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Abstract

Dual-media molten-salt thermocline thermal energy storage (TES) systems can be
used to maintain constant power production from Concentrated Solar Power (CSP) plants
independent of weather changes at less cost than traditional two-tank molten-salt storage
systems. The flow distribution is a critical parameter affecting the single-media

thermocline thermal performance but has rarely been considered for dual-media TES
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systems in previous studies. This study analyzes the influence of the flow distribution at
the inlet and outlet of a salt-rock dual-media thermocline TES tank on the thermal
performance. The flow distribution is characterized by the radial and azimuthal
components with a two-temperature model used to investigate the thermal performance of
the thermocline tank. The model is first validated against experiment data in the literature
and then used to study the discharge process of the thermocline thermal storage tank for
various flow distributions. The results show that even with a large (80% area) flow
blockage at the inlet, the flow distribution has limited influence on the useable energy
output (<3%) of the dual-media storage tank. In fact, the flow non-uniformity reduces the
thickness of the thermocline layer and slightly increases the useable energy output while
that at the top outlet slightly decreases the output. An entropy generation analysis,
including the effects of the diffusion and interstitial heat transfer, is given to further
explain these phenomena. The interstitial heat transfer is found the main cause for the

entropy generation in discharge. Flow non-uniformity reduces the entropy generation.
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Nomenclature

Cp
d

ds

Pcsp
Qv

Tp

As

specific heat [J/kg-K]
thermocline tank diameter [m]
filler particle diameter [ m]

e _ 175
inertial coefficient, V150¢°

gravity [m/s?]

thermocline tank height [m]

interstitial heat transfer coefficient [W/m*- K]
wall heat transfer coefficient [W/m?- K]

2 3
d,e

K= 2
permeability,  1750-¢) [m?]

thermal conductivity [ W/m-K]
concentrated solar power plant power [W]
volumetric flow rate of molten-salt [m3/s]
thermal to electricity conversion efficiency
flow area at tank boundary

pressure [Pa]

temperature [K]

time[ s]

tank axial coordinate [m]

tank radial coordinate [m]

velocity vector [ m/s]
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Ah thermocline thickness

Greek
€ porosity [-]

n efficiency [-]

. . T-T
C) non-dimensional temperature, © = =
T, -Te
[ viscosity [Pa-s]
v kinematic viscosity [m?/s]
P density [kg/m°]
Non-dimensional variables
Re = U,
Re Reynolds number Ve
h- 2
Nu, = l'<d5
Nu;  Interstitial Nusselt number e
Y
Pr Prandtl number Ky :
hD
Nu, =—
Nuw  Wall Nusselt number Nair

Subscripts
C cold end of the tank

H hot end of the tank

[-]
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molten salt phase
solid filler phase
case number
tank bottom

tank top
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1 Introduction

Molten salts are viable candidates for high-temperature (>400°C) heat transfer fluids
(HTFs) in Concentrated Solar Power (CSP) plants due to their lower costs and operating
pressures relative to current high-temperature oils. Molten salts have stable heat transfer
properties and their heat transfer characteristics can be well predicted by experimentally
verified correlations [1-3]. One major disadvantage of molten salts is their relatively high
solidification temperatures, which causes difficulties when filling the salts into the heat
transfer loops. As a hot molten salt flows into a cold tube, the salt first cools in the region
close to the tube wall, then solidifies and is later re-melted by fresh hot salt [4]. The air-
salt interface first quickly increases, then fluctuates and finally becomes stable [5]. The
salt solidification greatly increases the flow pressure loss and extends the filling time [6].
Preheating of the tubes may be necessary to eliminate the risk of tube blockage when
filling tubes with molten salts.

Molten-salt thermal energy storage (TES) systems have been widely used in
Concentrated Solar Power (CSP) plants [7] to produce electricity independent of the
weather conditions. Of the various TES technologies, the dual-media molten-salt
thermocline TES has been recognized as a promising approach due to its relatively higher
energy efficiency and lower cost [8]. A dual-media molten-salt thermocline TES system is
primarily a tank filled with a filler material (rock and sand) as the main storage medium
with a molten-salt HTF in the pores between the filler particles.

The flow and heat transfer characteristics has been carefully studied to have a better

understanding of the thermal performance of dual-media molten-salt thermocline TES
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systems. Yang and Garimella [9] developed a two-temperature numerical model of a
thermocline TES system with the heat transfer between the salt and the filler particles
represented by an interstitial Nusselt number. They also studied the effects of the thermal
conditions at the tank wall and found that a non-adiabatic wall only slightly reduced the
efficiency for wall Nusselt numbers smaller than 10* [10]. Later, Flueckiger et al. [11]
investigated the thermal and mechanical performance of a discharging thermocline tank;
and the mechanical stress caused by thermal ratcheting was found to be well predicted by
a simplified one-dimensional model using Hook’s Law. Xu et al. [12] presented a
parametric study of a molten salt thermocline TES system showing that the mean inlet
velocity had negligible effect on the discharge efficiency and thermocline thickness, with
only a slight increase in the efficiency, and suggested the reason to be a trade-off between
the two counteracting effects of the increasing velocity which increased the thermocline
thickness due to less heat transfer time between the solid and liquid, and less time for
conduction within the particles which reduced the thermocline thickness. Yang and
Garimella [13] studied the cyclic operation of molten-salt thermocline tanks and found
that for a specific power cycle, an increase in the tank height increased the thermal
efficiency. Recently, Flueckiger and Garimella [14] reviewed the numerical studies of
thermocline storage systems.

All these studies used a uniform flow velocity in the thermocline tank with no
consideration of the flow distribution effects. Consequently, the flow distribution effect is
not clearly understood. However, flow distribution is a concern in practical TES systems.
For instance, the flow enters a storage tank through a distribution system as shown in Fig.

1 with multiple manifolds. The flow rates in these manifolds may differ due to different
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flow distances and pressure losses, resulting in non-uniform flow across the diffuser. In
addition, the manifolds may leak or be blocked during operation, leading to flow rate
variations across the diffuser.

Flow distribution has been found to be important in water (single-medium) thermal
storage systems [17-22]. A recent experimental study [23] on hot water solar energy
storage validated that the inlet flow distribution could lead to a change of 40% in the
effective discharge efficiency. Therefore, flow distribution may also be important to dual-
media thermocline TES systems and needs to be carefully considered. Till now, few
studies have been found on the influence of the flow distribution on the thermal
performance of dual-media thermocline TES systems.

This study aims to investigate the influence of the flow distributions at the bottom and
top of a thermocline TES tank on the thermal performance. The flow distribution is
characterized by radial and azimuthal components with the influence of each component
analyzed in this study. A two-temperature model is used to investigate the effects of the
flow distribution on the discharge process of the thermocline tank. An entropy generation
analysis is given to include the effects of the diffusion and interstitial heat transfer on the

energy degradation in the tank.
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2 Numerical model

2.1 Problem description

A schematic illustration of a TES thermocline tank is shown in Fig. 2. The tank is
packed with quartzite rock with a molten salt filling the pores between the rock particles.
Initially, the rock and the molten salt are at 450 °C[9] to provide thermal energy in the
tank for later power generation. The thermal energy is discharged from the tank by
pumping cold molten salt into the tank through the bottom. As the cold salt flows upward
through the tank, it is heated by the hot rock to high temperatures suitable for high-
efficiency electricity generation when released from the top of the tank. The hot molten
salt is then used to generate steam in a Rankine cycle. This study focus on the discharge
process of the thermocline TES with non-uniform flow.

The thermocline tank has an inner diameter of d and a height of h, and is packed
with quartzite rock as the filler. In this study, d is set to 36 m and h to 12 m, which are
similar with the tank (d=37.2 m, h=10.4 m) being built in the Solana Generating Station,
USA, as well as the one operating in the Andasol Solar Power Station, Spain (d=36 m,
h=14 m) [25-27]. A feasibility study for the Barstow area determined that the tank height
should be limited by the ground conditions in that region to 11.9 m [28]. Thus, the tank
height used in this study is set to 12 m as representative of most designs with the tank
wall assumed to be thermally adiabatic as in previous studies [10, 12].

The molten salt chosen here is HITEC [29]. The lower temperature, T,, of the

molten salt during operation is set to 200°C which is greater than the HITEC salt melting
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point (142°C) with the high temperature, Ty, set to 450°C to give a high Rankine cycle

efficiency (>40%). The physical properties of HITEC are calculated using the following

correlations [9]:

p, =1938.0-0.732(T, — 200.0) 1)
1 =exp[-4.343-2.0143(In T, -5.011)] )
k, =—6.53x10*(T, —260.0)+ 0.421 3)

The specific heat of HITEC is 1561.7 J-kg K™ . Quartzite rock is used as the filler
with a density of 2201 kg-m=and specific heat of 964 J-kg™ K™. The porosity, ¢, of the

packed rock bed is 0.22 and the average rock particle size is 0.05 m [10].

2.2 Governing equations

The continuity and momentum equations for laminar flow of the molten salt in the

tank are:

A1) v (hu)-0 @)

2
\p
=
<
/_.\\
i)
|C
N—
Il

~ y2i F
—-EVp+V-t+ +&| —U+—=p,|uu S)
EVD T+4,0 8[ \/_p|||j (5)

Since the molten salt and the rock bed may not be in thermal equilibrium due to their
different thermal properties, heat is transferred between them with separate energy

equations used for each phase [9]. For the molten salt, the energy equation is:

A0 g ouc,, (1 -T]=v-(¥T)+h(T,-T) @
For the rock bed, the energy equation is:

10
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The last terms on the right sides of the two equations are for the interstitial heat transfer
between the two phases. The viscous dissipation term in the molten salt energy equation
is neglected due to its negligible influence as indicated by small non-dimensional number
N defined by Nield [30].
N = Ec-Pr/Da (8)

N defines the importance of viscous dissipation, pu®, with respect to the fluid energy
transport and entropy generation. For the current geometry and molten salt inlet velocity,
N is on the order of 10 [31]; thus, viscous heating is negligible.

The effective thermal conductivity, ke, of the molten salt embedded in the rock bed

is given by [20]:

o i Lr20 (25° —0.1ﬂ)2;+ #°0.05exp(4.55)

©)

where ¢p=1—¢ and £=(k, -k, )/(k, +2k,).
According to Wakao and Kaguei [32], the interstitial Nusselt number for heat

transfer between the two phases is:
Nu, =6(1—£)[ 2+1.1Re,* P | (10)
where Rej and Pry are the local Reynolds and Prandtl numbers of the molten salt. Then,
the interstitial heat transfer coefficient h; in Egs. (6) and (7) is given by
h = Nuk,/d? (11)
The thermal energy stored in a thermocline TES tank decreases during the discharge

process, eventually resulting in a decrease of the molten salt exit temperature. An entropy

11
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analysis is needed to investigate this phenomenon. The governing equations for the
entropy in the molten salt and the rock were given by Flueckiger and Garimella [31].

s

a[gplell In(T, )]

q q S
p +V-[ puC,, In(T,) ] = _V'(f) +?|+ o (12)
G[SPSCP,S In(Ts ):' . Q_W+ S'm (13)
at TS gen,s
These equations include two source terms, S;"em and é;”ens , for the entropy

generation arising from the heat dissipation in each phase, but ignore that caused by the
interfacial heat transfer between the two phases, which leads to underestimates of the
entropy generation. In this paper, the entropy generation due to the interfacial heat

transfer is also included as.

N/ N/

S q q
Seeninter = = — 7 14
gen,lnter I TS ( )
As indicated by Flueckiger and Garimella [12], the sum, S;';ng, .., of the two source

terms in Egs. (12) and (13), i.e., s"  and S”

gen) gens !

is

. k. (VT)?
§” = o ( )+“(Dzo

en,l+s 15
gen,l T|2 T| ( )

Since s”

genl +s

comes from the thermal diffusion in the molten salt and the rock bed, it is

termed the diffusion entropy generation. The total entropy generation, S..., including

gen?

the diffusion entropy generation, S” and the interstitial heat transfer entropy

gen) +s !

“m

generation, s7 ., isthen calculated as

12
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en TR T T, T

Then, the corresponding exergy loss is readily calculated as

Xy =Ty Sir (17)

gen

where Ty is the temperature of the reference environment.

2.3 Boundary conditions

The boundary conditions at the bottom and top of the tank are as follows.

At the bottom, the molten salt flows into the tank:

u, = =2 ,u,=0,T, =T, for the flow area A, (18)
. b
oT, o, -
u, = u, = — = —= = 0, for the remaining no-flow areas (19)
Ox Ox

where Q, is the volumetric flow rate of the molten salt and Ay is the flow area at the

bottom. At the outlet, the salt flows out of the tank with the boundary conditions:

0
Ou, _0Ou, _ 07T, _ 07, _ o, for the flow area As; (20)
Ox Ox Ox Ox

u, =u, = or = 0T, = 0, for the remaining no-flow areas (21)
Y Ox Ox

where A, is the flow area at the top.

The volume flow rate, Q,, in Eq. (18) is given by

P
Q — CSP (22)
Y M5P.Cprm (TH _Tc)

13
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where Pcsp is the electrical power of the plant with the thermocline TES tank, 7, is the

thermal to electrical conversion efficiency, o ¢ is the molten salt density at the low
temperature, C, m is the molten salt specific heat, Ty is the high temperature (450 °C) and

Tc is the low temperature (200 °C).

As in Ref. [10], the tank wall is assumed to be well insulated with no flow slipping,

ie.,
u =u = _87'1 = 87‘5 =0 23
* Y Ox Ox 23)

2.4 Flow non-uniformity

The molten salt flow in a thermocline TES tank is affected by the flow distributions
at the bottom and top of the tank. Since the bottom and top are both circular planes, the
flow distribution can be divided into two components, in radial and in azimuthal
directions. A flow annulus is used to indicate the radial distribution with flow through the
flow annulus at the bottom and top of the tank and no flow in the remaining area. The
flow annulus geometry is described by parameters P and D, where P denotes the
percentage of the annular area relative to the total bottom/top area and D is the inner
radius of the annulus indicating the distance towards center. The flow annulus used here
represents the radial flow distribution that results from the diffuser configuration. Both
the radial disk diffuser and the octagonal tube diffuser can be regarded as consisting of
multiple annuli as shown in Fig. 3. If some of the annuli are blocked, the flow will be
non-uniformed in the radial direction. The annulus has different locations as D changes as

shown in Figs. 4a-c and reduces to a circle when D is zero. The azimuthal non-uniform

14
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flow treated in this paper is represented by a non-concentric circle, as shown in Fig. 4d.
Table 1 shows the geometric details and operation parameters of thermocline TES tanks
with various flow distributions. A total of 8 cases are investigated to show the influence

of the flow distribution on the thermal performance of thermocline TES tanks.

2.5 Solution

Equations (4)-(7) were solved using the double precision solver of the commercial
CFD software FLUENT 12.0.16 [33]. The axisymmetric flow cases with radial flow
uniformity were solved using the 2D axisymmetric solver while cases with azimuthal
non-uniformed flow were solved using the 3D solver due to the non-axisymmetric flow.
The thermocline TES tank was discretized into 37340 cells (2D) and 112450 cells (3D)
with the finite volume method used to solve Egs. (4)-(7). The convections terms were
discretized with the second-order [12] upwind method. The transient terms were
discretized with a first-order implicit formulation [9]. The PISO algorithm was used for
the pressure-momentum coupling [33]. An adaptive time step was used to capture the
different stages of the flow into the tank. The time step, At, was initially set to 0.01 s and
then gradually increased to 4 s as the thermocline formed and kept at 4 s until the end of
the calculation. The time independence of the results was checked using variant time
steps increasing from 0.001 s to 1 s, with deviations in the outflow temperature of less
than 0.1%. The grid independence was checked by comparing the results to those with
larger meshes of 73300 cells (2D) and 163730 cells (3D) with differences of less than
0.6%. The calculation was regarded as converged when all the non-dimensional residuals

dropped below 10
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