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Abstract 7 

The present publication introduces a novel three-equation model for the simulation of bidisperse 8 

packed beds, typically utilized in thermocline thermal energy storages with filler. These systems aim 9 

for the substitution of a large fraction of cost intensive liquid storage material such as molten salts by a 10 

cost effective solid storage material. A higher packing density can be achieved by a combination of 11 

large and small particles, i.e. a bidisperse packing. For the simulation of such systems, the currently 12 

most widely applied Schumann and continuous solid phase models consider the solid phase as single 13 

sized spheres with a mean particle diameter derived from the bidisperse packing. The present work 14 

introduces a novel approach, where, besides the differential equation for the fluid, two differential 15 

equations for the small and for the large particles are applied. The model is validated with bidisperse 16 

experimental data from the literature. For comparison a reference case of a 100 MW electric solar 17 

thermal power plant is defined and the bidisperse model is compared to the Schumann model in its 18 

outcome for four different particle size combinations. In the single blow operation, where the storage 19 

volume is charged from uniform temperature, the temperature curves show differences of up to 20 

6.6 Kelvin. If the thermocline is given time to develop over several consecutive cycles, the difference 21 

in charging and discharging time of one period reaches up to 3.5 %. With the model presented in this 22 

work, accuracy of long duration or annual simulations can be significantly increased.  23 

1. Introduction 24 

 Molten salt thermal energy storage and its applications 1.1.25 

With increasing share of intermittent renewable energy sources, energy storage is playing an important 26 

role in further enhancing the penetration of renewables in power grids. For concentrating solar power 27 

(CSP) plants, two-tank molten salt thermal energy storage (TES) is currently the state-of-the-art for 28 

large scale energy storage (Gil et al., 2010; González-Roubaud et al., 2017). In this concept, molten 29 

salt is extracted from the cold storage tank, heated to a higher temperature level through concentrated 30 

solar irradiation and subsequently stored in the hot storage tank. During night times or cloudy weather 31 

conditions, hot molten salt is extracted, used for steam production and then fed back to the cold tank. 32 

Besides CSP applications, a new field of application is considered in Germany by combining thermal 33 

energy storage with conventional power plants (Olaf Winter, 2019).  34 

A novel approach for the molten salt storage concept is the application of only a single storage tank for 35 

storing both hot and cold molten salt simultaneously. Both fluid phases are separated through natural 36 

stratification. The cold salt is extracted from the tank at the bottom and the hot salt is at the top of the 37 

tank. For CSP plants, almost exclusively a mixture of 60 wt% Sodium Nitrate and 40 wt% Potassium 38 

Nitrate (called Solar Salt) is utilized. Typical costs for Solar Salt are reported in the range of 400-39 

900 $/t, which makes up roughly 50 % of the total costs of the storage system (Herrmann et al., 2004). 40 

If a significant fraction of the molten salt can be substituted by a packed bed of a cost effective solid 41 

storage material, the total costs can be vastly reduced. With typical costs of natural basalt rocks of only 42 

around 50 $/t and the molten salt making up 50 % of total costs, it becomes evident that substituting as 43 

much as possible molten salt with basalt rocks is the key for significant cost reductions. Reduction of 44 



void volume can only be achieved by multidisperse packings of particles having a significant 45 

difference in size, as illustrated by Fig. 1. A typical packing of rocks has a void fraction of 50 %, thus 46 

substituting the same amount of molten salt. If this void is filled with smaller rocks, having 50 % void 47 

themselves, the void can be further reduced to 25 %. From Fig. 1 can also be deduced that the smaller 48 

rocks must be significantly smaller than the larger ones, to fit into the gaps. Fundamental theory of 49 

packed beds with different particle sizes can be found elsewhere (Rhodes, 2008). 50 

 51 

Fig. 1: Illustration of void reduction from single size packed bed (left) to bidisperse packings (right) 52 

 Experimental work with thermocline high temperature thermal energy storage 1.2.53 

In practice, the thermocline concept with filler has been investigated by some authors so far. It has 54 

been demonstrated in the 1980s in a large scale of 170 MWhth at the SolarOne power plant (Faas et al., 55 

1986). This system used thermal oil as HTF and a rock/sand mixture as filler material. To our 56 

knowledge, the only available information about the filler material is the void fraction of 22 % and the 57 

larger particle diameter of 4.6 mm. 58 

Experimental results with molten salt, but in a smaller scale of 2.3 MWhth at temperatures of up to 59 

500 °C have been presented by Sandia (Pacheco et al., 2002). In this test facility a ternary molten salt 60 

mixture (44 %wt Ca(NO3)2, 12 %wt NaNO3, 44 %wt KNO3, similar to Hitec XL) has been used 61 

alongside a filler material mixed from 2 parts quartzite rocks and 1 part silica sand. The larger 62 

quartzite rocks were reported having 19.05 mm mean dimeter and the sand with 2.38 mm. The 63 

reported void fraction was 22 %.  64 

A mid-sized experiment with 3 m height, 1 m diameter and thermal oil operating at up to 350 °C has 65 

been investigated at CEA (Bruch et al., 2014). The filler was reported to be a mixture of 20 % sand 66 

with 3 mm mean diameter and 80 % gravel having 30 mm mean diameter. The reported overall void 67 

fraction achieved was 27 %. CEA has also successfully demonstrated a complete CSP pilot plant, 68 

consisting of a Fresnel collector, an Organic Rankine Cycle (ORC) and a thermocline thermal storage 69 

with 30 m³ in volume (Rodat et al., 2018, 2015).  70 

Another mid-sized experiment, similar to that of CEA, was developed at the PROMES CNRS 71 

Laboratory in Odeillo, a thermocline tank with filler has been integrated to a parabolic trough loop 72 

with an ORC. The tank is 3 m in height and 1.3 m in diameter (4 m³) (Fasquelle et al., 2017; 73 

Hoffmann et al., 2017). The filler material was monodisperse quartzite rock with 41 % void fraction 74 

and 40 mm mean particle diameter. Finally, at DLR a test facility for thermal energy storage in molten 75 

salts (TESIS) has been commissioned. The facility has a volume of 22 m³ and is shown in Fig. 76 

3.Currently, experiments with a monodisperse basalt filler packing of 8 to 11 mm and Solar Salt are 77 

carried out (Odenthal et al., 2019).  78 

 79 

~ 50 % void ~ 25 % void



 80 

Fig. 2: Thermal oil thermocline storage tank of the SolarOne plant (Faas et al., 1986) (left); Molten salt 81 
thermal storage tank test facility at Sandia (Brosseau et al., 2005) (right) 82 

 83 

Fig. 3: TESIS test facility during the insertion of three baskets with basalt filler material 84 

 Literature review of numerical models for thermocline thermal energy storage 1.3.85 

Besides experimental work, numerous publications deal with the simulation of aforementioned 86 

systems. (Schmidt and Willmott, 1981; Willmott, 2002) provide a thorough collection of modelling 87 

approaches. Both books describe single and multiple-equation modelling approaches. Another 88 

comprehensive and well-known work is that of (Ismail and Stuginsky Jr, 1999). The authors present 89 

several models suitable for regenerator type storage systems and undertake a parametric study for a 90 

comparison. The following sections give a brief overview of one-dimensional models and examples of 91 

applications found in the literature. 92 

Single phase model 93 

The single phase model assumes infinitely high heat transfer between solid and fluid and thus a 94 

common temperature of both phases. This allows considering both phases as a homogeneous mixture 95 

with only a single differential equation. An effective conductivity of the fluid/solid mixture is 96 

considered in this model. This model is used by some authors, for example by (Hoffmann et al., 2016), 97 

where three sets of experimental data are compared to the model or by (Bayón and Rojas, 2013) where 98 

it is used to derive dimensionless parameters for tank performance prediction and evaluation. 99 

Schumann and continuous solid phase model 100 

The continuous solid phase model uses two coupled partial differential equations for the solid and 101 

fluid. A uniform temperature for the solid and a different uniform temperature for the fluid are 102 

assumed. Heat transfer between both phases is calculated often from a lumped heat transfer 103 



correlation, considering additional resistance through conduction inside the solid particles. The 104 

continuous solid phase model considers effective thermal conductivity 𝜆eff,x of the solid/fluid mixture. 105 

Without effective thermal conductivity, the model is referred to as the Schumann model (Schumann, 106 

1929).  107 

Some authors using the Schumann model are (Van Lew et al., 2009) who did investigations based on 108 

purely non-dimensional calculations. The model is later used by (Li et al., 2011) and (Reddy et al., 109 

2017) for further investigations. (Valmiki et al., 2012) also use the Schumann model which is 110 

validated with data of an experiment with rapeseed oil.  111 

The continuous solid phase (CS) model is used by most authors. (Hoffmann et al., 2016) use this 112 

model alongside their single phase model for a comparison. (Flueckiger et al., 2014) use their model 113 

for system level simulations. (Yang et al., 2012) investigate specific performance criteria for a fictive 114 

storage material. (Niedermeier et al., 2018) compare the performance of a molten salt packed bed to a 115 

sodium packed bed. Several others utilize a 2D CS model which can be found in a recent review 116 

article by (Esence et al., 2017). 117 

Dispersion concentric 118 

A more sophisticated approach is the utilization of a dispersion concentric model. This model assumes 119 

a temperature gradient inside the particles which are also spatially discretized at each fluid node. This 120 

is usually justified for high Biot numbers, when the particles are large or heat transfer is very high. 121 

Some authors using the dispersion concentric model are (Zhao et al., 2017), (Galione et al., 2015) and 122 

(Niedermeier et al., 2018). 123 

All existing models can be extended by considering additional effects. These are temperature 124 

dependent fluid properties, heat losses to the environment, either by an overall heat loss coefficient or 125 

an additional partial differential equation for the tank walls. Furthermore, much work on correlations 126 

for heat transfer coefficients and effective conductivity can be found, as summarized by (Esence et al., 127 

2017). Independently of the numerical model, these correlations can consider numerous other physical 128 

effects, such as particle to particle thermal resistance, turbulent mixing or radiative effects, to name a 129 

few. 130 

 Scope and method of the presented paper 1.4.131 

For the practical application of molten salt thermocline TES, the necessity for bidisperse packings has 132 

been elucidated, which is also supported by the fact that most experiments actually utilize bidisperse 133 

packings. Bidisperse packings are also relevant for particle based heat exchangers, where such 134 

bidisperse model could be relevant as well. However, the assumptions made for this publication are 135 

intended for molten salts and thus not necessarily valid for other applications. 136 

From the literature survey can be concluded, that a large variety of modelling approaches exists so far. 137 

Several authors present very detailed models such as the concentric dispersion models or sophisticated 138 

correlations for effects such as effective conductivity. However, all publications known to the authors 139 

where bidisperse packings are simulated use the compromise of calculating a mean particle diameter 140 

and treating the packing as monodisperse. The purpose of the present work is to introduce a bidisperse 141 

model, based on the Schumann model, which is extended by another partial differential equation for 142 

the solid phase in order to model the small and large particles separately. In this way, the different heat 143 

transfer areas of small and larger particles are addressed.  144 

For reference, the bidisperse model’s performance is compared to aforementioned classic Schumann 145 

model, where only a mean particle diameter is used. The reason for using the Schumann model as 146 

reference is that it is simple and neglects effective conductivity. Radiative heat transfer is also 147 

neglected, further simplifying the heat transfer correlation between solid and fluid. Thus, the only 148 

difference between both models will be the consideration of the second PDE in the solid phase, which 149 

allows focusing on its impact on the model outcome. Neglecting effective conductivity at non-stagnant 150 

flow conditions and radiative heat transfer alongside molten salt is also justified from the physical 151 

perspective, since both contributions are small compared to the convective heat transfer (Kays et al., 152 

2009; Kunii and Smith, 1960). 153 



Both models are initially validated by experimental data found in the literature. For the comparison of 154 

the two models, simulations for both single blow and cyclic operation are carried out. The single blow 155 

operation is causing harsh temperature gradients, since the storage is charged from an initial uniform 156 

temperature. The cyclic operation allows investigating slowly developing differences over longer time 157 

period. The boundary conditions of the simulations are derived from a practical case. Simulations are 158 

run with different packings where the size between large and small particles is varied. Finally, the 159 

results are utilized to give recommendations and estimate errors of annual performance calculation of 160 

a CSP plant using the single particle and bidisperse models. 161 

2. Description of the bidisperse model  162 

The formulation of the model contains several basic assumptions, which are discussed in the following 163 

sections.  164 

 Geometric definitions 2.1.165 

For simulations, the storage volume is considered as a cylindrical container, as shown in Fig. 4. The 166 

dimensions are defined by the length 𝐿 and the diameter 𝐷 of the storage volume. From these 167 

variables, the cross sectional area 𝐴0 can be calculated.  168 

Due to their natural origin, the filler particles are of irregular shape. For the simulation, it is assumed 169 

that the particles are spheres, having the same mean volume 𝑉p as the particles. With this assumption, 170 

the diameter 𝑑p of the spheres is defined. As stated beforehand, for liquid thermocline TES typically 171 

two differently sized particles 𝑑p1 and 𝑑p2 exist, where 𝑑p1 are the larger particles, as also illustrated 172 

in Fig. 4. The Schuman model considers the particle diameter as an average diameter, which can be 173 

calculated from 174 

𝑑p = 𝑤 ⋅ 𝑑p1 + (1 − 𝑤) ⋅ 𝑑p2.  (1) 

Here, the share in volume of the large filler is denoted by 𝑤.  175 

The void fraction, i.e. the space not occupied by the filler material is described by the variable 𝜀. 176 

Generally, the fluid is referred to by the subscript f and the solid filler material by the subscript s. 177 

 178 

Fig. 4: Geometric properties of the storage volume and the filler particles inside 179 

With these definitions, the models can be described as followed in the next sections. 180 

 181 



 Modelling approach 2.2.182 

 General approach and simplifications 183 

The thermodynamic model is based on the first law of thermodynamics 184 

d�̇� + d𝑃 = d�̇� + d𝐸a.  (2) 

No work is added or subtracted (d𝑃 = 0) and changes in potential and kinetic energy are negligible 185 

(d𝐸a = 0). Only heat (d�̇�) is exchanged and inner energy is varying with respect to time (d�̇�). The 186 

resulting equation is applied to each phase of a volumetric element of the storage volume, where a 187 

phase could be the fluid or storage material. Generally speaking, this means that the change in inner 188 

energy 𝑢 equals added and subtracted inner energy through conduction and/or convection as well as 189 

thermal power �̇�′′′ through heat sinks and sources, as expressed by: 190 

𝜕(𝜌𝑢)

𝜕𝑡
+ 𝛻[𝑢𝜌�⃑� − 𝜆𝛻𝑇] = �̇�′′′, (3) 

where 𝜌 denotes the density, �⃑� the velocity, 𝜆 thermal conductivity and 𝑇 is the temperature. 191 

Expressing above equation in a one-dimensional coordinate system with the coordinate 𝑥 and the static 192 

enthalpy ℎ = 𝑢 + 𝑝 𝜌⁄ , the equation now reads: 193 

𝜕(𝜌ℎ)

𝜕𝑡
−

𝜕𝑝

𝜕𝑡
= −

𝜕

𝜕𝑥
[ℎ𝜌𝑣𝑥 − 𝑝𝑣𝑥 − 𝜆𝑖

𝜕𝑇

𝜕𝑥
] + �̇�′′′ (4) 

For equation (4), the following assumptions are made: 194 

1. The fluid phase is incompressible, which leads to 
𝜕𝑝

𝜕𝑡
= 0 and 

𝜕𝑝

𝜕𝑧
= 0. This means that 195 

specific inner energy equals specific enthalpy (d𝑢 = dℎ).  196 

2. Ideal gas is assumed, therefore dℎ = 𝑐𝑝,f d𝑇. 197 

3. Plug flow is assumed with no lateral components, 𝑣x ≠ 𝑓(𝑟) 198 

4. No chemical reactions 199 

5. Homogenous distribution of solid phases, thermophysical properties are not depending on 200 

spatial position. 201 

6. Effective bed conduction is neglected, although most authors are considering it when using 202 

the continuous solid phase model. According to (Kays et al., 2009), this assumption is 203 

justified if for the bulk flow 𝑃𝑒 ≫ 100, which can be confirmed. Thus, 𝜆𝑖 = 0. 204 

7. We assume constant thermophysical properties. 205 

8. All heat losses to the environment are neglected 206 

With above assumptions and simplifications, the basic differential equation for the models is given by 207 

equation (5): 208 

𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
= −𝜌𝑐𝑝𝑣𝑥

𝜕𝑇

𝜕𝑥
+ �̇�′′′  (5) 

This basic differential equation is applied to all phases with further assumptions and simplifications. 209 

 Deriving the models from the basic equations 210 

The bidisperse model uses two partial differential equations for the solid particles. The equations are 211 

referred to by the subscripts (s1) and (s2), as illustrated in Fig. 5. The equation for the fluid is given 212 

by equation (6) and also illustrated in Fig. 5. The transient term of the fluid contains the void fraction 𝜀 213 

and volumetric heat capacity 𝜌f𝑐p,f. In the convective term, 𝑣0,x,f denotes the free flow velocity of the 214 

fluid. Equation (6) also has two source terms, �̇�f−s1
′′′  and �̇�f−s2

′′′ , coupling the fluid with each of the two 215 

solid phases. 216 

𝜀𝜌f𝑐p,f

𝜕𝑇f

𝜕𝑡
 = −𝜌f𝑐p,f𝑣0,x,f

𝜕𝑇f

𝜕𝑥
+ �̇�f−s1

′′′ + �̇�f−s2
′′′ .  (6) 



For the solid phases, the two equations are given by (7), containing the volumetric heat capacity of the 217 

solid 𝜌s1𝑐s1 and 𝜌s2𝑐s2, respectively, and no convective terms. A weighting factor w = 0. .1 is 218 

introduced, which describes the ratio between the two solid phases as also used in equation (1). 219 

𝑤 ⋅ (1 − 𝜀)𝜌s1𝑐s1

𝜕𝑇s1

𝜕𝑡
 = �̇�s1−f

′′′      and 

(1 − 𝑤) ⋅ (1 − 𝜀)𝜌s2𝑐s2

𝜕𝑇s2

𝜕𝑡
 = �̇�s2−f

′′′ .  (7) 

The source terms �̇�f−s1
′′′  and �̇�f−s2

′′′  are calculated from equation (8). Equation (8) and the following 220 

equations are exemplarily given for the large particles s1, the calculation for the small particles s2 is 221 

analogous. 222 

�̇�f−s1
′′′  = −�̇�s1−f

′′′ = ℎvol,1 ⋅ (𝑇s1 − 𝑇f).   (8) 

The lumped volumetric heat transfer coefficient for the s1 particles ℎvol,1 is calculated from equation 223 

(9). This equation consists of the film coefficient ℎsurf,1, the specific surface per volume 𝑎v,1 and a 224 

second term for the thermal resistance through conduction in the particle (Schmidt and Willmott, 225 

1981).  226 

ℎvol,1 = 𝑎v,1 ⋅ (
1

ℎsurf,1
+

5 ⋅ 𝑑p1

2 ⋅ 𝜆s
)

−1

.  (9) 

The specific surface per volume 𝑎v,1 is calculated similarly to the monodisperse packings with the 227 

overall void fraction 𝜀 but with the addition of the weighting factor 𝑤. For 𝑎v,2, the basic equation is 228 

multiplied by (1 − 𝑤). Both equations thus read as followed: 229 

𝑎v,1 = 𝑤
6(1 − 𝜀)

𝑑p1
,    𝑎v,2 = (1 − 𝑤)

6(1 − 𝜀)

𝑑p2
.  (10) 

The film heat transfer coefficient for the s1 particles ℎsurf,1 is calculated by a widely used formula 230 

presented by (Wakao and Kagei, 1982), where 𝑃𝑟 is the Prandtl number and 𝑅𝑒 the particle Reynolds 231 

number: 232 

ℎsurf,1 = 2 + 1.1 ⋅ 𝑃𝑟𝑠1

1
3⁄

⋅ 𝑅𝑒𝑠1
0.6.  (11) 

 233 



 234 

Fig. 5. Simplified representation and discretization scheme of the bidisperse model 235 

 236 

 Numerical Implementation 2.3.237 

 Nondimensionalization of the equations 238 

The nondimensionalization of the equations is realized according to equation (12). For the 239 

temperatures and time, a reference value 𝑇ref and 𝑡ref, respectively, are taken. The length is 240 

nondimensionalized by the length 𝐿 of the storage volume. 241 

𝛩 =
𝑇

𝑇ref
, 𝜏 =

𝑡

𝑡ref
, 𝜉 =

𝑥

𝐿
.  (12) 

 Discretization of the equations 242 

Transient discretization is done by a fully implicit scheme. At node 𝑖, the derivative with respect to 243 

time reads 244 

𝜕𝛩

𝜕𝑡
=

𝛩𝑖
𝑛+1 − 𝛩𝑖

𝑛

Δ𝜏
.  (13) 

The convective derivative is discretized by a second order upwind scheme according to 245 

𝜕𝛩

𝜕𝜉
=

𝛩𝑖−2
𝑛+1 − 4𝛩𝑖−1

𝑛+1 + 3𝛩𝑖
𝑛+1

2Δ𝜉
.  (14) 

1
2



 Boundary and initial conditions 246 

The boundary conditions of the PDEs must only be considered for the fluid temperatures and can be 247 

described as followed. In the inlet region, fluid temperatures at nodes outside the domain have a 248 

constant value of 𝛩f,in  249 

𝜉 = 0: 𝛩f,−2 = 𝛩f,−1 = 𝛩f,in.  (15) 

In the outlet region, it is assumed that no heat flux is occurring, hence the outlet condition reads 250 

𝜉 = 1:
𝜕𝛩f

𝜕𝜉
= 0.  (16) 

Initial conditions at 𝜏 = 0 are set up for both fluid and solid, according to equation (17). 𝛩init is the 251 

nondimensionalized initial temperature. 252 

𝜏 = 0: 𝛩f,𝑖 = 𝛩s,𝑖 = 𝛩init  (17) 

 Implementation in MATLAB 253 

With above equations one yields a set of ordinary differential equations (ODEs), which leads to a 254 

system of linear dependent equations. They can be described by 255 

(�̿� + �̿�𝐧+𝟏) ⋅ 𝚯𝐧+𝟏 = 𝚯𝐧 + 𝒃.  (18)  

�̿� is the identity matrix, �̿�𝐧+𝟏 a sparse band matrix, 𝚯𝐧+𝟏 and 𝚯𝐧 the vectors of the temperature field 256 

for the next and current time step, whilst vector 𝒃 contains the boundary conditions. The linear system 257 

is solved by the Matlab® routine mldivide which is part of a DLR in-house tool for sizing regenerator 258 

type thermal energy storages. 259 

 Model validation 2.4.260 

From the experimental data found in the literature, the data given by (Pacheco et al., 2002) appears 261 

most feasible for model validation, since it contains all nescessary information. Data is also available 262 

from (Hoffmann et al., 2016), however, only a monodisperse packing is used. The same applies to own 263 

experiments conducted by the authors (Odenthal et al., 2019). The data provided from the SolarOne 264 

experiments (Faas et al., 1986) lacks information about the filler size distribution. The data provided 265 

from the CEA experiments by (Bruch et al., 2014) is missing the information on the exact 266 

temperatures used during the experiments. 267 

The simulation input data is summarized in Table 1. Information on initial temperature profiles and a 268 

comparison with the simulation is given in Fig. 6. For the validation, both the bidisperse and the 269 

Schumann model are used. To obtain the Schuman model from the bidisperse model, one of the solid 270 

equations is set to zero and for the other the mean particle diameter is used. As can be seen in Fig 5 271 

(dashed and continuous line), both models yield nearly the same temperature profiles. Thus, it can be 272 

concluded that both models can depict the experimental results. Moreover, since the timespan covered 273 

by the validation simulation is rather short and practically no greater temperature differences occur, 274 

the results might lead to a false conclusion that there is no advantage of the bidisperse model over the 275 

monodisperse model. Therefore, in the next chapter a realistic scenario with larger time intervals is 276 

considered to investigate how differences between the Schumann and bidisperse model develop. 277 

 278 

 279 

 280 

 281 



Table 1: Bidisperse filler materials used in the literature and for the model validation 282 

Parameter Symbol Value Unit 

Length of storage 𝐿 6.1 m 

Diameter of storage 𝐷 3.0 m 

Large particle diameter 𝑑p1 19.05 mm 

Small particle diameter 𝑑p2 2.38 mm 

Share of large filler 𝑤 0.66 - 

Mean diameter 𝑑p 13.38 mm 

Void fraction 𝜀 0.22 - 

Large Filler material − Quartzite  - 

Small Filler material − Sand - 

HTF − Solarsalt - 

Duration 𝑡sim 3 h 

Mass flow rate �̇� 5.46 kg / s 

Inlet temperature 𝑇in 289.0 °C 

grid size Δ𝑥 1 cm 

Time step length Δ𝑡 5 s 

  

 283 

  284 

Fig. 6: Validation of the two models with experimental data from  (Pacheco et al., 2002). Simulations were 285 
run with the Schumann model (SH) and the bidisperse model (BD). 286 

3. Investigated scenarios 287 

 General case of application 3.1.288 

For the present study, a solar thermal power plant using Solar Salt as heat transfer fluid (HTF) is 289 

considered. The plant has a nominal thermal power of 235 MWth, which equals an electric power of 290 

100 MWel. The inlet temperature is 550°C and the outlet temperature 310 °C, the necessary mass flow 291 

rate of Solar Salt is 630 kg/s.  292 

In terms of the storage size, it is assumed that in a cyclic steady state, i.e. after several consecutive 293 

charging and discharging cycles with above inlet conditions, the storage can be charged for 12 hours 294 

with a maximum temperature change at the outlet of 40 Kelvin. Furthermore, the height of the storage 295 

volume is assumed to be 10 meters. Typical values for two-tank storage systems are in the range of 12-296 

14 m (González-Roubaud et al., 2017). 297 
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For the filler material a certain range should be covered, as illustrated by Fig. 7. Four different filler 298 

configurations are defined, as summarized in Table 2. The first packing is a monodisperse packing of 299 

2 mm particles which typically would yield a void fraction of 40 %. On the other end of the range, we 300 

assume a bidisperse packing of small particles with 2 mm in diameter and large particles with 50 mm 301 

diameter. The void fraction assumed is 22 % in conjunction with values given in the literature (Faas et 302 

al., 1986; Hoffmann et al., 2016; Pacheco et al., 2002). Furthermore, two intermediate particle 303 

configurations are assumed (see Table 2). For all bidisperse packings, a share of 70 % for the larger 304 

particles is assumed, as a typical value (Yu et al., 1996). As also illustrated in Fig. 7, there are certain 305 

ranges within the different types of models discussed in the introduction might be suitable. The given 306 

boundaries are arbitrary and for illustrational purpose. In fact the present work should provide help in 307 

deciding which model is suitable for a given application. The single phase model should yield 308 

inaccurate results as particle sizes are increasing and the assumption of infinite heat transfer is not 309 

valid any more. For the Schuman model, the assumption of a mean diameter should also lead to 310 

increasing inaccuracy of the simulation with increasing particle size differences of small and large 311 

particles. From this point on, the bidisperse model should be more accurate. Albeit Schumann and 312 

bidisperse model can cover the whole range, those models using fewer differential equations might be 313 

a better choice in terms of computing effort. 314 

 315 

Fig. 7: Overview of investigated particle size distributions and suitable models for the investigation. Single 316 
phase model is shown for completeness and is not part of the presented modeling work. 317 

With above assumptions and specifications, the actual storage dimensions can be determined. The 318 

storage is simulated in cyclic operation with the given permitted change in exit temperature as 319 

criterion for switching the operation mode of charging and discharging. The simulations are repeated 320 

until cyclic steady state is reached. A simplex algorithm is used to adjust the cross sectional area in a 321 

way, that the predefined charging time of 12 hours is reached. Sizing simulations were run with the 2-322 

2/.40 and the 2-50/.22 particle sizes and an average cross section area from both simulations of 323 

1700 m² was taken. The resulting dimensions are summarized in the last section of Table 2. 324 

 325 
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 334 

Particle size
dp1 – dp2 / ε

p1
p2

Single phase model
(for completeness)

Schumann model

Bidisperse model



Table 2: Summary of boundary conditions, storage specifications and operating parameters 335 

 Common boundary conditions  

Upper / lower temperature 550 / 310 °C 

Mean temperature 430 °C 

Thermal power 235 MW 

Mass flow rate 630 kg/s 

    
 Storage specifications  

Storage time 12 h 

Permitted change in exit temperature 40 K 

    
Packing 2-2/.40 2-18/.34 2-34/.28 2-50/.22  

Particle diameters 𝑑p1& 𝑑p2 

(mixture) 
2 2 & 18 2 & 34 2 & 50 mm 

Share of large filler - 70 70 70 % 

Mean particle diameter 2 13.2 24.4 35.6 mm 

Total void fraction 40 34 28 22 % 

 Sizing of the storage volume  

Length 10 m 

Cross sectional area 1700 m² 

Storage diameter 46.5 m 

Mass flux density 0.371 kg/m²s 

 336 

 Outer boundary conditions and evaluation 3.2.337 

For the investigation of the bidisperse model, the four different packings are simulated for 14 338 

consecutive cycles, where one cycle consists of a charging and a discharging period with the inlet 339 

conditions given in Table 2. Simulations are run both with the bidisperse model (BD) and with the 340 

Schuman model (SH). For the Schumann model the mean particle diameters are used, which are also 341 

given by Table 2. 342 

 Single blow operation 343 

To assess the differences between the models, two cases are considered. The first one is the difference 344 

after 6 hours of the initial charging period, which is often referred to as the single blow operation. For 345 

this case, the mean temperature difference Δ𝑇f̅ between the temperature curve of the bidisperse model 346 

and the Schumann model are calculated. To calculate Δ𝑇f̅, the absolute differences at each fluid node 𝑖 347 

are taken and divided by the total number of nodes 𝑛. 348 

Δ𝑇f̅ =
1

𝑛
 ∑|𝑇f,𝑖

BD − 𝑇f,𝑖
SH|

𝑖

  (19) 

Furthermore, the maximum occurring temperature difference Δ𝑇f,max between the SH and the BD 349 

model are calculated from  350 

Δ𝑇f,max = max|𝑇f,𝑖
BD − 𝑇f,𝑖

SH|  (20) 

 Cyclic operation 351 

The second case is the difference between SH and BD modeling results after the cyclic operation. In 352 

that case, temperature differences would not be expedient, since the positions of the temperature 353 

curves differ among the results. Instead, the total time for the last discharging period  Δ𝑡per
′′  as well as 354 

the total simulation time Δtsim are compared to the Schumann model (SH). This approach allows a 355 

better comparison to clarify differences of the model outcome in the long term. 356 



4. Comparison of the bidisperse model to the Schumann modeling results 357 

In a first step a grid study is performed, to ensure consistent results. Results of the single blow 358 

simulation are compared with variations of grid size and time step length. Simulations were run with 359 

the 2-2/.40 packing, since gradients are highest here. In a first step, grid spacing is set to 0.05 cm and 360 

simulations with a time step length of 0.02 seconds is taken as reference. For a time step of 2 seconds, 361 

the mean deviation Δ𝑇f̅ is 0.08 Kelvin, which is below the threshold of 0.1 Kelvin. In a second step, 362 

the time step is kept at 2 seconds and the grid size of 0.05 cm is taken as reference. Due to the strong 363 

gradients, some numerical instability occurred, if grid size was extended. Thus, all simulations are run 364 

with 0.05 cm grid size. 365 

 Single blow operation 4.1.366 

The results of the single blow operation for the four investigated packings defined in Table 2 are 367 

shown in Fig. 8. The plots show the spatial temperature profiles in axial flow direction. A 368 

magnification is given for better readability of the values. For the 2 mm particles, the Schumann and 369 

bidisperse model yield the same temperature curves, since there is no difference in particle sizes. With 370 

increasing size difference of the particles, results between both models differ increasingly. 371 

Accompanied with this, the thermocline thickness is also increasing with larger particles. The reason 372 

for this is that they are limiting the heat transfer due to their smaller total heat transferring surface and 373 

larger conductive resistance into the particles. Thus, the section where heat transfer takes place, i.e. 374 

thermocline region, is increasing as well. For the 2-18/.34 packing, the maximum temperature 375 

difference between both models Δ𝑇f,max is 5 Kelvin, which further grows up to 6.6 Kelvin for the 2-376 

50/.22 packing. The mean temperature difference  Δ𝑇f̅ reaches a value of almost 1 Kelvin. The exact 377 

values for mean temperature difference  Δ𝑇f̅ and maximum temperature difference Δ𝑇f,max are also 378 

summarized in Table 3. Contrary to the validation simulation (see Fig. 6), where the packing was 379 

similar to the 2-18/.34 packing, the visible temperature differences are more distinct due to the strong 380 

gradient occurring in the first seconds of operation. For the larger particles, the differences become 381 

clearly visible in the plotted graphs. 382 

 383 

Fig. 8: Fluid temperature curves in flow direction of the Schumann and bidisperse model after 6 hours of 384 
operation for a variation of particle sizes, starting from only 2 mm particles up to 2 & 50 mm particles. 385 

Compared to the single blow discussion in this section, the next section deals with the outcome after 386 

several consecutive cycles. 387 
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 Cyclic operation 4.2.388 

Fig. 9 shows the fluid temperature profiles in flow direction at the beginning of the last discharge 389 

period of the 14
th
 cycle. For the 2-2/.40 packing, the bidisperse model expectedly equals the SH model 390 

again. It can be seen that the deviation increases with increasing difference of the particle diameters. 391 

Further analysis shows that there is a linear trend of the deviations. With the next larger particle size 2-392 

18/.34, the mean temperature difference Δ𝑇f̅ is now 1.3 Kelvin and the maximum Δ𝑇f,max already 11.5 393 

Kelvin. These differences further grow and eventually reach 3 Kelvin mean temperature difference Δ𝑇f̅ 394 

and 12.4 Kelvin maximum temperature difference Δ𝑇f,max for the 2-50/.22 packing. All values are also 395 

summarized in Table 3. 396 

 397 

Fig. 9: Fluid temperature curves in flow direction of the Schumann and bidisperse model at the beginning 398 
of the last discharge period (after 14 cycles) for a variation of particle sizes, starting from only 2 mm 399 
particles up to 2 & 50 mm particles. 400 

The differences between the two models can also expressed in a different way by looking at the 401 

deviations in the duration of the last discharge period Δ𝑡per
′′  or the total simulation time Δtsim, which 402 

are also shown in Table 3. Also given in Table 3 are the differences between the models expressed in 403 

percent. For the 2-18/.34 packing, the last discharge period is 9 mins or 1.2 % shorter with the 404 

bidisperse model compared to the Schumann model. The total simulation time is almost 4 hours 405 

shorter, which is around 1 %. With the largest packing 2-50/.22, the difference between Schumann and 406 

bidisperse model is 23 mins or 3.6 % shorter in the duration of the last discharge period and 9.5 hours 407 

or 3.2 % for the simulation time. Expressed this way, the differences both in the length of the last 408 

period and simulation time increase almost linearly.  409 
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Table 3: Differences of the bidisperse model (BD) compared to the Schumann model (SH) for the different 417 
packings in terms of temperature differences for the single blow operation and in terms of simulation time 418 
for the cyclic operation. 419 

Packing 

(particle size / 

void fraction) 

2-2/.40 2-18/.34 2-34/.28 2-50/.22 

 

 Single blow operation  

 𝚫𝑻𝐟
̅̅ ̅ 𝚫𝑻𝐟,𝐦𝐚𝐱 𝚫𝑻𝐟

̅̅ ̅ 𝚫𝑻𝐟,𝐦𝐚𝐱 𝚫𝑻𝐟
̅̅ ̅ 𝚫𝑻𝐟,𝐦𝐚𝐱 𝚫𝑻𝐟

̅̅ ̅ 𝚫𝑻𝐟,𝐦𝐚𝐱  

difference (abs) 0.00 0.00 0.33 5.00 0.65 6.03 0.97 6.58 K 

          

 Cyclic operation  

difference (abs) 0.00 0.00 1.26 11.51 2.28 12.59 3.03 12.41 K 

 𝚫𝒕𝐩𝐞𝐫
′′  𝚫𝐭𝐬𝐢𝐦 𝚫𝒕𝐩𝐞𝐫

′′  𝚫𝐭𝐬𝐢𝐦 𝚫𝒕𝐩𝐞𝐫
′′  𝚫𝐭𝐬𝐢𝐦 𝚫𝒕𝐩𝐞𝐫

′′  𝚫𝐭𝐬𝐢𝐦  

difference (abs) 0.0 0.0 9.0 222.2 16.6 413.3 22.6 571.5 min 

difference (rel) 0.00 0.00 1.18 1.07 2.39 2.16 3.59 3.25 % 

  

5. Conclusion  420 

In this work, a novel bidisperse model (BD) has been introduced, using two partial differential 421 

equations for the solid phase. The model has been validated with experimental data and showed 422 

similar agreement as the often used Schumann model (SH). Subsequently, a reference case was 423 

defined and used for further investigations. Simulations of the single blow behavior and of several 424 

consecutive cycles showed increasing differences with increasing size ratio of the large and small 425 

particles for bidisperse packings. For the largest investigated ratio of 2 mm & 50 mm particles, the 426 

temperature curves differed up to 6.6 Kelvin after 6 hours of simulation. After 14 consecutive cycles, 427 

the duration of the last discharge period was 22.6 minutes or 3.6 % shorter with the BD model 428 

compared to the SH model. The maximum temperature difference at the beginning of the last 429 

discharge cycle was more than 12 Kelvin. The investigation showed that although there was only little 430 

difference between SH and BD model during the validation simulation, the simulation of consecutive 431 

cyclic operation led to a significant difference in the model outcome.  432 

The improvement achieved by introducing the bidisperse model appears to be in the same order of 433 

magnitude as the consideration of other effects such as variable fluid properties, heat losses or 434 

effective conductivity. Particularly the latter effect is considered by most authors in the continuous 435 

solid phase model as described in the introduction. Hence, it is suggested to use a bidisperse model as 436 

described in this work, if packed beds with two distinct particle sizes for thermocline TES with fluids 437 

such as oil or molten salt are simulated. The results indicated that with increasing number of cycles, 438 

differences between the two models increase further. The observed differences are not quite apparent 439 

after short simulation times such as model validations or single blow operation. Thus, investigating the  440 

model outcome over longer time periods is always recommended. 441 
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Nomenclature 445 

 Symbols 446 

𝑎v  specific surface per volume (m²/m³) 447 

𝐴0  storage cross sectional area (m²) 448 

𝑐, 𝑐p  specific heat capacity  (J/kgK) 449 



𝑑p  particle diameter  (m) 450 

𝐷  storage diameter  (m) 451 

ℎ  specific enthalpy   (J/kg) 452 

ℎsurf  surface film heat transfer coeff.  (W/m²) 453 

ℎvol  volumetric heat transfer coeff.  (W/m³) 454 

𝐿  storage length   (m) 455 

�̇�  mass flow   (kg/s) 456 

𝑛  number of nodes  (-) 457 

𝑝  pressure   (Pa) 458 

𝑃  work    (W) 459 

𝑃𝑟  Prandtl number 𝜇𝑐p 𝜆⁄   (-) 460 

𝑃𝑒  Péclet number 𝑅𝑒 ⋅ 𝑃𝑟  (-) 461 

�̇�′′′  volumetric heat source/sink  (W/m³) 462 

𝑅𝑒  Reynolds number �̇�𝑑p 𝐴0𝜆𝜇⁄  (-) 463 

𝑡  time    (s) 464 

Δ𝑇f̅  mean fluid temp. diff.  (K) 465 

Δ𝑇f,max  max. fluid temp. diff.   (K) 466 

𝑉p  particle volume   (m³) 467 

𝑢  specific inner energy  (J/kgK) 468 

𝑣0  free flow velocity  (m/s) 469 

𝑤  weighting factor  (-) 470 

𝑥  axial coordinate   (m) 471 

 Greek symbols 472 

Δ  difference   (-) 473 

𝜀  void fraction   (-) 474 

𝜉  dimensionless distance  (-) 475 

𝜆  thermal conductivity  (W/mK) 476 

𝜇  dynamic viscosity  (Pa s) 477 

𝜌  density    (kg/m³) 478 

𝜏  dimensionless time  (-) 479 

Θ  dimensionless temperature (-) 480 

 Subscripts 481 

eff  effective value 482 

f  fluid 483 

i  node i 484 

init  initial condition 485 

max, min maximum, minimum 486 

per  period 487 

p, p1, p2 particle, particle 1, particle 2 488 

ref  reference 489 

sim  simulation 490 

s  solid 491 

s1, s2  solid 1, solid 2 492 

x  position in flow direction 493 

 Superscripts 494 

n  time step n 495 

‘  charging period 496 

‘‘  discharging period 497 

 498 
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