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Abstract 

Globally, the integration of renewable energy (which has an intermittent nature) into the power system requires the 

system operators to improve the system performance to be able to effectively handle the variations of the power 

production in order to balance the supply and demand. This problem is seen as a major obstacle to the expansion of 

renewable energy if it is not handled in a suitable way. Efficient electricity storage technology is one of the feasible 

solutions. The current study proposes Fe3O4/water nanofluid under magnetic field as the secondary fluid in the 

proposed double pipe heat exchanger before the cavern. The heat of compressed air is absorbed by the secondary 

fluid and it is stored in an isolation tank. This stored fluid is used to warm up the air that leaves the cavern for 

expanding in the turbine. The results demonstrated that increasing the mass flow rate of secondary fluid decreases 

the cavern temperature. Also, the value of convective heat transfer of ferrofluid increases when the volume fraction 

of nanoparticle as well as magnetic field increases. Furthermore, increasing the volume fraction and magnetic field 

increases the pressure drop and friction factor of ferrofluid.         
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1. Introduction  

Renewable energy sources (such as solar, wind, ocean thermal, geothermal, etc.) are extensively available and have 

a potential to meet the energy demand of the whole mankind [1], [2]. However, harnessing of these renewable 

energy sources for energy production units is not a simple process, due to several reasons including intermittency, 

changing weather condition, time, and geographical location. One solution to this problem is to introduce energy 

storage systems such as compressed air energy storage (CAES), hydrogen storage system, battery, etc. [3]. CAES is 

an alternative to pumped hydro, since it has relatively high power output and storage capacity. Instead of pumping 

water to an upper reservoir when the electricity supply is high, atmospheric air is compressed and stored in 

underground facilities under high pressure in CAES system [4]. When the demand for electricity is high, the stored 

air is heated and expanded through a generator to produce electricity [5].  

There are currently two CAES plants in operation worldwide. The first one was installed in Huntorf, Germany in 

1978 and the second one, located in McIntosch-USA, was put into operation in 1991. Both systems compress air 

adiabatically and use the natural gas as heat sources for discharge process. Many investigations have been developed 

recently to improve CAES system [6], [7]. Szablowski et al. [8] constructed a dynamic mathematical model of an 

adiabatic CAES system using Aspen Hysys software. The volume of cavern for the studied CAES system was 

considered as 310,000 m3. Also, the operation pressure inside the cavern changed from 43 to 70 bar. Their results 
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Based on the literature many investigations were developed to improve CAES system. In this study, for the first 

time, a double pipe heat exchanger with Fe3O4/water nanofluid (as secondary fluid) under magnetic field is proposed 

for a CAES system. For this target, a transient model is developed to analyze the CAES system (the compression 

process) and also a computational fluid dynamics (CFD) simulation is employed to assess the magnetic nanofluid as 

secondary fluid in the heat exchanger. The developed transient model is fed only with the temperature and pressure 

at the compressor inlet (these input parameters are coming from the environment).  The ferrofluid is considered with 

different volume fractions. The numerical simulation is executed using the capabilities of CFD approach embedded 

in ANSYS Fluent 18.2.  

2. The proposed model 

The main advantage of implementing a CAES system is considering it as an ancillary service for a grid.  

Applications include: spinning reserve, peak shaving, VAR (voltage-ampere reactive) support and arbitrage. The 

compressed air energy storage (CAES) system involves the excess available energy to compress the ambient air to a 

strong pressure of approximately 70 bar. This excess available energy commonly produces by renewable energy 

systems such as photovoltaic system and wind turbine. The first step is to compress the ambient air by a series of 

compressors. And then, the high pressure air is stored in a cavern. This compressed air is expanded through a 

conventional gas turbine in order to provide the required electricity when the demand of electricity is high [37]. To 

insure the maximum energy is obtained, during the expansion process, some additional energy such as natural gas is 

used. During compression, heat is generated which is removed before stored. This process is done by applying a 

double pipe heat exchanger before the cavern. Figure 1 indicates the proposed CAES system with a double pipe heat 

exchanger, which uses from Fe3O4/water nanofluid under magnetic field as secondary fluid. This study concentrates 

on the compression of air.   
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  Fig. 5. Flow diagram illustrating the operation of the model. 
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Fig. 7. Preliminary simulation of the evolution of air pressure in the cavern during its filling and air temperature at the 

compressor outlet during the filling of the cavern.  

Fig. 8 shows the variation of the air temperature that calculated by different divisions per meter of the pipe versus 

the length of exchanger (3 m). The simulation time of this analysis is 100, 400, 1000 and 1600 seconds. As 

expected, the graph demonstrates that the temperature of air along the length of exchanger decreases from 600 to 

300 K (after 100 s). Regarding the figure, after 1000 second, the air temperature inside the heat exchanger reaches 

approximately 820 K and in the outside of the heat exchanger, it reaches to 300 K.    

  

  
Fig. 8. Preliminary simulation of the evolution of air pressure in the cavern during its filling and air temperature at the 

compressor outlet during the filling of the cavern.  
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Figure 9 shows the cavern temperature versus time that was calculated with different values of divisions per meter 

of the pipe of heat exchanger. The pipe is divided into 300, 600 and 900 sections that the graph illustrates the 

obtained values are similar for each division per meter of the pipe. The simulation time for this investigation is 

1600s in which temperature of the cavern increases from 298 to 308 K, between 0 and 200s time span, and 

subsequently decreases (from 308 to 306 K) and reaches to a fairly constant value (between 200 and 1600s).  

 
Fig. 9. Variation of cavern temperature calculated with different values of divisions per meter of pipe in the exchanger.  

Fig. 10 indicates the cavern temperature values for different mass flow rate of water in the heat exchanger. The 

graph shows when the mass flow rate of water increases the value of the cavern temperature decreases. The cavern 

temperature with 30 kg/h water flow in exchanger is approximately 2.3% higher compared to water flow of 100 

kg/h. 
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Fig. 10. Cavern temperature values for different water flows. 

The length variation of the heat exchanger is considered from 1 to 6 m and the effect of this variation is evaluated 

for the CAES system. Fig. 11 shows that the variation of the cavern temperature with the length of 1m of heat 

exchanger is greater than other lengths. In general, the cavern temperature is fairly steady for bigger lengths of heat 

exchanger.  

 
Fig. 11. Cave temperature values for different sizes of the exchanger 

According to before mentioned transient model results, temperature for the hot inlet and cold inlet are considered as 

800 K and 300 K, respectively. In addition, the length of heat exchanger is considered equal to 2 m. Ferrofluid with 

different volume fraction (2% and 4%) along with base fluid (water) are used as the cold working fluid, while air is 

used as the hot working fluid. In addition, a current-carrying wire is located close to the outer tube in order to 

provide magnetic field for the Fe3O4 nanoparticles. Figure 12 presents inlet and outlet temperature and velocity for 

0 200 400 600 800 1000 1200 1400 1600
298

300

302

304

306

308

310

312

314

Time (s)

T
em

pe
ra

tu
re

 (K
)

 

 

Mass flow rate= 30 kg/h
Mass flow rate = 60 kg/h
Mass flow rate = 100 kg/h


























