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Abstract: Packed-bed single-tank thermocline system with reduced cost is an alternative to the
conventional two- tank system for thermal energy storage. This work systematically explores the wall
impact on thermo- cline behavior of packed-bed tanks. For this purpose, adapted transient models were
developed and fully exploited for the first time. Two tank configurations were investigated and
compared: a high- temperature pilot-scale tank with a steel wall and a low-temperature lab-scale tank
with a polycarbonate wall, both tanks being insulated by mineral wool. Results showed that the
maximum energy stored in the wall at fully charged state can be up to 10% of the total stored energy.
This part of stored energy has a negative impact on the discharging, causing up to 15% increase of the
thermocline thickness. The energy stored in the insulation is very small so that this phase can be
simplified as a thermal resistance in the modeling. The optimal wall parameters for packed-bed TES
tanks were obtained that a thinner wall has a smaller impact on the energy and exergy efficiencies at the
discharging cutoff time. The findings of study could provide useful design guideline for pack-bed
thermocline TES tanks for different industrial applications.
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Nomenclature

ZIST T QR mEDO

vz

Rint
Rmid
Rext
TR
Tc
Ty

T;
TUM[

Usup

St

Surface area per unit volume (m? m?)
Superficial area (m?)

Biot number, Bi=h-(V/A)/A
Coefficient

Specific heat capacity (J kg K1)
Diameter of particle (m)

Energy (J)

Exergy (J)

Acceleration due to gravity (m s?)
Grashof number, Gr=g-f-H*-ATH’
Heat transfer coefficient (W m™? K!)
Free height of packed-bed region (m)
Layer thickness (m)

Mass flow rate (kg s™)

Node, or slice number

Nusselt number

Power (W)

Pressure drop (Pa)

Peclet number, Pe=D, /0

Prandtl number, Pr=C,u/A

Heat flow (W)

Radial coordinate

Rayleigh number, Ra= Gr-Pr

Reynold number, Re=(ps Dy tisup)/ 1ty
Internal radius of tank (m)

Middle radius of tank (m)

External radius of tank (m)

Time (s)

Thermal resistance (K W)
Temperature (K)

Coldest operation temperature of system
(K)

Highest operation temperature of system
(K)

Fluid inlet temperature (K)

Fluid outlet temperature (K)

Interstitial fluid velocity (m s™),
”th/(pfg'”‘Riznt)

Superficial fluid velocity (m s™), ug,=u-e
Volume (m?)

Stanton number, St=Nu/Pe

Axial coordinate

Greek symbols

a Thermal diffusivity (m? s), a= 4/ (p-C))

A Thermal conductivity (W m™ K!)

o Stefan-Boltzmann constant, 5.67x10®
(Wm2K4)

& Porosity

7 Dynamic viscosity (Pa s)

p Density (kg m?)

€ Emissivity

S Thermal expansion coefficient of air (K™!)

n Energy efficiency

e Exergy efficiency

% Kinematic viscosity (m?s™)

IT; Dimensionless numbers

Subscripts

amb Ambient

ave Average

b Packed bed region of inner diameter of
tank

cond Conductive

conv Convective

ch Charging

disch  Discharging

diff Diffusivity

eff Effective value

ext External surface of tank

f Fluid

ini Initial

ins Insulation

int Internal surface of tank

max Maximum

mid Middle surface of tank

mix Mixing

0 Overall value

rad Radiative

s Solid

w Wall

Abbreviation

CSp Concentrated Solar Power

D Dimension

HTC Heat Transfer Coefficient

HTF Heat Transfer Fluid

P Phase

RMS Root Mean Square

SD Standard Deviation

TES Thermal Energy Storage
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1. Introduction

Integrating thermal energy storage (TES) system in the concentrated solar power (CSP) plant is a
feasible and appropriate strategy to overcome the inherent fluctuation and intermittence of natural
renewable energy sources and to improve the flexibility and dispatchability [1,2]. Without any fossil
fuel backup, the CSP plant supported by TES is also capable of producing electricity continuously,
showing the prospect to replace traditional thermal power plants in the future due to the highly cleanness
and sustainability [3—5]. At present, TES candidates for CSP plant are commonly classified into three
types according to the sensible, latent or thermochemical heat storage mechanism [6,7]. Among them,
the sensible heat TES is a comparatively mature and predominant technology because of its low cost
and design simplicity [3][8]. Latent and thermochemical TES systems having higher energy density also

exhibit great potential in commercial-scale CSP plants in the future [9—13].

As for the possible configurations of the TES system, two-tank and single-tank systems have been
developed [14]. In a two-tank system, hot and cold fluids are stored separately in their own high-/low-
temperature tank [15]. Being the most widely used TES configuration, it offers a good balance of
capacity, usability and stable output for large-scale CSP plants [16,17]. However, the utilization volume
of the two-tank system is only around 50% in a full charging/discharging process [ 18], requiring thereby
a significantly high investment cost of tank body and a high quantity of storage medium [19]. The single-
tank thermocline system, where hot and cold fluids stay in the same tank but are separated by their
density difference, is considered as a possible alternative for cost-reduction in industry [20,21].
Especially when low-cost fillers serve as a storage medium and the heat transfer fluid (HTF) flows
through the packed bed region, the dual-media single-tank thermocline system can cut off the costs by

20-37% in comparison to a two-tank system [22,23].

The stratification zone, called the “thermocline”, is an area with an important temperature gradient
between hot and cold fluids in single-tank TES system [24]. The thermocline thickness, which reflects
the thermal efficiency of storage tank, is in fact hard to be maintained in stable condition during the
charging/discharging operations [25]. Main causes of thermocline degradation include [16]: (1) heat
convection between solid and fluid, (2) axial heat conduction between fillers, (3) heat transfer between
HTF and wall/insulation, and (4) fluid flow adjacent to tank walls due to different local void fraction.
To achieve higher thermal efficiency of the storage tank, it is critical to maintain the temperature

stratification, to enhance the heat transfer between HTF and solid fillers and to reduce heat losses [26].

Wall heat impact is a heat transfer phenomenon that the HTF in near-wall region appears to be
overheated/overcooled than that in central tank region due to various factors, including the heat loss
from storage tank to ambient, the stored/released wall energy in charging/discharging and the different
void fraction in near-wall region compared to the center. It is regarded to be responsible, to some extent,
for the thermocline decay or instability and thus the reduced efficiency of the TES system.

3
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Various studies have been done to investigate the wall impact or boundary conditions in packed-
bed TES tanks [27]. Argo and Smith [28] conducted fundamental research on the effect of convective
boundary layer in wall region on the temperature distribution of packed beds. By testing and comparing
the temperature profiles in core region and near-wall region of a packed-bed tank with gas flow, their
results showed that the temperature drop in near-wall region occurred. Chang et al. [3] further
investigated the effect of physical boundary conditions including insert liner and sloped wall on the
thermal performance of thermocline storage system by analyzing the entropy generation. It was observed
that the thermocline thickness was larger and much more fluctuated in the near-wall area along the tank
height than that in the center of the tank under the insert liner boundary condition. De Beer et al. [29]
studied the influence of wall effects on the effective thermal conductivity in the near-wall region at
different temperature levels and with different packing structures. A notable reduction of thermal
conductivity of bed that separated into the inner and outer regions was found and the influence was more
significant at high temperature. In summary, such wall effects are mainly caused by unevenly distributed
fluid flow in the near-wall region, which can though be ignored/alleviated at low Reynolds numbers (Re)

or using the effective thermal conductivity [30], and thus is not the main matter of concern for this study.

Another class of studies in the literature has focused on the heat loss and the stored/released heat
in tank wall as well as in the insulation layer. Commonly three boundary types with increasing
complexity have been used: (1) adiabatic boundary; (2) non-adiabatic boundary with heat loss and (3)
non-adiabatic boundary with heat loss and with stored heat. The adiabatic/non-adiabatic boundary
condition was usually adopted to simplify the model when heat loss to ambient was negligible or could
be calculated using an overall wall heat transfer coefficient. For example, Yang and Garimella [31]
compared the adiabatic and non-adiabatic boundary on the thermocline performance. It was found that
the heat loss under non-adiabatic boundary distorted the flow temperature distributions, but such
influence became insignificant at large flow Re. The discharge efficiency of the thermocline tank was
found to increase with the increasing Re, opposite to the trend under adiabatic condition. Mira-
Herndndez et al. [32] reported that the heat loss under non-adiabatic condition could cause
inhomogeneous internal flow for the whole tank due to the cooling of molten salt near the tank wall. But
the total heat lost during charge/discharge the cycle was estimated to be negligible compared to the heat
storage capacity. Nevertheless, when the wall volume (or mass) constitutes a large proportion of the
whole storage system, the heat capacity of tank walls (including the insulation) has to be taken into
account by adding the energy equation. In this regard, Beasley and Clark [33] have developed a 2D
transient response model of both solid and fluid phases that includes the effects of longitudinal
conduction, the stored heat in walls and the heat loss, with air as the working fluid. But the solid internal
heat conduction term was neglected in this model. Xu et al. [34] developed a 2 dimension-2 phase (2D-
2P) model with energy equations for the insulations and tank steel wall, and studied the effect of

insulation on the thermocline behavior in a hypothetical high temperature utility-scale tank (14 m in

4



98

99
100
101
102
103
104
105
106

107
108
109
110
111
112
113
114
115
116
117
118
119
120

121
122
123
124

125
126
127
128
129
130
131
132

height). Their results showed that the increased insulation thickness could form a uniform temperature
in the cross-section even through the temperature of HTF (molten salt) near the wall could be slightly
influenced by the wall temperature. Hoffmann et al. [35] further proposed a model with three governing
equations considering the wall as a third component in addition to solid and fluid phases. Their model,
validated in different size tanks with liquid HTF, showed that the tank walls and the heat loss had a
direct influence on the HTF outlet temperature for a pilot-scale tank. However, the radiation loss from
the outer tank surface and the thermal resistance of the wall was not considered in their modeling. Table
1 summarizes main features of previous studies on the issues of wall impacts in packed-bed thermocline

TES systems.

The above literature survey indicates that even though previous works investigated the influence
of non-adiabatic boundary on the thermal performance of packed-bed thermocline tank, the research gap
still exists in the following points. Firstly, the effects of wall thermal properties on the dynamic
thermocline behavior are not fully addressed. The total amount of stored heat in the wall (and insulation)
phase and its influence on the efficiency of the storage tank need to be further evaluated as well.
Secondly, besides the large-scale thermocline tanks applied to CSP plants at high temperature,
thermocline tanks are also frequently used for waste heat recovery at medium temperature or for
buildings at low temperature. For these applications, the size of the storage tanks is relatively small thus
the tank wall and the insulation could occupy a relatively large volume ratio compared to the packed-
bed region. It is thereby essential and necessary to explore wall impact on different size tanks to acquire
a better understanding of system operation, especially the wall parameters. Thirdly, the trade-off
between conflicting requirements that models correspond to different levels of detail and different
calculation times has been rarely reported in the literature. Choosing a proper model to do such wall

parametric study is equally important towards an optimal wall design for packed-bed TES tank.

In order to fill the above-mentioned research gap, the present study aims at developing adapted
transient model(s) with balanced complex physical phenomena description and computation time to
systematically explore the wall impact on the dynamic thermocline behavior of the packed-bed storage

tanks. Main objectives of this study are as follows:

--to comprehend the impact of the wall thermal properties on the heat loss and on the thermal
performance of packed-bed thermocline storage tank with different sizes and under different working
temperatures;

--to identify the most influencing factors through the parametric and sensitivity analyses in order
to provide design guidelines for packed-bed thermocline tank.

To do this, the heat transfer behavior inside the tank wall and the insulation layer should be fully
modelled, by considering them as an individual phase with a certain thickness. The models to be

developed are expected to be more complete than existing ones, by taking the wall thermal resistance
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and the radiative heat loss into account. The study has been organized with the following steps. (1) Three
transient models with different complexity level, namely 1D-2P model, 1D-3P model, and 1.5D-4P
model, were first developed and validated by two experimental data sets from the literature. (2) The wall
impact on the dynamic thermocline behavior was investigated with two size thermocline TES tanks,
including a high-temperature pilot-scale tank and a low-temperature lab-scale tank. (3) The energy
stored in wall and heat loss due to different factors were evaluated and quantified. (4) The main
influencing factors of wall parameters (thermal conductivity and wall thickness) were identified through
a sensitivity analysis. Their effects on the energy and exergy efficiencies of two tanks were analyzed
using the chosen 1D-3P model with enough accuracy and fast computational speed. (5) Finally, the
optimal combination of wall parameters were determined, providing additional insights on the design

guidelines of packed-bed TES tank.



Table 1. Studies of walls impacts on packed-bed thermocline system.

Study Year  Dimensions Methods Wall impacts Main findings
(Fluid/Solid/Wall) Heat loss Wall Near wall
from wall energy void
to ambient  storage fraction
(Yes/No) (Yes/No) singularity
(Yes/No)
Beasleyand 1984 2D/1D/1D Num./Exp. Yes Yes Yes o Effects of void fraction near the
Clark [33] wall, wall heat capacity, and wall

energy losses on  dynamic
response are identified.

Yang and 2010  2D/2D/-- Num. Yes No No e Heat loss for non-adiabatic

Garimella boundary distorts the flow

[31] temperature ~ distributions, but
such influence becomes
insignificant at large flow rate
(Re>250).

Xu et al. 2012 2D/2D/2D Num. Yes Yes No e Insulation tends to reduce

[34] temperature difference in the
cross-section of tank.

Bellanetal. 2014  2D/2D/-- Num. Yes No No e Heat loss through the wall

[36] increases with the decreasing

insulation layer thickness, which
is less than 1% of the inlet energy
at a steady state.

Opitz and 2014  (1D,1D)/(1D,1D)/-  Num. Yes No Yes o A general heterogeneous model

Treffinger - with two zones mean void fraction

[37] is from in the cross-section is
developed and validated.

Mira- 2015  2D/2D/-- Num. Yes No No e Heat loss under non-adiabatic

Hernandez conditions  causes  thermal-

et al. [32] buoyancy-induced flow non-
uniformities.

o Total heat loss during the cycle
is negligible compared to the heat
storage capacity.
Changetal. 2016 2D/2D/-- Num. Yes No No e Thermocline thickness is much
[3] more fluctuated in the near-wall
region along the tank height than
that in the center of the tank.

Cascetta et 2016  2D/2D/-- Num./Exp. Yes Yes Yes e Wall influences the radial
al. [22] [38] temperature profile and the
amount of the stored energy.
Hoffmannet 2016 1D; Num. Yes Yes No e 1D-1P model is faster but
al. [35] 1D/1D/1D another model integrated different
(No wall heat phases of fluid, solid, and wall is
radiation) more accurate.

e Over 5% of the energy storage
capacity, the wall needs to be

considered.
Fernandez- 2017 1D/1D/2D Num. Yes Yes No e With a wall Nusselt number
Torrijos et (Nu) of about 102, an optimum
al. [25] value of fluid flow rate can

maximize the overall energy
efficiency and minimize the steel
shell stress.

ELSihy et 2021  2D/2D/2D Num. Yes Yes No e Employing heat loss boundary

al. [39] condition causes a faster
temperature drop of the HTF near
the tank wall, forming a
temperature gradient.

This study 2022 1D/1D/--; Num. Yes Yes No e Wall impact comparison on two
1D/1D/2D; different scale tanks.
1D/1D/1D; e Wall impact on thermocline
behavior.

e Wall parametric studies to
provide wall design guideline.
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2. Methodology

2.1. Geometry and assumptions

(a) T (b)
Charging

: ﬂ Outflow
i

'R, . Wall
A . Tank walls
Ry —t Insulallon_

R

ext

.Natural convection
A
/4

-~~~ Radiation

(0,0) ﬁ
H Inflow

T c Discharging

Charging

Fig. 1. Packed-bed thermocline TES tank. (a) schematic illustration; (b) computational domain in

discharging process.

A typical structure of packed-bed thermocline TES tank and the computational domain are
illustrated in Fig. 1. It is a vertical cylindrical tank with solid particles as heat storage medium to form
the packed-bed thermal storage region (with a free height of H and an internal radius of R;;;). The

HTF flows in void space of the region, the void fraction or porosity of packed-bed tank being defined

Vp—=Vs
Vb

as € = where V; is the total volume of solid particles and V,, is the whole tank volume based on

inner tank diameter of R;;,; and free height of H [40]. The packed-bed cylindrical tank has an inner
wall to form the tank and an outer insulation to prevent heat loss. These two layers constitute a composite
wall called ‘tank walls’ in the following text. Furthermore, the inlet and outlet ports are openings at the
top and bottom of the tank, allowing HTF to flow in and out the tank. In charging or thermal storage
stage, the hot HTF at the highest operation temperature (Ty) flows into the TES tank from the top port
to transfer heat to low-temperature solid medium, and then flows out from the bottom port. Conversely,
in discharging or thermal release stage, the cold HTF with the coldest temperature (T, ) enters from the

tank bottom to absorb heat from high-temperature solid medium and flows out of tank from the top port.

To simplify the model formulation and analysis, following assumptions have been employed:
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(1) Inlet temperature and inlet/outlet mass flow rate of HTF are constant in charging and

discharging processes.

(2) Bottom and top surfaces of the tank are adiabatic and there is no internal heat generation in the

bed. The contact thermal resistance between wall and insulation is neglected.

(3) Thermal conduction and radiation between solid fillers are neglected as well as the heat transfer

between solid particles and wall, due to the point contact.

(4) The thermo-physical properties of HTF and solid fillers are considered as constant and

Ty +Tc)

determined by an average operating temperature: T,,, = ( >

(5) HTF is assumed as incompressible fluid and plug flow (in z-axis direction). Solid fillers are

identical and isotropic spherical particles with homogeneous temperature.

When the temperature inside a particle varies significantly in space coordinate, the internal heat

conduction resistance cannot be ignored. This assumption is named as a lumped capacitance that is valid

when the value of the Biot number of solid (Big = hZ f”) is smaller than 0.1 [41,42]. Even the Big in

this work ranges between 0.2 and 0.28, the temperature gradient inside particle is neglected by

introducing an effective heat transfer coefficient (HTC) between solid and fluid [43,44].

2.2. Numerical models

In this work, three transient numerical models with different dimensions and phases, fluid, solid
fillers, wall, or insulation phase, are studied: a z-axis 1D-2P model (fluid-solid), a z-axis 1D-3P model
(fluid-solid-wall), and a 1.5D-4P model (1D z-axis for fluid-solid, 2D z-axis and r-axis for wall-
insulation) that 1.5D refers to the average of 1D and 2D. Fig. 2 shows the research process and the
relationship between models. At first, models were compared and validated by experimental data sets.
Further, the wall thermal behavior for two different scale tanks was investigated by using a complicated
model (1.5D-4P). After that, an appropriate model (1D-3P) is selected to conduct parametric sensitivity

analysis and wall parametric study.
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Start

3 Model Piase )
1D Fluid
1D-2P (1D fluid+ 1D solid) Fast speed e
. - Solid
1D-3P (1D fluid+ 1D solid+ 1D wall) " C'mynplex 2D Wall
» . : ) . physical --axis, r-axis
1.5D-4P (1D fluid+ 1D solid+ 2D wall+ 2D insulation) phenomenon R, 4 Insulation
Validation

Case 1: Solar thermal pilot plant Wall thermal behavior

e - il o et s High-temperature pilot-scale tank | !3P-4P
Comparison
g Low-temperature lab-scale tank
Comparison
Parametric sensitivity analysis
1D-3P

‘Wall parametric study

Wall design criteria

Fig. 2. Diagram of the research process in this study.

2.2.1. One-dimensional two-phase model (1D-2P)

A 1D-2P model, or Schumann’s model, is introduced to perform fast simulation. In this model,
only fluid and solid filler material are modeled using an averaged porous model while the walls are not
included. Governing equations of the control volume for two phases and corresponding correlations can

be written as follows.

e Governing equations

Fluid:
e pr Gy, (al%+ us -%) = ;—Z- (Af,eff _a‘%) + hspepr - Qs (T, - Tf) +ho - ap (Tamp — Tf) (1a)
Solid:
(I—&)ps- Cy, '% = %' (As,eff '%) +hpersas - (Tp = Ty) (1b)

10
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where the porosity (€), density (p), specific heat capacity (Cp), particle diameter (D,,) and internal radius

of tank (R;;;) are constants used in equations. The subscript f, s, b, o0, eff, and amb represents the fluid,

solid, packed-bed region, overall value, effective value, and ambient, respectively. a;, = %_8) and
1]
ap = éb = — are the shape factor for solid particles and for the cylindrical tank, respectively. The
b int

interstitial fluid velocity (uy) is calculated based on the mass flow rate: ™y = us - pg-e-m- R2,,.

o Effective thermal conductivity for fluid and solid

The heat transfer of the fluid phase takes into account the thermal diffusion in stagnant fluid and
the turbulent thermal contribution in fluid mixing. Thus, the effective thermal conductivities for each
fluid (Af ¢r5) and solid phase (A 55) are given as:

Arerr = (€A + ¢ Af) + Apix (2a)
Aserr =[(1 =€) A —c - A] (2b)
where Api = 0.5-Re-Pr-As is the fluid mixing turbulent contribution based on Wakao and

Kaguei’s empirical correlation for Re>0.8 [45,46]. Besides, a coefficient (¢) covering the geometry

tortuosity of the packed-bed with parallel packing condition is introduced [47,48].

- Aopp—eAr—(1=€)As

c= py—y (2¢)
0o _ [1r2ae@-8+(2a*-01a)(1-)>+(1-¢)%0.05exp(4.5x)] .

Aerr = [ 1—a(1-¢) ] A (24d)

a= (AS—Af)/(AS+2-Af) (2e)

where A2 7 1s the thermal conductivity contribution of both phase in stagnant condition with the valid

range of 0.15<£<0.85, and 10°<A;/A,<10" [48].
o Effective HTC between solid and fluid

The forced convection and natural convection contribute dissimilarly to the heat transfer between
fluid and solid [49]. The solid-to-fluid HTC (hsy) from Pfeffer is given as [50]:
5 3
3

p 2-3-(1-&)3+3-(1—-€)3-2:(1—¢)2

11
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Moreover, in order to approach the assumption of uniform temperature inside the solid particle, or
to extend the applicability of lumped capacitance method when Big>0.1, the solid-to-fluid effective
HTC (hsf ) through the method of weight average time (or the effective average time [51]) is used
[42]:

1

hsferr = 1/hsf+3-Big/m (3b)

where the value of m equal to 5, 4, and 3 for different shapes of sphere, cylinder and slab (cube),
respectively.
e Overall HTC through tank walls

The overall HTC through tank walls (h,) based on the inner surface area is calculated by:

Loy Ly (i) g Ly (Ber)].p, y LR @

ho hint Aw Rine Ains Rmid hextthraa Rext

The fluid-to-wall convective HTC (h;;,;) on internal or inner surface is determined according to the

empirical correlation of Yagi and Wakao [30]:
_ (% 1/2 1/3
i = (g) -0.6- Rel/2 - Pr1/3  (1<Re<40) (5a)

The insulation-to-ambient air convective HTC (h,,;) on external or outer surface is calculated by

a correlation of natural convection on vertical standing wall given by VDI-Wiarmeatlas [52]:

2
Aai 0.387-Ral/®
— air air < 12
hexe ( o ){0825 + [1+(0-492/Prair)9/16]8/27} (Rau.ir<10'%) (5b)

where A, and A;, is the wall and insulation thermal conductivity, respectively. Ra is the Rayleigh

_ g-B-H3-AT

number (Rag,i, = Gryy - Pryiy ), Gr is the Grashof number (Gry;, = = ), and AT is the

temperature difference between the outer surface and the ambient air. g, f, and v stands for the
acceleration of gravity, the thermal expansion coefficient of air, and the kinematic viscosity of air,

respectively.

The radiative HTC (h,.,4) based on the Stefan—Boltzmann law can be written:

o [(TH(K)-T4,
hraa = [ a

(5¢)

T-Tamp

12
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where € is the emissivity factor is taken to 0.95, and 0=5.67x10®° W-m2-K* is the Stefan-Boltzmann
constant. T here is defined as the outer surface temperature of the insulation calculated at average

operation temperature T, using the iterative method in advance.
2.2.2. One-dimensional three-phase model (1D-3P)

A modified 1D-3P model was developed by considering the tank wall as a separate phase in
addition to the fluid and solid phases. In this way, the energy balance and the heat capacity of the tank
wall are considered in 1D (z-axis direction). The insulation is simplified by a thermal resistance while

its heat capacity is neglected due to the small temperature variation.

e Governing equations

Fluid:

€ ppCpy- ({% +ur %) = :—Z (Af.eff %) +hgerr - s (Ts = Tp) + hy—y - ag - (T, — Tr) (6a)
Solid:

Q-8 ps-Cps- % = %' (As,eff '%) + hgfeps - a5 (Tp = Ts) (6b)
Wall:

Pw Cow* aaL:’ = ;—Z- (AW -%) + Ry (Tr = Tw) + hw—amp * aw * Tamp — Tw) (6¢)

where a; = A; ;W = R"n; J;Rmid and a,, = A; V_VW = 22”#12’;"‘1 are the shape factor for fluid-wall surface

int mid~ tint

to packed-bed volume and fluid-wall surface to wall volume, respectively.

. . Rint+Rmi
The wall temperature (T,,) is defined as the temperature at the average diameter (@) of

the tank wall. The equivalent HTC of fluid-to-wall center (hs_,,) and the equivalent HTC of wall center-
to-ambient (h,,_4mp) can be formulated as:

1 1

_ 1 Rint+Rmid
T a ot I o  Rine (7)
f-w int w int
1 =[i.ln(2'R—mid)+ 1 .ln(R€x¢)+ 1 L]R (8)
hw—amb Aw Rint*+Rmid Ains Rmid hextthrad Rext mt
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2.2.3. One and half-dimensional four-phase model (1.5D-4P)

A 1.5D-4P model was used to explore the thermal behavior inside of the whole tank walls. In this
model, the heat transfer in z-axis and r-axis for the wall and insulation occurs, and the different HTCs
and effective thermal conductivities are calculated as defined before. It bases on full resolution and

shows even more accuracy than the former two models.

e Governing equations

Fluid:
oT oT a oT
& pf " Cp,f * (6_tf + uf * a_Zf) = a " ()lf,eff " a_Zf) + h’Sf,Eff * as " (TS - Tf) + hint * ab * (TW,iTlt - Tf) (93)
Solid:
0T a 0T
(1-&)ps- Cp,s " Bt oz (As,eff E) + hsf,eff “dg (Tf - Ts) (9b)
Wall:
0Tw _ 9 | OTw)  Aw 9 (0 9Tw
Pw Cpw™ 5 =2, (’1"" az)+r ar (r 6r) ©0)
Insulation:
OTins _ i . i . OTins Ains . i . . OTins
Pins Cp,ins ' at oz (Ams 0z ) + r ar (T‘ ar ) (9d)

where the subscript “ins” represents the insulation phase.

2.2.4. Initial and boundary conditions

(a) Wall (4,,) Insulation (A;4) (b)
\. T
D . Qconviext a| Initial external surface temperature matrix: 7, .,
\ T
Uraa Calculate thermal resistance, 7R, (K W-'):
G TRy TR,y TRyps TR,y oy (1), TR, (1)
Tw.im‘, 3 s
Calculate total heat flow through tank walls: Calculate external surface
Qrotar (T =Weonvint=Ccona h_eat flow Q, (W)
chnv.ext( 7]+ Qrud (T)
I ah o A A A A il S . ,
vewewewvewew T,
[P — wiext Heat balance on tank surface
vYeeweweweweew Tamb
L 4 4 4 4 4 4 4 4 4 44 .
CEE e EC O E. Qeonvext Lrad
cCeeset e eeE Qrotal
vYeeweweweweww <0.5%
vewveweweewew B
R:’m‘ No

Yes

Runia
Rext
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Fig. 3. Initial and boundary conditions for the modeling of discharging operation. (a) heat transfer
through the wall and insulation at steady standby state (T\y, in¢s Ty mia> and Ty, exe is the temperature
on inner, middle, and outer surface of tank, respectively); (b) iterative calculation to determine the

initial outer surface temperature of fully charged tank before discharging.

In this work, only the discharging process was simulated and discussed. The initial conditions are

given as:
T, (t=0) = Tf(t =0)=Tip =Ty (10a)
Tw,int(t = 0) = Tw,int,inia Tw,mid (t = O) = Tw,mid,inia Tw,ext(t = O) = Tw,ext,ini (10b)

The initial temperature of tank walls (Ty intini; Twmidinis Twextini) before discharging is
calculated by the fully charged tank temperature at the standby process using the iteration method as
explained in Fig. 3. Note that the initial wall temperature (T, j»;) in 1D-3P model is the average value

of inner and middle surface temperature of wall.

The top and bottom boundary conditions of the tank for the computational domain shown in Fig.

1b are adiabatic. The HTF flows into the tank at the lowest operating temperature (T¢):

BC1: at the bottom inlet,

= = % — aﬂ — OTins _
Tr(z=0) =T, - I v M 0 (11a)
BC2: at the top outlet,
ﬂ — % — aﬂ — OTins _
0z L=y~ 0zlyey = 0z ly—y 0z ly—y T 0 (11b)

In 1.5D-4P model, the boundary conditions at interfaces are added as:

BC3 for 1D-2P model: at the inner surface between wall and fluid,

aT,
Rint * (Twine = Tr) = Ay - =2 12
int ( w,int f) w5 F=Rine ( a)
BC4 for 1D-3P model: at the middle surface between wall and insulation,
aTy, . 0T ins
w5 =Ry ins " "5, r=Roig (12b)
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BCS5 for 1.5D-4P model: at the outer surface between insulation and ambient,

0 Tins

Ains = (hext + hraa) (Tamb - Tw,ext) (12c¢)
or T=Rext

2.2.5. Performance indicators

® Energy efficiency

For a given time, the discharging energy efficiency (14;scn) 1S expressed as the ratio of energy

accumulatively released (Ey¢jeqseq) to initially stored in the tank (Egporeq):

Ere ease
Ndisch = ﬁ (13)
t .
E(t)released = fo mg - Cp,f ’ (T(t)out - Tin)dt (14a)
Estored = Ef,stored + Es,stored + Ew,stored + Eins,stored (14b)

The consumed pumping energy for a given time in discharging is expressed as:

Epump = J, (1y/py - AP)dt (15)

where AP of packed-bed tank is calculated by Ergun equation [53]:

AP 1-£)% pru 1- uf
—:A( :') 'ﬂfz sup+B'( 38)_Pf sup (16)
H € Dp ave € Dyp,ave

where g, is the superficial fluid velocity, the values of A and B depend on the variation of & [54].

® Exergy efficiency

For a given time, the discharging exergy efficiency (1 giscn) (or second law efficiency) is the ratio
of the exergy of outlet fluid released from the bed (AE) yejeqseq) at a certain time to the exergy difference

of all phases in packed bed before discharging (AEy storeq):

AEX,T'& ease
Nxdisch = W (17)
t . Tou
AEx,released = fO mg - Cp,f ' [(Tout - Tin) —Tp- In (Tnt)] dt (18a)
AEx,stored = AEx,f,stored + AEx,s,stored + AEx,w,stored + AEx,ins,stored (18b)

The reference temperature T, is selected as ambient temperature (T,,,p) in this study.
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® Dimensionless parameters

To be able to compare different tank configurations and working conditions, the variables are
nondimensionalized as temperature (T™), time based on flow velocity (t*), time based on energy (tg),

height (z*), radius (r*), wall thickness (L;,) and wall thermal conductivity (4},):

T-T, tu meCy (Tyg—Tc) z r L A
T"=—% t'=—1L tp=t- L0 C =2 =21 L,=-2 I, = (9
Ty-Tc H Estored H Rine Rint Af

Here, T,y: =0.2 was served as a given threshold value in discharging, corresponding to the
discharging cutoff time when the outlet temperature reaches this value. The dimensionless thermocline

thickness (L ermociine) 1 defined as the covering length of the thermocline region [55] before reaching

the tank top:

* T=Ty—0.05(Ty—T¢)|-z|T=Tc+0.05(Ty—T
Lthermocline =Z[ = & C)]HZ[ < T C)]' Z[T = TH —0.05- (TH - TC)] <H (20)
2.3. Model validation

The models were solved with the MATLAB function ode45 for the time derivatives. The explicit
Runge Kutta (4.5) method was used with an adaptive time step. The advection term was discretized with
a first order upwind finite difference, and the diffusion term was discretized with a second order central
finite difference. The computational domain of numerical simulation was discretized into non-
overlapping control volumes as illustrated in Fig. 1b. To obtain accurate simulation results and reduce
the consumption of time, the reasonable node number (N) in z-axis was determined by using the cutoff

time as an indicator of stable solution.

2.3.1. Cases description

Three cases with different scales, including two real tanks and a hypothetical lab-scale tank, are
introduced. Table 2 shows the characteristics and parameters of those three packed-bed TES tanks.
Table 3 summarizes the thermo-physical properties for HTF, solid fillers, and tank body materials. The
first case widely used for model validation [35,56,57] is a 10 MW, packed-bed TES tank for a solar
thermal power plant in which Caloria HT 43 is used as HTF under the operating temperature range of
179.2-295.5 °C [58,59]. The second case is a 2.3 MWh, packed-bed pilot-scale molten salt TES tank
from Sandia lab provided by Pacheco et al. [60], with an operating temperature range of 290-390 °C.

The molten salt used is a mixture of 60 wt% NaNO; and 40 wt% KNOs. At last, a hypothetical lab-scale
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TES water tank with a smaller size and lower temperature range of 20-75 °C is introduced to simulate

the thermal performance under different operations. The ambient temperature of 20 °C was set as a

reference for all cases.

Table 2. Operational and geometric parameters of packed-bed TES tanks.

Parameters Units  Solar thermal pilot plant tank Sandia laboratory pilot-scale Hypothetical lab-scale
[35,58,59] tank [60] tank

HTF - Caloria Ht-43 Molten salt Water

Solid filler - Granite rock and sand Quartzite rock and sand Quartzite rock and sand

Tank height (H) m 12.0 6.0 0.4

Tank middle radius (Riq) m 9.10 1.50 0.11

Thickness of wall (L,,) m 0.10 0.04 0.01

Thickness of insulation (L;,s) m 0.20 0.20 0.04

Porosity (¢) - 0.22 0.22 0.22

Free volume of packed bed (V) m® 3053.60 40.20 12.56x1073

Particle diameter (D,) m 4.61x107 19.05x107 5.00x1073

HTF mass flow rate (ri;) kgs'  23.00 5.46 8.30x107

Tu/Tc °C 295.2/179.2 390/290 75/20

Wall materials - Steel wall(ASTM 337 class 2) Steel wall Polycarbonate wall

Insulation - Mineral wool Mineral wool Mineral wool

Discharging time h 8.0 3.0 0.5

Spatial node in height - 200 200 200

Table 3. Thermophysical properties of HTF, solid fillers and tank body materials.

Solid fillers ps (kg m?) Cos(Jkg'KD) A (Wm'K")  peCos (kI m? K Ref.
Granite rock and sand 2643 1020 2.20 2696 [56]
Quartzite rock and sand 2500 830 5.69 2075 [34]
Soda-lime glass 2400 760 1.00 1824 [61]
Tank body materials pv (kg m?) Cow(Jkg' KD A, (Wm'K")  p,Cyp (kI m?* K

Steel wall(ASTM 337 class 2) 7850 475 47.00 3728 [57]
Steel wall 7800 470 35.00 3666 [34]
Polycarbonate wall 1200 1170 0.20 1404 -
Insulation of mineral wool 70%! 960 0.036 67.2 [15]
Fluids pr(kg m?) Cor(Jkg'KY) Ar(Wm'K"Y  u(Pas)

Caloria HT-43 (237.2 °C) 701 2700 0.16 7.6x10 [35]
60 wt% NaNO; and 40 wt% KNO; (340 °C) 1874 1502 0.51 2.5x10° [34,62]
Water (47.5 °C) 990 4187 0.634 5.8x10* [63,64]

*1 It means the bulk density.
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2.3.2. Validation results
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Fig. 4. Comparison of axial temperature evolution curves in discharging process between numerical

results and experimental data. (a) solar power plant [58,59]; (b) Sandia pilot-scale tank [60].

Table 4. Difference between experimental and numerical results of the Sandia pilot-scale tank [60] for

different models: mean difference for different times 0, 0.5, 1, 1.5, and 2h.

Models Average difference Maximum difference Standard Deviation *1 Root Mean Square difference *2
(AT, K) (AT axs K) (SD, K) (RMS, K)
1D-2P 291 12.7 2.80 4.06
1D-3P 3.63 12.5 3.44 5.02
1.5D-4P 3.56 12.3 3.40 4.93

*1 The standard deviation (SD) at certain time along tank height is: SD (t) = \/%E?’:l(AT(i, t) — AT(y,t))?, where AT(z,t) =

|Texp. - Tnum. | .

*2 The root mean square difference (RMS) at certain time along tank height is: RMS (t) = \/ % E?’:1[Texp.(iv t) = Thum (i, t)]2

Fig. 4 shows the comparisons between numerical results and experimental data for axial
temperature evolution curves of packed bed TES tanks in discharging. The measured experimental
temperature profile at Oh was used as the initial temperature profile in the modeling to have the same
beginning. The standard deviation (SD) and root mean square (RMS) of temperature difference between

experiment and simulation results were calculated to evaluate the agreement degree.

Fig. 4a shows the validation results of 1D-2P model using the measured data from the solar thermal

power plant tank (Bi;=0.1). It is found that the simulated temperature profiles at 4h to 8h are generally
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consistent with the experimental data considering that the experimental temperatures are taken at one
radial position in the tank while the computed data are average temperatures on a cross section. Only
slight deviations exist at some time intervals, indicating that the basic 1D-2P model has enough accuracy
in modeling large-scale packed-bed thermocline tanks. Fig. 4b is the comparison on the results of 1D-
2P, 1D-3P, and 1.5D-4P models with Sandia pilot-scale packed-bed tank. These simulation curves are
not far away from experimental values, but the predicted temperature of 1D-3P and 1.5P-4P models are
higher than that of 1D-2P model at a certain height, which may be due to the release of the stored heat
in the walls. The phenomenon will be discussed in detail in the following section. By examining the
mean difference of different models shown in Table 4, it is found that three models show similar
standard deviation of around 3 K and two detailed models which can characterize the physical
phenomenon in walls show similar root mean square difference of about 5 K, close to that of 1D-2P
simple model (4 K). All three models reflect good agreement with the experimental data with an

acceptable average difference.

2.3.3. Unification of different scale tanks

Two tanks listed in Table 1, the pilot-scale tank (Sandia’s Lab) and the hypothetical lab-scale one,
will then be fully studied to investigate the wall impact. Despite different sizes and operational
temperatures, the influence levels of governing terms should be set similar for better comparison and
exploitation. For this purpose, the dimensionless numbers (I1;) (in Eq. S4-S11) are used to unify two
tanks. The dimensionless governing equations of the 1D-3P model (in Eq. S1-S3) and corresponding

analysis are provided in Fig. S1 of the Supplementary Data.

3. Results and discussion

3.1. Wall thermal behavior

3.1.1. General temperature profiles

The 1.5D-4P model was first used to analyze detailed thermal behaviors of fluid and tank walls in
discharging. Figs. 5a and 5b show the fluid temperature profiles of two tanks along z-axial height at
different times. Recall that tz is the dimensionless time based on energy flow through the tank, the
thermocline zone is defined within the fluid temperature range of 0.05<T*<0.95, and the center position

of thermocline refers to the height where T*=0.5. At half discharging time (t5=0.5), the thermocline
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center position of pilot-scale tank is at around z*=0.54, slightly lower than that of the lab-scale tank at
z*=0.57. At the same time, in both cases, the thermocline zone is found to be nearly symmetrical, but
the thermocline thickness Lipermociine Of pilot-scale tank (0.33) is smaller than that of the lab-scale

tank (0.54). All these differences indicate that the pilot-scale tank may have a higher discharging (release)

efficiency.
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Fig. 5. Evolution of temperature profiles of two tanks for the discharging process using 1.5D-4P
model. (a) (b) fluid temperature along z-axial height; (c) (d) wall and insulation temperature along 7-
direction at the middle tank height (z*=0.5); (e) (f) temperature color map of fluid, wall, and insulation

at tz=0,0.5 and 1.

Figs. 5c and 5d show temperature distribution of tank walls along the radial direction at the middle
tank height (z* =0.5). Figs. 5e and 5f show the cross-sectional temperature color map of three phases.
When discharging proceeds, the wall and insulation are cooled down from bottom to top as the cold
fluid flows. Note that the insulation temperature T, near the outer surface of the pilot-scale tank
shows a negative value due to the far greater cold fluid temperature than the ambient (T; >> T,,;,,5)- The
variation of Ty, and Ty, as a function of tz in the pilot-scale tank shows the same tendency, while

for lab-scale tank, the T, shows sharper decrease over the discharging time and there is a heat delay

for Tj,,. That is because the fluid-wall Bi,, (Bi,, = hi’;ﬂ) is calculated to be 0.1 for pilot-scale tank

and be 9 for lab-scale tank. Smaller Bi,, for pilot-scale tank means that heat transfer is mainly governed

by convection between wall and fluid, the conduction thermal resistance can thereby be ignored.
2 *
Furthermore, the dimensionless thermal diffusivity time tgirf (tgirf = L; ' tTE) is around 0.01 and 2.2

for wall and insulation in pilot scale tank, respectively, and is 0.65 and 2.8 in lab-scale tank. Lower

tairr shows fast heat transfer speed from wall to fluid. For this reason, Ty, is almost horizontal at

different discharging times in pilot-scale tank.

22



10

11

12

13

14

15

16

17

18

19

20

3.1.2. Wall heat flux
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Fig. 6. Heat flux at the inner (fluid-wall) and outer (insulation-ambient) surface during the discharging

process. (a) pilot-scale tank; (b) lab-scale tank.

Fig. 6 exhibits the heat flux through the wall surfaces based on Fourier’s law. At inner (fluid-wall)
surface, the negative value of heat flux represents the radial heat transfer from wall to fluid. At outer
(insulation-ambient) surface, the positive value indicates the heat flux (heat loss) from the storage tank
to the ambient and it reduces with upward fluid flowing. At the beginning of discharging (tz=0.1), the
inner surface at the top portion of both tanks has a small positive heat flux while the bottom has a larger
negative. This is due to the heat loss from the storage tank to the ambient through the top part of tank
walls as long as the cold HTF does not reach it. After the arrival of cold fluid, the walls are cooled down
and a large proportion of heat initially stored in the tank walls is released back to the fluid, indicated by
the negative values of heat flux curves. A small proportion of heat stored in the walls is still dissipated
to the ambient, indicated by the always positive values of heat flux through the outer surface of both

tanks.

Furthermore, in curves of the inner surface, the peak point of heat flux with the maximum
temperature difference between wall and fluid is near the thermocline center, slightly higher than the
height of the sharper inflection point of outer surface curve. This height difference (Az*) of thermocline

on inner and outer surface reflecting the time delay (Atg) is caused by the thermal resistance of wall and
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insulation. At the same time, the height difference of lab-scale tank (Az*~0.04) is lower than that of

pilot-scale one (Az*~(.1), demonstrating less time to move thermocline on both surfaces due to the

lower thermal diffusivity time. Note that the time delay and the height difference are calculated as

follows:

Time delay: At; = t; {z* = 0.5,peak point of inner surface} —t; {z* = 0.5,sharper inflection point of outer surface}

Height difference: Az* = z* {t* = 0.5, peak point of inner surface} —z* {t* = 0.5,sharper inflection point of outer surface}

Moreover, the increase of peak span along the z-direction reflects an increment of thermocline thickness

over discharging time. The peak height in radial direction decreases over time, due to the smaller wall-

fluid temperature difference caused by the continuous heat release from wall to fluid.

3.1.3. Wall power analysis
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Fig. 7. Schematic of power distribution including inner surface convection, wall axial diffusion,

insulation axial diffusion, inside increment, and outer surface convection and radiation.

Pilot-scale tank
a b 0
@) | (b) ’DDZ{ I 1 dT_/dt, (Ks™)
N I R e e O e e e e e e P e e e e S | | 0.04 w
5 0 02 04 06 08 1
N e
\ e i
)
-200 Y s 0 DZ} | i dT,idt, (Ks™)
— A ,/’ o 008 02 04 06 08 1
\ =
% ! ,r" @©
i
© -400 - Y / 5
g |'\ ."" % 0 IP e ! Pl
o Pilot-scale tank i / a 0 02 04 06 08 1
Y /
-600 T Pint x i/ PR
—_—p A I 2 .
A
- \ r" 0 le,dfﬂ"' anrl
Py, ais NS 0 02 04 06 08 1
-800F ___.p pe :
ins,diff 1 *10°
' ' ‘ ‘ 0.5[ i P
0 0.2 0.4 0.6 0.8 1 0

Dimensionless time, fE

24

ins,diff ! anfl
0 02 04 08 08 1

Dimensionless time, !é



N

10

11

12

13

14

15

16

17

18

(d) Lab-scale tank

{C) T T T T 0
-0.05 - . 1 dr_ldt, (Ks™)
T 0.1 w
O <= & =Cm &)= % O © =G D= B O O=G D= 8 =G D=6 O O~ 0 02z 04 06 08 1
\
Y o
r ‘n 4
0.2 \ ,m’—__-—_—‘ dT. ldt, (Ks™)
Y 0.2 f
—_ \ o ) 0.2 04 06 08 1
= y 4 £
. kY g —
2 i -~ g * -
1 o
5 -06r i ol Z ; Pexe ! Piadl
o Lab-scale tank Ky e e 0 02 04 06 08 1
L .
A K
-08r 7 Pint \ s ] 52107
— " | |
t \
- 3\ /" . |Pw,aiﬁ ! mel
1 Pw,djﬁ' \ o 0 02 04 06 08 1
N, e
=== Pisair R 4 «10°8
-1.2

;
‘ ! ‘ | N
0 0.2 0.4 0.6 0.8 1 o\—-—-——‘ 1P ins,aite ! Piod

- 0 0.2 04 06 08 1
Dimensionless time, fE Dimensionless ime,

Fig. 8. The variation of power over discharging time at middle tank height (z*=0.5). (a), (b) pilot-scale

tank; (c), (d) lab-scale tank.

Power analysis of tank walls was conducted to investigate the rate of energy transfer in discharging.
Fig. 7 is the schematic of power distribution through tank walls, including inner surface convection
power (Py,;), wall axial diffusion power (Py, 4;rr), insulation axial diffusion power (Ping qiff), inside
increment power (P increment T Pins,increment ), and outer surface convection and radiation power
(Poyt)- Fig. 8 shows the power ratio at the middle height of tank at different discharging times. In this

o o . dar
work, each contribution was compared with inner surface input power (P;,;). The d—tf represents the

rate of fluid temperature variation at the middle position. At the beginning (tz = 0.1), cold flow enters

. dTf ooy . . . .
from tank bottom showing a small value of d—tf. With time increases to tz = 0.5, the thermocline with

. . . . dar .
temperature gradient zone move to the middle height of tank showing a large d—tf. The cutoff time,

ty = cutoff referring to the ending time, is a little longer than tz = 1. Near the ending time (tz = 1),
cold fluid fills the tank up showing again a small %, A similar tendency can be found for the wall

. dr, . .
temperature variation rate d—:". Through the results of power ratio, it can be found that the Pj,; is close

to the P,,; atthe beginning. But with the increase of discharging time, P;,; becomes dominant over

other parts. It should be specially noted that the wall and insulation axial diffusion (P 4y and
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Pins,airr) are all near 0, indicating that the influence of heat diffusion in axial direction of walls can

even be ignored compared to the inner or outer surface heat transfer.

3.1.4. Stored heat in wall

(a) Pilot-scale tank Lab-scale tank
100 T - 0,019 (b) 100
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T wall <]
[ insulation o
‘ ‘ 0 I 4

=0 te=1 Pilot-scale tank Lab-scale tank

Fig. 9. (a) Proportion of stored energy in different phases of packed-bed TES tank at the beginning

and tz = 1 of discharging; (b) proportion of different thermal resistances at stable heat flux state.

Table 5. Values of different HTC for two tanks at average temperature (7).

Types hint hex hrad ho
(Wm?K") (Wm?2K") (Wm?2K") (Wm?2K")

Pilot-scale tank 78 2.5 5.6 0.2

Lab-scale tank 179 22 5.5 1.0

Fig. 9a shows the percentage of stored energy in each phase at the beginning and of discharging.
Before discharging (fully charged state), the solid phase has a dominant energy storage percentage of
65% for lab-scale tank and 55% for pilot-scale tank. The proportion of energy stored in the tank wall is
also as high as 8% and 10%, respectively. This non-negligible part of energy remains in fact to be
valorized. Nevertheless, the stored energy in the insulation can hardly be captured, implying that the
insulation phase may be simplified in the modeling without affecting much the energy efficiency
calculation of the packed-bed TES tank. The stored energy (Eg;oreq) Of pilot-scale tank at initial time is
around 1x10' J, greatly larger than that of lab-scale tank of around 2x10° J. At t; = 1, it decrease to
4x108 J for the pilot-scale tank and 1x103 J for the lab-scale tank. At the cutoff time, energy of each part
still decreases and the pump energy due to packed bed pressure drop at cutoff time is 7.3 x10* J and 0.24

J, respectively, which can be neglected safely.
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Fig. 9b shows the contribution of each factor to the total thermal resistance of each tank. The
biggest proportion of the total thermal resistance is from the insulation layer. Nevertheless, the heat loss
due to radiation should be considered, accounting for about 5% of the total heat loss (lab-scale tank).
Table 5 shows that the lab-scale tank presents higher HTC 4, (1.0 W m™ K™!) through the tank walls
than that of the pilot-scale tank (0.2 W m?2K"), exhibiting a higher possibility to loss heat to ambient
despite a lower value of total heat loss. In summary, the impacts of wall stored energy and radiation heat
loss have to be considered in the performance evaluation while the insulation heat capacity and pump

energy consumption can be neglected.

3.1.5. Energy and exergy efficiency
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Fig. 10. Comparison of (a) energy efficiency and (b) exergy efficiency between 1D-2P, 1P-3P, and

1.5P-4P models for pilot-scale tank and lab-scale tank.

Energy and exergy efficiency variation during discharging and comparison between models based
on two indicators are presented in Fig. 10. Exergy, as the work potential of energy, is defined as the
maximum useful work that can be obtained from system before reaching the equilibrium state [65]. The
100% exergy efficiency refers to completely reversible process and the higher efficiency can be achieved
by forming a stable and thinner thermocline or enhanced thermal stratification [66]. It can be observed
that energy and exergy efficiencies are time-dependent and show the same increasing tendency for
discharging. The energy efficiency at the t; = 1 for lab-scale tank (86% using 1D-2P model) is lower

than that of the pilot-scale tank (90%), as well as the exergy efficiency. This is because of the higher
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heat loss to ambient due to the higher h, and the more extended thermocline as discussed above.
Moreover, it is observed that the difference on exergy efficiency between 1D-3P and 1.5D-4P models
is below 5% and both energy higher than 1D-2P model due to the extra heat from wall. Because of
complex physical phenomenon description than 1D-2P model and decreased computational time by a
factor of 100 than 1.5D-4P model (cf. Table S1), the 1D-3P model can be selected to conduct the wall

parameter study.

3.2. Wall parametric study

3.2.1. The effect of convection and radiation of external surface

Fig. 11a and b show the influence of emissivity variation on the tank outer surface temperature,
energy and exergy efficiencies. When emissivity changes from a low value of 0.65 to a high value of
0.95, the radiative HTC (h,4q) increases from 3.8 to 5.6 W m? K!, causing outer surface temperature to
decline and more radiative heat loss to ambient. However, the energy and exergy efficiencies at cutoff
time are almost, indicating the tiny influence of emissivity on the overall efficiency of the storage system

efficiency.

Fig. 11b is the comparison of natural convection and forced convection on the outer surfaces for
two tanks. When the effective outdoor HTC (including both convection and radiation) ranges from 17
to 50 W m™ K1 [67], the external HTC (/) varies from 2 to 17 W m™ K-!. This value range considers
the heat exchange between the outer surface and the ambient air in real practice [68][69]. The simulation
results show the noticeable influence of the external heat transfer coefficient on the evolution of outer
surface temperature. Nevertheless, the energy and exergy efficiencies of the storage tank at cutoff time

vary slightly by about 0.01% and little influence on the thermocline thickness can be observed.
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Fig. 11. (a) Outer surface temperature at cutoff with emissivity variation; (b) energy and exergy

efficiency at cutoff with external heat transfer coefficient variation.

3.2.2. The effect of heat stored in wall and heat loss
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Fig. 12. Thermocline thickness variation over discharging time under different boundary conditions of

two tanks.

In order to evaluate the influence degree of the wall thermal properties and heat loss on the

efficiency of different size tanks, the thermocline thickness over discharging time under different
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boundary conditions are investigated, including (1) adiabatic or non-adiabatic and (2) with or without
wall and insulation. The ending time was set as when thermocline region reaches the tank top in
discharging. Fig. 12 shows that the thermocline thickness of other three conditions in discharging is
always larger than the ideal condition (no wall, no insulation, and adiabatic state), proving that both the
stored heat in walls and the heat loss would enlarge the thermocline thickness. Comparing adiabatic
conditions of with/without wall and insulation, the degradation of thermocline in the lab-scale tank is
more obvious than pilot-scale tank, due to more stored heat of wall returning back to fluid in discharging
as explained in earlier sub-sections. Without taking into account of the stored heat in walls and the heat
loss, the thermocline thickness might be underestimated by 10% and 15% for pilot-scale tank and for

lab-scale tank, respectively.

3.2.3. The effect of wall thickness and thermal conductivity

Discharging cutoff time, t;.= cutoff

(a) Energy efficienty, » Exergy efficienty, 7,

w

Dimensionless wall thickness, L
Dimensionless wall thickness, L
Dimensionless wall thickness, LW

10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
Dimensionless wall thermal conductivity, ,\;u Dimensionless wall thermal conductivity, A; Dimensionless wall thermal conductivity, /\;,

Pilot-scale tank

(b) Energy efficienty, 7 Exergy efficienty, 7, Discharging cutoff time, té= cutoff

w
w

Dimensionless wall thickness, Lw
Dimensionless wall thickness, L
Dimensionless wall thickness, L

10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
Dimensionless wall thermal conductivity, A, Dimensionless wall thermal conductivity, A:v Dimensionless wall thermal conductivity, ,\;v

Lab-scale tank
Fig. 13. The effect of wall thickness and thermal conductivity on energy efficiency, exergy efficiency

and discharging time. (a) pilot-scale tank; (b) lab-scale tank.

The walls parametric study was performed on the wall thermal conductivity and thickness by using

the 1D-3P model according to sensitivity analysis in Fig. S2 of the supplementary data. Three indicators,
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including the energy efficiency (1), the exergy efficiency (1,) and the discharging cutoff time, were

w

examined in Fig. 13. Recall that A}, = i— means the ratio of wall thermal conductivity to fluid thermal
f

conductivity (A),and Ly, = }:_W reflects the ratio of wall thickness to inner radius of fluid region (R;;,;).
int

Improving efficiency and decreasing discharging time are the objectives of this parametric study.

At first, the reliable range of the model is proved to be when A4;,>5. Because the Bi, is low
enough in this range that the wall can be served as a 1D, as discussed in detail in Fig. S3 of the
supplementary data. Then, for both tanks, minimizing the wall thickness can maximize energy and
exergy efficiencies (see yellow region) and decrease discharging cutoff time, because a thinner wall
means less the initially stored heat of wall according to Eq.13. In addition, for pilot-scale tank, the
energy and exergy efficiencies decrease with the wall thermal conductivity increases, because the heat
exchange rate from wall to fluid improves and the released heat of outlet improves. However, for lab-
scale tank, efficiencies decrease with the wall thermal conductivity increase, because the cutoff time is
decreased a lot. The wall stored heat increases fluid temperature less for lab-scale tank than the pilot-
scale tank. Thus, it was obtained that by a thinner wall thickness causes a smaller impact on energy and

exergy efficiency the cutoff time.
4. Conclusion

In this work, three models (1D-2P, 1D-3P, and 1.5D-4P) of packed-bed thermocline tank were first
developed. After model validation, the wall dynamic thermal behavior was fully investigated and the
wall impact on the performance of packed-bed TES tanks has been evaluated. Finally, sensitivity and
parametric analyses have been performed using the appropriate 1D-3P model to evaluate the influence

of wall parameters. Main findings of this study may be summarized as follows.

(1) Before discharging, the maximum energy stored in wall at fully charged state can be up to 10%
of the total stored energy. During discharging, the stored heat in wall can be released back to the fluid,
increasing thereby the fluid temperature in contact as well as the thermocline thickness by up to 15%.

(2) The convection heat transfer between fluid and inner wall is dominant while the heat loss from
the outer wall to the ambient is time-dependent and non-negligible. In contrast, the axial heat conduction

in the walls and the pump power consumption can be ignored.
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(3) The stored energy in the insulation is very small. As a result, the insulation phase may be
simplified as a thermal resistance in the modeling. In this regard, the 1D-3P model could be a balanced
choice between the complex physical phenomenon description and required computational time.

(4) The wall thermal conductivity and thickness have a great impact on wall energy balance, as well
as a great interaction degree with other parameters. The optimal wall parameters for packed-bed TES
tank is that a thinner wall has a smaller impact on the energy and exergy efficiencies at the discharging
cutoff time.

Our on-going work is focused on the packed-bed thermocline TES systems with latent heat storage

fillers, which is particularly attractive due to the high energy storage capacity.
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Supplementary data

Wall impact on efficiency of packed-bed thermocline

thermal energy storage system

Baoshan XIE', Nicolas BAUDIN!, Jérome SOTO'?2, Yilin FAN', Lingai LUO"*

!Nantes Université, CNRS, Laboratoire de thermique et énergie de Nantes, LTeN, UMR 6607, F-
44000 Nantes, France

Institut Catholique d’Arts et Métiers de Nantes, 35 avenue du Champ de Manceuvres, 44470

Carquefou, France

S1. Definition of dimensionless numbers

In order to solve the model with different parameters, the governing equations of 1D-3P model are

nondimensionalized into:
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where,

Pe = Re - pr = 22w (S12)
ar
St = Nw _Nu (S13)
Re'Pr Pe
a = /f_cp (S14)

In definition, ITireflect the energy contribution to each phase. For example, IT;, I14, and Il represent
the influence of the ratio of heat diffusion to increment term on energy, while I, I13, I1s, I17, and I1g

represent the influence of ratio of the heat convection plus radiation to increment term on energy.
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Fig. S1. The dominant dimensionless number of I, and ITs of the lab-scale tank at the certain fluid

interfacial velocity and particle diameter is near to the pilot-scale tank (I1,=525, I1s=201).

In order to set two tanks at a similar resolution condition, the IT; were calculated and compared.
Here, for the pilot-scale tank with a certain packing configuration, the Il and I1s are dominant. Therefore,
a comparison of both tanks can thus be conducted under the condition that the value of dominant I1; of

two tanks is determined to be close to each other in Fig. S1.
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1 S2. Computational time needed busing different models

2 Table S1 Computational time of 1D-2P, 1D-3P, and 1.5D-4P model at cutoff time*.
Models Computation time (s)
1D-2P model 1D-3P model 1.5D-4P model
(1D wall+1D insulation) (2D wall+2D insulation)
Pilot-scale tank 5 8 833
Lab-scale tank 9 10 606

3 *The processor of the modeling computer is: Intel Processeur Xeon CPU E5-2609 @2.40GHz.
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S3. Parametric sensitivity analysis

To better understand the effect of different parameters on the performance of the storage tank,
especially the wall impact, global sensitivity analysis (GSA) was conducted by using the 1D-3P model.
An adaptation algorithm named the Morris method, or Elementary Effect (EE) method, which gives
rough quantitative estimations with a limited number of calculations, was used based on a MATLAB
toolbox provided by Pianos [S1]. It computes two sensitivity indices for each input: one is the mean of
EEs, measuring the effect of an input over output, and another is the standard deviation of EEs,
representing the interaction degree with other factors. In this study, the main parameters (€, Uy, r, Dy,
A, Ly, psCpys Awr PwCp,,) Were served as input after considering the determined tank geometry size and
HTF type. The IT; in dimensionless energy equation were taken as outputs, which reflect the contribution
of the heat convection, the convection, or the radiation on fluid, solid, and wall energy. The definition

has been introduced in Eqs. S4-11.

Table S2 Value range of parameters for sensitivity analysis.

Parameters Symbols Units Ranges
Pilot-scale tank Lab-scale tank
Particle diameter D, cm 0.2-1.0 0.2-1.0
Porosity £ - 0.2-0.4 0.2-0.4
Mass flow rate*! my kg s! 3-10 8.3x1072-24.8x1073
Wall thickness*? w cm 4-15 0.3-1.0
Wall thermal conductivity w Wm'K! 0.2-60 0.2-60
Wall volumetric heat capacity** PwCp, ITm? K (x10%) 15-66 15-66
Solid thermal conductivity A Wm'!K! 0.1-35 0.1-35
Solid volumetric heat capacity** psCop, I m? K (x10%)
15-66 15-66

*1 Mass flow rate for both tanks are determined according to the similar interfacial velocity range.
*2 Wall thickness for both tanks are determined according to the similar ratio range (wall thickness/tank height).

*2 Volumetric heat capacity for solid and wall are located in range between the low (like glass or plastic) and high value (like metals).

Table S3 Dimensionless number (I1;) variation within the value range of parameters.

Dimensionless number Pilot-scale tank Uncertainty Lab-scale tank Uncertainty

I, 5x10* +4x10* 8x107 +5x107
I, 4000 +3x10* 243 +1790
e 1 +1 1 +1

I, 2x10* +10x10* 4x1073 +10x1073
I1s 14000 + 35000 120 + 1380
16 10x10* +8x10* 14x10° +80x1073
IT, 2 +14 3 +15

e 22x10* +0.2 14x10° +70%1073
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For different operation conditions or packing configurations, the parametric sensitivity analysis
within the variable ranges of parameters was studied. The value range of parameters is indicated in
Table S2 and the corresponding dimensionless number variation is reported in Table S3. For both tanks,
the influence of heat convection (I, I1s) on the performance of storage tank is larger than heat loss (I,
I15, I1g), while the influence of axial conduction (I1;, [14, Is) can be largely ignored. This is in line with
our findings reported above. Samples number is defined as 4000 according to the convergence result

shown in Fig. S2 a and b.

The dominant IT; (I, I1s, 17 and Ilg) for each phases all own to heat convection. IT; have dominant
influence on wall energy balance due to the wall impact on heat loss of lab-scale tank. Thus, Fig. S2 ¢
and d displays the means and standard deviation of EEs of main parameters for I1; of two tanks. It
demonstrated that wall volumetric heat capacity, wall thickness, and wall thermal conductivity have a
great impact on wall energy balance, as well as a great interaction degree with other parameters.
Considering the wall volumetric heat capacity is the inherent property of material, the wall parameters

only containing wall thickness and wall thermal conductivity be studied in this study.
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Fig. S2. Sensitivity analysis: convergence results of dominant dimensionless number 117 (a), (b);

elementary effect method of I1; (c), (d).
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S4. Variation of wall-to-fluid Biot number
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Fig. S3. Wall-to-fluid Biot number (Bi,,) variation with the change of wall thermal conductivity and

Dimensionless thermal conductivity, /\;V

dimensionless wall thickness: (a) pilot-scale; (b) lab-scale tank.

Fig. S3 shows the variation of Bi,, withthe change of two variables: the wall thermal conductivity
and the dimensionless wall thickness. The Bi,,, a ratio of thermal resistance of the inside wall and inner
surface of wall, can reflect the reliability of the model at relatively low value (especially Bi,,<0.1). As

it shows, the Bi,, increases sharply when A;,<5. Thus, the inflection point near A;,=5 can be used as

a threshold value that the model results is validated.
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