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9 
Abstract 10 
The present article deals with the numerical study of the thermal behaviour of three 11 

configurations of heat exchangers for sensible thermal energy storage. The objective is to 12 

compare their response to transient thermal conditions in order to characterize their kinetics of 13 

charge/discharge of heat/cold. One of these heat exchangers is commonly encountered in agro-14 

food industry and used in this study as the reference against which the other two configurations 15 

are compared. The reference heat exchanger is made up of two fluid coils embedded in an 16 

aluminium cylindrical conductive element. The other two heat exchangers are derived from this 17 

reference exchanger by a partial substitution of the conductive element with a confined heat 18 

transfer fluid. The compactness and heat exchange surfaces of the coils are identical in all three 19 

cases. The thermal behaviour and the storage performance of these heat exchangers are analysed 20 

using a three dimensional numerical study with the CFD code Star CCM + V12.02. This study 21 

shows that a controlled substitution of the conductive material by a confined heat transfer fluid, 22 

at constant compactness and coils heat transfer surface does not only achieve material saving 23 

compared to the reference configuration, but also increase the energy reserve without 24 

significant decrease in the heat transfer kinetics. 25 

Keywords: Sensible Heat Storage, CFD, Thermal Analysis, Storage Performance, Transient 26 

state conditions, Charge/Discharge kinetics, Material saving. 27 

Nomenclature 28 

CFL Courant number - Tref Reference 

temperature 

K 

Cp Specific heat capacity J.kg-1.K-1 Ṫcc Average 

kinetics of 

cooling during 

the charge 

K.s-1

dcoil, in Inner diameter of the coil m Ṫcd Average 

kinetics of 

cooling during 

the discharge 

K.s-1

dcoil, out Outer diameter of the coil m Umax Maximum x-

velocity 

m.s-1

Ecdw Cooling energy discharged in 

confined water volumes 

J Uw,in Water velocity 

at the inlet 

m.s-1

Ecsw Cooling energy stored by confined 

water volumes 

J V max Maximum y-

velocity 

m.s-1

Etot Maximum energy stored J Valu,sub Total volume 

of substituted 

aluminium 

m3 

f Friction factor - V Volume m3 
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g Gravitational acceleration m.s-2 𝑉⃗  Velocity 

vector 

- 

H Heat exchanger height m X,Y,Z Cartesian 

coordinates 

   - 

P Pressure Pa Greek symbols 

p
coil

 Pitch of the coil m ρ Density Kg.m-3 

Pvol Thermal power stored(during 

charge)/released(during discharge) 

W α Thermal 

diffusivity 

m2.s-1 

Rcurv,c Radius of curvature of the cold coil m μ Dynamic 

viscosity 

Pa.s 

Rcurv,h Radius of curvature of the hot coil m λ Thermal 

conductivity 

 

W.m-1.K-1 

Rex,in Inner radius of the heat exchanger m β Expansion 

coefficient 

K-1 

 Rex,out Outer radius of the heat exchanger m Abbreviations  

rcoil, in Inner radius of the coil m al Aluminium 

rcoil, out Outer radius of the coil m cop Copper 

Rcc Cooling charge ratio - w Water 

Rcd Cooling discharge ratio - C2V Configuration with two 

volumes of water 

Ra Rayleigh number - C32V Configuration with 32 

volumes of water 

Re Reynolds number - CFD Computational fluid 

dynamics 

t Time s HTF Heat Transfer Fluid 

T Temperature K HTIHE High Thermal Inertia Heat 

Exchanger 

Ti Initial temperature K LHTS Latent Heat Thermal Storage 

Tin,c Inlet temperature at the inlet of the 

cooling heat transfer fluid 

K SHTS Sensible Heat Thermal 

Storage 

Tin,h Inlet temperature at the inlet of the  

heating heat transfer fluid 

K TES Thermal Energy Storage 

 29 
 30 

1. Introduction 31 

 32 

Heat exchangers are thermodynamic equipment used in several industrial applications such as 33 

automotive, chemical and process engineering, industrial heating, cooling and heat-recovery 34 

processes, etc. [1-3]. In the most common applications, the heat transfer occurs under steady 35 

state operating conditions. Priority is then given to steady state heat transfer which does not 36 

allow any possibility of thermal energy storage in the heat exchanger. In some specific 37 

applications such as thermal conditioning of beverage in agro-food industries, the heat 38 

exchange between the heat transfer fluids occurs under transient state operation through a 39 

conductive element which allows a better management of the heat or cold demand by storing 40 

part of the thermal energy in the heat exchanger [4]. Thermal energy can be stored under 41 

sensible [5-9], latent [10-13], or chemical [14-16] forms. 42 

Among the above means of storing thermal energy, sensible heat thermal storage (SHTS) has 43 

been drawing increasing attention. Technological and economical aspects make SHTS superior 44 

to latent heat thermal storage (LHTS) [17]. It is the most common technology compared to other 45 

storage methods [18], since it is by far the easiest to implement, simple in design and operation, 46 

inexpensive and the most economical in a thermal energy storage (TES) system [19-20]. SHTS 47 

consists in the heat stored by changing the temperature of a storage medium. The amount of 48 

stored heat is proportional to the density, specific heat, volume, and temperature variation of 49 
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the storage materials. High energy density and good thermal conductivity are the most desirable 50 

characteristics of sensible heat storage materials [21]. Other desirable characteristics are 51 

good heat transfer between the storage material and the heat transfer fluid (HTF) and its 52 

compatibility with the container material [22-25]. Finally, the choice of a storage material 53 

strongly depends on the temperature level required for a kind of application [26]. 54 

Various systems related to sensible heat storage have been studied in the past. They may be 55 

classified on the basis of the heat storage media as solid media storage and liquid media storage 56 

[27]. Only some few studies have been conducted on combined solid/liquid media storage. 57 

A variety of solid heat storage materials have been used as storage medium for high temperature 58 

thermal energy storage, such as rocks, metals, concrete, sand, bricks etc. [27]. Among the 59 

metals, aluminum, magnesium and zinc have been mentioned as suitable examples [27]. Metals 60 

comprise high thermal conductivity and hence reduce the charging and discharging time. The 61 

inconvenient of these materials is that they have low heat capacity, high density and high cost 62 

that make these systems expensive to use. The use of metal media may be advantageous where 63 

high thermal conductivity is required and where cost is of secondary importance [19]. Bricks, 64 

concrete, graphite, etc. were studied as SHTS building materials and they are used to build 65 

temperature controlled building [28-29]. For solar applications, most of the studies carried out 66 

works with rocks and pebbles as packing materials [17]. This type of storage is very common 67 

for high temperature applications (up to 1273 K) [30]. According to Laing et al. [31], castable 68 

ceramic and high temperature concrete are also candidate storage materials and are suitable for 69 

use in high temperature thermal storage in particular for solar applications. Some researchers 70 

have carried out experimental works to compare the storage performances of solid materials. 71 

For example, Rao et al. [5] have carried out experiments on lab-scale SHTS shell-and-tube heat 72 

exchanger prototypes made up of cast steel and concrete at temperature range between 353 K 73 

and 413 K. The thermal storage performances of such prototypes have been estimated at various 74 

operating temperatures and HTF flow rates with respect to charging/discharging kinetics and 75 

energy storage/discharge rates. This experimental study shows that, for the storage/discharge 76 

phase, heat transfer rate is much better for cast steel prototype than for concrete prototypes due 77 

to the higher thermal conductivity of cast steel. Some numerical works have also been done for 78 

the purpose of comparing the storage performances of solid materials. For example, Prasad et 79 

al. [32] have carried out a numerical investigation using COMSOL Multiphysics 4.2 to study 80 

transient behavior and thermal storage capability of a cylindrical sensible heat storage unit at 81 

temperature range between 523 K and 673 K. The cylindrical unit, which is embedded with 82 

charging tubes, has been designed employing three different storage materials: concrete, cast 83 

steel and cast iron. It was shown that the charging time for cast iron and cast steel are much less 84 

than that of concrete. Charging time for concrete was reduced by 35.4% and 41.4% with 85 

addition of 4 fins and 6 fins respectively.  86 

 87 

Different kinds of liquids have also been used as sensible heat storage materials for low and 88 

high temperature applications. Water, oil based fluids and molten salts are the most suitable 89 

liquids [27]. Water is the most used for medium temperature applications (between 298 K and 90 

363 K). In general, water exhibit a higher storing capacity than other materials, and it is cheap 91 

and widely available [27], [33]. However, due to its high vapor pressure, water as heat storage 92 

material requires insulation and pressure withstanding container for operation at high 93 

temperature [19]. The most commonly proposed substitutes for water are molten salts. The heat 94 

capacities are 25-40% of that of water on a weight basis. However, these substitutes have lower 95 

vapor pressure than water and are able to operate at temperatures exceeding 573 K [27]. Molten 96 

salts are the most widely studied and used in Concentrated Solar Plant (CSP) [34]. Some authors 97 

choose to modify the properties of the liquid in order to improve its storage performance. El 98 
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Kaddadi et al. [35] carried out an experimental study of SHTS in a water/TiO2 nanofluid 99 

enclosed in an annular space in a vertical cylindrical system during a sensible heat storage cycle 100 

(charging/discharging). From this study, it was found that the heat transfer was significantly 101 

improved by using TiO2-distilled water nanofluid. Furthermore, natural convection was 102 

predominant in the vertical direction which would cause the thermal stratification. It was found 103 

also that convective heat transfer coefficient has a strong influence on sensible heat storage 104 

during a cycle (charging/discharging). 105 

 106 

In the same spirit, the increase in performance can be obtained by combining solid/liquid heat 107 

storage materials. Typical studies can be found in references [21] and [36] which rely on Harry 108 

Thomason technique based on the use of both water and stone as storage media [21], [36]. The 109 

high heat capacity of water, and the extensive area of the rock’s container leads to efficient heat 110 

transfer. Another study using combined thermal storage is presented by Moschatos [37]. In this 111 

study, a type of TES that combines rock-bed and water storage is presented. Lugolole et al. [38] 112 

have carried experimental tests to evaluate and compare three sensible heat thermal energy 113 

storage systems during charging cycles. Two packed storage systems using Sunflower Oil as 114 

the heat transfer fluid with two particle diameters (10.5 mm and 31.9 mm) are compared with 115 

an oil only storage tank. The presence of pebbles of different sizes greatly modifies the 116 

performance of the storage system by influencing the stored energy density and also the 117 

charging and discharging dynamics. 118 

The analysis of the above literature shows that very few studies have been focusing on the 119 

development of combined solid/liquid media for sensible heat storage, especially for low 120 

temperatures (273-300K). In addition, whatever the nature of the storage medium, the thermal 121 

phenomena that drives the performance of the sensible storage systems during the dynamic 122 

phases of charging and discharging are complex, dependent on the thermophysical properties 123 

of the materials (storage material and heat transfer fluid) and also on the geometry of the various 124 

components of the STHS system. Thus, the optimization of sensible storage systems that use 125 

combination of solid and liquid materials is a difficult task that requires the analysis of complex 126 

heat exchange during transient phases and parametric study of several geometries to propose 127 

more efficient design. The use of CFD is required for this work due to the complexity of the 128 

transient behaviour combining thermal storage in both solid (mainly conduction) and liquid 129 

(natural convection) media, in order to analyse and optimise the performance of innovative 130 

designs before manufacturing costly prototypes and performing validation tests. In agro-food 131 

industry, the thermal conditioning of pressurized liquids, requires STHS system to overcome 132 

load variability. A typical application is the distribution of draft beer that requires the use of an 133 

efficient heat exchanger which also has a cold storage capacity to perfectly meet a large 134 

variability of production. In this type of application, the heat exchanger that cools the food fluid 135 

produced, should have an increased thermal inertia using a suitable thermal storage material. 136 

The High Thermal Inertia Heat Exchanger (HTIHE) must therefore enable the thermal energy 137 

to be transferred very quickly to the fluid that is cooled while allowing the cooling power 138 

variations of the refrigerating system to be smoothed. This objective is usually reached by using 139 

large metallic blocs to build the heat exchanger which increases its weight and cost. The aim of 140 

this study is to numerically investigate the performances of an innovative SHTS system 141 

combining a high thermal conductivity material (aluminium) and a high heat capacity material 142 

(water) in order to enhance the storage performance and also decrease the weight and cost of 143 

the system. Hence, a three-dimensional numerical comparison of the thermal behaviour of three 144 

exchangers, is carried out under transient state conditions, for low temperature applications 145 
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(273 K - 300 K). The developed model is used to identify and quantitatively evaluate the storage 146 

and the heat transfer performance of an innovative heat exchanger used in agro-food industry.  147 

2. Numerical analysis of the thermal energy storage 148 

In our study, in order to analyse the operation of this type of heat exchanger with high thermal 149 

inertia, a simplified geometry is used. This geometry is made of two coils inserted into a 150 

conductive solid element that will store some of the thermal energy (cold) in order to respond 151 

to variations in production. One of the two coils called “heating coil” conveys the fluid that 152 

must be cooled. Innovative designs of the High Thermal Inertia Heat Exchanger (HTIHE) using 153 

combination of solid and liquid storage material with natural convection are then studied in 154 

order to enhance its storage performance and decrease its weight and cost. 155 

2.1. Geometry description and boundary conditions 156 

The reference configuration (reference heat exchanger) is presented in Figure 1. It consists of 157 

two fluids (heating and cooling fluids) circulating in helical-shaped coils. Each coil consists of 158 

three turns. These coils are embedded in an aluminium cylindrical conductive element hollowed 159 

in its central part.  160 

 161 

Figure 1: (a) Illustration of the reference heat exchanger (b) Focus on the two coils (c) Details of the 162 
two fluid coils geometry 163 

The aluminium cylindrical conductive element serves as a thermal storage medium during the 164 

transient operating phases. The coils are made of copper owing its high thermal diffusivity. The 165 

choice to use a helical geometry for the coils is related to a criterion of compactness. 166 

Furthermore, a helical configuration allows to intensify the heat transfer due to the development 167 

of the secondary flows of "Dean Cell" type within the fluid coils [39-40]. Table 1 summarizes 168 

the dimensionless parameters of the reference exchanger. 169 

Conductive element Helical coils 

H

rcoil, in

 
Rex, in

rcoil, in

 
Rex, out

rcoil, in

 
rcoil, out

rcoil, in

 
p
coil

rcoil, in

 
Rcurv, c

rcoil, in

 
Rcurv, h

rcoil, in

 

13.33 11.67 28.33 1.067 3.33 16.67 23.33 

 170 
Table 1: Dimensionless parameters of the reference heat exchanger 171 

A second geometrical configuration of the heat exchanger is derived from the reference 172 

geometry by substituting a part of the conductive element with confined water volumes. This 173 

material substitution is operated while maintaining the same compactness compared to the 174 

reference configuration. The objective is to reduce the amount of conductive material 175 
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(Aluminium) with respect to the reference configuration while increasing the overall energy 176 

density of the heat exchanger that can be stored during transient operation phases. 177 

Figure 2b shows the second geometrical configuration for which a volume of the conductive 178 

material (Aluminium) has been replaced by an identical volume of water such as Vw = Valu, sub= 179 

Vw1 +Vw2. This second geometrical configuration will be called "configuration with two 180 

volumes of water" or C2V.  181 

A third geometrical configuration is derived from the above second configuration C2V by 182 

redistributing the two volumes of water into 32 elementary volumes in order to evaluate the 183 

influence of the spatial distribution of the confined water on the kinetics of thermal storage. 184 

Figure 2c shows the third geometrical configuration that will be called "configuration with 32 185 

volumes of water" or C32V. The geometrical configurations C2V and C32V have equal 186 

compactness, and equal overall sensible energy density during similar transient operation 187 

phases. 188 

 189 

 190 
Figure 2: Illustration of the: (a) reference heat exchanger (b) heat exchanger C2V (c) heat exchanger 191 

C32V 192 

Numerical simulations were carried out for the three heat exchangers in steady state, and in 193 

transient regime. A phase of charge as well as a phase of discharge of cold were thus tested in 194 

order to characterize the kinetics of heat transfer for the different configurations.  195 
 196 

2.2. Initial and boundary conditions 197 
 198 
In order to analyse the heat transfer and the kinetics of thermal energy storage, real operating 199 

conditions of such exchangers have been chosen by considering classically application 200 

encountered in agro-food industry such as the thermal conditioning of beverage. In such 201 

application, it is important to study both the charging and discharging phases since the 202 

efficiency of a heat exchanger in such applications depends on the charge/discharge kinetics. 203 

Different scenarios have then been studied. 204 

2.2.1. Steady state operation 205 

At the inlets of the heating and the cooling heat transfer fluids circulating in the coils, Poiseuille 206 

velocity profiles corresponding to mean inlet velocities of about Uw,in = 0.21; 0.31 and 0.41 m.s-207 
1 are imposed. These mean velocities correspond respectively to Reynolds numbers of about 208 

Redcoil,in = 1000; 1500 and 2000 based on the inner diameter of the coils are imposed. It has to 209 

be noted that Reynolds numbers are not exactly the same for the same velocity of the cooling 210 

and the heating fluids due to difference in viscosity for the two heat transfer fluids. It has been 211 

chosen to carry out the study at constant velocities of the heating and the cooling fluids to 212 
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comply with real operating conditions of an exchanger in agro-food industry where the flowrate 213 

is of great importance. Constant inlet temperatures Tin,h = 295 K and Tin,c = 275 K are 214 

respectively imposed at the inlet of the heating and the cooling fluids. At the outlets of the 215 

heating transfer fluids, pressure outlet boundary condition is considered. At all fluid-solid and 216 

solid-solid interfaces, conjugate heat transfer is considered. All the external boundaries of the 217 

conductive element are adiabatic. 218 

2.2.2. Transient state operation 219 

In transient state operation, two operating phases were considered namely: 220 

 A charging phase 221 

 A discharging phase 222 

During the charging phase, it is considered that the heat exchanger is subjected only to the 223 

thermal influence of the cooling heat transfer fluid. The heating heat transfer fluid is therefore 224 

stagnant in the coil. The single circulation of the cooling heat transfer fluid corresponds to the 225 

charge of cold energy inside the heat exchanger. The following initial and boundary conditions 226 

are considered during this phase. 227 

o Initial conditions 228 

At the initial time, all the heat exchanger volume (conductive element, volumes of confined 229 

heat transfer fluid, heating and cooling heat transfer fluids in the coils) is supposed to be at an 230 

initial uniform temperature Ti(x, y, z, 0) = 295 K. 231 

o Boundary conditions  232 

As the heating heat transfer fluid is stagnant, a velocity inlet Uw,in = 0 m.s-1 and a pressure outlet 233 

boundary conditions are respectively imposed at the inlet and at the outlet of the heating heat 234 

transfer fluid. 235 

At the inlet of the cooling heat transfer fluid, Poiseuille velocity profiles corresponding to mean 236 

inlet velocities Uw,in = 0.21 m.s-1 and 0.41 m.s-1 are imposed. A constant inlet temperature Tin,c 237 

= 275 K is imposed at the inlet of the cooling heat transfer fluid while a pressure outlet boundary 238 

condition at the outlet is considered. At all fluid-solid and solid-solid interfaces, conjugate heat 239 

transfer is considered. All the external boundaries of the conductive element are adiabatic. 240 

During the discharging phase, it is considered that the heat exchanger is subjected only to the 241 

thermal influence of the heating heat transfer fluid. The cooling heat transfer fluid is therefore 242 

stagnant in the coil. 243 

o Initial conditions 244 

At the initial time, all the heat exchanger volume (conductive element, volumes of confined 245 

heat transfer fluid, heating and cooling heat transfer fluids in the coil) is supposed to be at an 246 

initial uniform temperature Ti (x, y, z, 0) = 275 K. 247 

o Boundary conditions  248 

As the cooling heat transfer fluid is stagnant, a velocity inlet Uw,in = 0 m.s-1 and a pressure outlet 249 

boundary conditions are respectively imposed at the inlet and at the outlet of the cooling heat 250 

transfer fluid.  251 

At the inlet of the heating heat transfer fluid, Poiseuille velocity profiles corresponding to mean 252 

inlet velocities Uw,in = 0.21 m.s-1 and 0.41 m.s-1 are imposed. A constant inlet temperature Tin,h 253 

= 295 K is imposed at the inlet of the heating heat transfer while at the outlet, a pressure outlet 254 

boundary condition is considered. At all fluid-solid and solid-solid interfaces, conjugate heat 255 

transfer is considered. All the external boundaries of the conductive element are adiabatic. 256 

For all simulations performed in this study, the thermo-physical properties of water, copper and 257 

aluminium are evaluated at an average temperature of 285 K. 258 

 259 

 260 
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2.3. Physical formulation 261 
 262 

The flow in the different heat exchanger configurations is modelled through the conservation 263 

equations (mass, momentum) in a laminar regime using water as working fluid which is 264 

considered incompressible and viscous. The heat transfer is modelled through the energy 265 

equation for the heat transfer fluids circulating in the coils, coupled with the thermal diffusion 266 

equation in the coils tube made of copper and in the conductive element made of aluminium. 267 

In addition, natural convection phenomena are taken into account in the confined heat transfer 268 

fluid (in C2V and C32V) through the Boussinesq approximation and neglected in the circulating 269 

heat transfer fluids. The viscous heating in the fluids is neglected. By considering the above 270 

assumption, the conservation equations modelling the flow and heat transfer in the exchanger 271 

can be written as follow: 272 

 273 

 Circulating heat transfer fluids (Water) 274 

 . 0w
w V

t





 


                                                       (1) 275 

   
2( . )w w w

V
V V P V

t
  


     


                                         (2) 276 

                                          2

, , .w p w w p w w

T
C C V T T

t
  


   


                                           (3)                                                       277 

 Coils tube (Copper) 278 

2

,cop p cop cop

T
C T

t
 


 


                                         (4)                                                            279 

 280 

 Conductive element (Aluminium) 281 

                                               2

,  Al p Al Al

T
C T

t
 


 


                                                (5)                       282 

 Confined heat transfer fluid (Water) 283 

. 0w
w V

t





 


                                                        (6) 284 

2( . ) ( )w w w w ref

V
V V P V g T T

t
    


       


                          (7) 285 

2

, , .w p w w p w w

T
C C V T T

t
  


   


                                           (8) 286 

3. Numerical procedure 287 
 288 

3.1. Numerical scheme and solvers 289 
 290 

The commercial code STAR-CCM + V12.02 [41] was used to solve the conservation equations 291 

based on a finite volume discretization method. The conservation equations were solved 292 

sequentially using the AMG algebraic solver and the SIMPLE algorithm for pressure-velocity 293 

coupling. A second-order discretization was chosen for the convective terms of the momentum 294 

and energy equations. A temporal discretization of second order was chosen. 295 

 296 

3.2. Grid and time step sensitivity study 297 
 298 

A grid sensitivity study was carried out in steady state for the reference heat exchanger 299 

configuration for a mean inlet velocity Uw,in = 0.21 m.s-1
 corresponding to Reynolds number 300 

Redcoil,in of about 1000 imposed in the inlet of the heating and the cooling heat transfer fluids. 301 
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The appropriate grid was chosen based on two global indicators namely the heat duty of the 302 

heat exchanger and the pressure drop in the heating coil. 303 

By performing a gradual refinement of the mesh, a set of four grid systems having respectively 304 

2.5; 3.5; 4.9 and 6.6 Million of cells were generated in the computational domain. The 305 

difference in the heat duty and the pressure drop between the grid system with 4.9 Million and 306 

the one with 6.6 Million of cells did not exceed respectively 1.5 % and 1 %. Taking into account 307 

the available computing resources, it was decided to use the configuration having 4.9 Million 308 

cells throughout the study.  309 

Figure 3 illustrates the retained grid distribution in the vertical median plane for the reference 310 

geometry presented only on the right side of the plane. Polyhedral meshes were used for the 311 

aluminium region. For copper region, the “thin layer mesher” [41] was used. This type of mesh 312 

is typically used in order to generate a prismatic type volume mesh for thin volumes within 313 

parts or regions [41] of the computational domain. For the heating and the cooling heat transfer 314 

fluids circulating in the coils, advancing layer mesher [41] was used. This type of mesh 315 

generates layers of prismatic cells around the surfaces of regions or parts and fills the remaining 316 

void with polyhedral cells [41]. Some advantages of this approach are a conformal match on 317 

either side of an interface [41] which is crucial for conjugate heat transfer. 318 

It is important to note that the grid distribution for the C2V and C32V configurations are not 319 

presented in order to save space. However, the same types of meshes were used for aluminium, 320 

copper and circulating fluids as for the reference. These two configurations, are derived from 321 

the reference geometry by substituting a part of the conductive element (aluminium) with 322 

confined water volumes as mentioned in section 2.1. For these confined water volumes, the 323 

trimmed cell mesher which generates hexahedral cells was used. Attention was paid to near 324 

wall grid structure using a progressive refinement in the vicinity of walls in order to correctly 325 

capture near wall high velocity and temperature gradients. 326 

 327 
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 328 
Figure 3: Grid distribution in the vertical median plane for the reference geometry 329 

Moreover, since the precision of the results is intimately related to the time step chosen for 330 

unsteady calculations, a time step sensitivity study was carried out using the optimal above grid 331 

and a succession of three time steps of 0.5 s; 0.1 s and 0.05 s. This study led to the use of an 332 

adaptive time step of 0.05 s during the flow development time in the coils followed by a time 333 

step of 0.1 s for the rest of the charging (or discharging) phase for the lowest Reynolds number 334 

Redcoil,in of about  1000. For the highest Reynolds number Redcoil,in of about 2000, an adaptive 335 

time step of 0.025 s during the flow development time and then a time step of 0.05 s for the rest 336 

of the charging (or discharging) phase have been chosen. For this highest Reynolds number, 337 

the time steps were divided by 2 compared to the lowest Reynolds number in order to maintain 338 

an equal courant number (CFL) for the both cases. 339 

 340 

3.3. Numerical validation 341 
 342 

In order to validate the physical models and the ability of the CFD code to correctly predict the 343 

major physical phenomena involved in the system, a numerical simulation of the natural 344 

convection in a square cavity was carried out, in steady state, in the same geometrical 345 

configuration as that studied by De Vahl Davis [42] and for fixed temperatures equal to 275 K 346 
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for the cold vertical wall and 295 K for the hot vertical wall, the horizontal walls being adiabatic 347 

and having variable cavity size.  348 

Figures 4a and 4b compare respectively the evolution of the maximum x-velocity and the 349 

maximum y-velocity on a centre vertical line in the cavity between the present study and the 350 

one of Davis [42]. These figures clearly show a good match between both studies with a 351 

maximum discrepancy of 1.7% for the maximum x-velocity and a maximum discrepancy of 352 

1.8% for the maximum y-velocity thus validating the numerical procedure for natural 353 

convection. Similarly, a numerical simulation of flow characteristics in the coils was also 354 

performed by considering a water flow in a helical coil, and compared to Prandtl correlation 355 

[43] evaluating the friction factor in a helical coil. 356 

As in presented in figure 5, the results showed a difference in the prediction of friction between 357 

the present study and the Prandtl correlation [43] that did not exceed 2.5 % for Reynolds 358 

numbers varying from 1000 to 2000 thus validating the numerical procedure for the flow 359 

characteristics in the coils. 360 

 361 
Figure 4: Validation of the natural convection based on de Vahl Davis study [42]  362 

 363 

 364 

Figure 5: Validation of the flow characteristics in the coils with the Prandtl correlation [43] 365 
 366 

4. Results 367 

In this section, firstly, results obtained in steady state operation for the three exchangers are 368 

presented. Then, the detailed results in transient state operation are presented and discussed 369 

from qualitative and quantitative, local and global points of views. An analysis of the local 370 

mechanisms of conducto-convective heat transfer is performed followed by an analysis of 371 

global heat transfer performance with a focus on the heat transfer kinetics for transient studies. 372 
 373 
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4.1. Steady state operation of the heat exchangers  374 

In steady state, a comparison of the heat duty exchanged between the two coils for the three 375 

exchangers (reference, C2V and C32V) was performed for a laminar flow regime. Three mean 376 

inlet velocities were investigated: Uw,in = 0.21; 0.31 and 0.41 m.s-1. Table 2 summarizes steady-377 

state results. 378 

Mean inlet velocity(m.s-1) Reference config.  Config. C2V Config. C32V 

0.21 207.01 164.63 194.67 

0.31 283.99 214.49 260.61 

0.41 347.66 260.61 312.71 

Table 2 :  Heat duty (W) exchanged in the three heat exchanger configurations for different mean inlet 379 
velocities  380 

For the three configurations tested, the heat duty exchanged between the coils increases with 381 

increasing the mean inlet velocity and therefore the Reynolds number. The heat duty exchanged 382 

is more important for the reference configuration followed by the C32V configuration and the 383 

C2V configuration. Consequently, the spatial redistribution of the two water volumes of the 384 

C2V configuration into 32 volumes leads to achieve better performances where values of heat 385 

transfer are close to the reference configuration despite the substitution of 41.3% of conductive 386 

material by a less conductive material (water). This substitution leads also to a significant 387 

material saving. 388 

Since this study is intended to study the thermal storage, we will focus, in the following, on the 389 

transient operation of the heat exchangers due to the fact that the unsteady state operation is of 390 

capital importance for sensible heat storage. 391 

4.2. Local mechanisms of conducto-convective heat exchanges in transient operation  392 

The transient behaviour of the heat exchanger is of primer importance. The aim is to design an 393 

innovative High Thermal Inertia Heat Exchanger (HTIHE) with a lower mass of the conductive 394 

material compared to the reference while keeping quasi-equivalent transient behaviour and 395 

higher thermal storage performance. This part of the analysis will focus on the presentation of 396 

the local heat transfer mechanism that occurs in the two innovative designs. Contours of 397 

temperature and velocity at three different times during the charging phase as well as the 398 

discharging phase for different Reynolds numbers will be presented. The velocity contours are 399 

presented since they provide information on the intensity of natural convection in confined heat 400 

transfer fluid (water) for the C2V and C32V configurations and thus information on the charge 401 

/ discharge kinetics.  402 

4.2.1. Charging phase of the cold 403 

In order to analyse the local mechanism of heat transfer in the HTIHE, temperature and velocity 404 

maps are presented in a vertical median plane passing through the center of a volume of 405 

confined water heat transfer fluid for C2V and C32V configurations at three different times 406 

during the charging phase respectively for two mean inlet velocities: Uw,in = 0.21 and 0.41 m.s-407 
1 in the cooling coil. Figure 6 illustrates the vertical median plane and results are presented only 408 

on the right side of the plane. The heat transfer fluid is at rest in the heating coil. 409 

 410 
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 411 
Figure 6 : Illustration of the vertical median plane for C2V configuration (a) and C32V configuration 412 

(b) 413 

 414 
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 415 

Figure 7 : Temperature (colour level) contours for two mean inlet velocities of Uw,in = 0.21 and 416 
0.41 m.s-1 in the cooling coil during the charging phase 417 

 418 
 419 
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 420 
Figure 8 : Velocity (colour level and vector field) contours for two mean inlet velocities of Uw,in = 0.21 421 

and 0.41 m.s-1 in the cooling coil during the charging phase 422 
 423 

Figure 7 and 8 show respectively the contours of temperature and velocity at t=60 s, 120 s and 424 

180 s during the charging phase for two mean inlet velocities of Uw,in = 0.21 and 0.41 m.s-1 in 425 

the cooling coil. Both C2V and C32V HTIHE configurations have initially a uniform 426 
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temperature Ti (x, y, z, 0) = 295 K. Imposing a constant temperature condition Tin,c (x, y, z, t) 427 

= 275 K at the inlet of the cooling coil induces the appearance of local temperature (and 428 

correspondingly velocity) gradients in the confined water HTF that put the fluid into motion. 429 

The local temperature maxima are higher at each time for C2V configuration compared to the 430 

C32V configuration indicating a faster cold charging kinetics for C32V configuration compared 431 

to C2V. The temperature gradients observed in the confined water heat transfer fluid induce a 432 

thermal storage because of the fluid motion generated by buoyancy forces. 433 

It is noted that increasing the mean inlet velocity and therefore the Reynolds number is followed 434 

by a faster cold charging kinetics. Indeed, the temperature field is quite uniform after 120 435 

seconds in C32V configuration for a mean inlet velocity of Uw,in = 0.41 m.s-1 in the cooling coil 436 

while this quasi-uniformity is not yet reached at 180s for the same configuration for a mean 437 

inlet velocity of Uw,in = 0.21 m.s-1 in the cooling coil. The same qualitative conclusion is 438 

observed for C2V however with higher temperature gradients compared to C32V. For both 439 

configurations, as the storage of cold proceeds, temperature gradients decrease leading to 440 

velocity gradients decrease because of the diminution of the buoyancy forces in the course of 441 

time. This decrease is higher in C32V configuration compared to C2V configuration supporting 442 

once more the faster charging kinetics in C32V configuration.  443 

 444 

4.2.2. Discharging phase of the cold 445 

In order to analyse the local mechanism of heat transfer in the HTIHE, temperature and velocity 446 

maps are presented in a vertical median plane passing through the center of a volume of water 447 

(see figure 6) for C2V and C32V configurations at three different times during the discharging 448 

phase respectively for two mean inlet velocities: Uw,in = 0.21 and 0.41 m.s-1 in the heating coil. 449 

The heat transfer fluid (HTF) is at rest in the cooling coil. 450 

 451 

 452 
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 453 
Figure 9: Temperature (colour level) contours for two mean inlet velocities: Uw,in = 0.21 and 0.41 m.s-454 

1 in the heating coil during discharging phase 455 

 456 

 457 

 458 
 459 
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 460 

Figure 10: Velocity (colour level and vector field) contours for two mean inlet velocities: Uw,in = 0.21 461 
and 0.41 m.s-1 in the heating coil during the discharging phase  462 

Figure 9 and 10 show respectively the contours of temperature and velocity at t=60 s, 120 s and 463 

180 s during the discharging phase. Both heat exchangers have initially a uniform temperature 464 

Ti (x, y, z, 0) = 275 K. Imposing a constant temperature condition Tin,h (x, y, z, t) = 295 K at the 465 

inlet of the heating coil induces the appearance of local temperature gradients (and 466 

correspondingly velocity gradients) in the confined water HTF that put the fluid into motion. 467 
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The local temperature maxima are higher at each instant for C32V configuration compared to 468 

C2V configuration indicating a faster cold discharging kinetics for C32V configuration 469 

compared to C2V configuration.  470 

It is noted that increasing the mean inlet velocity and therefore the Reynolds number in the 471 

heating coil is followed by a faster discharging kinetics. Indeed, the temperature field is quite 472 

uniform after 120 seconds in C32V configuration for a mean inlet velocity of Uw,in = 0.41 m.s-473 
1 in the heating coil while this quasi-uniformity is not yet reached at 180s for the same 474 

configuration for a mean inlet velocity of Uw,in = 0.21 m.s-1 in the heating coil. The same 475 

qualitative conclusion is observed for C2V however with higher temperature gradients 476 

compared to C32V. Velocity gradients remain low despite doubling the velocity of the heating 477 

heat transfer fluid.  478 

For both configurations, as the release of cold proceeds, temperature gradients decrease leading 479 

to velocity gradients decrease because of the diminution of the buoyancy forces in the course 480 

of time. This decrease is higher in C32V configuration compared to C2V configuration 481 

supporting once more the faster discharging kinetics in C32V configuration. 482 

 483 

4.3. Global analysis of conducto-convective heat exchanges and storage performances in 484 

transient operation 485 

This part of the analysis will focus on the presentation of the global results and performances 486 

in the Reynolds numbers range studied for the charging and discharging phases. As one of the 487 

aim of the study is to save the conductive material in modified HTIHE configurations (C2V 488 

and C32V) with respect to the reference geometry while increasing their potential of thermal 489 

energy storage, table 3 compares the three configurations in terms of mass and overall energy 490 

density. The material saving and the energy density increase are computed with respect to the 491 

reference configuration. 492 

Configuration 
Mass 

(kg) 

Mass 

reduction 

(%) 

Material 

saving 

(%) 

Energy 

density 

(J. K−1) 

Energy 

density increase 

(%) 

Reference 1.91 - - 1680 - 

C2V 1.44 24.6% 41.3% 2160 28.57% 

C32V 1.44 24.6% 41.3% 2160 28.57% 
Table 3: Comparison of the three configurations 493 

As it can be noted, the two HTIHE configurations C2V and C32V are better than the reference 494 

case not only in terms of overall energy density, but also in terms of material saving. In order 495 

to compare the storage performance of the two innovative configurations with the reference 496 

case, the following results focus on the analysis of their thermal response during the charging 497 

and discharging periods. 498 

 499 

4.3.1. Charging phase of cold 500 

The charging time, overall weight and energy density are important parameters to be taken into 501 

consideration in classical use of the HITHE in agro-food applications such as beverage cooling 502 

with easy handling cooling units. Figure 11 shows the temporal evolution of the average heat 503 

exchangers temperature for the three configurations during the first 200 seconds of charge 504 

respectively for mean inlet velocities values of Uw,in = 0.21 and 0.41 m.s-1 in the cooling coil. 505 

These mean velocities correspond respectively to Reynolds numbers of about Redcoil,in = 1000 506 

and 2000. The heating heat transfer fluid is therefore stagnant in the heating coil. The average 507 

heat exchanger temperature is calculated as the average volumetric temperature of the storage 508 

medium (i.e. the aluminium for the reference configuration and the aluminium with the 509 
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confined water HTF for C2V and C32V configurations). In the above intended application, the 510 

HTIHE must reach the lowest temperature level in minimum time. Figure 11b shows that for 511 

the highest value of mean inlet velocity Uw,in = 0.41 m.s-1, the time needed to reach a 512 

temperature level of 280 K is 80s, 115s and 160s respectively for the reference, C32V and C2V 513 

HTIHE geometries indicating charging kinetics slightly lower for C2V and C32V 514 

configurations than the reference case. The same conclusion is made for the lowest value of 515 

mean inlet velocity Uw,in = 0.21 m.s-1 (see figure 11a). This trend is clearly due to the high 516 

overall diffusivity of the reference geometry compared to the innovative ones.   517 

 518 
Figure 11: Temporal evolution of the average temperature of the exchangers for Uw,in = 0.21 m.s-1   519 

(a) and Uw,in = 0.41 m.s-1 (b) in the cooling coil 520 

Nevertheless, it is worth to mention that, despite 41.3% aluminium substitution with stagnant 521 

low conductivity water HTF corresponding to 28.57% increase of the energy density in C2V 522 

and C32V configurations, the redistribution of the confined water HTF into small volumes 523 

embedded in the aluminium bloc leads to a significant increase of the cooling kinetics in the 524 

C32V configuration compared to the C2V configuration. 525 

 526 

Figure 12 : Temporal evolution of the heat duty exchanged with the stagnant heating fluid in the coil 527 
for Uw,in = 0.21 m.s-1 (a) and Uw,in = 0.41 m.s-1 (b) in the cooling coil 528 

Figure 12 shows the temporal evolution of heat duty exchanged with the stagnant heating fluid 529 

in the coil for mean inlet velocities values of Uw,in = 0.21 and 0.41 m.s-1 in the cooling coil (the 530 

heating fluid does not flow during the charging phase of cold). The results are in agreement 531 
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with the above discussion from figure 11 showing the temporal evolution of the average heat 532 

exchangers temperature. Indeed, the heat duty exchanged with the stagnant heating fluid 533 

exhibits during the first instants of time a peak value, higher for the reference heat exchanger 534 

followed by C32V and then C2V. The trend is reversed from t=160 s for Uw,in = 0.21 m.s-1  535 

(figure 12a) and from t=100 s for Uw,in = 0.41 m.s-1  (figure 12b) and the heat duty exchanged 536 

with the stagnant heating fluid is higher for configurations C32V and C2V compared to the 537 

reference. This is mainly due to the fact that configurations C2V and C32V have an overall 538 

higher energy density than the reference. Furthermore, more homogeneous spatial distribution 539 

of the confined water volumes makes heat transfer faster in the C32V configuration than in the 540 

C2V configuration.  541 

In order to better study the advantages obtained by the geometrical configuration C32V 542 

compared to C2V configuration, a fine analysis of heat transfer is carried out in the confined 543 

water HTF volumes. 544 

The maximum energy that can be stored in confined water volumes can be calculated from the 545 

change in enthalpy when cooling the confined water HTF from the initial temperature Tw (t0) 546 

(295 K at initial time t0=0s) to the final temperature Tw (tf) (275 K at final time tf = ∞) from the 547 

following equation: 548 

, , 0[ ( ) ( )]tot w w p w w w w fE C V T t T t                                         (9) 549 

In this equation, ρ
w
, Cp,w and Vw represent respectively the density, the specific heat and the 550 

total volume of water confined in the conductive element. 551 

Similarly, the volumetric power locally stored in each cell of confined water HTF volumes can 552 

be deduced from the energy equation as follows: 553 

2

, , .w p w w w p w

Conduction term Convection term
Storage term

T
C T C V T

t
  

 



   


                                (10) 554 

The thermal power stored at each time in the confined water HTF total volume can be evaluated 555 

by integrating the storage term of the above equation into the total volume of water as follows: 556 

                                                   
, ,vol w w p w

T
P C dV

t





                                                      (11) 557 

The cooling energy stored by confined water volumes can therefore be deduced from the power 558 

exchanged by simple temporal integration between the initial charging time t0 =0s and any time 559 

t as follows: 560 

     

0

,

t

csw vol w

t

E P dt                                                             (12) 561 

A cooling charge ratio in the confined water HTF volumes can be defined as follows: 562 

 
,

.100csw
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tot w

E
R

E
                                                           (13) 563 

Similarly, an average kinetics of cooling charge in confined water HTF volumes can be deduced 564 

from the energy equation (10) and expressed as follows: 565 
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Figure 13 shows the temporal evolution of the cooling charge ratio. The analysis of figure 13a 567 

shows that the cooling charge ratio in the confined water HTF volumes increases over time. 568 

This rate is higher for C32V configuration compared to C2V configuration. For example, for 569 

the lowest value of mean inlet velocity Uw,in = 0.21 m.s-1, times needed to reach a cooling charge 570 
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ratio of 60 % are approximatively 140s and 200s respectively for the C32V and C2V HTIHE 571 

geometries indicating lower charging kinetics for the HTIHE configuration C2V compared to 572 

the C32V configuration. The results are in agreement with figure 14a showing the temporal 573 

evolution of average kinetics of the cooling charge in the confined water volumes, indicating 574 

that the average kinetics is faster for the C32V configuration than the C2V configuration. In 575 

fact, by dividing the confined water HTF volumes, the conductive path in the confined water 576 

HTF becomes shorter and thus the conductive resistance smaller for the C32V configuration.  577 

On the other hand, the convective phenomena is more important for the C2V configuration with 578 

larger volumes of water.  579 

It can also be noted that the kinetics of charge reaches a peak value for C32V and C2V 580 

configurations at the beginning of the charge where the temperature gradient is high. This peak 581 

value is higher for the C32V configuration compared to C2V configuration. Values are about 582 

0.12 K/s for the C32V HTIHE exchanger and about 0.08 K/s for the C2V HTIHE exchanger 583 

for Uw,in = 0.21 m.s-1 in the cooling coil (fig 14a). Over time, the temperature gradient 584 

decreases, which explains the decrease in the average kinetics of the cooling charge until 585 

reaching values close to zero for infinite charging times. 586 

The same conclusions as for the first case of charging phase can be drawn from figures 13b and 587 

14b, indicating that the average kinetics of cooling charge in the confined water HTF volumes 588 

is faster for the C32V configuration than that of the C2V configuration and the cooling charge 589 

ratio in the confined water HTF volumes is higher for the C32V configuration than the C2V 590 

configuration. Furthermore, increasing the mean inlet velocity and therefore the Reynolds 591 

number in the cooling coil results in faster charge kinetics and higher ratio of cooling charge in 592 

the confined water HTF volumes for both configurations. 593 

594 
Figure 13: Temporal evolution of cooling charge ratio in the confined water HTF volumes for 595 

Uw,in = 0.21 m.s-1 (a) and Uw,in = 0.41 m.s-1 (b) in the cooling coil 596 
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 597 
Figure 14: Temporal evolution of average kinetics of charging of the cold in the confined water HTF 598 

volumes for Uw,in = 0.21 m.s-1 (a) and Uw,in = 0.41 m.s-1 (b) in the cooling coil 599 

In order to analyze effects of the redistribution of water volumes on the thermal resistance of 600 

C2V and C32V configurations, the heat transfer exchanged at all aluminum/confined water 601 

interfaces was computed at different times for an inlet velocity Uw,in = 0.21 m.s-1 in the cooling 602 

coil. This study showed that the heat transferred was at each time significantly higher for C32V 603 

compared to C2V. The values of the heat transfer exchanged were respectively equal to 95.88, 604 

60.27 and 38.09 W for the C32V configuration at 60, 120 and 180 s, whereas they were 605 

respectively equal to 40.42, 36.57 and 27.20 W for the C2V configuration at 60, 120 and 180 606 

s. Indeed, the cold induced by the cooling heat transfer fluid is better transferred by conduction 607 

and natural convection to the entire volume of C32V configuration indicating a lower thermal 608 

resistance for C32V configuration compared to C2V configuration. 609 

 610 

4.3.2. Discharging phase of the cold 611 

The discharging time is also an important parameter to be taken into consideration in the above 612 

application. The heat exchanger has to deliver a maximum cold during the discharging period. 613 

Figure 15 shows the temporal evolution of the average heat exchangers temperature for the 614 

three configurations during the first 200 seconds of discharge respectively for mean inlet 615 

velocities values of Uw,in = 0.21 and 0.41 m.s-1 in the heating coil. These mean velocities 616 

correspond respectively to Reynolds numbers of about Redcoil,in = 1000 and 2000. The cooling 617 

fluid is therefore stagnant in the cooling coil.  618 
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 619 
Figure 15 : Temporal evolution of the average temperature of the exchanger for Uw,in = 0.21 m.s-1 (a) 620 

and Uw,in = 0.41 m.s-1 (b) in the heating coil 621 

Similar to the charging phase, figure 15b shows that for the highest value of mean inlet velocity 622 

Uw,in = 0.41 m.s-1, the time needed to reach a temperature level of 290 K is 65s, 98s and 140s 623 

respectively for the reference, C32V and C2V HTIHE geometries indicating slightly lower 624 

discharging kinetics for configurations C32V and C2V than the reference case. The same 625 

conclusion is made for the lowest value of mean inlet velocity Uw,in = 0.21 m.s-1 (see figure 626 

15a). This trend is clearly due to the high overall diffusivity of the reference geometry compared 627 

to the innovative ones. Nevertheless, it is worth to mention that, despite 41.3% aluminium 628 

substitution with stagnant low conductivity water HTF corresponding to 28.6% increase of the 629 

energy density in C2V and C32V configurations, the redistribution of the confined water HTF 630 

into small volumes embedded in the aluminium bloc leads to a significant increase of the 631 

heating kinetics in the C32V configuration compared to the C2V configuration. 632 

 633 
Figure 16 : Temporal evolution of the heat transfer exchanged with the stagnant cooling fluid in the 634 

coil for Uw,in = 0.21 m.s-1 (a) and Uw,in = 0.41 m.s-1 (b) in the heating coil 635 

Figure 16 shows the temporal evolution of heat duty exchanged with the stagnant cooling fluid 636 

in the coil for mean inlet velocities values of Uw,in = 0.21 and 0.41 m.s-1 in the heating coil (the 637 

cooling fluid does not flow during the discharging phase of cold). The results are in agreement 638 

with the above discussion from figure 15 showing the temporal evolution of the average heat 639 

exchangers temperature. Indeed, the heat duty exchanged with the stagnant cooling fluid 640 

exhibits during the first instants of time a peak value, higher for the reference heat exchanger 641 

followed by C32V and then C2V. The trend is reversed from around t=160 s for Uw,in = 0.21 642 
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m.s-1 (figure 16a) and t =100 s for Uw,in = 0.41 m.s-1 (figure 16b), and the heat duty exchanged 643 

with the stagnant cooling fluid is higher for configurations C32V and C2V compared to the 644 

reference. This is mainly due to the fact that configurations C2V and C32V have an overall 645 

higher energy density than the reference. Furthermore, more homogeneous spatial distribution 646 

of confined water HTF volumes makes heat transfer faster in the C32V configuration than in 647 

the C2V configuration.  648 

A more detailed analysis of heat transfer is carried out in confined water HTF volumes during 649 

the discharge phase for configurations C2V and C32V. The maximum energy that can be 650 

released by confined water HTF volumes can be calculated from the change in the enthalpy 651 

when heating the confined water HTF from the initial temperature Tw(t0) (275 K at initial 652 

discharging time t0=0s) to the final temperature Tw(tf) (295 K at the final time tf = ∞) from the 653 

following equation: 654 

, , 0[ ( ) ( )]tot w w p w w w f wE C V T t T t                                           (15) 655 

Similarly, the volumetric power locally released from by each cell of the confined water HTF 656 

volumes can be deduced from the energy equation as follows: 657 
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The cooling power released by the confined water HTF contained in these volumes can be 659 

evaluated by integrating the release term of the above equation into the total volume of confined 660 

water HTF as follows: 661 
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                                                   (17) 662 

The cooling energy discharged by confined water volumes can be deduced from the cooling 663 

power released by simple temporal integration between the initial discharging time t0 =0s and 664 

any time t as follows: 665 
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A cooling discharge ratio in the volumes of confined water HTF can be defined as follows: 667 
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Similarly, an average kinetics of cooling discharge in confined water HTF volumes can be 669 

deduced from the energy equation (16) and expressed as follows: 670 
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Figure 17 shows the temporal evolution of cooling discharge ratio. The analysis of figure 17a 672 

shows that the cooling discharge ratio in confined water volumes increases over time. This rate 673 

is higher for C32V configuration compared to C2V configuration. The results are in agreement 674 

with figure 18a showing the temporal evolution of the average kinetics of cooling discharge in 675 

confined water HTF volumes, indicating that the average kinetics is faster for the C32V 676 

configuration than the C2V configuration. Indeed, by dividing the confined water HTF 677 

volumes, the conductive path becomes shorter and thus the conductive resistance smaller for 678 
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the C32V configuration. On the other hand, the convective phenomena is more important for 679 

the C2V configuration with larger volumes of confined water HTF.  680 

It can also be noted that the kinetics of discharge reaches a peak value for the C2V and the 681 

C32V at the beginning of the discharge where the temperature gradient is high. This peak value 682 

is higher for the C32V configuration compared to the C2V configuration. Values are about 0.12 683 

K/s for the C32V exchanger and about 0.08 K/s for the C2V HTIHE exchanger for Uw,in = 0.21 684 

m.s-1 in the heating fluid. Over time, the temperature gradient decreases, which explains the 685 

decrease in average kinetics of cooling discharge until reaching values close to zero for infinite 686 

discharging times. 687 

Similar conclusions as the first case of discharging phase can be drawn from figures 17b and 688 

18b, indicating that the average kinetics of cooling discharge in confined water HTF volumes 689 

is faster for the C32V configuration than the C2V configuration and the cooling discharge ratio 690 

in the confined water HTF volumes is higher for the C32V configuration than the C2V 691 

configuration. Furthermore, increasing the mean inlet velocity and therefore the Reynolds 692 

number of the heating fluid results in faster discharge kinetics and higher ratio of cooling 693 

discharge in the confined water HTF volumes for both configurations. 694 

 695 

 696 

Figure 17 : Temporal evolution of cooling discharge rate in confined water HTF volumes for 697 
Uw,in = 0.21 m.s-1 (a) and Uw,in = 0.41 m.s-1 (b) in the heating coil  698 

699 
Figure 18 : Temporal evolution of average kinetics of cooling discharge in confined water HTF 700 

volumes for Uw,in = 0.21 m.s-1 (a) and Uw,in = 0.41 m.s-1 (b) in the heating coil 701 
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 702 

5. Conclusions 703 

The design optimization of the High Thermal Inertia Heat Exchanger (HTIHE) in the food 704 

industry is a very important element to improve the performance of food fluid conditioning 705 

processes. A precise analysis of heat transfers in complex geometry of heat exchangers with 706 

high inertia combining solid and liquid parts offer innovative solutions more efficient with  707 

metallic material saving and energy performance increased. In this study, a transient numerical 708 

analysis of the thermal behavior of three exchangers including a reference case having a solid 709 

conductive element, and two cases derived from the reference case by a controlled substitution 710 

and redistribution of 41.3% of the conductive material by a confined heat transfer fluid, was 711 

performed to characterize their performance in terms of kinetics of cooling charge/discharge. 712 

From this study the main conclusions are the following: 713 

• A controlled substitution of 41.3% of conductive material, keeping constant the volume 714 

of the exchanger, led to material saving compared to the reference case as well as an 715 

increase the energy density of the heat exchanger by nearly 30%. 716 

• Performances obtained with the HTIHE configurations C2V and C32V are better after 717 

a certain duration of charge/discharge with, in particular, a heat duty exchanged more 718 

important. 719 

• The redistribution of the confined heat transfer fluid volumes into the overall volume of 720 

the conductive material led to an increase of the heat transfer and the kinetics of 721 

charge/discharge. The local geometry of the confined heat transfer fluid zones has a 722 

significant influence on the performances and an optimization of the geometry of these 723 

zones can allow thermal performance improvement.  724 

• The use of a combination of fluid and solid zones inside the storage system is an 725 

interesting solution allowing an increase of the storage performance with a significant 726 

material reduction. The mass reduction resulting from material saving leads to easy 727 

handling of the HTIHE for agro-food utilization. 728 

This first study shows that it is possible to significantly improve the storage and heat transfer 729 

performance of a High Thermal Inertia Heat Exchanger (HTIHE) in the food industry by 730 

combining liquid and solid materials in complex geometric configurations. Future studies will 731 

use temporally variable conditions (temperature and velocity) at the entries of the heating and 732 

the cooling coils in order to simulate different cyclic charge-discharge scenarios and ultimately 733 

consider the phase change in confined HTF volumes to benefit from the high latent heat of 734 

water. 735 
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