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1. Introduction 
 

Recently, nuclear systems are considered as one of the 
most suitable power sources to compensate for 
intermittent renewable energies [1]. With thermal energy 
storage (TES) systems, it is possible to increase not only 
the flexibility of whole systems but also safety by 
reducing the reactor power variations. For this reason, 
there are many studies on TES systems coupled with 
nuclear power systems [1-3].  

There are two typical TES types, such as two-tank and 
single-tank TES systems. The single-tank TES system, 
called as thermocline TES system, based on the thermal 
stratification phenomenon has 20-37% economic 
advantages compared to the two-tank systems by 
reducing the total tank volumes [4]. However, it is not 
easy but important to expect the temperature distribution 
in the thermocline tank for designing and operating the 
TES system.  

In this study, the preliminary analysis of a thermocline 
TES system is performed to predict the temperature 
distribution with a one-dimensional (1-D) analytical 
model. In order to properly analyze the TES system, a 
molten salt thermocline TES system concept coupled 
with a pool type sodium-cooled fast reactor is developed 
as shown in Fig. 1. There are three operation modes; 
normal operation mode, charging mode, and discharging 
mode. However, since this study is for preliminary 
analysis, only the charging mode is analyzed to confirm 
the feasibility of the TES system. The 1-D analytical 
model is specified and compared to experimental results 
of a previous study [5]. Finally, it is used to expect the 
temperature distribution of the target thermocline TES 
system in terms of vertical location and time in this study.  

 

 
 
Fig. 1. Schematic of a molten salt thermocline TES system 
coupled with a sodium-cooled fast reactor. 

 

 
 
Fig. 2. Schematic of 1-D flow in molten salt thermocline TES 
system during charging mode. 
 

2. Analysis methodology of thermocline tank 
 
2.1 One-dimensional analytical model 

 
Similar to previous studies [4, 5], the flow of the 

thermocline TES system is considered as a 1-D flow to 
simplify the analysis with some assumptions. The 
assumptions for the 1-D analytical model are as same as 
the information in the previous study [5]. The schematic 
for the 1-D analytical model is shown in Fig. 2. 

The analytical model could be derived from the 1-D 
governing energy equation as the following equation: 

 

𝜌𝜌𝑐𝑐𝑝𝑝
𝜕𝜕𝜕𝜕(𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑡𝑡 + 𝜌𝜌𝑐𝑐𝑝𝑝𝑢𝑢

𝜕𝜕𝜕𝜕(𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑦𝑦 = 𝑘𝑘 𝜕𝜕

2𝜕𝜕(𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑦𝑦2          (1) 

 
Where, 𝑦𝑦  is the location of the vertical direction; 𝜌𝜌 
denotes the fluid density; 𝑐𝑐𝑝𝑝  is the specific heat of the 
working fluid; 𝑘𝑘 denotes the thermal conductivity of the 
fluid; 𝑢𝑢  is the velocity of the downward for the 
thermocline. The 1-D governing energy equation could 
be normalized as follows: 

 
𝜕𝜕𝜕𝜕(𝜁𝜁,𝜏𝜏)
𝜕𝜕𝜏𝜏 + 𝑃𝑃𝑃𝑃 𝜕𝜕𝜕𝜕(𝜁𝜁,𝜏𝜏)

𝜕𝜕𝜁𝜁 = 𝜕𝜕2𝜕𝜕(𝜁𝜁,𝜏𝜏)
𝜕𝜕𝜁𝜁2              (2) 

 
Where, 𝜕𝜕(𝜁𝜁, 𝜏𝜏)  is the normalized temperature; 𝜁𝜁  is the 
normalized vertical location; 𝜏𝜏 is the dimensionless time 
as same as the Fourier number; 𝑃𝑃𝑃𝑃 is the Peclet number. 
The dimensionless parameter are defined as follows: 

 
𝜕𝜕 = (𝜕𝜕 − 𝜕𝜕𝑐𝑐) (𝜕𝜕ℎ − 𝜕𝜕𝑐𝑐)⁄              (3) 

 
𝜁𝜁 = 𝑦𝑦 𝐻𝐻⁄                        (4) 
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   𝜏𝜏 = 𝑡𝑡𝑘𝑘 (𝜌𝜌𝑐𝑐𝑝𝑝𝐻𝐻2)⁄                   (5) 

 
𝑃𝑃𝑃𝑃 = 𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅 = 𝑢𝑢𝜌𝜌𝑐𝑐𝑝𝑝𝐻𝐻/𝑘𝑘               (6) 

 
Where, 𝜕𝜕ℎ  is the charging inlet temperature; 𝜕𝜕𝑐𝑐  is the 
charging outlet temperature; 𝐻𝐻  is the height of the 
thermocline tank.  
There are three boundary conditions for the charging 
process. The first one is for the initial state. The second 
one is for the inlet boundary conditions, and the last one 
is for the outlet boundary conditions [5]. Those are as 
follows: 

 
   𝜕𝜕(𝑦𝑦, 0) = 𝜕𝜕𝑐𝑐 , 𝜕𝜕(𝜁𝜁, 0) = 0                 (7) 

 
   𝜕𝜕(0, 𝑡𝑡) = 𝜕𝜕ℎ , 𝜕𝜕(0, 𝜏𝜏) = 1                 (8) 

 
   𝜕𝜕(∞, 𝑡𝑡) = 𝜕𝜕𝑐𝑐 , 𝜕𝜕(∞, 𝜏𝜏) = 0                 (9) 

 
With the Laplace transform and the boundary conditions, 
the normalized 1-D governing equation which is the 
partial differential equation could be the simplified 
ordinary differential equation as follows: 

 

𝑃𝑃𝑃𝑃 𝑑𝑑𝜕𝜕
�(𝜁𝜁,𝑠𝑠)
𝑑𝑑𝜁𝜁 + 𝑠𝑠𝜕𝜕�(𝜁𝜁, 𝑠𝑠) = 𝑑𝑑2𝜕𝜕�(𝜁𝜁,𝑠𝑠)

𝑑𝑑𝜁𝜁2              (10) 

 
Where, 𝜕𝜕�(𝜁𝜁, 𝑠𝑠) is the Laplace transform of 𝜕𝜕(𝜁𝜁, 𝜏𝜏). By 
using a Matlab code, it is possible to calculate the 
temperature distribution according to vertical location 
and time in the thermocline tank. In this study, this 
analytical model is adopted to analyze the temperature 
distribution in the charging process. 

 
2.2 Validation of one-dimensional analytical model 
 

In order to verify the analytical model, experimental 
data from the previous study [5] are compared with the 
analytical model used in this study. The experiments 
based on water as the working fluid were conducted with 
1 m of inner diameter tank and 3 m of height tank. The 
comparison of the analytical model and experimental 
results is shown in Fig. 3.  
 

 
Fig. 3. Validation results of the 1-D analytical model. 

 
From the results, it could be concluded that the 1-D 
analytical model has enough prediction performance 
when compared to the experimental data. Since the 
analytical model is based on dimensionless parameters 
and water has similar Prandtl number ranges of molten 
salt in the liquid state [6], it is reasonable that this 1-D 
analytical model could be applicable to molten salt 
thermocline tank conditions.  
 

3. Preliminary analysis of thermocline tank 
 
3.1 Specification of molten salt thermocline tank  

 
In this section, the conditions of the thermocline tank 

shown in Fig. 1 are discussed more in detail. The inlet 
temperature of the thermocline tank is set as 530℃ by 
considering the outlet condition of the sodium-cooled 
fast reactor which is designed as 545℃  in previous 
studies [7]. The outlet condition of the thermocline tank 
is calculated by considering the thermodynamic states of 
a 150 MWe supercritical carbon dioxide (sCO2) Brayton 
cycle [8] and 0.88 effectiveness of the secondary 
intermediate heat exchanger (IHX).  

Since the solar salt (60% NaNO3 and 40% KNO3) has 
a relatively wide liquid temperature range (almost up to 
600℃ ) and low cost, the working fluid of the 
thermocline tank is set as the solar salt. The properties of 
solar salt are summarized in Table I [9]. 

For the preliminary analysis, the mass flow rate of the 
molten salt in the initial three-hour charging process is 
linearly increased from 0 kg/s to 224 kg/s which is almost 
15% of the mass flow rate condition in the normal 
operation mode. After that, the mass flow rate is 
considered as the constant value. The target value of 
maximum energy storage capacity is set as 300 MWh. 
Even though the higher aspect ratio of the thermocline 
tank is better for thermal stratification, the height of the 
thermocline tank is limited to 11.89 m for the safety 
consideration of construction according to previous 
studies [4, 10]. For this reason, the height of the 
thermocline tank is set as 11.8 m. With the specifications 
of the thermocline tank, the preliminary analysis for the 
charging process is performed. 
 

Table I: Specification of molten salt properties [9] 

Solar salt physical properties (270~600℃) 

Density,  
𝜌𝜌 [𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ] 𝜌𝜌 = 2090 − 0.636 ∙ 𝜕𝜕(℃)  

Specific heat, 
𝑐𝑐𝑝𝑝 [𝐽𝐽 (𝑘𝑘𝑘𝑘 ∙ 𝐾𝐾)]⁄  𝑐𝑐𝑝𝑝 = 1443 + 0.172 ∙ 𝜕𝜕(℃)  

Thermal conductivity,  
𝑘𝑘 [𝑊𝑊 (𝑚𝑚 ∙ 𝐾𝐾)]⁄  k = 0.443 + 1.9 × 10−4 ∙ 𝜕𝜕(℃) 

Viscosity,  
𝜇𝜇 [𝑃𝑃𝑃𝑃 𝑠𝑠⁄ ] 

μ = (22.714− 0.120 ∙ T(℃) 
+2.281 ∙ 10−4 ∙ (T(℃))2 

−1.474 ∙ 10−7 ∙ (T(℃))3) × 10−3 
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(a) Initial state 

 
(b) After 2 hr 

 
(c) After 4 hr 

 
(d) After 6 hr 

Fig. 4. Normalized temperature distribution in thermocline 
tank with respect to normalized vertical location and time. 

 
 

2.4 Preliminary analysis of thermocline tank system 
 

With the specified conditions, the preliminary analysis 
results of normalized temperature distributions in the 
thermocline tank are derived as shown in Fig. 4.  

The results showed that initially the thermocline tank 
is filled with the cold fluid condition (𝜕𝜕𝑐𝑐 , 𝜕𝜕 = 0) as 
shown in Fig. 4(a). After 2 hr charging process, the hot 
fluid ( 𝜕𝜕ℎ , 𝜕𝜕 = 1 ) is filled over one-fifth of the 
thermocline tank according to the analytical model (Fig. 
4(b)). The thermocline region, the dramatic temperature 
change zone, is located at almost ζ = 0.6  when the 
charging time is 4 hr (Fig. 4(c)). Even though the spent 
charging time is the same as 2 hr each case, the moving 
distances of the thermocline are different. It might come 
from the mass flow rate difference at the times. From the 
results, it can be concluded that variations in mass flow 
rate conditions have significant impacts on the 
thermocline location. After 6 hr  charging process is 
performed from the initial state, finally 300 MWh 
thermocline tank is almost fully charged by the incoming 
hot fluid (Fig. 4(d)). 

The 1-D analytical model has the advantage of fastly 
confirming the temperature distribution and full charging 
time. In addition, the parametric study for tank height and 
mass flow rate conditions could be performed to briefly 
determine the thermocline tank geometries and operating 
conditions. However, the effects of diffusers and 
produced vortex, which affect the growth of the 
thermocline thickness, were not considered in the current 
1-D analytical model. For this reason, additional studies 
on the thermal stratification phenomenon will be 
performed with 3-D computational fluid dynamics (CFD) 
and experiments. With the comprehensive analyses, the 
thermocline TES system coupled with advanced nuclear 
systems will be performed to analyze not only charging 
process but also discharging process more in detail.  

 
3. Conclusions 

 
In this study, a preliminary analysis is performed for 

the charging process of a thermocline tank coupled with 
nuclear systems. The 1-D analytical model based on the 
governing energy equation is used to derive the 
temperature distribution in the thermocline tank with 
respect to vertical location and time. The results of the 
preliminary analysis showed that mass flow rate 
variations have significant impacts on the thermocline 
location.  

From the results, it can be concluded that the 1-D 
analytical model has the advantage to expect temperature 
distribution and full charging time with saved calculation 
time. In order to consider the complex effects on 
thermocline thickness and location, further studies with 
3-D CFD and experiments will be performed to analyze 
not only charging process but also discharging process 
more in detail. 



Transactions of the Korean Nuclear Society Spring Meeting 
Jeju, Korea, May 18-19, 2023 

 
 
 

Acknowledgments 
 

This research was supported by a National Research 
Foundation of Korea (NRF) grant funded by the Korean 
government. (NRF-2022M2D4A1077183). 
 

REFERENCES 
 

[1] Denholm, Paul, et al. "Decarbonizing the electric sector: 
Combining renewable and nuclear energy using thermal 
storage." Energy Policy 44 (2012): 301-311. 
[2] Zhao, Bing-chen, et al. "Conceptual design and preliminary 
performance analysis of a hybrid nuclear-solar power system 
with molten-salt packed-bed thermal energy storage for on-
demand power supply." Energy Conversion and Management 
166 (2018): 174-186. 
[3] Edwards, Jacob, Hitesh Bindra, and Piyush Sabharwall. 
"Exergy analysis of thermal energy storage options with 
nuclear power plants." Annals of Nuclear Energy 96 (2016): 
104-111. 
[4] Chang, Zheshao, et al. "Approximate analytical 
characterization and multi-parametric optimization design of 
single-tank thermocline heat storage system." Applied Thermal 
Engineering 181 (2020): 116010. 
[5] Xu, Can, et al. "Experimental study and analytical modeling 
on the thermocline hot water storage tank with radial plate-type 
diffuser." International Journal of Heat and Mass Transfer 186 
(2022): 122478. 
[6] Cabral, Arturo, et al. "Identification of surrogate fluids for 
molten salt coolants used in energy systems applications 
including concentrated solar and nuclear power plants." 
International Journal of Energy Research 46.3 (2022): 3554-
3571. 
[7] Olumayegun, Olumide, Meihong Wang, and Greg Kelsall. 
"Thermodynamic analysis and preliminary design of closed 
Brayton cycle using nitrogen as working fluid and coupled to 
small modular Sodium-cooled fast reactor (SM-SFR)." Applied 
Energy 191 (2017): 436-453. 
[8] Ahn, Yoonhan, and Jeong Ik Lee. "Study of various Brayton 
cycle designs for small modular sodium-cooled fast reactor." 
Nuclear Engineering and Design 276 (2014): 128-141. 
[9] Li, Xiaolei, et al. "Dynamic simulation of two-tank indirect 
thermal energy storage system with molten salt." Renewable 
Energy 113 (2017): 1311-1319. 
[10] Pietruszkiewicz, J., et al. Solar thermocline storage 
systems: Preliminary design study. No. NREL/CH-550-48584. 
National Renewable Energy Lab.(NREL), Golden, CO (United 
States), 2010. 


