scale experiment is primarily 
governed by molecular heat conduction. Therefore, it can be assumed 
that the lab-scale experiment can be well simulated with known corre-
lations. In contrast, the simulation of the pilot-scale TES must account 
for uncertainties in both the determination of the heat transfer co-
efficient and the effective thermal conductivity. Consequently, in the 
following, a distinction is made between simulations at low Péclet 
numbers (Section 4), where axial heat dispersion is dominated by 
molecular heat conduction, and simulations at moderate Péclet num-
bers (Section 5), where additional mechanisms contribute significantly 
to the overall heat dispersion. Since intra-particle heat conduction 
dominates at very high Péclet numbers, no particular phenomena are 
expected from the use of liquid metals as HTF in this regime. Moreover, 
due to the necessarily high pumping power and unrealistically short 
discharge times, this regime lies outside the operating range of the TES 
systems. For this reason, high Péclet numbers will not be considered 
further in the following.

3. Formulation and extension of the numerical model

Based on the investigation of the heat transport phenomena de-
scribed in Section 2 and a sensitivity analysis of the parameters used, 
the numerical model published by Niedermeier et al. [15] was extended 
and is in the following referred to as the ‘‘extended model’’. The basis 
is a one-dimensional heterogeneous continuum model with a dispersed 
solid phase. In the original model, it was simplistically assumed that 
heat transport occurs only in the liquid phase and can therefore be 
described by the product of porosity and the thermal conductivity of 
the fluid. In contrast, the extended model uses the effective thermal 
conductivity presented in Section 2.2. Since liquid metals are opaque, 
the radiative contribution to the thermal transport is neglected in the 
calculation, as in the entire rest of the model. To calculate the heat 
transfer coefficient between fluid and particles, the correlation for a 
single sphere with convective flow (Eq. (6)) is used. If the Péclet 
number falls below the valid range of the correlation (1 × 102 ≤ Re𝜀 ≤
5 × 104) [27] due to very low flow velocity, a simplified assumption of 
the minimum possible Nusselt number of Nu = 2 for a sphere in cross 
flow is made.

A sensitivity analysis of the material properties revealed that the 
temperature dependence of the fluid’s thermal conductivity as well as 
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the heat capacities should not be neglected and it is therefore included 
in the extended model.

In the lab-scale experiment, the tank wall accounted for approxi-
mately 19% of the total heat capacity of the TES system. Therefore, the 
influence of the wall’s heat capacity cannot be neglected. To account 
for this, the numerical model is extended by an energy balance for the 
wall. Due to the lack of a validated correlation for the heat transfer 
coefficient between the wall and the fluid for liquid metals, an ideal 
heat transfer is assumed at this point (𝑇f ≈ 𝑇w). Due to the small cross-
sectional area of the wall compared to the packed bed and the similar 
thermal conductivity of the stainless steel used compared to that of the 
liquid metal, an additional axial path through the wall is neglected.

Especially in simulations of long-duration charging and discharging 
processes, it is also important to account for heat loss to the ambient. 
This can be approximated in a quasi-steady manner using an overall 
heat transfer coefficient 𝑘 that considers the various insulation layers of 
the TES system and the heat transfer from the surface of the insulation 
to the surroundings 𝛼 (Eq. (10)). 
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From the extensions described above, the energy equation system 
Eq. (11)–(13) results. Eq. (11) describes the energy balance of the fluid 
and accounts for both advection and diffusion of heat along the axial 
coordinate 𝑥. Heat conduction on the single-particle scale is represented 
by Eq. (12), where 𝑦 denotes the particle-radius coordinate. Eq. (13) 
gives the energy balance of the wall and accounts for heat loss to the 
surrounding environment. The three equations are coupled through the 
heat transfer coefficient between fluid and particle 𝛼p and the heat 
transfer coefficient between fluid and wall 𝛼w.

𝜀𝜌f 𝑐𝑝,f (𝑇f )
(

𝜕𝑇f
𝜕𝑡
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)
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(
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𝜌w𝑉w𝑐𝑝,w(𝑇w)
𝜕𝑇w
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− 𝑘𝐴
(
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Here, 𝑠v denotes the specific surface area of all particles in the packed 
bed and can be calculated according to Eq. (14). 

𝑠v =
6(1 − 𝜀)

𝑑p
(14)

At low Péclet numbers, when intra-particle heat conduction is not 
limiting, the temperature gradient within the particles can be ne-
glected. In this case, Eq. (12) is replaced by Eq. (15). 

(1 − 𝜀)𝜌p𝑐𝑝,p(𝑇p)
𝜕𝑇p
𝜕𝑡

= 𝛼p𝑠v
(

𝑇f − 𝑇p
)

. (15)

This simplification offers the advantage of significantly reducing com-
putational effort. However, according to the current state of the art, the 
maximum Péclet number for which this simplification remains valid for 
low Prandtl number fluids can only be estimated (compare Fig.  5), and 
verification of this assumption is required in each specific case.

3.1. Approach for numerical solution and boundary and initial conditions

The differential equations are discretized in time using the Crank-
Nicholson method and solved in MATLAB®. For the advective term, a 
first-order upwind difference scheme and for the diffusive term a cen-
tral difference scheme is applied. To ensure adequate differentiation, a 
grid sensitivity study was conducted. The initial condition specifies the 
temperatures of the fluid, the particles, and the wall at the beginning of 
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the simulation (Eq. (16)). A Dirichlet boundary condition is applied at 
the inlet (Eq. (17)), and a zero heat flux boundary condition is assumed 
at the outlet (Eq. (18)). 

𝑇f (𝑡 = 0) = 𝑇p(𝑡 = 0) = 𝑇w(𝑡 = 0) = 𝑇0 (16)

𝑇f (𝑥 = 0) = 𝑇in (17)

𝜕𝑇f
𝜕𝑥

|

|

|

|𝑥=𝐻
= 0 (18)

If the temperature gradient within the particle is to be considered 
using Eq. (12), a zero heat flux boundary condition is also assumed 
at the center of the particle due to symmetry (Eq. (19)). At the particle 
surface, convective heat transfer occurs (Eq. (20)). 
𝜕𝑇p
𝜕𝑦

|

|

|

|
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= 0 (19)
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4. Simulation of the lab-scale storage experiment with liquid 
metal as HTF at low Péclet numbers

The numerical model established in Section 3 is to be validated for 
low Péclet numbers using the experimental data of the lab-scale exper-
iment [17] described in Section 1.1 and which have been evaluated 
by Müller-Trefzer et al. [16]. Because of the low Péclet number, the 
temperature gradient within the particles is neglected and Eq. (15) is 
applied. The validity of this simplification is discussed in Section 4.3.4.

The insulation of the lab-scale experiment consisted of a single layer 
of mineral wool. Since the temperature was measured at the surface of 
the insulation, the ambient temperature 𝑇amb in Eq. (13) can be replaced 
by the surface temperature 𝑇ins. Accordingly, the term for heat transfer 
to the surroundings is omitted in the calculation of the overall heat 
transfer coefficient (Eq. (10)). The surface temperature of the insulation 
was measured at only one single location. Therefore, a homogeneous 
temperature distribution on the surface of the insulation is assumed.

Due to the specific design of the test section, a sharp temperature 
step could not be realized. The fluid initially interacted with the inlet 
and outlet flanges, whose high thermal capacity had a considerable 
impact on the initial temperature profile [16]. Therefore, the measured 
temperature at the first thermocouple of the vertical thermocouple 
lance (see Fig.  2) is used as the inlet temperature for the simulation. 
This places the flanges outside the energy balance and thus, they do not 
need to be considered in the simulation. The initial condition for the 
simulation was defined using the measured temperatures along the ver-
tical thermocouple lance at the beginning of the experiment, whereby 
the radial temperature distribution is assumed to be negligible.

During the experiments, the mass flow rate was measured. Based on 
Eq. (21), the superficial fluid velocity can thus be determined, which 
in turn allows the calculation of the Péclet number for the respective 
experiment. 

𝑢0 =
4𝑚̇

𝜌f𝜋𝐷2
(21)

Overall, eleven charging and seventeen discharging experiments at dif-
ferent temperature levels and Péclet numbers between 𝑃𝑒0 ≈ 0.06 – 0.32
were evaluated. In the experiments, the TES was charged and dis-
charged up to half of its total thermal capacity [16,17], so that the 
temperature profile along the vertical axis of the storage could be 
analyzed. The material properties and geometric parameters used are 
listed in Table  1.
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4.1. Uncertainty analysis with Monte Carlo method

A large number of thermophysical properties and measured initial 
and inlet conditions are incorporated into the simulation. These are 
naturally subject to uncertainties, which affect the simulation results. 
To account for these uncertainties, Monte Carlo simulations were there-
fore carried out. For this purpose, a probability distribution is assigned 
to each input parameter, and the simulation is executed thousands 
of times using statistically varied values. In this case, approximately 
20 000 repetitions have proven to be sufficient, as halving the number 
of simulations only altered the second decimal place. From this, the 
95% confidence interval of the storage simulation can be determined.

The material data and measured parameters used, along with their 
respective uncertainties, are shown in Table  1. Since no specific prob-
ability distribution of uncertainties is known for most parameters, a 
uniform distribution is assumed. The measurement uncertainty of the 
calibrated thermocouples have been determined based on the ‘‘Guide 
to the expression of uncertainty in measurement’’ (GUM) [36] and 
assumed to be normally distributed [17]. The mass flow rate was 
obtained in the experiment from a differential pressure measurement 
in the supply tank [16]. Both the measurement uncertainties and the 
uncertainties associated with determining the regression curve were 
evaluated with the method described by Matus [37], which is also 
based on the GUM [17].

Due to the lack of reliable measurement data, the uncertainties 
resulting from the assumption of a homogeneous temperature profile 
in the radial direction, as well as the assumption of a homogeneous 
temperature distribution at the surface of the insulation, cannot be 
considered in the Monte Carlo simulation.

4.2. Comparison of simulation with experimental data

The simulated temperature profiles are compared with the mea-
sured temperatures along the vertical thermocouple lance (see Fig.  2) 
at different time points. The relative deviation between experiment and 
simulation can be calculated with Eq. (22). 

𝛥𝑇rel =
𝑇exp − 𝑇sim
𝑇max
exp − 𝑇min

exp
(22)

Each experiment is simulated thousands of times using the Monte 
Carlo approach outlined in Section 4.1. For each simulation, the mean 
and maximum relative deviations are determined once the TES is 
half-charged or half-discharged, which was when the end of the charg-
ing/discharging experiment has been reached [16]. The values pre-
sented in the following are the medians derived from the set of sim-
ulations for each specific experiment, with the corresponding 95%
confidence interval limits shown in parentheses.

In Fig.  6, the temperature profiles for various points in time are 
shown exemplarily for a discharge experiment with a Péclet number of 
Pe0 ≈ 0.31 (experiment D08, see Table  2). At the end of the experiment 
(after 631 s), the maximum relative deviation between the measured 
and simulated values is approximately 3.7% (−1.7% to 8.2%), and the 
mean deviation is less than 2.3% (−0.3% to 4.9%). As shown in Fig.  6, 
nearly all measured values lie within the 95% confidence interval. Only 
six of the plotted data points lie slightly outside the 95% confidence 
interval.

The corresponding charging experiment of the TES conducted at the 
same Péclet number (experiment C05) is shown in Fig.  7. In contrast 
to the discharge experiment, most of the measured values here lie 
outside the 95% confidence interval. The mean relative deviation at the 
end of the experiment (after 596 s) is slightly larger in absolute terms, 
amounting to −4.9% (−7.5% to −2.2%). The higher deviation between 
simulation and measured values in charging experiments compared to 
discharging experiments can also be observed in all other investigated 
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Table 1
Thermophysical properties and input parameters used in the simulation, including their respective uncertainties. Values marked 
with * are estimates based on commonly observed uncertainties in the determination of the respective quantities.
 Parameter Value Uncertainty Reference 
 𝜌p 4224 kgm−3 ±5% [18]  
 𝑐𝑝,p (−8 ⋅ 10−4 ⋅ 𝑇 2

p + 1.1537 ⋅ 𝑇p + 331.42) J kg−1 K−1 ±3% [18]  
 𝜆p 7.7Wm−1 K−1 ±10%* [18]  
 𝜌f (11065 − 1.293 ⋅ 𝑇f ) kgm−3 ±0.8% [26]  
 𝑐𝑝,f (164.8 − 3.94 ⋅ 10−2 ⋅ 𝑇f + 1.25 ⋅ 10−5 ⋅ 𝑇 2

f − 4.56 ⋅ 105 ⋅ 𝑇 −2
𝑓 ) J kg−1 K−1 ±2% [26]  

 𝜆f (3.284 + 1.617 ⋅ 10−2 ⋅ 𝑇f − 2.305 ⋅ 10−6 ⋅ 𝑇 2
f ) Wm−1 K−1 ±15% [26]  

 𝜌w 7980 kgm−3 ±0.1%* [38]  
 𝑐𝑝,w 100 ◦C: 487 J kg−1 K−1

200 ◦C: 503 J kg−1 K−1

300 ◦C: 511 J kg−1 K−1

400 ◦C: 520 J kg−1 K−1

±3%* [39]  

 𝜆ins 50 ◦C: 0.039Wm−1 K−1

100 ◦C: 0.045Wm−1 K−1

200 ◦C: 0.062Wm−1 K−1

300 ◦C: 0.084Wm−1 K−1

400 ◦C: 0.113Wm−1 K−1

±10%* [40]  

 𝜆bed Calculated according to the model by Zehner, Bauer and 
Schlünder

±30% [32]  

 𝑇0 Measured by vertical thermocouple lance 𝜎 = 0.35K [17]  
 𝑇in Measured by thermocouple 𝜎 = 0.35K [17]  
 𝑇ins Measured by thermocouple 𝜎 = 0.35K [17]  
 𝑚̇ Measured by the change of the level in the hot liquid metal 

reservoir
𝜎 = 1.85% [16,17]  

 𝑑p 2.65mm ±0.15mm [16,17]  
 𝑠w 3.5mm ±0.1mm* [16,17]  
 𝑠ins 150mm ±6%* [17]  
 𝐷 130mm ±0.1mm* [16,17]  
Fig. 6. Simulated temperature profiles and measured temperature values of 
experiment D08 at various points in time, including the respective 95%
confidence interval of the simulation. The uncertainties of the temperature 
measurement are very small (compare Table  1). For the sake of clarity, 
error bars of the measured temperature values are therefore not shown. The 
temperature profile at 𝑡 = 0 s was interpolated from the measured values and 
used as the initial condition.

experiments (see Table  2). While the mean deviation at the end of the 
experiment ranges between 1.2% and 3.6% for discharging experiments, 
it ranges between −4.3% and −8.6% for charging experiments.

For charging experiments, a dependency of the relative deviation 
on the temperature level of the experiments can be observed. In exper-
iments with a temperature level between 200 ◦C and 270 ◦C, the mean 
relative deviation at the end of the experiment at the same flow velocity 
is consistently larger in absolute terms than the mean deviations at a 
temperature level between 180 ◦C and 380 ◦C.
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Fig. 7. Simulated temperature profiles and measured temperature values of 
experiment C05 at various points in time, including the respective 95%
confidence interval of the simulation. The uncertainties of the temperature 
measurement are very small (compare Table  1). For the sake of clarity, 
error bars of the measured temperature values are therefore not shown. The 
temperature profile at 𝑡 = 0 s was interpolated from the measured values and 
used as the initial condition.

Furthermore, in experiments with a temperature level between 
200 ◦C and 270 ◦C, a clear dependency of the mean relative deviation 
on the Péclet number can be observed. The Pearson coefficient, a 
linear correlation coefficient, is −0.99 and 0.99 for charging and dis-
charging experiments respectively, indicating that the absolute value 
of the relative deviation becomes larger as the Péclet number in-
creases. For charging experiments with a higher temperature difference 
(180 ◦C–380 ◦C), the Pearson correlation coefficient decreases to 0.6. In 
contrast, for discharging experiments with a temperature difference be-
tween 180 ◦C and 380 ◦C, no pronounced dependency can be observed. 
The Pearson coefficient is approximately −0.09.
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Table 2
Operating parameters of the investigated experiments as well as the mean and maximum relative deviation between the simulated 
and experimentally measured values at the end of the experiment. The median value of the Monte Carlo simulation is given in 
each case, along with the bounds of the 95% confidence interval in parentheses.
 ID Mode Temperature range Pe0 𝛥𝑇 rel 𝛥𝑇rel,max  
 C01 Charge 180 ◦C – 380 ◦C 0.06 −5.8% (−8.1% to −3.1%) −12.3% (−17.7% to −6.3%)  
 C02 Charge 180 ◦C – 380 ◦C 0.16 −4.3% (−6.6% to −2.0%) −6.6% (−9.3% to −4.5%)  
 C03 Charge 180 ◦C – 380 ◦C 0.16 −5.1% (−7.5% to −2.6%) −7.2% (−10.3% to −4.6%)  
 C04 Charge 180 ◦C – 380 ◦C 0.24 −4.5% (−7.0% to −2.0%) −6.9% (−10.6% to −4.2%)  
 C05 Charge 180 ◦C – 380 ◦C 0.31 −4.9% (−7.5% to −2.2%) −7.8% (−11.7% to −4.7%)  
 C06 Charge 180 ◦C – 250 ◦C 0.31 −5.7% (−8.0% to −3.5%) −9.4% (−12.4% to −7.9%)  
 C07 Charge 200 ◦C – 270 ◦C 0.12 −6.2% (−8.1% to −4.3%) −8.2% (−10.5% to −6.3%)  
 C08 Charge 200 ◦C – 270 ◦C 0.13 −6.1% (−8.0% to −4.1%) −8.1% (−10.4% to −6.2%)  
 C09 Charge 200 ◦C – 270 ◦C 0.24 −7.3% (−9.5% to −5.0%) −10.7% (−13.7% to −8.2%)  
 C10 Charge 200 ◦C – 270 ◦C 0.24 −7.6% (−9.9% to −5.4%) −11.2% (−14.2% to −8.6%)  
 C11 Charge 200 ◦C – 270 ◦C 0.32 −8.6% (−11.0% to −6.2%) −13.0% (−16.5% to −10.2%) 
 D01 Discharge 180 ◦C – 380 ◦C 0.06 2.8% (0.0% to 5.4%) 8.0% (−2.2% to 14.0%)  
 D02 Discharge 180 ◦C – 380 ◦C 0.12 2.0% (−0.6% to 4.4%) 2.9% (−2.7% to 6.0%)  
 D03 Discharge 180 ◦C – 380 ◦C 0.12 2.7% (0.1% to 5.2%) 3.7% (−2.2% to 7.6%)  
 D04 Discharge 180 ◦C – 380 ◦C 0.16 2.3% (−0.2% to 4.7%) 3.6% (−1.8% to 6.8%)  
 D05 Discharge 180 ◦C – 380 ◦C 0.16 3.1% (0.6% to 5.7%) 4.5% (1.6% to 7.9%)  
 D06 Discharge 180 ◦C – 380 ◦C 0.23 1.7% (−0.9% to 4.2%) 2.7% (−2.6% to 6.5%)  
 D07 Discharge 180 ◦C – 380 ◦C 0.24 1.6% (−1.0% to 4.1%) 2.7% (−2.6% to 6.3%)  
 D08 Discharge 180 ◦C – 380 ◦C 0.31 2.3% (−0.3% to 4.9%) 3.7% (−1.7% to 8.2%)  
 D09 Discharge 180 ◦C – 380 ◦C 0.31 3.3% (0.6% to 5.9%) 5.2% (1.8% to 9.8%)  
 D10 Discharge 180 ◦C – 250 ◦C 0.31 2.5% (0.3% to 4.6%) 4.2% (3.2% to 7.6%)  
 D11 Discharge 200 ◦C – 270 ◦C 0.06 1.2% (−1.1% to 3.2%) 2.8% (−5.0% to 6.3%)  
 D12 Discharge 200 ◦C – 270 ◦C 0.06 1.5% (−0.8% to 3.7%) 3.1% (−4.7% to 8.4%)  
 D13 Discharge 200 ◦C – 270 ◦C 0.12 2.3% (0.3% to 4.2%) 3.7% (2.8% to 5.8%)  
 D14 Discharge 200 ◦C – 270 ◦C 0.24 2.9% (0.9% to 4.9%) 4.9% (3.4% to 7.8%)  
 D15 Discharge 200 ◦C – 270 ◦C 0.24 2.9% (0.9% to 5.0%) 4.9% (3.4% to 7.9%)  
 D16 Discharge 200 ◦C – 270 ◦C 0.31 3.5% (1.4% to 5.7%) 5.9% (4.2% to 9.3%)  
 D17 Discharge 200 ◦C – 270 ◦C 0.32 3.6% (1.6% to 5.8%) 6.0% (4.2% to 9.5%)  
4.3. Discussion

In the following, the discrepancies between the simulation and the 
experimental data are discussed and the impact of key simplifications 
are evaluated.

4.3.1. Differences between simulation of charging and discharging behavior
The differences between the discharging and charging experiments 

described in Section 4.2 can presumably be explained by an inhomo-
geneous temperature distribution at the upper inlet. Potential causes 
for this could be an insufficiently homogeneous distribution of the 
incoming fluid at the upper flange or inadequate sealing between 
the sintered filter and the inserted thermocouple lance. As a result, 
the inlet temperature would be overestimated in the simulation, lead-
ing to the observed deviations. This assumption is supported by the 
observation that during the charging experiments, the temperature 
measured by a thermocouple attached directly to the sintered filter 
at the top is several Kelvin lower than the temperature measured by 
the topmost thermocouple on the vertical lance. The latter sensor is 
positioned directly downstream of the sintered filter. Normally, the 
opposite would be expected in charging experiments. The temperature 
difference between these two sensors is larger than can be explained 
by measurement uncertainties. This anomaly is not observed in the 
discharge experiments.

Moreover, the energy balance in the charging experiments, which 
is determined using the measured temperatures, shows some discrep-
ancies. The supplied enthalpy flow, determined from the measured inlet 
temperatures and accounting for heat losses to the surroundings, is 6%
larger than the enthalpy change in the storage for experiment C05. For 
the corresponding discharge experiment D08, however, the discrepancy 
is only 2.8%. Since the charging and discharging experiments were 
conducted within the same temperature range, uncertainties in material 
properties data, which are also considered in the Monte Carlo simu-
lation, can be excluded as a potential cause for the higher deviation 
of the charging experiments, as this would affect both charging and 
discharging in the same way. An incorrect description of axial heat 
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dispersion is also not a plausible cause for the observed deviation, as 
this would only lead to a change in the slope of the temperature profile. 
The energy balance, however, remains unaffected by this.

4.3.2. Influence of outlet boundary condition and heat loss
While the selected outlet condition and the accounted heat loss to 

the ambient have little impact on the simulation results in the cases 
shown in Figs.  6 and 7, they do affect experiments that fall in the 
lower end of the investigated Péclet number range. With decreasing 
Péclet number the discharging/charging takes significantly longer. As 
a consequence, the effects of heat loss to the ambient are significantly 
more pronounced. Fig.  8 shows that, for Pe0 ≈ 0.06, the outlet tem-
perature of the TES system decreases even though the thermocline has 
not yet reached the outlet. This can be recognized by the fact that the 
outlet temperature decreases, without any change in the gradient of the 
measured temperature profile in the upper part of the TES. After 2035 s, 
the measured temperature at the outlet (𝑥 = 0.369m) is already 9K
lower than the initial temperature. However, the simulation appears to 
be able to represent the heat losses to the surroundings with sufficient 
accuracy, despite the assumption of a homogeneous temperature profile 
on the outer side of the insulation (see Section 4).

As Fig.  8 also shows, the low flow velocity (𝑢𝜀 ≈ 0.4mm s−1) at 
Pe0 ≈ 0.06 causes the thermocline to extend across nearly the entire 
width of the TES system, which can be recognized by the fact that 
the target temperature of 180 ◦C has not yet been reached at the inlet 
and a pronounced gradient in the measured temperature profile is 
observed at the outlet after 4071 s, which cannot be explained solely 
by heat losses to the surroundings. This means that the thermocline 
reaches the outlet during the experiment. Since the storage was charged 
and discharged only up to half of its capacity, this was not the case 
in the experiments at higher Péclet numbers. The measurement data 
indicate that the assumption of a zero heat flux at the outlet does not 
represent the real system. This leads to significant deviations between 
the calculated and measured outlet temperatures. To investigate the 
influence of the boundary condition, Fig.  8 also includes a simulation 
in which the packed bed is assumed to be 20 cm longer. In the spe-
cific case shown, the mean relative deviation is thereby reduced by 
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Fig. 8. Simulated and measured temperature profiles of experiment D01 at 
various points in time. Shown are the results of the simulation using a zero 
heat flux as the outlet condition and a simulation with the packed bed 
extended by 20 cm. For clarity, the 95% confidence of the simulation interval 
is not shown.

approximately 1.1 percentage points. However, the effect of the chosen 
boundary condition on the simulation appears to be limited to a region 
within approximately 10 cm of the outlet.

The boundary condition may also be the reason for the notably high 
maximum relative deviation observed in experiment C01. By applying 
the extended packed bed condition, the maximum relative deviation is 
halved, lowering it to around 5.7%.

4.3.3. Dependence on Péclet number and temperature level
The observed linear dependence of the mean relative deviation on 

the Péclet number at a temperature level of 200 ◦C to 270 ◦C may 
have several causes. It is possible that the actual effective thermal 
conductivity increasingly deviates from the effective thermal conduc-
tivity calculated using Eq. (7) as the Péclet number, and thus the 
turbulence, increases (see Section 2.2). However, a significantly greater 
effect is likely due to the fact that the radial temperature profile 
also increases with rising Péclet number, which is measured by the 
horizontal thermocouple at one level in the tank. Since the simulation is 
one-dimensional, a radially averaged temperature is calculated, which 
increasingly deviates from the temperatures measured in the center as 
the radial temperature profile becomes more pronounced.

However, these effects appear to be superimposed by other phenom-
ena in the experiments with higher temperature differences (180 ◦C to 
380 ◦C), so that no dependence on the Péclet number can be observed. 
Possible superimposing effects could include an insufficient represen-
tation of heat loss to the ambient, which becomes more pronounced 
at higher temperatures. In general, larger relative deviations between 
simulations and experiments are expected for experiments with smaller 
temperature spread in the TES system. This is because inaccuracies 
that are independent of temperature ranges, such as uncertainties in 
the mass flow measurement or an inhomogeneous temperature distri-
bution at the inlet, have a proportionally stronger effect on the relative 
deviation when the reference temperature spread is smaller.

4.3.4. Influence of assuming single-sphere heat transfer coefficient and 
neglecting internal temperature gradients

Despite the small particle diameter, the Biot number (Bi = 𝛼𝑑p∕(2𝜆p))
is between 1.8 and 2 due to the large heat transfer coefficient. This 
would indicate that the thermal conductivity within the particles and 
the heat transfer between particles and fluid need to be considered. 
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However, in this context, the Biot number is of limited significance 
because it accounts only for the heat transfer and intra-particle heat 
conduction, but not for the axial heat transport in the packed bed, 
which dominates in the considered Péclet number range.

The simplification that the Nusselt number is calculated using the 
correlation for a single sphere, or is set to 2 for flow velocities outside 
the defined range of the applied correlation, has no relevant impact on 
the simulation results. The temperature difference between the fluid 
and the particle temperature is negligibly small for all investigated 
experiments. This means that the heat transfer between particles and 
fluid is not limiting. A higher Nusselt number, which is to be expected 
in a packed bed, would therefore have no significant effect on the 
calculations carried out here.

Neglecting the temperature gradient within the particles also has 
no significant impact on the calculations. To verify this, a discharge 
experiment at a Péclet number of 0.31 (experiment D08), which lies at 
the upper end of the investigated Péclet number range, was examined. 
The maximum temperature difference between the particle surface and 
the core of the particle was less than 0.14K. This only affects the second 
decimal place in the calculation of the mean relative deviations at 
the end of the experiment. For experiments at lower Péclet numbers, 
the temperature gradient within the particles decreases further. The 
assumption that the temperature gradient within the particles is neg-
ligible in the lab-scale experiment is therefore justified and in good 
agreement with the considerations presented in Section 2.3.

4.4. Key findings

Overall, the results show that the model presented in Section 3 
allows for highly accurate calculation of the thermocline propagation 
during charging and discharging of a TES when using liquid metals as 
HTF for Péclet numbers up to at least 0.32. The absolute values of the 
relative mean deviations from the experimental data are very small 
for discharging processes (less than 3.6%). Since the experimentally 
determined values during discharging lie mostly within the 95% confi-
dence interval of the simulation, the remaining discrepancies appear to 
be mainly attributable to uncertainties in the material properties data 
and measured input parameters. The most important heat transport 
parameters seem to be sufficiently well accounted for. The larger 
relative deviations observed during charging processes (up to 5.8% for 
a temperature spread of 200K and up to 8.6% for a temperature spread 
of 70K) are presumably due to insufficient mixing at the inlet, resulting 
in an inhomogeneous temperature distribution.

At the low Péclet numbers investigated here, intra-particle heat 
conduction and heat transfer between particles and fluid make a minor 
contribution to the overall heat dispersion. Neglecting the temperature 
gradient inside the particles and using the Nusselt correlation for a 
single sphere in crossflow, or applying Nu = 2, is therefore justified. 
Furthermore, the considerations from Section 2.4 can be confirmed. 
Due to the low Péclet numbers, the effective thermal conductivity is 
primarily dominated by molecular heat conduction, and Eq. (7) can be 
applied.

Heat loss to the ambient becomes relevant especially during longer 
charging/discharging durations and can also be represented with suffi-
cient accuracy. Moreover, in cases, in which the realized temperature 
step reached the outlet, larger deviations between simulation and ex-
periment were observed. These larger deviations can mainly attributed 
to an insufficient representation of the boundary condition at the outlet, 
which, is limited to a region within approximately 10 cm of the outlet. 
However, for TES systems with commercially usable dimensions and 
several meters in height, the outlet boundary condition is likely to have 
a negligibly small influence on the calculated thermocline propagation.
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5. Simulation of packed-bed TES systems with liquid metals as 
HTF at moderate Péclet numbers

As already discussed in Section 2.4, the determination of axial 
heat transport at higher Péclet numbers (when the turbulent mixing 
of the fluid becomes more important) is associated with considerable 
uncertainties for liquid metals. In this case, the effective thermal con-
ductivity is unknown. Furthermore, as previously mentioned, to date 
only a minimum Nusselt number can be specified for a packed bed 
with a liquid metal flow. However, as outlined in Section 2.3, axial heat 
transport is likely the dominant mechanism, yet the contribution of heat 
transfer between particles and fluid cannot be neglected. Therefore, in 
the following, the sensitivity of the simulation to the effective thermal 
conductivity and the Nusselt number will be examined in more detail. 
As a reference case, the heat transfer coefficient between fluid and 
particles is determined using Eq. (6) for a single sphere and Eq. (7) 
is used to calculate the effective thermal conductivity.

The Nusselt number of a single sphere in crossflow represents a 
minimal Nusselt number for a packed bed with fluid flow. Gnielinski 
[29] proposed extending his correlation for a single sphere to a packed 
bed by multiplying the single-sphere correlation with a shape factor. 
This shape factor 𝑓𝑎 depends solely on the porosity of the packed bed 
𝜀 and can be calculated using Eq. (23). 
𝑓𝑎 = 1 + 1.5 (1 − 𝜀) (23)

The application of the shape factor in combination with Eq. (6) has 
not yet been validated, but is used here to estimate the influence 
of the packed bed. Assuming a porosity of 36%, this corresponds to 
nearly a doubling of the heat transfer coefficient for a packed bed 
compared to a single sphere. Furthermore, the simulation is performed 
with the effective thermal conductivity increased and decreased by 
50%, respectively.

For the analysis, the pilot-scale TES currently being constructed at 
KALLA, with a total height of 1.98m, serves as an example of a TES 
system operating at moderate Péclet numbers. Similar to the lab-scale 
experiment, 2.65mm zirconium silicate spheres are used as the storage 
material, and lead-bismuth eutectic is again used as the model HTF. The 
investigation is performed at a Péclet number of 5. This corresponds to 
the maximum Péclet number in the planned pilot-scale experiment and 
is also the range in which the greatest uncertainty in the simulation of 
axial heat dispersion is expected (see Fig.  3). As shown in Fig.  5, intra-
particle heat conduction has a non-negligible influence on axial heat 
dispersion at this Péclet number and is therefore taken into account.

5.1. Impact of uncertainties in heat transport correlations on pilot-scale TES 
simulation

Fig.  9 shows the simulated temperature profiles at the outlet of 
the pilot-scale TES unit. It is clearly visible that the introduction of 
the shape factor has only a minor impact on the calculated outlet 
temperature profile. The maximum deviation from the reference sim-
ulation is less than 2.5K. In contrast, the sensitivity study shows that 
uncertainties in the determination of the effective thermal conductivity 
have a greater impact. An increase in the effective thermal conductivity 
by 50% leads to deviations from the reference simulation of up to 8.4K. 
If the effective thermal conductivity is reduced by 50%, the deviation 
even increases to up to 11.8K.

5.2. Key findings

Although the uncertainty in the determination of the heat transfer 
coefficient between fluid and particles is high, it has only a minor im-
pact on the simulation of the thermocline propagation. The correlation 
for a single sphere allows at least the calculation of a minimal Nusselt 
number. Furthermore, because of the high thermal conductivity of 
liquid metals, heat transfer is very efficient and therefore not limiting. 
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Fig. 9. Simulated temperature profiles at the outlet of the pilot-scale TES with 
Pe0 = 5 under discharging condition. The reference simulation is carried out 
with Eq. (7) for the effective thermal conductivity and the Nusselt correlation 
for the single sphere (Eq. (6)). For comparison, the simulation is performed 
with the effective thermal conductivity reduced and increased by ± 50%
(dashed). In the dotted case, the Nusselt number for a single sphere is 
multiplied by the shape factor given in Eq. (23).

Consequently, the contribution of heat transfer to the overall axial 
heat dispersion, and thus to the diffusive propagation of the thermo-
cline, is relatively small. The observations are in good agreement with 
the considerations in Section 2.3. In contrast, the unknown effective 
thermal conductivity of liquid metals in the investigated moderate 
Péclet number range leads to considerable deviations in the calculation 
of the diffusive propagation of the thermocline. Therefore, accurate 
quantitative analyses with Eq. (7) are not possible. Especially in studies 
involving multiple charging and discharging cycles, the uncertainty 
would accumulate. As a result, a targeted design or optimization of the 
TES systems at moderate Péclet numbers is not feasible yet.

6. Conclusion

In packed-bed TES systems using liquid metals as the HTF, the axial 
heat transport, described by the effective thermal conductivity, can 
be estimated as the dominant heat-transport mechanism. The effective 
thermal conductivity accounts for molecular heat conduction in both 
the solid and fluid phases as well as heat transport due to turbulent 
mixing. In contrast, heat transfer between particles and fluid, and intra-
particle heat conduction, make only a minor contribution to the overall 
axial heat dispersion and therefore to the diffusive propagation of the 
thermocline during charging and discharging of the TES system.

At low Péclet numbers, axial heat transport is likely dominated 
by molecular heat conduction. In this regime, the effective thermal 
conductivity can be calculated using models that have been established 
for thermal conductivity in a porous media with stagnant fluid flow. 
To demonstrate this, an existing one-dimensional heterogeneous con-
tinuum model with a dispersed solid phase was extended. Moreover, 
it could be shown that an estimation of the heat transfer coefficient 
between particles and fluid using a correlation for single spheres is 
sufficient. This estimation is necessary because, to the best of the 
authors’ knowledge, no correlation for the heat transfer coefficient of 
a packed bed in the low Prandtl number region for liquid metals has 
been validated.

With the developed model, the lab-scale experiment conducted 
by Müller-Trefzer et al. [16] using LBE as the model HTF could be 
accurately simulated for the first time, thus validating the simulation 
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for Péclet numbers up to 0.32. For discharge experiments, the mean 
relative deviation between simulation and experiment is maximal 3.6%. 
For charge experiments, the absolute mean relative deviation is higher, 
reaching 8.6%. The larger deviation in the charge experiments is likely 
primarily due to an inhomogeneous temperature distribution at the 
upper inlet of the experiment, which cannot be accounted for in the 
simulation.

However, as the Péclet number increases, the influence of turbulent 
mixing of the fluid on axial heat transport becomes more significant. 
To the best of the authors’ knowledge, no validated equation exists for 
calculating the effective thermal conductivity in this regime for liquid 
metals. Due to the very low Prandtl number of liquid metals, the heat 
transport phenomena differ significantly from those of conventional 
fluids, and correlations developed for conventional fluids cannot be 
used. Since axial heat transport is the dominant mechanism of axial 
heat dispersion in the relevant Péclet number range of TES systems, 
the uncertainty in calculating the effective thermal conductivity has 
a considerable impact. Therefore, reliable design and optimization of 
TES systems at moderate Péclet numbers is currently not possible. To 
achieve this, further research into the effective thermal conductivity of 
packed beds with a liquid metal flow is required.
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