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Abstract: Packed-bed thermocline tank with sensible fillers is a cost-effective option for thermal energy
storage (TES). In real charging and discharging, the thermocline stability is disturbed and thermocline
expansion occurs due to various factors, leading to the decreased global performances of storage tank.
The purpose of this work is to experimentally and numerically study the impact of inlet configuration
and insulation on the thermocline expansion in a lab-scale tank under various operating parameters.
Firstly, a DC-3P model considering the wall effect and heat loss is developed and validated by
experimental results, capable of precisely predicting the performance of storage tank under the tested
conditions. Especially, the temperature difference between the fluid and solid filler center is detected
both in experiments and in modeling, indicating the existence of temperature gradient inside large solid
particles. Results also show that the injecting flow causes the radial temperature non-uniformity and
thermocline expansion at the near-entrance region of the tank, but its effect on the global performance
of the storage tank is rather limited. Good insulation of the tank could reduce the thermocline thickness

by about 20%, and increase the energy efficiency and the capacity ratio by 5-7% and 3-5%, respectively.
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Nomenclature
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m
AP

Pe
Pr
Ip
r
Ra
Re

Superficial area (m?)
Biot number, Bi=h-(V/A)/A

Specific heat capacity (J kg K*%)
Capacity ratio

Diameter of particle (m)

Diameter of tank (m)

Energy (J)

Acceleration due to gravity (m s?)
Grashof number, Gr=g-8-H*ATN?
Heat transfer coefficient (W m? K1)
Height of tank (m)

Layer thickness (m)

Mass flow rate (kg s™)
Pressure drop (Pa)

Péclet number, Pe=Dy-Usyp/ax
Prandtl number, Pr=C, u/As
Radial coordinate of sphere
Radial coordinate of tank
Rayleigh number, Ra= Gr-Pr
Reynolds number for particle,
Re=(prDyp-Usup)/us

Internal radius of tank (m)

Middle radius of tank (m)
External radius of tank (m)

Time (s)

Temperature (K)

Coldest operation temperature (K)
Highest operation temperature (K)
Fluid inlet temperature (K)

Fluid outlet temperature (K)
Reference temperature (K)

Radial temperature of A position
Radial temperature of B position
Radial temperature of C position
Interstitial fluid velocity (m s™),
u=rtl(ps-e-7-R%int)

Superficial fluid velocity (m s™), usyp=u-e
Volume (m®)

Volumetric flow rate (m*s™)

Axial coordinate of tank
Non-uniformity factor

Greek symbols

Thermal diffusivity (m? ), o= A/

a
(p-Cy)

yl Thermal conductivity (W m™* K1)

& Porosity

7 Dynamic viscosity (Pa s)

) Uncertainty

p Density (kg m™)

€ Emissivity

B Expansion coefficient of air (K%)

n Energy efficiency

v Kinematic viscosity (m?s™)

o Stefan-Boltzmann constant, =5.67x10%
W-m?2-K*

@ Diameter (m)

0 Outlet temperature threshold
coefficient

Subscripts

amb  Ambient

b Packed bed region of inner tank
diameter

ch Charging

dis Discharging

eff Effective value

ext External surface of tank

f Fluid

in Inlet

int Internal surface of tank

max  Maximum

out Outlet

p Particle

rad  Radiative

S Solid

sf Solid-to-fluid phase

w Wall



1. Introduction

The yearly growing in energy demand worldwide and the carbon dioxide emission in 2021 have
reached about 4.6% and 5%, respectively [1]. As a promising alternative to traditional fossil sources,
renewable energies get great attention to mitigate climate change and environmental pollution concerns.
In 2020, renewable energy represented 22.1 % of energy consumed in European countries and is still
significantly expanding to meet the goal of European Green Deal by 2050 [2,3]. Nevertheless, the
intermittent and fluctuating nature of these renewable sources (e.g., solar energy) calls for the
development and deployment of efficient thermal energy storage (TES) techniques to improve the
system’s flexibility and dispatchability [4-6]. For example, more than 70% of the concentrated solar
power (CSP) plants under construction have combined with TES system and this ratio is still increasing
for future more powerful plants [7]. According to the storage mechanism, TES systems can be classified
into sensible [8], latent [9], and thermochemical [10] heat categories. Among them, sensible heat storage

is currently the most mature and commonly-used technology for various applications.

Thermocline-based TES technology involves a type of single-tank storage system where hot and
cold heat transfer fluids (HTF) are both stored in the same tank [11]. The thermocline or thermal
stratification zone with a temperature gradient is formed around the interface between the hot and cold
fluids. It periodically moves up/down in the axial direction during the charging/discharging operations.
Compared to the conventional two-tank TES system, the thermocline concept is a more competitive
option with about 37% cost reduction, by cutting the needed two tanks into one and by using the cheaper
sensible fillers (e.g., rocks or concretes) to substitute the amount of some expansive liquid HTF used as
storage media (e.g., oil or molten salt) [12]. For all these reasons, the sensible-heat thermocline packed-

bed (SHTPB) TES system has become a research focus in recent years.

In theory, the thermocline stability and thickness affects the SHTPB system’s performance: a higher
level of thermal stratification or a thinner thermocline zone means higher energy and exergy efficiencies
[13,14]. Nevertheless, the thermal stratification tends to become unstable and expanded over dynamic

and cycling operations. This thermocline degradation, or decay, can be due to many factors [15,16]. On



one hand, the low heat transfer rate between HTF and solid fillers or the heat diffusion, inside the HTF,
the solid media, or the wall phases would result in the expanded thermocline thickness in the axial
direction [17]. On the other hand, the flow injection, the heat loss to the environment, and the wall
properties would cause the non-uniform radial temperature distribution inside the tank, lowering the

thermocline stability and increasing the thickness [18].

Uniform radial flow velocity and temperature profiles are usually assumed in one-dimensional (1D)
models (e.g., Schumann’s model) for modeling SHTPB systems due to the flow homogenizing effect of
the porous fillers [19]. The necessity of additional flow diffuser instead of inlet port in packed-bed
storage tanks to guarantee the good and stable thermal stratification is controversy in early stages. Study
was focused on installing special types of flow diffuser in SHTPB tanks to effectively utilize the bed
domain [20]. Later, Bruch et al. [21] experimentally observed that there was no significant
inhomogeneity of radial temperature in a SHTPB tank without diffuser. The authors stated that the 1D
heat transfer model was adequate for the configuration where tank height to diameter aspect ratio H/Dtank
=3. Yinetal. [22,23] also experimentally tested a near-tube tank (H/Dank =5) and showed that the porous
fillers could help to maintain the HTF as an ideal plug flow pattern. However, depending on different
filler configurations and heat transfer mechanisms, the impact of injecting flow on the thermal
performance is different. For example, Reddy and Pradeep [24] numerically observed that the radial
non-uniform temperature distribution in their SHTPB tank (H/Dwank =4) is negligible in laminar flow
owing to the porous packed bed working as flow distributor, but not in turbulent condition. Wang et al.
[25] simulated a flow annular diffuser (80% annular area) at the inlet of a SHTPB tank (H/Dank =1/3)
and found that the non-uniform radial flow has a limited influence on output energy but it could affect
the interstitial heat transfer, thus improving the thermal performance. Recently, VVannerem et al. [26]
analyzed this problem by comparing three types of baffle-type flow diffusers under different flow rates.
It has been reported that the solid filler could act as a natural distributor and the fluid distribution at the
inlet did not impact the global storage performance due to the flow being restricted to a small fraction
of the packed bed in their SHTPB tank (H/Diwn =2). In brief, more investigations are still needed to

show from what distance to the inlet such radial temperature gradient can be eliminated by the porous



bed with different packing properties (e.g., particle size, porosity etc.), and to further clarify the relation
between the thermocline expansion due to the injecting fluid flow and the global thermal performance

reduction of the SHTPB tank.

The heat losses and associated wall impact are another influencing factor on the radial temperature
distribution of SHTPB tank. Early studies [27,28] reported the existence of radial temperature gradient
for about 30-40% of the tank radius due to the heat loss, leading to the higher centerline temperature
than that in near-wall region. This radial temperature gradient cannot be taken in account in the 1D
model and will cause the smaller amount of energy stored in the SHTPB tank than predicted [18,29].
Hoffmann et al. [15,30] reported that the heat losses would lead to the unstable thermocline, reduced
output power, and decreased outlet temperature. Xie et al. [31] have developed adapted transient models
to systematically explore the wall impact on the dynamic thermocline behavior of the SHTPB tanks by
including the wall and insulation heat capacity in the governing equations. The most influencing factors
have also been identified to provide useful design guidelines. Nevertheless, the experimental
investigations of a SHTPB tank under two extreme conditions, with or without insulation, on the
thermocline expansion are still insufficient, especially for tanks operated with storage temperature range
less than <100 °C. Table 1 lists main experimental investigations using sensible fillers reported in the

literature.

Therefore, this work is devoted to investigating the dynamic thermocline behaviors of the packed-
bed system under the impacts of inlet configuration and insulation in different operational conditions,
including HTF flow rate, inlet temperature, filler particle size, etc.. At first, a numerical dispersion-
concentric three-phase phase (DC-3P) model was developed and its applicable range was determined in
view of model validation. Then, to assess the influences of radial temperature non-uniformity due to the
injecting flow and heat loss, an experimental lab-scale tank of SHTPB was fabricated and tested under
controlled conditions. Three inlet configurations (using a structured inlet diffuser) and two insulation
configurations were compared. In the end, the effects of heat diffusion in fluid and solid phases and the
heat convection between the HTF and solid fillers on the axial thermocline expansion are further

discussed.



This work is fitted to small flow rates (Reynolds numbers, Re<15), relatively large particle size
(sphere Biot humber, Bis>0.1) and low temperature (<100 °C). It is expected to provide useful design

and operating guidelines for alleviating thermocline expansion in SHTPB tanks in practical applications.



Table 1 Summary of experimental investigations on SHTPB TES systems.

Solid T IT HI Number of Insula Num Tested
Studies Years . HTFs L H e Dianx thermocouples &  Diffuser . ' parameters Main findings
fillers (°C) tion [Exp.
(m) arrangement in Exp.
Faas et al. 1986 CR;‘girlllfnd (%aﬁ){la 179.2/2 0.22 12/1 _ _ Yes Ex _ ¢ | ow Rankine-cycle efficiency of 21% due to limited upper
[32] sand 43 95.5 ' 8.2 P temperature of TES tank.
. e Considerable heat losses through the wall.
EI;/IIe[lgrS]e t 1991 Rock Air 350/55 0.36 11'5/0 -- (axial) -- Yes Exp. -- ® Smaller measured pressure drop than predicted due to low
' ' flow resistance near wall.
Quartzite oy e Thermocline thickness well predicted by the model.
;a c[gic]o et 2002 rock & Shgﬁlten 390/39 0.22 6/3 ra(g?;')al and Yes Yes /’\él;(m -- e higher heat loss than predicted due to the lack of insulation
' sand P on the top cover of the tank.
e Higher thermal storage capacity and efficiency by using
E;%rig etal. 2012 Rock SI\QﬁIten 300/50 0.2 2/1 12 (axial) No Yes /’\él:(m -- fillers with higher density and specific heat, but also higher
P entropy generation (Num.).
Zirconiu Yes e |nlet HTF e Heat storage efficiency is smaller than 80% due to the
. - temperature thermocline expansion.
Egzn 2e;]al. 581‘7” ;Tilli(f:Lon Shgﬁlten 390/39 -- 01.2/0 6 (axial) Yes (heatin Exp. ® Flow rate ® Thermocline evolution influenced by HTF velocity.
' carbide ' gtra ) ® Mixed e Piston flow pattern achieved by buffering effect of porous
P fillers fillers.
-- (5 for axial . .
Anderson 2014 Alumina Air 20120 04 10/9. outer tank No Yes Num. ® VVessel heat loss is acceptable due to only loss 12% of supplied
et al. [36] ' 56 [EXp. energy.
surface)
* No significant inhomogeneity of radial temperature
Silica 250 (for fillers distribution.
Bruch et 2014 gravel & oil <300 027 an and HTE. axial Yes Yes Num. e Cycling e Differed thermocline behavior between multiple cycle and
al. [21] silica = ' and radia{l circle) /Exp.  number single cycle operation.
sand e Impact of metal tank wall on the thermocline moving in
charging.
19 (axial equally
spaced),
5 (radial,
0.385 decreasing - ® 40% radial temperature profile affected by metal wall heat,
;as[i%ttgge]t 2812/ Alumina Air 25/300 - 152/ 0 distance), Yes Yes /I\IIEL:(m r:u(;}n/l;:elzlrng which cannot be predicted by 1D model.
B 0.395 10 (axial outer P ® 60% reduction of stored energy after 4 cycles.
surface)
5 (circumferential
outer surface)
e Higher heat losses and heat diffusion due to low HTF flow
Hoffmann . 32 (axial and rate.
etal. ggigl %éakrtme E(?E?IS € 360/21 0.4 14'8/0 radial equally No Yes /’\Ilzl:(m : E!ﬁ?gc::tsize e Stronger forced convection due to high HTF flow rate.
[15,30] ' spaced) p. e Maximum discharging efficiency of 75% at an optimal flow
rate of 0.3 kg s.
Al-Azawii Yes (10 ® Higher heat losses due to low HTF flow rate.
etal. ggig/ Alumina Air 31'5/15 0.375 ;2071 -- cm Yes /l\llzlj(m ® Flow rate e [ncreased exergy efficiency from 35.7% to 55.4% with
[37,38] distance) p. increasing flow rate from 0.002 to 0.006 m®s™.
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Tuttle et
al. [39]

Kocak and
Paksoy [2]

Keilany et
al. [40]

Vannerem
et al. [26]

Vannerem
etal. [41]

Gautam
and Saini
[42]

Bruch et
al. [43]

Alonso
and Rojas
[44]

Xuetal.
[45]

Lai et al.
[46]

This study

2020
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2020

2021

2022

2021

2021

2022

2022

2022

2023

Limeston
eand
stone

Demolitio
n wastes

Alumina/
Cofalit®
rock

Alumina

Alumina

Rock

Silica/
Soft stone

Aluminu
m silicate

Sintered
ore

Glass
sphere

Air

Thermi
nol 66

Jarysol
® oil

Jarysol
® oil

Jarysol

® oil

Air

Water

Air

Water

Water

25/587

120/18
0

100/30
0

100/30
0

100/30

0

<100

20/70

25/700

<60

60/250

20/70

0.3

0.39

0.417

0.485

0.485

0.31/
0.37

0.38/
0.39

0.9/0

0.9/0

2.64/

2.64/
1.2

2.64/
1.2

1.25/
0.6

412

0.72/

31

0.85/
0.32

0.4/0

8 (axial equally
spaced)

9 (axial and
radial)

22 (axial and
radial)

22 (axial and
radial)

63 (axial and
radial)

50 (for fillers and
HTF, axial and
radial)

5 (axial equal and
radial circle)

28 (axial and
radial, for HTF
and outer surface)

164 (axial and
radial, for HTF
and outer surface)

>7(axial and
radial)

32 (axial and
radial, for HTF
and solid fillers)

No

Yes

Yes

Yes

No (but
plenum
achieve
uniform
flow)

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Num.
/EXp.

Num.
JEXp.

Num.
[EXp.

Num.
TEXPp.

Exp.

Exp.

Exp.

Num.
/EXp.

Num.
1EXp.

Num.
/EXp.

Num.
JEXp.

® Inlet HTF
temperature
® Flow rate

® Solid filler

® Flow rate

® Flow
distributor

® Flow rate
® Sizes for
particles with
pore

e Flow rate
e Inlet HTF
temperature

e Solid filler

® Flow rate

® Particle size
® Flow rate

e Diffuser

® |nsulation

e Particle size
® Flow rate

® |nlet
temperature

® Relative error on the temperature between particle surface and
center larger than 55% at particle Bis= 3 (Num.).

e Reduced energy efficiency with the increasing charging
temperature.

e Thermocline expansion at higher flow rate due to the
stratification disturbance.

® Thermocline expansion at lower flow rate due to heat loss.

® Good thermal performance of Cofalit® filler than alumina.

e Maximized storage utilization rate (80.6%) at an optimal
velocity (Num.).

® Robust performance of storage tank under the experimental
testing range (100 - 130 °C) and (0.2 - 0.9 kg s)

e Solid filler acts as a natural distributor.

e Distributor does not influence storage behavior.

® Radial homogeneity is then improved at low fluid velocity.

e Correlations proposed to predict the Nusselt number.

e Cold energy storage system is able to successful store cold at
night and compensate performance loss of cooler in daytime.

e |mportant role of heat capacity of solid fillers.
e Very low heat loss owing to the well-insulated tank walls.

e Thermocline stability disturbed by the radial plate-type
diffuser.

® Model developed based on thermal diffusion to predict the
thermocline evolution in axial direction, with an average error
of about 13.9%.

e Air flow increases, the cycle efficiency increases.

e Permeability decreases, superficial velocity increases.




2. Experimental setup

2.1. Test-rig description

The laboratory-scale SHTPB tank tested has a cylindrical shape with a height of 398 mm and an
inner diameter of 194 mm (Fig. 1a), the total useful volume being 11.8 L. It has a transparent
polycarbonate wall (3 mm thickness) enclosed by an insulation layer made of black nitrile rubber (25
mm thickness). Glass sphere as the sensible filler is packed inside the tank randomly. Water is used as
the HTF. The top and bottom ports are simple tubes (&= 11.6 mm) located at the center of each cover
of the tank. In charging, hot water first enters from the tank top port and transfers heat to solid fillers
inside to store heat. In discharging, cold water enters from tank bottom port to drive the stored hot water
from tank top to release heat. The charging or discharging stops when each outlet temperature reaches

the corresponding threshold point according to the designed requirement.

In total, 32 thermocouples have been used to measure the local temperature at different locations
in the storage tank, including 17 for the fluid and 15 for the solid. They were all attached to a plastic
tree which has been installed inside the tank carefully (in Fig. 1b). In axial direction, both fluid and solid
temperatures were measured at 7 heights of the centerline (C in Fig. 1b). They are at 49 mm distance
one from another and notated as TC-1 to TC-7 from the bottom to the top of the tank. To investigate the
radial temperature distribution, the fluid and solid temperatures at the middle (B in Fig. 1b; tank
diameter coordinate r'= 0.55) and outer (A in Fig. 1b; r'= 0.95) positions were measured in four radial
arms (TC-1; 3; 5; 7). In addition, the inlet and outlet fluid temperatures were also measured at the top
and bottom ports, respectively. Thermocouples for glass spheres were installed in the center of sphere
and sealed by glue with a similar thermal conductivity as glass (cf. Fig. 1a). The fluid thermocouples
have been specially attended to avoid contact with the surface of the solid. The influence of contact is
negligible with a condition of 1.3>Bis>0.1 due to the conduction resistance of the solid being larger than
the convection resistance. The glass was chosen as filler in the experiment, mainly because it has adapted
thermal conductivity for operating at a larger Bis number and is easily available in diverse sizes on the

market.



Fig. 1. Laboratory-scale SHTPB tested in LTEN: (a) geometry and dimensions; (b) axial and radial

thermocouples locations inside the tank.

Fig. 2 shows the schematic and the photo view of the experimental setup used to study the SHTPB
TES system. A hot and cold water tank was used as the hot and cold source for testing the SHTPB tank
in charging or discharging, respectively. A PID-controlled electrical heater was installed inside the hot
water tank and a low-temperature thermostat with smart cool system (Lauda, RP 855) was connected to
the cold water tank and was used to stabilize the water temperature in each tank. Stirring devices were
installed in both water tanks, ensuring the homogenous water temperature inside. Two magnetic coupled
external gear pumps (Tuthill D-series, 0.07 to 7.63 L min) with filters were used to deliver the HTF
from the water tank to the top/bottom port of the storage tank. The flow rate of the HTF was controlled
and measured by a flow meter (Kobold DPM-1550, 0.05 to 5 L min). A reservoir was used to collect

the water flowing out from the SHTPB tank for recycling.
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Fig. 2. Schematic view (a) of the experimental test loop and photographic view (b) for the laboratory-

scale SHTPB tank (without insulation).

The electronic signals, including the valves, thermocouples, gear pumps, and flow meters, were
controlled and recorded by corresponding modules. In particular, the temperature measurements of K-
type thermocouples (-75 to 260 °C) were recorded by a temperature input module (N1 9214 and NI 9213)
with up to 0.02 °C uncertainty. The recorded signals were monitored at an interval of 0.25 s by using a
LabView program developed in-house. The pressure drop was estimated to be very small (AP<50 Pa)
due to the small tank volume and relatively low flow rate, which could be neglected. A detailed

estimation of the measurement uncertainties is presented in Section 4.4.

2.2. Tested cases

Six configurations of SHTPB tank were experimentally investigated to evaluate the impacting
factors of inlet configuration and insulation, under different mass flow rates and inlet temperatures, etc.,

on the thermocline. Detailed parameters of these cases are listed in Table 2 and introduced as below.

Case 1 vs 3: To verify the temperature gradient inside the particle and to explore the influence of
particle size on the thermocline behavior, two sizes of glass spheres of 7 and 10 mm were used as fillers.

Case 1 and case 3 were tested under different inlet temperatures and flow rates.

Case 1, 3 vs Case 2, 4: To explore the impact of heat loss on thermocline expansion, two cases (2,

4) without insulation layer were tested and compared to others with insulation (1, 3).

Case 3 vs Case 5, 6: To analyze the buffering effect of porous bed on the allevaiation of inflowing
HTF jet, three configurations (Case 3, 5, 6) were tested for comparison, as shown in Fig. 3. Case 3 is

11



the fully packed tank without diffuser, while Cases 5 and 6 introduced the top and bottom diffusers. The
plate-type diffuser (6 mm in thickness) having three ring-shaped grooves has been optimized and tested
for a single-media thermocline TES tank in our previous works [47]. In Case 5, the space between the
diffuser (z;=10 mm) and the tank top/bottom was filled with one layer of glass spheres to make full use
of the tank volume, both the porous bed and the plate diffuser acting as the inlet configuration. In
comparative Case 6, no solid fillers were packed in this gap to eliminate the effect of porous fillers, and
the height was set to be larger (zz=35 mm) to amplify the impact of inflowing jet and mitigating effect
of the plate-type diffuser. In this way, the effects of the diffuser on the radial temperature distribution,
the impacted height, and and the global thermal efficiency were investigated under different inlet

temperatures and flow rates.

Fig. 3. Different inlet diffuser configurations experimentally tested in this study: (a) only porous bed;

(b) porous bed & plate diffuser; (c) only plate-type diffuser.

12



Table 2 Tested SHTPB configurations with different operational conditions.

Geometry parameters

Operational parameters

Particle diameter (mm)  Porosity (-) Diffuser position Insulation thickness | Flow rates (L min™®) Inlet  temperature

Configuration
(mm) (mm) (°C)

D, £ z, -- Vs To/Ty
Case 1 7 0.38 -- 25 0.3/0.5/1.0/1.5 20/(50, 60, 70)
Case 2 7 0.38 -- -- 0.3 20/70
Case 3 10 0.39 -- 25 0.3/0.5/1.0/1.5 20/(50, 60, 70)
Case 4 10 0.39 -- -- 0.3 20/70
Case 5 10 0.39 10 25 0.3/0.5/1.0/1.5 20/(50, 60, 70)
Case 6 10 1 (non-bed region) + 35 25 0.3/0.5/1.0/1.5 20/(50, 60, 70)

0.39 (bed region)

Case 1 vs Case 3: effect of particle size on the temperature gradient inside the sphere.

Case 1, 3 vs Case 2, 4: effect of insulation on the thermocline dynamics and system’s efficiency.

Case 3 vs Case 5, 6: effect of diffuser on the thermocline dynamics and system’s efficiency.

13



3. Numerical model

A dispersion-concentric three-phase (DC-3P) numerical model has been developed based on the

following assumptions:

(1) HTF is incompressible plug flow.

(2) Thermophysical properties of fluid and solid are set as constant (Table 3).

(3) Solid sphere is modeled as dispersion concentric because of the possible non-ignorable
temperature gradient inside (Bis>0.1).

(4) Wall is modeled as a separate phase in 1D (axial direction), taking the wall impact (heat
storage/release in the wall) into account [31].

(5) Insulation layer is simplified and represented by a thermal resistance based on our earlier study
[31].

(6) Heat loss to the environment considers both the natural convection and the radiation.

With these assumptions, the governing equations for computation domain (Fig. 4) can be written

as follows.
Table 3 Thermophysical properties of different materials used in this study.
Material Density  Heat Thermal Dynamic
(kg m®)  capacity conductivity  viscosity
(Gkg'KhH  (WmtK?1Y  (Pas)
- p Cp A H
Fluid (47.5 °C) [48] Water 990 4187 0.634 5.8x10™
Ambient (20 °C, 100 kPa)  Air 1.17 1004 2.63%x10% 1.8x10°
Solid media (20 °C) Soda lime 2463 840 1.129 --
glass
Wall (20 °C) Transparent 1200 1170 0.200 --
polycarbonate
Insulation (20 °C) Black nitrile 160 1350 0.0412 --
rubber

14



Fig. 4. Schematic of numerical resolution domain for the developed DC-3P model.
3.1. Governing equations
Fluid [49]:

0Tf(2) aTr()] _ @ AT ¢(2) Ag , _Dp Ap_w
£ pf . Cp.f . [ ot + Uf . T = E [Af,eff . T] + hsf . 75 [Ts (Z,Tp = T) - Tf(Z)] + hf—w T [TW(Z) - Tf(Z)] (18.)

Solid filler (2D spherical radius coordinate):

aTg(z1p) _ 1 @ aTs(z1p)
py-Cps T = L iz g, - ) (1b)
Wall:
OTy(z) _ @ 0Ty (2) Af-w Af-w
Pw " Cp,w ' atz 9z [Aw ' azz ] + hf—w If/_w [Tf(z) - TW(Z)] + hy—amb é_w [Tamb - TW(Z)] (1C)

where T temperature, t time, u interstitial velocity, & porosity, C,, specific heat, p density, A thermal
conductivity, h heat transfer coefficient (HTC), A superficial area, and V volume are presented; z is the
axial and 7 is the spherical coordinate; subscript of f, s, w, eff, amb represent fluid, solid, wall, effective

value, and ambient, respectively; For example, Ty is the solid surface temperature, T, is the wall

t+Rmid)

temperature calculated at wall middle position of Rin . , and the ratios of area to volume are defined

as:
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As — 6(1-g) Af-w — Rint+Rmia  Af-w — Rint+Rmid (2)

' 2 ! 2 2
Vs Dyp Vb Rint Yw Rmia—Rine

where R;,; and R,,,;4 are internal and middle radius of tank, and D,, is the particle diameter (cf. Fig. 4).

The effective fluid thermal conductivity (A .sf) in axial direction contributed by stagnant thermal

diffusion and turbulent thermal contribution is given as:

The convection term between solid filler surface and HTF is added in the boundary condition which
will be introduced in later text. The solid-fluid HTC (k) is calculated as:
3

5
R s
hey = (—f) 1.26-[ R G LN -Re - Pr (Re<74) (4a)
D 1 E

P 2—3:(1—£)3+3-(1—£)3-2:(1—¢)2

The equivalent HTC of fluid-to-wall center (hs_,,) and the equivalent HTC of wall center-to-

ambient (h,,_gmp) are defined as:

1 1 1 Rint+Rmid
R +—-ln(‘"—)-R- 4b
hf—w hint Aw 2'Rint nt ( )
1 [ 1 2'Rmid 1 Rext 1 1
= [ (R ) g gy (R S "
hw—amb Aw Rint+Rmid Ains Rmid hextthrad Rext mnt ( )

where the fluid-to-wall convective HTC (h;,,;) on inner wall surface (Eq. 5a), the insulation-to-ambient
air convective HTC (h,,) on outer insulation surface based on a correlation of natural convection on
vertical standing wall (Eq. 5b), and radiative HTC (h,.,4) based on the Stefan—Boltzmann law (Eq. 5¢),

are all regarded as constant and calculated based on the tank outer surface temperature when the fluid

temperature is equal to (Tyye = TC;TH):
1 1
hine = (1) 0.6 Rez - Prs,  (1<Re<40) (5a)
( \?
1
. . . 6,
hexe = (225) 4 0.825 + —2"air - (Rawir<10%) (5b)

9727
. 16
1+(o492)
Prair
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€'0-'(’[‘4-_7‘;mb)

hyqa = (5¢)

T=Tamp

where all empirical correlations used have been introduced in our previous work [39] and all

dimensionless numbers (Re, Ra, Pr) are defined and listed in the nomenclature.

3.2. Boundary and initial conditions

In a charging/discharging process, the boundary and initial condition are described in Table 4. It
assumes that the initial condition of charging is fully discharged and with a homogenous coldest
operating temperature, while the cutoff temperature after charging is the beginning of discharging. The
model was solved with the MATLAB function ode45 for the time derivatives after the convergence
study, as introduced in Supplementary Material S1 (in Fig. S1). Fig. 5 illustrates a flow chart of

numerical algorithm of the DC-3P model and calculation of system’s efficiency.

Fig. 5. Flow chart: numerical algorithm of the DC-3P model and calculation of system’s efficiency.
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Table 4 Initial and boundary condition in axial z-direction and spherical radius r,-direction.

Initial condition (¢=0)
All domains T, =Ty = T,, = Tin;, Where z € [0,H] r, € [0, &]
Tini = Tc, (Ch)

Tini = cutoff,chs (Dis)
Boundary condition (¢t = 0)

i i 0Ts(z,t) '
Surface of solid particle — 2 .% = hgp - (T, = T}) z€[0,H] r = Dy
Center of solid particle % =0 z € [0,H] 7, =0
14
Tank top & bottom Y _ dwzb _ z=0,&z=H E[OD_::]
0z 0z p ' 2
Inlet HTF T;(z = H,t) = Ty, (Ch) - --
To(z = 0,t) = T, (Dis)
Outlet HTF 0Tf(azz=0.t) — 0, (Ch) - -
an(Z=H,t) _ 0, (D|S)

0z

4. Key performance indicators and associated uncertainty

Several indicators are used to assess the thermocline expansion as well as the overall performance

of the SHTPB tank, introduced as follows.
4.1. Charging/discharging time

The charging/discharging cutoff time (t.y.orf) relies on the threshold or cutoff outlet fluid

temperature at the termination condition, defined as Eq. 6 in this study [50].
Tcutoff,ch =Ty —20%- (TH - TC) (6a)
Tcutoff,dis =Tc+20%: (Ty —T¢) (6b)

where the outlet temperature threshold coefficient (8) is equal to 0.2 which is considered useful in
generation of superheated steam in CSP plant, usually used in many works [30][51-53]. It means the
outlet fluid temperature changes by 20% of the operational temperature difference in charging and

discharging. Nevertheless, the coefficient of 8 is determined arbitrarily, discussing between 0.05, 0.1,
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and 0.3 etc., and its selection is only used to compare performance in different tanks. Therefore, it’s

necessary to choose the value depending on the experimental requirements or the application of interest.

Normalized parameters are defined for a better comparison under different operational conditions.
Two types of dimensionless time for different conditions were used: one is the dimensionless time based
on flow rate, t*, as a ratio of actual time to the residence time of HTF flowing through the tank in a plug
flow pattern. Another is the dimensionless time based on the energy, tg, as the ratio of input energy by

HTF to maximum stored energy inside the tank used in Supplementary Material.

S |
th=t-— (7a)
ty = ¢ - 2L TnTo) (7b)
E AEstored,max
z* and T* is the dimensionless height and dimensionless temperature, defined as:

x_Z
"= (7¢)

* __ T_TC

T Ty-Tc (7d)

4.2. Thermocline thickness

The dimensionless thermocline thickness (L, ormociine) 1S determined by the length of stratification

region in bed [54], according to the physical boundary within a certain temperature range before

reaching the top or bottom of the tank.

* _ 2H{T=Tc+n% (Ty—Tc)}—z{T=Ty—n% (Ty—Tc)}
Lthermocline - (8)
H

In charging, z{T =T, + n% - (Ty — T¢)} > 0;
In discharging, z{T = Ty —n% - (Ty — T¢)} < H;

where n is a threshold value that is defined as the hottest/coldest temperature differs n % to the
operational temperature range (Ty — T,), setting as 5% in this study. In experiment, the thermocline

thickness is calculated based on the fluid temperature variation at the axial centerline of the storage tank.
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4.3. Energy efficiency and capacity ratio

The charging process is discussed in this study. The stored energy (AEgtoreq) 1S the amount of
thermal energy stored in solid and fluid phases from beginning (t=0) to ending (t=tcn) in charging.
Charging energy efficiency (n.y) is thus defined as the ratio of the stored energy of AEg;y,-eq t0 the input
energy by HTF (AE;,).

n _ DMEstored _ AEstored(t=tcn)—AEstored(t=0) (ga)
ch — - t .
AEin fOCh[mf'Cp‘f'(Tin—To)]dt

where T;, is the inlet temperature of HTF and T, is the reference temperature (20 °C), respectively.

The heat loss ratio of charging (1. 10ss) is defined as the ratio of the heat loss (AE),s;) to the total

input energy (AE;,,) in charging.

t .
n - AE1oss — foCh[mf'cl?,f'(Tin_Tout)]dt—AESfOred
chloss = pp. f;Ch[mf'Cp,f'(Tin_TO)]dt

(9b)

where Toy is the outlet temperature of the HTF.

Capacity ratio (C,4¢i0) [55,56] in charging is the ratio of the actual stored energy to the theoretical

maximum stored energy.

Cratio -

AEstored AEstored,s"'AEstored,f ( 9¢ )

AEstored,max AEstared,max,s"‘Al-;:stcn"ed,max,f

In addition, the stored energy in the tank at a certain time for fluid and solid is calculated in

modeling:
H _
AEgtorea (t) =" Riznt ’ fo [pf ' Cp,f TE (Tf - TO) + ps - Cp,s : (1 - 5) : (Ts - To)]dZ (9d)

where Ty is the average temperature of single solid spheres at the same height. In experiment, the stored
energy is calculated using the average temperatures of solid and fluid for a number of small unit volumes.
More precisely, the tank volume is firstly divided into small cells by thermocouple points and the

temperature of such single unit volume is considered as homogenous.
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4.4. Uncertainty analysis

The uncertainties of experimentally measured parameters and calculated parameters are listed in
Table 5. Based on the calibrating measurement results in Supplementary Material S2, details of

uncertainty analysis are discussed in S3.

Table 5The uncertainties of measured and calculated parameters.

Measured parameters

Uncertainties

Temperature T +0.37 K
Volumetric flow rate Ve +1%

Particle diameter*! D, +0.1 mm

Solid density** p +1.6% (40 kg m™®)
Thermal conductivity** A +0.001 WmtK?
Specific heat capacity** Cp +8J kgt K?
Calculated parameters*?

Porosity € +0.004

Energy efficiency Nen + 5%

Capacity ratio Cratio + 2%
Thermocline thickness Linermoctine * 5% (20 mm)

Assess measurement error:

*1 The standard uncertainty is defined by standard deviation: SD = f%z;;l(xi — X)?, where x is measured parameter and

n is the repeated measurement times [57].

Assess calculation error:

2
*2 The components uncertainty is defined as :9 = }":‘11 (%SDXJ.) , where y = f(xq, %5 .....x,,) IS the in-directly
J

parameter, and m is the number of components [58].

5. Results and discussion

This work experimentally investigated the thermocline expansion of SHTPB TES system due to
various factors, including the inlet diffuser configuration, the insulation, the filler diameter, the HTF
flow rate and the working temperatures. The developed DC-3P was firstly validated by comparison with

the experimental data and then was used to conduct numerical parametric study.
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5.1. Comparison between numerical and experimental results

Validation and comparison between numerical (DC-3P) and experimental results are performed to
address some interesting but inadequately investigated issues, including the temperature distribution of

tank, the temperature gradient inside the solid particles, and the applicable range of the DC-3P model.

5.1.1. Fluid temperature profiles validation

The experimental data of Case 1 (D,=7 mm, Péclet number Pe=12, Particle Reynolds number
Re=3, Bi;=0.76, charging process) was first used for numerical model validation. Fig. 6a shows the
comparison of fluid temperature evolution at axial positions (cf. C in Fig. 3b; r=0). At first sight, a good
agreement between numerical and experimental results can be found. Fig. 6b further shows the variation
of temperature difference (AT) vs. charging time. The corresponding standard deviation (SD) is
calculated based on Eq. 10. For most of the thermocouples in the axial centerline of the tank, AT<
+2.5 °C and SD< 0.7 °C can be observed, indicating that the temperature evolution at these positions
can be well predicted by the developed DC-3P model. However, for TC-7 near the top inlet, the
discrepancy (AT==10 °C and SD==2 °C) is still noticeable, implying the possible departure from the
assumed plug flow used in this 1D model at this position. This is mainly due to the impact of inflowing
HTF jet on the radial velocity distribution and consequently on the thermocline expansion and evolution,
which will be further investigated in detail and discussed in later sub-sections.

During charging process, the energy efficiency difference at the cutoff time between numerical and
experimental results is around 2%, which is within the experimental uncertainty of 5% (cf. Fig. S4). At

a final cutoff fluid outlet temperature of 43.8 ° C (6=0.2), the energy efficiency is calculated to be

1.,=83.3% by modelling and is n.;,=85.5% in experiment, showing a good agreement. In conclusion,
the DC-3P model has a good accuracy in simulating the large-size sphere (Bis>0.1) and tank with a

large wall volume of SHTPB.
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Fig. 6. Comparison between numerical results and experimental data: (a) Evolution of fluid
temperature at different locations of axial centerline; (b) fluid temperature differences and
corresponding standard deviations (Case 1: T¢/Ty=20/50 °C, D,,=7 mm, Vf =0.5 L min™, Pe=12,

Re=3, Bi,=0.76, charging operation).

$D = LT - AT (102
AT(t) = Toxp.(r = 0,2,t) — Tyym.(r = 0,2,1) (10b)
5.1.2. Temperature gradient inside sphere particles

The temperature gradient inside sensible fillers, reflected by the temperature difference between
the solid sphere center and the surrounding HTF, has been reported by numerical modelling but
inadequately investigated nor validated in experiments. To address this question, Fig. 7 presents the
time and volume-averaged temperature gap between solid sphere center and fluid as defined in Eq. 11,
obtained both by experimental measurements of all thermocouples and by DC-3P modelling. The solid
Biot number Bi, ranges from 0.6-1.1 for 7 mm sphere fillers (Case 1) and from 0.7-1.2 for 10 mm
sphere fillers (Case 3) under the tested flow rates, implying that the dispersion-concentric model is
necessary to be used [59]. Both numerical and experimental results show that the AT, increases with
the increasing of flow rate and inlet fluid temperature (Ty). Comparing two sphere sizes, the difference

between the numerical and experimental results is smaller than 0.3 °C for 10 mm fillers and about 1 °C
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for 7 mm fillers, respectively, showing good agreement. Contrary to theory, the temperature gap in
experiments is larger for small-size particles, maybe due to heat transfer area difference of the flow
thermal front [15] as well as the measurement uncertainties and difficulties. But in general, the AT,
value up to 1.7 K can be detected in experiments and due to the large Bi, number, the conduction
resistance of the solid sphere is much higher than the convection resistance between the fluid and solid.
Thereby, the temperature difference confirms the existence of noticeable temperature gradient inside

sphere under certain circumstances which is verified in experiments for the first time.

Fig. 7. Average temperature difference between sphere center and fluid in charging process:

comparison between experimental and numerical results. (a) D,=7 mm; (b) D,=10 mm

t
3, O p~Ty(r=0)]dtdz

ATsf (K) =

(11)

H'tcutoff

5.1.3. Validity range of the DC-3P model

Numerical and experimental results are compared for the investigated Case 1 and Case 3 in order
to determine the precision or applicable range of the developed DC-3P model. Fig. 8 reports the value
of temperature standard deviation (SD) and the energy efficiency difference (An.,) obtained under
various operating conditions. Result show that within the tested condition of Re <15 and Bi;<1.3, the

SD and An,.;, can be kept below 2.5 K and 3%, respectively. The developed DC-3P model could thereby
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be safely used with good precision under this applicable range even though the inlet HTF penetration

has a non-negligible effect on the thermocline expansion.

Fig. 8. Comparison of numerical and experimental results on temperature standard deviation (SD) and
energy efficiency difference (An,y,) in charging process: (a) Case 1 (D,=7 mm); (b) Case 3 (D,=10

mm).
5.2. Experimental study on the influence of inlet configuration and insulation
5.2.1. Evolution of temperature field

Fig. 9 shows the evolution of the fluid temperature cartography inside the SHTPB tank
experimentally measured for one fully charging and discharging cycle. Case 3 with porous bed inlet
(D,=10 mm) has been tested at two flow rates, i.e., Vf=0.3 (Re=5) and 1.5 L min™ (Re=15), to highlight
the impact of inflowing jet on the thermocline expansion in SHTPB. The colormap is constructed from
data interpolation of 17 thermocouples measurements (linear interpolation in the axial direction). The
dimensionless time equaling t*=1 (cf. Eq. 7a) means that the theoretical plug flow reaches the tank top
or bottom. It can be observed that at the beginning of charging (t *=0), the tank has a quasi-homogeneous
temperature of T, (blue color). But for the beginning of discharging, the temperature distribution inside
tank is a bit less homogeneous since the ending of fully charging (6=0.01, for better observation) has

been used as the initial condition for discharging.

By examining the temperature color maps, it can be observed that the thermocline region grows

thicker over charging or discharging time. Moreover, the shape of thermocline region is not flat,
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indicating that temperature gradient exists in the radial direction. The impact of penetrating flow inject
on the thermocline expansion can be clearly seen, especially with a high flow rate (Vf:1.5 L min™)
involving a more important inertial force. It seems that the solid fillers alone are not totally capable of
buffering the momentum-dominated injecting flow under this tested condition, resulting in the non-
uniform fluid distribution which destabilizes the temperature stratification. Note that the shape of
thermocline is a little bit different in charging and discharging due to the influence of the gravity and

the lowered temperature at the near-wall region (heat loss).

Fig. 9. Evolution of fluid temperature distribution experimentally measured for one charging-

discharging cycle (Case 3: T¢/T;=20/50 °C, D,,=10 mm): (a) V;=0.3 L min™; (b) V;=1.5 L min™.
5.2.2. Impact of inlet configuration

The testing results of Case 3 (packed bed), Case 5 (packed bed + diffuser) and Case 6 (diffuser) in
Fig. 3 are compared to assess the performance of different inlet configurations to mitigate the impact of

penetrating flow injection. Fig. 10 shows the evolution of radial fluid temperature differences over
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charging time for the center to outer (T¢-T4) and for the center to the middle (T¢-T2) positions at TC-
7 (near the top inlet, under the diffuser; z*=0.875) and TC-5 (near middle tank height; z*=0.625) levels.
A non-uniformity factor ( f,-) defined as the maximum temperature difference in radial direction to the
operating temperature range (Eq. 12) is introduced to indicate the (non)-uniformity of radial temperature
distribution, as presented at the upper-right corner of Fig. 10. When the value of f,. approaches 0, there
is almost no radial temperature gradient, indicating that the shape of thermocline is flattened as assumed
in 1D numerical model. From Fig. 10a, it can be seen that the radial temperature difference (AT) at TC-
7 level decreases after adding the plate-type diffuser. The corresponding value of f,. is 0.83 for basic
Case 3 (z2=0, only the packed bed), 0.66 for Case 6 (z:=35 mm, only the diffuser), and 0.30 for Case 5
(z4=10 mm, the combined diffuser and packed bed), respectively. As expected, the combined effect of
diffuser and packed bed largely alleviates the influence of penetrating HTF jet on the thermocline

stability in the entrance, better than that with only the diffuser or only the packed bed.

At TC-5 level near the middle tank height, the impact of penetrating HTF jet on the radial
temperature distribution uniformity is shown to be rather limited even at high flow rate, reflected by the
small radial temperature differences and low £, values (<0.2) for all tested inlet configurations (Fig.
10b). The outer radial temperature of Case 6 (no packed bed in the entrance region) is a little higher
than the center temperature because of the double-hump shape of thermocline caused by higher velocity
in near-wall region [56]. Without packed bed in the entrance, the double-hump phenomenon is more

obvious so that the £, value for Case 6 is higher than other configurations.
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Fig. 10. Radial temperature difference inside the SHTPB tank with different tested inlet
configurations: (a) TC-7 position; (b) TC-5 position (Case 3, 5 & 6: D,,=10 mm; Vf=1.5 L min;

charging).

f = mos 2] - [z )

(12)

The influence of radial thermocline expansion or instability due to the penetrating jet on the global

performance of the SHTPB tank needs further discussion. To this end, Fig. 11a shows the energy
efficiency (7., ) and capacity ratio or utilization (Craio) at the cutoff time for different inlet

configurations. For all studied inlet configurations, when Ty increases, the 1., slightly decreases mainly
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due to the higher heat loss, while the Caio Slightly increases because of the larger temperature difference,

which will be discussed in detail in the next subsection.

Case 5 with the most uniform radial temperature distribution at the inlet region has the largest
capacity ratio and the longest charging time. The near plug flow pattern and the flattened thermocline
shape indicate the better utilization of the storage capacity (around 3%) of the SHTPB tank. However,
it presents the lowest energy efficiency (Fig. 11a) mainly due to the longest charging time before
reaching the cutoff fluid outlet temperature thus the additional amount of heat loss as shown in Fig. 11b.
In reality, the n.;, curves for Case 3 with serious radial thermocline expansion and Case 5 are very close
(<2%) during the charging operation (Fig. 11b). This implies that the radial temperature non-uniformity
and the thermocline expansion near inlet region caused by the penetrating HTF inject may have
negligible influence on the energy efficiency of the SHTPB tank. It actually depends largely on the
cutoff temperature and the corresponding cutoff time. The energy efficiency and capacity ratio of Case
6 with full water HTF in the entrance (thereby larger volumetric heat capacity than that of glass) are
very close to those for Case 3. The near-entrance region of the tank is less utilized due to the strong

mixing of hot and cold fluids, such as in single-medium thermocline tanks [56].

(@) 1 I Packed bed,z =0 mm
0.95 [ Packed bed + diffuser, z,=10 mm
([ piffuser, z,=35 mm
5 09r 1 o 09r
= i
% 085" O 085t
5 2
(5] ©
= 08¢ = 0.8
5 z
3 0.75 8 075
g o go
g O
0.7r 0.7r
0.651 0651
0.6 — 0.6 =
50°C 60°C 70°C 50°C  60°C 70°C

Fig. 11. Effect of inlet configuration on the global performance of the SHTPB tank: (a) energy
efficiency and capacity ratio at cutoff time; (b) energy efficiency and heat loss ratio vs. charging time

(Case 3,5 & 6: D,,=10 mm, V;=1.5 L min™, charging).
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Moreover, thermal infrared imaging is used on the tank outer surface to observe the qualitative
trend of thermocline behavior . The wall emissivity is 0.90, the acquisition frequency is 0.1 Hz by using
the Fluke thermal image camera TiS75 with a measuring range of -20 to 80 °C. Fig. 12 shows the
captured images for Case 5 without an insulation layer in charging and discharging operations. The
thermocline region on the images is marked by dash line, showing that its thickness increases by 13 %
from 2 min to 5 min in charging and discharging process. The flat shape of the thermocline region
captured by infrared camera, may imply the good flow distribution behavior by the combined effect of

porous bed and flow diffuser (Case 5).

Fig. 12. Experimental thermal infrared images of charging and discharging process (T/T,=20/50 °C,

D,=10mm, 1.5L min, diffuser z,=10 mm, no insulation, €=0.90, T,,,,=20.7 °C).
5.2.3. Impact of insulation

The impact of heat loss on the performance of the SHTPB tank has been evaluated by comparing
the experimental results of Case 3 (with insulation) and Case 4 (without insulation) with the same testing
condition. From Fig. 13a, it is found that due to the heat loss, the outlet fluid temperature of no-insulation

tank is 5 ° C lower than that of the tank with insulation at the ending moment of charging (40 min,

t*=2.5). Longer charging time of around 5% is also needed to reach the cutoff temperature (6=0.2) when
the tank is not insulated due to the serious tailing effect. Fig. 13b shows the variation of the normalized
thermocline thickness over charging time for the two cases. It may be observed that the dimensionless
thermocline thickness Ly, .rmociine Values are almost the same before t*=0.34 (11 minutes) for the two
cases. That is because, at the beginning of charging, the thermocline expansion at axial centerline is

caused by fluid mixing and diffusion primarily. The near-wall region of the SHTPB tank is still occupied
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by low-temperature HTF (cf. Fig. 9a) thus the influence of heat loss on the thermocline expansion is
negligible. But at the second half of the charging, there is an obvious discrepancy between the two
Linermoctine CUrves, implying the noticeable influence of heat loss on the thermocline expansion.
Comparing the insulation tank and no-insulation tank, the Ly}, . mociine 1S Calculated to be 0.59 and 0.76

at t*=1.38 (thermocline zone reaching the tank bottom).

Fig. 13. Experimental results comparing the performance of SHTPB tank with/without insulation.
(a) inlet and outlet temperature; (b) dimensionless thermocline thickness L}, crmociines (C) inlet/outlet

and stored energy; (d) energy efficiency and heat loss ratio (Case 3 & 4: Tc/Tw=20/70 °C, D,=10 mm,

V,=0.3 L min, 6=0.2).
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Fig. 13c shows the variation of input energy (AE;,), stored energy (AE;oreq), @nd outlet energy
(AE,,;) as a function of charging time for the SHTPB tank with/without the insulation. It is observed
that both Eg; .04 CUrves increase almost linearly until reaching a plateau. At the cutoff moment of
charging, the Eg;oreq Value of no-insulation tank is 4-7% lower than that of the tank with insulation,
mainly due to the heat loss. Fig. 13d shows the energy efficiency (n.5,) curve and heat loss ratio (1., 10ss)
curve, not surprisingly both indicating that the SHTPB tank performs better when well-insulated. At the
cutoff temperature set as #=0.2, the SHTPB tank with insulation can improve the energy efficiency by

about 5-7%, increase total stored energy by 4-7%, and augment the capacity ratio by about 3-5%.

At last, the impacts of flow rates and inlet temperature with particle sizes on the thermocline
evolution in axial direction further investigated experimentally are presented in Supplementary Material.
When the HTF flow rate increases, the fluid temperature at the same height becomes higher because of
the insufficient heat exchange (in Section S4, in Fig. S5). The thermocline thickness also increases faster
at high HTF low rate (high Re) (in Section S4, in Fig. S6). Numerically, the smaller filler particle size
is more advantageous and an optimal inlet flow rate (about Re=3) in charging can be identified for this

SHTPB under low-temperature operation (in Section S5, in Fig. S7).

6. Conclusions

In this work, the impacts of inlet configuration and insulation on thermocline behavior and global
performance of the SHTPB storage tank were investigated. The temperature evolution of both fluid and
solid phases at different axial and radial positions of a lab-scale storage tank was experimentally
measured. In parallel, a DC-3P numerical model has been developed and compared with the

experimental data under various operating conditions. Main conclusions are summarized as follows.

(1) The developed DC-3P model considering the wall heat capacity and heat loss is proved to be
able to predict the global performance precisely. Compared to the experimental data, the temperature
standard deviation and energy efficiency difference can be kept below 2.5 °C and within 3%,

respectively, under the applicable range of Re<15 and Bi <1.3.
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(2) Temperature gradient inside spherical particle is shown to be existing due to the conduction
resistance of the solid particles. A temperature difference up to 1.7 °C between the particle center and

fluid has been observed both numerically and experimentally under our tested conditions.

(3) Injecting fluid in packed bed causes the non-uniform radial temperature distribution and
thermocline expansion near the inlet region, especially at higher flow rate (higher Re). The combined
effect of diffuser and packed bed as inlet configuration can better maintain the radial temperature
uniformity as well as the thermocline stability. Nevertheless, the impact of injecting fluid on the global

thermal performance of the tested SHTPB tank is rather limited.

(4) The heat loss without insulation layer could result in a noticeable thermocline expansion (>20%),
lowered charging energy efficiency (5-7%), increased cutoff time (4-5%), and decreased capacity ratio

(3-5%), even for low-temperature applications of the SHTPB storage tank.

This work can contribute to exploring the influencing factors based on a packing configuration by
sensible fillers, enabling the inclusion of thermocline expansion into the design and optimization of low-
temperature thermocline packed-bed system. Our on-going work is focused on the understanding and
optimization of multi-layered packing configuration, using diverse phase change materials (PCMs) or

mixtures of PCM-sensible material as fillers for different applications
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S1. Solving

The equations presented above were discretized by the explicit Runge Kutta (4.5) method with an
adaptive time step. The model was solved with the MATLAB function ode45 for the time derivatives.
Fig. S1 shows the results of height mesh size and time step sensibility test with a variation of the particle
mesh size. It calculated that the cutoff temperature variation is smaller than 1% when the height node
number (N = g) and time node number (M = i) is larger than 1000, with an increase of particle radius
node number (F = ADTZ) from 5 to 20. The particle node has a minor influence on the convergence of
cutoff temperature. Thus, N=1000 and M=1000 are used for height and time node differential mesh,

respectively, and F=20 is chosen to better capture the temperature gradient inside the particle.

Fig. S1. Height, time, and particle radius node number independence tests in differential mesh.



S2. Calibrating experiment measurement

The thermocouples were calibrated with an oil FLUKE 6102 MICRO-BATH calibration device in
the validation range of 35-200 °C and by the low-temperature thermostat below 35 °C. The specific heat
capacity of glass sphere was measured by Differential Scanning Calorimetry (DSC Q200) with a
heating/cooling rate of 5 K min' showing in Fig. S2a. It was obtained that both thermophysical
properties are the same. The inlet flow rate was calibrated by the gravimetric method with testing curves
shown in Fig. S2b. The thermal conductivity of insulation was measured by Thermal Constants Analyser
(Hot-Disk TPS1500) at different temperatures, with a small variation rate of 2.7x10* W m™ K per 1 K

shown in Fig. S2c.
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Fig. S2. (a) Differential scanning calorimetry curves of glass sphere in range of 0-100 °C; (b)
Calibrated flow rates of hot and cold water; (c) Measured thermal conductivity of insulation with
temperature increase.
The hot flow rate (L min™) is calibrated into:
Ve (Actual) = Vy(setting) - 0.9257 + 0.0091.
The cold flow rate (L min™) is calibrated into:

V¢ (Actual) = V(setting) - 0.9311 — 0.0164.



S3. Uncertainty analysis

The measurement uncertainties were obtained by evaluating the standard deviation in repeated
testing [1]. The analytical uncertainties for in-direct parameters, such as energy efficiency, are
determined by the components uncertainties, J, that are contributed by the measurement uncertainties
based on error propagation [2]. In experiment, the average temperature of small unit volume is used to
calculate energy. Both measurement uncertainty and analytic interpolation integral uncertainty of the
average temperature can influence the energy calculation (average temperature is actually a type of
middle point integration method). Firstly, the temperature error (systematic error) is estimated to be
+0.37 K, the measurement uncertainty on average temperature is calculated to be £0.15 °C, and the
numerical integration uncertainty is below that, as calculated in Fig. S3a. Especially due to the different
radial thermocouples number, the uncertainty is different for radial thermocouples. Thus, among those,
system error of £0.37 K is used to calculate the in-direct parameters uncertainty. The corresponding

uncertainty of stored energy, input energy, and efficiency of the validation case are exhibited in Fig. S3
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Fig. S3. Uncertainty of the validation case: (a) bed average temperature; (b) stored energy (Eg¢oreq)
based on bed average temperature; (¢) input energy (Ej,) based on bed average temperature; (d)

energy efficiency (1) based on bed average temperature.
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Fig. S4. Energy efficiency comparison for numerical and experimental in charging process
(T¢/Ty=20/50 °C, D,=7 mm, Vf =0.5 L min™").



S4. Impact of flow rates and inlet HTF temperature

The influence of HTF flow rate and inlet temperature on the thermocline evolution in axial direction
is further investigated experimentally and reported in this sub-section. Fig. S5 shows the fluid
temperature profile along the tank height (centerline) for various flow rates, particles size, and operating
temperatures at charging time of tz=0.5 (input energy by HTF is equal to the half of ideal maximum
stored energy of tank ). When HTF flow rate increases from 0.3 to 1.5 L min™' and the theoretical input
energy by HTF is the same, the fluid temperature at the same z* becomes higher. That’s because the

shorter residence time at higher flow rate causes insufficient heat exchange between solid and HTF.



Fig. S5. Experimental fluid temperature profile at the axial centerline of the SHTPB tank for various

flow rates, particles sizes, and working temperatures at charging time of t;=0.5.

Fig. S6 shows the variation of normalized thermocline thickness as a function of tz in charging.
Curves are fitted linearly for a better comparison using the direct proportion formula, L* = k - tg, and
the slope value k& for each curve is indicated aside. The thermocline expands over time due to various
factors discussed before and its thickness can go up to 70% of the total tank height. From Fig. S6 it can
be observed that the thermocline thickness increases faster at high HTF rate (high Re). Whether there
is an optimum flow rate value at very low Re condition will be discussed later. In addition, the slope
value becomes a bit smaller with increasing Ty under the same flow rate. This is because the higher
inlet fluid temperature augments the fluid-solid heat transfer rate, thereby slowing the thermocline

expansion.



Fig. S6. Evolution of thermocline thickness for various flow rates, particles sizes, and working

temperatures in charging process.



S5. Optimal flow velocity

Additional simulations using the DC-3P model have been performed and compared with the
experimental data in order to exhibit the existence (or not) of an optimal HTF flow rate (Re) for SHTPB
TES tanks. Fig. S7 shows the numerical results of the energy efficiency and remained thermocline
thickness at cutoff time with HTF flow rate ranging from 0.12 to 2.5 L min" (Re=0.8-25). The inlet
fluid temperature has negligible effect on the energy efficiency and the remained thermocline thickness.
Numerically, the smaller filler particle size is more advantageous and an optimal inlet flow rate (about
Re=3) in charging can be identified for this SHTPB under low temperature operation. This finding is in
line with other researches for high- or middle- temperature applications [3][4][5]. Unfortunately, this
optimum is not significant enough to be detected in experiments. One reason is due to the stability of
operations and measuring uncertainties. Another reason is caused by the regime in the change of flow
behind obstacles or particles. When the HTF flow distance in the packed bed increases and when the
mass flow rate increases, the heat transfer efficiency of the regime behind the particle thereby decreases,

which cannot be simulated in the 1D fluid model in Matlab.

Fig. S7. Influence of flow velocity (Re) on energy efficiency and thermocline thickness: comparison

between experiment and numerical results (7#: 50-70 °C, Vf:0.12-2.5 L min™).
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