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Abstract: Combined sensible/latent heat storage allows the heat-transfer fluid outflow temperature during dis-
charging to be stabilized. A lab-scale combined storage consisting of a packed bed of rocks and steel-encap-
sulated AlSi12 was investigated experimentally and numerically. Due to the small tank-to-particle diameter ratio
of the lab-scale storage, void-fraction variations were not negligible, leading to channeling effects that cannot
be resolved in 1D heat-transfer models. The void-fraction variations and channeling effects can be resolved in
2D models of the flow and heat transfer in the storage. The resulting so-called bypass fraction extracted from
the 2D model was used in the 1D model and led to good agreement with experimental measurements.
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1. Introduction

The fluctuating nature of intermittent
renewable energy sources such as wind
and solar requires short- and long-term
energy storage to guarantee the power
supply. At present, pumped hydro storage
(PHS) is the main option for short-term
large-scale storage. Market conditions
threaten the economic viability of PHS,
however. Compressed air energy storage
(CAES) is an alternative technology that
has been proven at industrial scale.[1] Be-
cause CAES plants waste the heat gener-
ated during compression, it must be resup-
plied prior to expansion, leading to cycle
efficiencies of about 40–55%. In advanced
adiabatic compressed air energy storage

(AA-CAES), the heat produced during
compression is stored in a thermal energy
storage (TES), resulting in projected cycle
efficiencies of 70–75%, which are compa-
rable to PHS’s cycle efficiencies.[2]Advan-
tages of AA-CAES compared to PHS are
lower estimated capital costs[3] and smaller
land requirements. For these reasons, AA-
CAES is potentially an attractive alterna-
tive to PHS for Switzerland. Because the
high efficiencies of AA-CAES plants are
due to the integration of a TES for tem-
peratures of up to 650 °C, this study is fo-
cused on the experimental and numerical
investigation of TES for high-temperature
applications. The results presented are rel-
evant as well to waste heat recovery in in-
dustrial processes and concentrated solar
power plants.

Thermocline TES represents an effi-
cient and cost-effectiveway of storing ther-
mal energy.[4] In prior work, a packed bed
of rocks as sensible heat storage material
and air as heat transfer fluid (HTF) was
experimentally shown to yield 95% over-
all (charging-discharging) efficiency.[5–7]
A drawback of thermocline TES is the de-
creasing HTF outflow temperature during
discharging, which can reduce the cycle
efficiency of AA-CAES. This drop can be
reduced by oversizing the storage or in-
creasing its height-to-diameter ratio at the
expense of higher pressure drops[7] and/or
increasing material costs. Another way of
avoiding the temperature drop is through
latent TES based on phase-change materi-
als (PCM). Because the phase change oc-
curs at constant temperature, latent TES

can, in principle, stabilize the HTF outflow
temperature during discharging. Among a
large number of potential PCMs,metals are
attractive because they offer high heats of
fusion and high thermal conductivities.[8]
However, intermetallic layers can form
between the encapsulation and the PCM,
impacting their performance.[9] Another
drawback of PCMs is that they are ex-
pensive compared to sensible heat storage
materials. For these reasons, our interest
has centered on combined sensible/latent
TESwith the twofold aim of stabilizing the
HTF outflow temperature during discharg-
ing compared to sensible-only TES and re-
ducing costs compared to latent-only TES.
The combined storage concept was inves-
tigated experimentally and numerically at
the laboratory scale in previous work.[10–14]

For the numerical analysis of TES, 1D
models are often used, especially for para-
metric studies, because the computational
cost is much lower than for 2D or 3D mod-
els. The simplification to 1D can be justi-
fied if the tank-to-particle-diameter ratio
is large, which means that radial gradients
are small over the entire cross section ex-
cept near a small annular region close to
the storage walls. In that region, where the
length scales of the flow and heat transfer
are comparable to the particle diameter, 1D
models are not valid. This means that 1D
models are more accurate for large-scale
than laboratory-scale TES. Therefore, the
objectives of this article are: (i) to validate
a 1D model of a lab-scale combined sen-
sible/latent heat storage and (ii) to compare
1D and 2D simulations of that storage.
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due to variations of the void fraction. As
stated in the introduction, these variations
are important because the tank-to-particle-
diameter ratio for the lab-scale storage is
small. To reduce the computational cost,
the 2Dmodel is based on the assumption of
axisymmetry of the flow and heat transfer
in the storage. The model solves the mass,
momentum, and energy conservation
and turbulence transport equations using
ANSYS Fluent 15.0. Turbulence effects
are accounted for with the realizable k–ε
model[23] with enhanced wall treatment.[24]
Grid-independent results were obtained
with 360’000 quadrilateral cells. The
packed bed and the tube rows are modelled
using the porous media approach.[25]As in
the 1Dmodel, the solid and fluid phases are
assumed to be in thermal non-equilibrium.
The solid-to-fluid heat-transfer coefficient
is computed with Eqns. (3) and (6) for the
packed bed and the tube bundle, respec-
tively. Air is assumed to be an ideal gas

Further details of themodel of the latent
heat section are available in refs [14,15].

2.1.3 Storage Wall and Insulation
The radial and axial temperature distri-

bution in the storagewall and the insulation
is determined from Eqn. (8), where q

boundary
represents the heat transfer at the boundar-
ies of the wall and the insulation. At the
inner boundary, convective heat transfer to
the heat transfer fluid and conductive-radi-
ative heat transfer to the packed bed are ac-
counted for, see the last terms in Eqns. (1),
(2), and (5). Free convection heat transfer
is assumed at the outer boundary.[17]At the
height of the topmost tube row, measured
insulation temperatures in each material
are imposed as boundary conditions.

2.2 2D Model
The primary purpose of the 2D model

is to quantify channeling, i.e. the radial
variations in the flow and heat transfer

2. Modelling

2.1 1D Model
The 1D heat-transfer model[14,15] is

formulated separately for the sensible and
latent heat sections and the storage struc-
ture with the insulation. Fluid, solid, and
molten phases are considered and convec-
tive, conductive, and radiative heat transfer
mechanisms are included. The description
below assumes that the PCM is encapsu-
lated in tubes and is restricted for brevity;
a more detailed description can be found in
refs [14,15]. Time integration is performed
implicitly and spatial derivatives are ap-
proximated with second-order accuracy.
The enthalpy method[16] is used to solve
the equations of the PCM.

2.1.1 Sensible Heat Section
The energy conservation equations for

the fluid and solid phases are given by Eqns
(1) and (2), where the symbols are defined
in the nomenclature. Temperature-depen-
dent rock and air properties are implement-
ed and are taken from refs [6,13,17]. The
volumetric heat-transfer coefficient h

v,rocks
is determined from Eqn. (3) for the convec-
tive heat-transfer coefficient per unit area
h
rocks

[18] with h
v,rocks

= a
s
h
rocks

and a
s
= 6φ

s
/d

p
.

The lateral wall convective heat-transfer
coefficient h

w,conv
is taken from ref. [19]

and the conductive-radiative wall heat-
transfer coefficient h

w,cond-rad
is taken from

ref. [20]. The effective axial conductivity
k
eff
is calculated according to ref. [21]. The

term q
interface,rad

represents the radiative heat
transfer between the last row of tubes and
the top of the packed bed of rocks. Because
of the small value of the tank-to-particle-
diameter ratio, a bypass fraction of 10%
was used in the sensible heat section. This
value was obtained from simulations with
the 2D model described below.

2.1.2 Latent Heat Section
The energy conservation equations for

the fluid and the encapsulation are given in
Eqns (4) and (5).

A volumetric air-to-tube heat-transfer
coefficient h

v,enc
is used to compute q

enc,g
and is calculated from a correlation (Eqn.
(6)) for the convective heat-transfer coef-
ficient per unit area h

enc
,[18] where h

v,enc
=

a
enc
h
enc

and a
enc

= 103.45, C
row

= 0.95, Pr
g

is the gas Prandtl number evaluated at
the temperature of the gas, Pr

s
is the gas

Prandtl number evaluated at the tempera-
ture of the solid, and Re

max
is based on the

maximum interstitial velocity u
max

= S
t
u
0
/

(S
t
–d

tubes
). The term q

top,rad
accounts for the

radiative exchange between the perforated
plate (Fig. 1) and the topmost row of tubes.
An energy conservation equation (Eqn.
(7)) is solved for each row of encapsulated
PCM.

(2)𝜙𝜙s s s = 𝑘𝑘eff s + ℎv,rocks 𝑇𝑇g − 𝑇𝑇s − 𝑞𝑞interface,rad + 𝑎𝑎wℎw,cond-‐rad 𝑇𝑇w − 𝑇𝑇s

(5)
𝜙𝜙enc enc enc = 𝑞𝑞enc,g + 𝑞𝑞cond,enc + 𝑞𝑞rad,enc + 𝑞𝑞pcm,enc + 𝑞𝑞interface,rad + 𝑞𝑞top,rad +w cont,w enctank enc tanktank enc 𝑇𝑇w 𝑇𝑇enc

(4)1 − 𝜙𝜙epcm g g + 1 − 𝜙𝜙epcm g g = 𝑞𝑞enc,g
(3)𝑁𝑁𝑁𝑁rocks = rocks pg = . s 𝑅𝑅𝑅𝑅 . 𝑃𝑃𝑃𝑃g / 90 ≲ 𝑅𝑅𝑅𝑅 ≲ 4000,𝑃𝑃𝑃𝑃 ≈ 0.7

(1)1 − 𝜙𝜙s g g + 1 − 𝜙𝜙s g g = ℎv 𝑇𝑇s − 𝑇𝑇g + 𝑎𝑎wℎw,conv 𝑇𝑇w − 𝑇𝑇g

(9)𝜙𝜙 𝑟𝑟 = 𝜙𝜙 , 1 + 𝐶𝐶 exp −𝐶𝐶
(8)str str = 𝑘𝑘str𝑟𝑟 str + 𝑘𝑘str str + 𝑞𝑞boundary
(7)pcm pcm = 𝑘𝑘pcm𝑟𝑟 pcm − 𝑞𝑞pcm,enc
(6)𝑁𝑁𝑁𝑁enc = enc tubesg = 0.51𝐶𝐶row𝑅𝑅𝑅𝑅max/ 𝑃𝑃𝑃𝑃g . gs / 40 < 𝑅𝑅𝑅𝑅max < 1000
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tom. The total capacity of the combined
storage is 42.4 kWh

th
.

4. Results

Two experimental runs under identical
conditions were performed to obtain the
temperature measurements at all desired
positions, as only 26 thermocouple ports
could be used in each run. To check repro-
ducibility, 9 of the 26 thermocouples were
connected in both runs. For these thermo-
couples, it was found that themean temper-
ature differences between the runs did not
exceed 8 K or 1.4%. Figs 2, 3, and 4 show
comparisons of the measured and simu-
lated PCM, packed-bed, and tank-wall and
insulation temperatures during one charge-
discharge cycle with ∆t

c
= 3.25 h, respec-

tively. The symbols and colors correspond
to those used in Fig. 1. The predictions by
the 1D model are superior to those by the
2D model for the latent section. During
discharging, the predictions of the packed-
bed temperatures by the 2D model are
more accurate than those of the 1D model,
however. Fig. 5 presents the temperature
distribution at the end of charging. The 2D
model results clearly show the substantial
radial gradients caused by the small values
of the tank-to-particle diameter ratio.

5. Conclusions and Outlook

Simulations with 1D and 2D models of
a lab-scale combined sensible/latent heat
storage were validated with experimental
results. Radial gradients were significant
because of the small tank-to-particle di-
ameter ratios and were represented well
by the 2Dmodel. The 2D simulations were
used to extract the bypass fraction that was
employed to represent the unresolved ra-
dial gradients in the 1D model. For larger
tank-to-particle diameter ratios, as encoun-
tered in industrial-scale storage units, the

3. Experimental Setup

The combined sensible/latent heat lab-
scale TES consists of encapsulated AlSi

12
on top of a packed bed of rocks in an in-
sulated cylindrical tank. A schematic with
dimensions and the locations of the ther-
mocouples is shown in Fig. 1. The inlet
temperature of the air above the topmost
tube row was measured by a shielded
thermocouple. A radiation correction was
applied to the measured temperature, see
ref. [15]. The packed bed consisted of
rocks with an average diameter of 32 mm
and a total mass of 245 kg. The average
void fraction of the bed wasmeasured to be
0.4.[13] AlSi

12
was chosen as the PCM due

to its melting temperature being suitable
for AA-CAES and CSP applications as
well as due to its high heat of fusion, high
thermal conductivity, and comparatively
low cost.[8] The encapsulation was made of
AISI 316 steel tubes with an inner diameter
of 16 mm and a wall thickness of 1 mm.
Four rows of 17 tubes each were stacked
at angles of 45°. The masses of the PCM
and encapsulation were 9.27 kg and 13.17
kg, respectively. Thermal conductivities,
heat capacities, and densities of the PCM
and the encapsulation are given in ref. [14].
The heat of fusion of the PCM is 466 kJ/
kg with a melting range of 4 K.[13] The for-
mation of an intermetallic layer between
encapsulation and PCMwas neglected, but
is under investigation in a companion proj-
ect.[9] The tank was made of 3 mm thick
stainless AISI 304 steel and was insulated
with Microtherm®, felt, and rockwool. The
thicknesses of the insulation layers as well
as the thermophysical properties of the
tank and insulation materials are given in
ref. [14]. Two perforated steel plates of 20
mm thickness were used for flow homog-
enization at the top and the bottom of the
storage. The storage was charged with air
at up to 595 °C from the top and discharged
with air at room temperature from the bot-

with temperature-dependent properties.[17]
Temperature-dependent properties of sol-
id materials are also implemented.[6,13.17]
Thermal losses by convection and radia-
tion are considered assuming a surround-
ings temperature of 20 °C and a convective
heat-transfer coefficient of 5 W/m2K. The
PISO and PRESTO[26] methods were used
to couple the velocity and pressure fields
and to solve the pressure-correction equa-
tion. Convergence was considered to have
been achieved when the mass, momentum,
and turbulence residuals were below 10–5

and the energy residual was below 10–8.

2.2.1 Sensible Heat Section
For randomly packed spherical par-

ticles of uniform diameter, the void frac-
tion in the bulk region ranges between
0.36–0.42.[27] The packing structure is af-
fected by the tank wall for a distance of ap-
proximately 5d

p
. In this near-wall region,

the void fraction distribution follows a
damped oscillatory variation, from a value
close to unity at the wall to a minimum of
approximately 0.2 at a distance of about
d
p
/2 from the wall. For a distance great-

er than about 5d
p
from the wall, the void

fraction approaches the value in the bulk
region. For packed beds of non-spherical
and non-homogeneous particles, the varia-
tion of the void fraction in the radial direc-
tion is better described by an exponential
decay affecting the packing structure for a
distance of about 2–3d

p
.[28] The near-wall

void fraction variation leads to channeling,
which is important if the tank-to-particle
diameter ratio is lower than 25-30.[29,30]
Since the lab-scale storage is character-
ized by a diameter ratio of about 12.5, the
radial void-fraction distribution is included
in the 2D model,[31] see Eqn. (9), where C

1
= 1.2 and C

2
= 2.0.[32]An effective thermal

conductivity,[21,33] implemented in Fluent
through a user-defined function, was used
to account for the conduction- and radia-
tion-driven heat transfer in the packed bed.

2.2.2 Latent Heat Section
The effective heat-capacity method[34]

was used to model the phase transition of
the PCM. This method allows the phase
transition to be modeled without the need
for explicit tracking of the phase boundary
by combining the latent heat of fusion with
the specific heat. This so-called effective
heat capacity was defined as a piecewise
linear function of the temperature. The
PCM and encapsulation were modeled as
a single material with equivalent thermo-
physical properties. A sensitivity analysis
was performed to ensure that the time step
did not affect the phase transition. Radia-
tion from the top plate to the topmost tube
row was accounted for by adding a source
term that was extracted from the 1Dmodel.
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Fig. 1. Schematic of
combined sensible/
latent heat TES and
thermocouple loca-
tions (circles and
crosses). All dimen-
sions in mm.
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effect of radial gradients will decrease
significantly and the validated 1D model
can therefore be applied with confidence.
Future work includes improved modeling
of radiation effects in the 2D model and
incorporation of correlations for the evo-
lution of intermetallic layers between the
PCM and the encapsulation.[9]

Nomenclature
Latin characters
a Surface area per unit volume [m2/m3]
c Heat capacity [J/kgK]
d Diameter [m]
e Specific internal energy [J/kg]
f Area fraction [-]
h Specific enthalpy [J/kg]

Heat-transfer coefficient [W/m2K]
h
v

Volumetric heat-transfer
coefficient [W/m3K]

k Thermal conductivity [W/mK]
m Mass [kg]
N Number of layers / units [-]
q Volumetric heat flux [W/m3]
r Radius [m]
S
t

Transverse pitch
between tubes [m]

T Temperature [K]
t Time [s]
u Interstitial velocity [m/s]
u
0

Superficial velocity [m/s]
V Volume [m3]
x Axial coordinate [m]

Greek characters
ε Emissivity [-]
ρ Density [kg/m3]
µ Dynamic viscosity [kg/ms]
σ Stefan-Boltzmann constant,

5.6704·10–8 [W/m2K4]
φ Volume fraction [-]

Dimensionless numbers
Nu Nusselt number, hd/k

g
[-]

Pr Prandtl number, µc
p
/k

g
[-]

Re
0

Superficial Reynolds
number, ρ

g
u
0
d
p
/µ [-]

Re
max

Reynolds number for tubes,
r
g
u
max
d
tubes

/m [-]

Subscripts
0 Undisturbed flow
∞ Surroundings
c Charging
cond Conductive
cont Contact
conv Convective
d Discharging
eff Effective
enc Encapsulation
epcm Encapsulation and PCM
g Gas
max Maximum
p Particle
rad Radiative
s Solid
str Storage wall and insulation
v Volumetric
w Wall
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Fig. 2. Comparison of
PCM temperatures.
Circles represent
experimental mea-
surements and solid
and dashed lines rep-
resent the simulated
solid/molten phase
temperatures from
the 1D and 2D mod-
els, respectively.
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Fig. 3. Comparison
of packed-bed tem-
peratures. Bullets
represent experimen-
tal measurements
and solid and dashed
lines represent the
simulated air tem-
peratures from the
1D and 2D models,
respectively.
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Fig. 4. Comparison of
tank wall and insula-
tion temperatures.
Markers represent
experimental mea-
surements and solid
and dashed lines rep-
resent the simulated
temperatures from
the 1D and 2D mod-
els, respectively.

Fig. 5. Temperature
distributions of the
1D (left) and 2D (right)
models at the end
of charging. The air
temperature is shown
in the storage itself
whereas the solid
temperature is shown
in the storage walls
and insulation.
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