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Abstract

The present article deals with the numerical study of the thermal behaviour of three
configurations of heat exchangers for sensible thermal energy storage. The objective is to
compare their response to transient thermal conditions in order to characterize their kinetics of
charge/discharge of heat/cold. One of these heat exchangers is commonly encountered in agro-
food industry and used in this study as the reference against which the other two configurations
are compared. The reference heat exchanger is made up of two fluid coils embedded in an
aluminium cylindrical conductive element. The other two heat exchangers are derived from this
reference exchanger by a partial substitution of the conductive element with a confined heat
transfer fluid. The compactness and heat exchange surfaces of the coils are identical in all three
cases. The thermal behaviour and the storage performance of these heat exchangers are analysed
using a three dimensional numerical study with the CFD code Star CCM + V12.02. This study
shows that a controlled substitution of the conductive material by a confined heat transfer fluid,
at constant compactness and coils heat transfer surface does not only achieve material saving
compared to the reference configuration, but also increase the energy reserve without
significant decrease in the heat transfer kinetics.

Keywords: Sensible Heat Storage, CFD, Thermal Analysis, Storage Performance, Transient
state conditions, Charge/Discharge kinetics, Material saving.

Nomenclature

CFL Courant number - Tref Reference K
temperature
Specific heat capacity JkglK? Tee Average K.s*?
kinetics of
cooling during
the charge
deoit, in Inner diameter of the coil m Teq Average K.s?
kinetics of
cooling during
the discharge

G

eoil, out Outer diameter of the coil m Unmax Maximum Xx- m.s?
velocity
Ecdw Cooling energy discharged in J Uw,in Water velocity m.s!
confined water volumes at the inlet
E.w  Cooling energy stored by confined J V max Maximum y- m.s*!
water volumes velocity
Etot Maximum energy stored J Valusub Total volume m?
of substituted
aluminium
f Friction factor - \Y/ Volume m?
1
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g Gravitational acceleration m.s? V Velocity -

vector
H Heat exchanger height m xX,Y,Z Cartesian -
coordinates
P Pressure Pa Greek symbols
Peoil Pitch of the coil m P Density Kg.m?3
| Thermal power stored(during W o Thermal m2.s?t
charge)/released(during discharge) diffusivity
Reurve  Radius of curvature of the cold coil m n Dynamic Pa.s
viscosity
Reuvn  Radius of curvature of the hot coil m hy Thermal wW.mlK1

conductivity

Rewin  Inner radius of the heat exchanger m B Expansion K1
coefficient
Reoue  Outer radius of the heat exchanger m Abbreviations
T'eoil, in Inner radius of the coil m al Aluminium
Teoil, out Outer radius of the coil m cop Copper
R Cooling charge ratio - w Water
Ry Cooling discharge ratio - ca2v Configuration with two
volumes of water
Ra Rayleigh humber - 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
Tinc Inlet temperature at the inlet of the K SHTS Sensible Heat Thermal
cooling heat transfer fluid Storage
Tinh Inlet temperature at the inlet of the K TES Thermal Energy Storage

heating heat transfer fluid

1. Introduction

Heat exchangers are thermodynamic equipment used in several industrial applications such as
automotive, chemical and process engineering, industrial heating, cooling and heat-recovery
processes, etc. [1-3]. In the most common applications, the heat transfer occurs under steady
state operating conditions. Priority is then given to steady state heat transfer which does not
allow any possibility of thermal energy storage in the heat exchanger. In some specific
applications such as thermal conditioning of beverage in agro-food industries, the heat
exchange between the heat transfer fluids occurs under transient state operation through a
conductive element which allows a better management of the heat or cold demand by storing
part of the thermal energy in the heat exchanger [4]. Thermal energy can be stored under
sensible [5-9], latent [10-13], or chemical [14-16] forms.

Among the above means of storing thermal energy, sensible heat thermal storage (SHTS) has
been drawing increasing attention. Technological and economical aspects make SHTS superior
to latent heat thermal storage (LHTS) [17]. It is the most common technology compared to other
storage methods [18], since it is by far the easiest to implement, simple in design and operation,
inexpensive and the most economical in a thermal energy storage (TES) system [19-20]. SHTS
consists in the heat stored by changing the temperature of a storage medium. The amount of
stored heat is proportional to the density, specific heat, volume, and temperature variation of
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the storage materials. High energy density and good thermal conductivity are the most desirable
characteristics of sensible heat storage materials [21]. Other desirable characteristics are
good heat transfer between the storage material and the heat transfer fluid (HTF) and its
compatibility with the container material [22-25]. Finally, the choice of a storage material
strongly depends on the temperature level required for a kind of application [26].

Various systems related to sensible heat storage have been studied in the past. They may be
classified on the basis of the heat storage media as solid media storage and liquid media storage
[27]. Only some few studies have been conducted on combined solid/liquid media storage.

A variety of solid heat storage materials have been used as storage medium for high temperature
thermal energy storage, such as rocks, metals, concrete, sand, bricks etc. [27]. Among the
metals, aluminum, magnesium and zinc have been mentioned as suitable examples [27]. Metals
comprise high thermal conductivity and hence reduce the charging and discharging time. The
inconvenient of these materials is that they have low heat capacity, high density and high cost
that make these systems expensive to use. The use of metal media may be advantageous where
high thermal conductivity is required and where cost is of secondary importance [19]. Bricks,
concrete, graphite, etc. were studied as SHTS building materials and they are used to build
temperature controlled building [28-29]. For solar applications, most of the studies carried out
works with rocks and pebbles as packing materials [17]. This type of storage is very common
for high temperature applications (up to 1273 K) [30]. According to Laing et al. [31], castable
ceramic and high temperature concrete are also candidate storage materials and are suitable for
use in high temperature thermal storage in particular for solar applications. Some researchers
have carried out experimental works to compare the storage performances of solid materials.
For example, Rao et al. [5] have carried out experiments on lab-scale SHTS shell-and-tube heat
exchanger prototypes made up of cast steel and concrete at temperature range between 353 K
and 413 K. The thermal storage performances of such prototypes have been estimated at various
operating temperatures and HTF flow rates with respect to charging/discharging kinetics and
energy storage/discharge rates. This experimental study shows that, for the storage/discharge
phase, heat transfer rate is much better for cast steel prototype than for concrete prototypes due
to the higher thermal conductivity of cast steel. Some numerical works have also been done for
the purpose of comparing the storage performances of solid materials. For example, Prasad et
al. [32] have carried out a numerical investigation using COMSOL Multiphysics 4.2 to study
transient behavior and thermal storage capability of a cylindrical sensible heat storage unit at
temperature range between 523 K and 673 K. The cylindrical unit, which is embedded with
charging tubes, has been designed employing three different storage materials: concrete, cast
steel and cast iron. It was shown that the charging time for cast iron and cast steel are much less
than that of concrete. Charging time for concrete was reduced by 35.4% and 41.4% with
addition of 4 fins and 6 fins respectively.

Different kinds of liquids have also been used as sensible heat storage materials for low and
high temperature applications. Water, oil based fluids and molten salts are the most suitable
liquids [27]. Water is the most used for medium temperature applications (between 298 K and
363 K). In general, water exhibit a higher storing capacity than other materials, and it is cheap
and widely available [27], [33]. However, due to its high vapor pressure, water as heat storage
material requires insulation and pressure withstanding container for operation at high
temperature [19]. The most commonly proposed substitutes for water are molten salts. The heat
capacities are 25-40% of that of water on a weight basis. However, these substitutes have lower
vapor pressure than water and are able to operate at temperatures exceeding 573 K [27]. Molten
salts are the most widely studied and used in Concentrated Solar Plant (CSP) [34]. Some authors
choose to modify the properties of the liquid in order to improve its storage performance. El
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Kaddadi et al. [35] carried out an experimental study of SHTS in a water/TiO2 nanofluid
enclosed in an annular space in a vertical cylindrical system during a sensible heat storage cycle
(charging/discharging). From this study, it was found that the heat transfer was significantly
improved by using TiO»-distilled water nanofluid. Furthermore, natural convection was
predominant in the vertical direction which would cause the thermal stratification. It was found
also that convective heat transfer coefficient has a strong influence on sensible heat storage
during a cycle (charging/discharging).

In the same spirit, the increase in performance can be obtained by combining solid/liquid heat
storage materials. Typical studies can be found in references [21] and [36] which rely on Harry
Thomason technique based on the use of both water and stone as storage media [21], [36]. The
high heat capacity of water, and the extensive area of the rock’s container leads to efficient heat
transfer. Another study using combined thermal storage is presented by Moschatos [37]. In this
study, a type of TES that combines rock-bed and water storage is presented. Lugolole et al. [38]
have carried experimental tests to evaluate and compare three sensible heat thermal energy
storage systems during charging cycles. Two packed storage systems using Sunflower Oil as
the heat transfer fluid with two particle diameters (10.5 mm and 31.9 mm) are compared with
an oil only storage tank. The presence of pebbles of different sizes greatly modifies the
performance of the storage system by influencing the stored energy density and also the
charging and discharging dynamics.

The analysis of the above literature shows that very few studies have been focusing on the
development of combined solid/liquid media for sensible heat storage, especially for low
temperatures (273-300K). In addition, whatever the nature of the storage medium, the thermal
phenomena that drives the performance of the sensible storage systems during the dynamic
phases of charging and discharging are complex, dependent on the thermophysical properties
of the materials (storage material and heat transfer fluid) and also on the geometry of the various
components of the STHS system. Thus, the optimization of sensible storage systems that use
combination of solid and liquid materials is a difficult task that requires the analysis of complex
heat exchange during transient phases and parametric study of several geometries to propose
more efficient design. The use of CFD is required for this work due to the complexity of the
transient behaviour combining thermal storage in both solid (mainly conduction) and liquid
(natural convection) media, in order to analyse and optimise the performance of innovative
designs before manufacturing costly prototypes and performing validation tests. In agro-food
industry, the thermal conditioning of pressurized liquids, requires STHS system to overcome
load variability. A typical application is the distribution of draft beer that requires the use of an
efficient heat exchanger which also has a cold storage capacity to perfectly meet a large
variability of production. In this type of application, the heat exchanger that cools the food fluid
produced, should have an increased thermal inertia using a suitable thermal storage material.
The High Thermal Inertia Heat Exchanger (HTIHE) must therefore enable the thermal energy
to be transferred very quickly to the fluid that is cooled while allowing the cooling power
variations of the refrigerating system to be smoothed. This objective is usually reached by using
large metallic blocs to build the heat exchanger which increases its weight and cost. The aim of
this study is to numerically investigate the performances of an innovative SHTS system
combining a high thermal conductivity material (aluminium) and a high heat capacity material
(water) in order to enhance the storage performance and also decrease the weight and cost of
the system. Hence, a three-dimensional numerical comparison of the thermal behaviour of three
exchangers, is carried out under transient state conditions, for low temperature applications
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(273 K - 300 K). The developed model is used to identify and quantitatively evaluate the storage
and the heat transfer performance of an innovative heat exchanger used in agro-food industry.

2. Numerical analysis of the thermal energy storage

In our study, in order to analyse the operation of this type of heat exchanger with high thermal
inertia, a simplified geometry is used. This geometry is made of two coils inserted into a
conductive solid element that will store some of the thermal energy (cold) in order to respond
to variations in production. One of the two coils called “heating coil” conveys the fluid that
must be cooled. Innovative designs of the High Thermal Inertia Heat Exchanger (HTIHE) using
combination of solid and liquid storage material with natural convection are then studied in
order to enhance its storage performance and decrease its weight and cost.

2.1. Geometry description and boundary conditions

The reference configuration (reference heat exchanger) is presented in Figure 1. It consists of
two fluids (heating and cooling fluids) circulating in helical-shaped coils. Each coil consists of
three turns. These coils are embedded in an aluminium cylindrical conductive element hollowed
in its central part.

Cooling water outlet * | Heating water outlet

Teoilout

Conductive element

@) Cooling water inlet  Heating water inlet  (B) (©

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

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

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

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

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

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

Conductive element Helical coils
H Rex, in Rex, out Teoil, out pcoil Rcurv, c Rcurv, h
Teoil, in Teoil, in Teoil, in Teoil, in Leoil, in Teoil, in Teoil, in
13.33 11.67 28.33 1.067 3.33 16.67 23.33

Table 1: Dimensionless parameters of the reference heat exchanger

A second geometrical configuration of the heat exchanger is derived from the reference
geometry by substituting a part of the conductive element with confined water volumes. This
material substitution is operated while maintaining the same compactness compared to the
reference configuration. The objective is to reduce the amount of conductive material

5
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(Aluminium) with respect to the reference configuration while increasing the overall energy
density of the heat exchanger that can be stored during transient operation phases.

Figure 2b shows the second geometrical configuration for which a volume of the conductive
material (Aluminium) has been replaced by an identical volume of water such as Vw = Vai, sun=
Vw1 +Vw2. This second geometrical configuration will be called "configuration with two
volumes of water"” or C2V.

A third geometrical configuration is derived from the above second configuration C2V by
redistributing the two volumes of water into 32 elementary volumes in order to evaluate the
influence of the spatial distribution of the confined water on the kinetics of thermal storage.
Figure 2c shows the third geometrical configuration that will be called "configuration with 32
volumes of water" or C32V. The geometrical configurations C2V and C32V have equal
compactness, and equal overall sensible energy density during similar transient operation
phases.

Conductive element

(aluminium) \

volumes of water

2 volumes of water

Cold water Hot water
(a) (b) (c)
Figure 2: Illustration of the: (a) reference heat exchanger (b) heat exchanger C2V (c) heat exchanger
Cc32v

Numerical simulations were carried out for the three heat exchangers in steady state, and in
transient regime. A phase of charge as well as a phase of discharge of cold were thus tested in
order to characterize the kinetics of heat transfer for the different configurations.

2.2. Initial and boundary conditions

In order to analyse the heat transfer and the kinetics of thermal energy storage, real operating
conditions of such exchangers have been chosen by considering classically application
encountered in agro-food industry such as the thermal conditioning of beverage. In such
application, it is important to study both the charging and discharging phases since the
efficiency of a heat exchanger in such applications depends on the charge/discharge kinetics.
Different scenarios have then been studied.

2.2.1. Steady state operation

At the inlets of the heating and the cooling heat transfer fluids circulating in the coils, Poiseuille
velocity profiles corresponding to mean inlet velocities of about Uw,in = 0.21; 0.31 and 0.41 m.s
! are imposed. These mean velocities correspond respectively to Reynolds numbers of about
Regdcoilin = 1000; 1500 and 2000 based on the inner diameter of the coils are imposed. It has to
be noted that Reynolds numbers are not exactly the same for the same velocity of the cooling
and the heating fluids due to difference in viscosity for the two heat transfer fluids. It has been
chosen to carry out the study at constant velocities of the heating and the cooling fluids to

6
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comply with real operating conditions of an exchanger in agro-food industry where the flowrate
is of great importance. Constant inlet temperatures Tinnh = 295 K and Tine = 275 K are
respectively imposed at the inlet of the heating and the cooling fluids. At the outlets of the
heating transfer fluids, pressure outlet boundary condition is considered. At all fluid-solid and
solid-solid interfaces, conjugate heat transfer is considered. All the external boundaries of the
conductive element are adiabatic.

2.2.2. Transient state operation

In transient state operation, two operating phases were considered namely:
e A charging phase

e Adischarging phase
During the charging phase, it is considered that the heat exchanger is subjected only to the
thermal influence of the cooling heat transfer fluid. The heating heat transfer fluid is therefore
stagnant in the coil. The single circulation of the cooling heat transfer fluid corresponds to the
charge of cold energy inside the heat exchanger. The following initial and boundary conditions
are considered during this phase.

o Initial conditions
At the initial time, all the heat exchanger volume (conductive element, volumes of confined
heat transfer fluid, heating and cooling heat transfer fluids in the coils) is supposed to be at an
initial uniform temperature Ti(X, vy, z, 0) = 295 K.

o Boundary conditions
As the heating heat transfer fluid is stagnant, a velocity inlet Uw,in = 0 m.s™ and a pressure outlet
boundary conditions are respectively imposed at the inlet and at the outlet of the heating heat
transfer fluid.
At the inlet of the cooling heat transfer fluid, Poiseuille velocity profiles corresponding to mean
inlet velocities Uw,in = 0.21 m.s™ and 0.41 m.s are imposed. A constant inlet temperature Tin
=275 K isimposed at the inlet of the cooling heat transfer fluid while a pressure outlet boundary
condition at the outlet is considered. At all fluid-solid and solid-solid interfaces, conjugate heat
transfer is considered. All the external boundaries of the conductive element are adiabatic.

During the discharging phase, it is considered that the heat exchanger is subjected only to the
thermal influence of the heating heat transfer fluid. The cooling heat transfer fluid is therefore
stagnant in the coil.

o Initial conditions
At the initial time, all the heat exchanger volume (conductive element, volumes of confined
heat transfer fluid, heating and cooling heat transfer fluids in the coil) is supposed to be at an
initial uniform temperature Ti (X, Yy, z, 0) = 275 K.

o Boundary conditions
As the cooling heat transfer fluid is stagnant, a velocity inlet Uw,in = 0 m.s™ and a pressure outlet
boundary conditions are respectively imposed at the inlet and at the outlet of the cooling heat
transfer fluid.
At the inlet of the heating heat transfer fluid, Poiseuille velocity profiles corresponding to mean
inlet velocities Uw,in = 0.21 m.s and 0.41 m.s™ are imposed. A constant inlet temperature Tinn
=295 K is imposed at the inlet of the heating heat transfer while at the outlet, a pressure outlet
boundary condition is considered. At all fluid-solid and solid-solid interfaces, conjugate heat
transfer is considered. All the external boundaries of the conductive element are adiabatic.
For all simulations performed in this study, the thermo-physical properties of water, copper and
aluminium are evaluated at an average temperature of 285 K.
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2.3. Physical formulation

The flow in the different heat exchanger configurations is modelled through the conservation
equations (mass, momentum) in a laminar regime using water as working fluid which is
considered incompressible and viscous. The heat transfer is modelled through the energy
equation for the heat transfer fluids circulating in the coils, coupled with the thermal diffusion
equation in the coils tube made of copper and in the conductive element made of aluminium.
In addition, natural convection phenomena are taken into account in the confined heat transfer
fluid (in C2V and C32V) through the Boussinesq approximation and neglected in the circulating
heat transfer fluids. The viscous heating in the fluids is neglected. By considering the above
assumption, the conservation equations modelling the flow and heat transfer in the exchanger
can be written as follow:

e Circulating heat transfer fluids (Water)

% Ve,V =0 (1)
6\7 w4 s N7
pWE'i'pW(VV)V :_Vp+luwv \ (2)
PuCpw w3 +P,CouV-VT =4, VT
e Coils tube (Copper)
oT
pcopCp,cop E = ﬂ’copva (4)

e Conductive element (Aluminium)
oT

PuCon S =2 VT )
e Confined heat transfer fluid (Water)
aatﬂ Ve,V =0 ©6)
PS4 NN ==VP+ 4 VY 4, (T, ~T) @
PuCoum %T +p,CpuV VT =4, VT (8)

3. Numerical procedure
3.1. Numerical scheme and solvers

The commercial code STAR-CCM + V12.02 [41] was used to solve the conservation equations
based on a finite volume discretization method. The conservation equations were solved
sequentially using the AMG algebraic solver and the SIMPLE algorithm for pressure-velocity
coupling. A second-order discretization was chosen for the convective terms of the momentum
and energy equations. A temporal discretization of second order was chosen.

3.2. Grid and time step sensitivity study
A grid sensitivity study was carried out in steady state for the reference heat exchanger
configuration for a mean inlet velocity Uw,in = 0.21 m.s? corresponding to Reynolds number

Redcoilin O about 1000 imposed in the inlet of the heating and the cooling heat transfer fluids.

8
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The appropriate grid was chosen based on two global indicators namely the heat duty of the
heat exchanger and the pressure drop in the heating coil.

By performing a gradual refinement of the mesh, a set of four grid systems having respectively
2.5; 3.5; 4.9 and 6.6 Million of cells were generated in the computational domain. The
difference in the heat duty and the pressure drop between the grid system with 4.9 Million and
the one with 6.6 Million of cells did not exceed respectively 1.5 % and 1 %. Taking into account
the available computing resources, it was decided to use the configuration having 4.9 Million
cells throughout the study.

Figure 3 illustrates the retained grid distribution in the vertical median plane for the reference
geometry presented only on the right side of the plane. Polyhedral meshes were used for the
aluminium region. For copper region, the “thin layer mesher” [41] was used. This type of mesh
is typically used in order to generate a prismatic type volume mesh for thin volumes within
parts or regions [41] of the computational domain. For the heating and the cooling heat transfer
fluids circulating in the coils, advancing layer mesher [41] was used. This type of mesh
generates layers of prismatic cells around the surfaces of regions or parts and fills the remaining
void with polyhedral cells [41]. Some advantages of this approach are a conformal match on
either side of an interface [41] which is crucial for conjugate heat transfer.

It is important to note that the grid distribution for the C2V and C32V configurations are not
presented in order to save space. However, the same types of meshes were used for aluminium,
copper and circulating fluids as for the reference. These two configurations, are derived from
the reference geometry by substituting a part of the conductive element (aluminium) with
confined water volumes as mentioned in section 2.1. For these confined water volumes, the
trimmed cell mesher which generates hexahedral cells was used. Attention was paid to near
wall grid structure using a progressive refinement in the vicinity of walls in order to correctly
capture near wall high velocity and temperature gradients.
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Figure 3: Grid distribution in the vertical median plane for the reference geometry

Moreover, since the precision of the results is intimately related to the time step chosen for
unsteady calculations, a time step sensitivity study was carried out using the optimal above grid
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
adaptive time step of 0.05 s during the flow development time in the coils followed by a time
step of 0.1 s for the rest of the charging (or discharging) phase for the lowest Reynolds number
Redcoitin Of about 1000. For the highest Reynolds number Reqcoitin Of about 2000, an adaptive
time step of 0.025 s during the flow development time and then a time step of 0.05 s for the rest
of the charging (or discharging) phase have been chosen. For this highest Reynolds number,
the time steps were divided by 2 compared to the lowest Reynolds number in order to maintain
an equal courant number (CFL) for the both cases.

3.3. Numerical validation

In order to validate the physical models and the ability of the CFD code to correctly predict the
major physical phenomena involved in the system, a numerical simulation of the natural
convection in a square cavity was carried out, in steady state, in the same geometrical
configuration as that studied by De Vahl Davis [42] and for fixed temperatures equal to 275 K
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for the cold vertical wall and 295 K for the hot vertical wall, the horizontal walls being adiabatic
and having variable cavity size.

Figures 4a and 4b compare respectively the evolution of the maximum x-velocity and the
maximum y-velocity on a centre vertical line in the cavity between the present study and the
one of Davis [42]. These figures clearly show a good match between both studies with a
maximum discrepancy of 1.7% for the maximum x-velocity and a maximum discrepancy of
1.8% for the maximum y-velocity thus validating the numerical procedure for natural
convection. Similarly, a numerical simulation of flow characteristics in the coils was also
performed by considering a water flow in a helical coil, and compared to Prandtl correlation
[43] evaluating the friction factor in a helical coil.

As in presented in figure 5, the results showed a difference in the prediction of friction between
the present study and the Prandtl correlation [43] that did not exceed 2.5 % for Reynolds
numbers varying from 1000 to 2000 thus validating the numerical procedure for the flow
characteristics in the coils.
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Figure 4: Validation of the natural convection based on de Vahl Davis study [42]
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Figure 5: Validation of the flow characteristics in the coils with the Prandtl correlation [43]

4. Results

In this section, firstly, results obtained in steady state operation for the three exchangers are
presented. Then, the detailed results in transient state operation are presented and discussed
from qualitative and quantitative, local and global points of views. An analysis of the local
mechanisms of conducto-convective heat transfer is performed followed by an analysis of
global heat transfer performance with a focus on the heat transfer kinetics for transient studies.
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4.1. Steady state operation of the heat exchangers

In steady state, a comparison of the heat duty exchanged between the two coils for the three
exchangers (reference, C2V and C32V) was performed for a laminar flow regime. Three mean
inlet velocities were investigated: Uw,in = 0.21; 0.31 and 0.41 m.s™. Table 2 summarizes steady-
state results.

Mean inlet velocity(m.s™) Reference config. Config. C2V Config. C32Vv
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
velocities

For the three configurations tested, the heat duty exchanged between the coils increases with
increasing the mean inlet velocity and therefore the Reynolds number. The heat duty exchanged
is more important for the reference configuration followed by the C32V configuration and the
C2V configuration. Consequently, the spatial redistribution of the two water volumes of the
C2V configuration into 32 volumes leads to achieve better performances where values of heat
transfer are close to the reference configuration despite the substitution of 41.3% of conductive
material by a less conductive material (water). This substitution leads also to a significant
material saving.

Since this study is intended to study the thermal storage, we will focus, in the following, on the
transient operation of the heat exchangers due to the fact that the unsteady state operation is of
capital importance for sensible heat storage.

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

The transient behaviour of the heat exchanger is of primer importance. The aim is to design an
innovative High Thermal Inertia Heat Exchanger (HTIHE) with a lower mass of the conductive
material compared to the reference while keeping quasi-equivalent transient behaviour and
higher thermal storage performance. This part of the analysis will focus on the presentation of
the local heat transfer mechanism that occurs in the two innovative designs. Contours of
temperature and velocity at three different times during the charging phase as well as the
discharging phase for different Reynolds numbers will be presented. The velocity contours are
presented since they provide information on the intensity of natural convection in confined heat
transfer fluid (water) for the C2V and C32V configurations and thus information on the charge
/ discharge Kinetics.

4.2.1. Charging phase of the cold

In order to analyse the local mechanism of heat transfer in the HTIHE, temperature and velocity
maps are presented in a vertical median plane passing through the center of a volume of
confined water heat transfer fluid for C2V and C32V configurations at three different times
during the charging phase respectively for two mean inlet velocities: Uw,in = 0.21 and 0.41 m.s
Lin the cooling coil. Figure 6 illustrates the vertical median plane and results are presented only
on the right side of the plane. The heat transfer fluid is at rest in the heating coil.
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Figure 7 and 8 show respectively the contours of temperature and velocity at t=60 s, 120 s and
180 s during the charging phase for two mean inlet velocities of Uw,in = 0.21 and 0.41 m.s in
the cooling coil. Both C2V and C32V HTIHE configurations have initially a uniform
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temperature T; (X, y, z, 0) = 295 K. Imposing a constant temperature condition Tinc (X, Y, Z, t)
= 275 K at the inlet of the cooling coil induces the appearance of local temperature (and
correspondingly velocity) gradients in the confined water HTF that put the fluid into motion.
The local temperature maxima are higher at each time for C2V configuration compared to the
C32V configuration indicating a faster cold charging kinetics for C32V configuration compared
to C2V. The temperature gradients observed in the confined water heat transfer fluid induce a
thermal storage because of the fluid motion generated by buoyancy forces.

It is noted that increasing the mean inlet velocity and therefore the Reynolds number is followed
by a faster cold charging kinetics. Indeed, the temperature field is quite uniform after 120
seconds in C32V configuration for a mean inlet velocity of Uw,in = 0.41 m.s™% in the cooling coil
while this quasi-uniformity is not yet reached at 180s for the same configuration for a mean
inlet velocity of Uwin=0.21 m.s? in the cooling coil. The same qualitative conclusion is
observed for C2V however with higher temperature gradients compared to C32V. For both
configurations, as the storage of cold proceeds, temperature gradients decrease leading to
velocity gradients decrease because of the diminution of the buoyancy forces in the course of
time. This decrease is higher in C32V configuration compared to C2V configuration supporting
once more the faster charging kinetics in C32V configuration.

4.2.2. Discharging phase of the cold

In order to analyse the local mechanism of heat transfer in the HTIHE, temperature and velocity
maps are presented in a vertical median plane passing through the center of a volume of water
(see figure 6) for C2V and C32V configurations at three different times during the discharging
phase respectively for two mean inlet velocities: Uw,in = 0.21 and 0.41 m.s™* in the heating coil.
The heat transfer fluid (HTF) is at rest in the cooling coil.
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Figure 9 and 10 show respectively the contours of temperature and velocity at t=60 s, 120 s and
180 s during the discharging phase. Both heat exchangers have initially a uniform temperature
Ti (X, Y, z, 0) = 275 K. Imposing a constant temperature condition Tinn (X, Y, Z, t) = 295 K at the
inlet of the heating coil induces the appearance of local temperature gradients (and
correspondingly velocity gradients) in the confined water HTF that put the fluid into motion.
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The local temperature maxima are higher at each instant for C32V configuration compared to
C2V configuration indicating a faster cold discharging kinetics for C32V configuration
compared to C2V configuration.

It is noted that increasing the mean inlet velocity and therefore the Reynolds number in the
heating coil is followed by a faster discharging kinetics. Indeed, the temperature field is quite
uniform after 120 seconds in C32V configuration for a mean inlet velocity of Uw,in = 0.41 m.s°
L'in the heating coil while this quasi-uniformity is not yet reached at 180s for the same
configuration for a mean inlet velocity of Uwin=0.21 m.s? in the heating coil. The same
qualitative conclusion is observed for C2V however with higher temperature gradients
compared to C32V. Velocity gradients remain low despite doubling the velocity of the heating
heat transfer fluid.

For both configurations, as the release of cold proceeds, temperature gradients decrease leading
to velocity gradients decrease because of the diminution of the buoyancy forces in the course
of time. This decrease is higher in C32V configuration compared to C2V configuration
supporting once more the faster discharging kinetics in C32V configuration.

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

This part of the analysis will focus on the presentation of the global results and performances
in the Reynolds numbers range studied for the charging and discharging phases. As one of the
aim of the study is to save the conductive material in modified HTIHE configurations (C2V
and C32V) with respect to the reference geometry while increasing their potential of thermal
energy storage, table 3 compares the three configurations in terms of mass and overall energy
density. The material saving and the energy density increase are computed with respect to the
reference configuration.

Mass Mass Material Energy Energy
Configuration (ka) reduction saving density density increase
(%) (%) (K™ (%)
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

As it can be noted, the two HTIHE configurations C2V and C32V are better than the reference
case not only in terms of overall energy density, but also in terms of material saving. In order
to compare the storage performance of the two innovative configurations with the reference
case, the following results focus on the analysis of their thermal response during the charging
and discharging periods.

4.3.1. Charging phase of cold

The charging time, overall weight and energy density are important parameters to be taken into
consideration in classical use of the HITHE in agro-food applications such as beverage cooling
with easy handling cooling units. Figure 11 shows the temporal evolution of the average heat
exchangers temperature for the three configurations during the first 200 seconds of charge
respectively for mean inlet velocities values of Uw,n = 0.21 and 0.41 m.s* in the cooling coil.
These mean velocities correspond respectively to Reynolds numbers of about Regcoil,in = 1000
and 2000. The heating heat transfer fluid is therefore stagnant in the heating coil. The average
heat exchanger temperature is calculated as the average volumetric temperature of the storage
medium (i.e. the aluminium for the reference configuration and the aluminium with the
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confined water HTF for C2V and C32V configurations). In the above intended application, the
HTIHE must reach the lowest temperature level in minimum time. Figure 11b shows that for
the highest value of mean inlet velocity Uwin=0.41 m.s?, the time needed to reach a
temperature level of 280 K is 80s, 115s and 160s respectively for the reference, C32V and C2V
HTIHE geometries indicating charging kinetics slightly lower for C2V and C32V
configurations than the reference case. The same conclusion is made for the lowest value of
mean inlet velocity Uwin = 0.21 m.s™ (see figure 11a). This trend is clearly due to the high
overall diffusivity of the reference geometry compared to the innovative ones.
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Figure 11: Temporal evolution of the average temperature of the exchangers for Uyin = 0.21 m.s™
(@) and Uwin = 0.41 m.s™* (b) in the cooling coil

Nevertheless, it is worth to mention that, despite 41.3% aluminium substitution with stagnant
low conductivity water HTF corresponding to 28.57% increase of the energy density in C2V
and C32V configurations, the redistribution of the confined water HTF into small volumes
embedded in the aluminium bloc leads to a significant increase of the cooling kinetics in the
C32V configuration compared to the C2V configuration.
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Figure 12 : Temporal evolution of the heat duty exchanged with the stagnant heating fluid in the coil
for Uwin = 0.21 m.s™ (@) and Uw,n = 0.41 m.s™ (b) in the cooling coil

Figure 12 shows the temporal evolution of heat duty exchanged with the stagnant heating fluid
in the coil for mean inlet velocities values of Uw,in = 0.21 and 0.41 m.s™ in the cooling coil (the
heating fluid does not flow during the charging phase of cold). The results are in agreement
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with the above discussion from figure 11 showing the temporal evolution of the average heat
exchangers temperature. Indeed, the heat duty exchanged with the stagnant heating fluid
exhibits during the first instants of time a peak value, higher for the reference heat exchanger
followed by C32V and then C2V. The trend is reversed from t=160 s for Uw,n = 0.21 m.s*
(figure 12a) and from t=100 s for Uw,in = 0.41 m.s (figure 12b) and the heat duty exchanged
with the stagnant heating fluid is higher for configurations C32V and C2V compared to the
reference. This is mainly due to the fact that configurations C2V and C32V have an overall
higher energy density than the reference. Furthermore, more homogeneous spatial distribution
of the confined water volumes makes heat transfer faster in the C32V configuration than in the
C2V configuration.

In order to better study the advantages obtained by the geometrical configuration C32V
compared to C2V configuration, a fine analysis of heat transfer is carried out in the confined
water HTF volumes.

The maximum energy that can be stored in confined water volumes can be calculated from the
change in enthalpy when cooling the confined water HTF from the initial temperature Tw (to)
(295 K at initial time to=0s) to the final temperature Tw (tf) (275 K at final time tf = o) from the

following equation:
Etot,W:pWpr WI.T (t) T (t )] (9)

In this equation, p_, C,, and V,, represent respectively the density, the specific heat and the
total volume of water confined in the conductive element.

Similarly, the volumetric power locally stored in each cell of confined water HTF volumes can
be deduced from the energy equation as follows:

T _
PuCo a_ AVT -p,Co NV VT (10)
' at — !
Storage_term Conduction—term Convection—term

The thermal power stored at each time in the confined water HTF total volume can be evaluated
by integrating the storage term of the above equation into the total volume of water as follows:

oT
I?/ol,w = J‘pwcp,wadv (11)

The cooling energy stored by confined water volumes can therefore be deduced from the power
exchanged by simple temporal integration between the initial charging time to =0s and any time
t as follows:

E sw o I onl dt (12)
A cooling charge ratio in the confined water HTF volumes can be defined as follows:
E
R, =—*.100 (13)

tot,w

Similarly, an average kinetics of cooling charge in confined water HTF volumes can be deduced
from the energy equation (10) and expressed as follows:

= j ( VZT)dV (14)

Figure 13 shows the temporal evolution of the cooling charge ratio. The analysis of figure 13a
shows that the cooling charge ratio in the confined water HTF volumes increases over time.
This rate is higher for C32V configuration compared to C2V configuration. For example, for
the lowest value of mean inlet velocity Uw,in = 0.21 m.s™, times needed to reach a cooling charge
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ratio of 60 % are approximatively 140s and 200s respectively for the C32V and C2V HTIHE
geometries indicating lower charging kinetics for the HTIHE configuration C2V compared to
the C32V configuration. The results are in agreement with figure 14a showing the temporal
evolution of average kinetics of the cooling charge in the confined water volumes, indicating
that the average kinetics is faster for the C32V configuration than the C2V configuration. In
fact, by dividing the confined water HTF volumes, the conductive path in the confined water
HTF becomes shorter and thus the conductive resistance smaller for the C32V configuration.
On the other hand, the convective phenomena is more important for the C2V configuration with
larger volumes of water.

It can also be noted that the Kkinetics of charge reaches a peak value for C32V and C2V
configurations at the beginning of the charge where the temperature gradient is high. This peak
value is higher for the C32V configuration compared to C2V configuration. Values are about
0.12 K/s for the C32V HTIHE exchanger and about 0.08 K/s for the C2V HTIHE exchanger
for Uwin=0.21 m.s? in the cooling coil (fig 14a). Over time, the temperature gradient
decreases, which explains the decrease in the average kinetics of the cooling charge until
reaching values close to zero for infinite charging times.

The same conclusions as for the first case of charging phase can be drawn from figures 13b and
14b, indicating that the average kinetics of cooling charge in the confined water HTF volumes
is faster for the C32V configuration than that of the C2V configuration and the cooling charge
ratio in the confined water HTF volumes is higher for the C32V configuration than the C2V
configuration. Furthermore, increasing the mean inlet velocity and therefore the Reynolds
number in the cooling coil results in faster charge kinetics and higher ratio of cooling charge in
the confined water HTF volumes for both configurations.
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Figure 13: Temporal evolution of cooling charge ratio in the confined water HTF volumes for
Uwin = 0.21 m.s™ (a) and Uwin = 0.41 m.s™* (b) in the cooling coil
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Figure 14: Temporal evolution of average kinetics of charging of the cold in the confined water HTF
volumes for Uy,in = 0.21 m.s™ (a) and Uw,in = 0.41 m.s™* (b) in the cooling coil

In order to analyze effects of the redistribution of water volumes on the thermal resistance of
C2V and C32V configurations, the heat transfer exchanged at all aluminum/confined water
interfaces was computed at different times for an inlet velocity Uw,in = 0.21 m.s% in the cooling
coil. This study showed that the heat transferred was at each time significantly higher for C32V
compared to C2V. The values of the heat transfer exchanged were respectively equal to 95.88,
60.27 and 38.09 W for the C32V configuration at 60, 120 and 180 s, whereas they were
respectively equal to 40.42, 36.57 and 27.20 W for the C2V configuration at 60, 120 and 180
s. Indeed, the cold induced by the cooling heat transfer fluid is better transferred by conduction
and natural convection to the entire volume of C32V configuration indicating a lower thermal
resistance for C32V configuration compared to C2V configuration.

4.3.2. Discharging phase of the cold

The discharging time is also an important parameter to be taken into consideration in the above
application. The heat exchanger has to deliver a maximum cold during the discharging period.
Figure 15 shows the temporal evolution of the average heat exchangers temperature for the
three configurations during the first 200 seconds of discharge respectively for mean inlet
velocities values of Uwin=0.21 and 0.41 m.st in the heating coil. These mean velocities
correspond respectively to Reynolds numbers of about Regcoil,in = 1000 and 2000. The cooling
fluid is therefore stagnant in the cooling coil.
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Figure 15 : Temporal evolution of the average temperature of the exchanger for Uy = 0.21 m.s™ (a)
and Uwin = 0.41 m.s™ (b) in the heating coil

Similar to the charging phase, figure 15b shows that for the highest value of mean inlet velocity
Uw,in = 0.41 m.s%, the time needed to reach a temperature level of 290 K is 65s, 98s and 140s
respectively for the reference, C32V and C2V HTIHE geometries indicating slightly lower
discharging kinetics for configurations C32V and C2V than the reference case. The same
conclusion is made for the lowest value of mean inlet velocity Uw,in = 0.21 m.s? (see figure
15a). This trend is clearly due to the high overall diffusivity of the reference geometry compared
to the innovative ones. Nevertheless, it is worth to mention that, despite 41.3% aluminium
substitution with stagnant low conductivity water HTF corresponding to 28.6% increase of the
energy density in C2V and C32V configurations, the redistribution of the confined water HTF
into small volumes embedded in the aluminium bloc leads to a significant increase of the
heating kinetics in the C32V configuration compared to the C2V configuration.
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Figure 16 : Temporal evolution of the heat transfer exchanged with the stagnant cooling fluid in the
coil for Uwin = 0.21 m.s™ (a) and Uw,in = 0.41 m.s™ (b) in the heating coil

Figure 16 shows the temporal evolution of heat duty exchanged with the stagnant cooling fluid
in the coil for mean inlet velocities values of Uw,in = 0.21 and 0.41 m.s! in the heating coil (the
cooling fluid does not flow during the discharging phase of cold). The results are in agreement
with the above discussion from figure 15 showing the temporal evolution of the average heat
exchangers temperature. Indeed, the heat duty exchanged with the stagnant cooling fluid
exhibits during the first instants of time a peak value, higher for the reference heat exchanger
followed by C32V and then C2V. The trend is reversed from around t=160 s for Uw,in = 0.21
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m.st (figure 16a) and t =100 s for Uw,in = 0.41 m.s* (figure 16b), and the heat duty exchanged
with the stagnant cooling fluid is higher for configurations C32V and C2V compared to the
reference. This is mainly due to the fact that configurations C2V and C32V have an overall
higher energy density than the reference. Furthermore, more homogeneous spatial distribution
of confined water HTF volumes makes heat transfer faster in the C32V configuration than in
the C2V configuration.

A more detailed analysis of heat transfer is carried out in confined water HTF volumes during
the discharge phase for configurations C2V and C32V. The maximum energy that can be
released by confined water HTF volumes can be calculated from the change in the enthalpy
when heating the confined water HTF from the initial temperature Tw(to) (275 K at initial
discharging time to=0s) to the final temperature Tw(tf) (295 K at the final time tf = o) from the

following equation:
EtOt,W:IOWCpW W[T ( ) ( )] (15)

Similarly, the volumetric power locally released from by each cell of the confined water HTF
volumes can be deduced from the energy equation as follows:
oT —
PuCoi = AVT -pCLVVT (16)

R A
Conduction—term Convection—term
Release—term

The cooling power released by the confined water HTF contained in these volumes can be
evaluated by integrating the release term of the above equation into the total volume of confined
water HTF as follows:

oT
onl,w = Ipwcp,w Edv (17)

The cooling energy discharged by confined water volumes can be deduced from the cooling
power released by simple temporal integration between the initial discharging time to =0s and
any time t as follows:

Evou = j Pt it (18)
A cooling discharge ratio in the volumes of confined water HTF can be defined as follows:
Ry = ﬂ.loo (19)

tot,w

Similarly, an average kinetics of cooling discharge in confined water HTF volumes can be
deduced from the energy equation (16) and expressed as follows:

== j ( VZT)dv (20)

Figure 17 shows the temporal evolution of cooling discharge ratio. The analysis of figure 17a
shows that the cooling discharge ratio in confined water volumes increases over time. This rate
is higher for C32V configuration compared to C2V configuration. The results are in agreement
with figure 18a showing the temporal evolution of the average kinetics of cooling discharge in
confined water HTF volumes, indicating that the average kinetics is faster for the C32V
configuration than the C2V configuration. Indeed, by dividing the confined water HTF
volumes, the conductive path becomes shorter and thus the conductive resistance smaller for
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the C32V configuration. On the other hand, the convective phenomena is more important for
the C2V configuration with larger volumes of confined water HTF.

It can also be noted that the Kinetics of discharge reaches a peak value for the C2V and the
C32V at the beginning of the discharge where the temperature gradient is high. This peak value
is higher for the C32V configuration compared to the C2V configuration. VValues are about 0.12
K/s for the C32V exchanger and about 0.08 K/s for the C2V HTIHE exchanger for Uw,in = 0.21
m.st in the heating fluid. Over time, the temperature gradient decreases, which explains the
decrease in average kinetics of cooling discharge until reaching values close to zero for infinite
discharging times.

Similar conclusions as the first case of discharging phase can be drawn from figures 17b and
18b, indicating that the average kinetics of cooling discharge in confined water HTF volumes
is faster for the C32V configuration than the C2V configuration and the cooling discharge ratio
in the confined water HTF volumes is higher for the C32V configuration than the C2V
configuration. Furthermore, increasing the mean inlet velocity and therefore the Reynolds
number of the heating fluid results in faster discharge kinetics and higher ratio of cooling
discharge in the confined water HTF volumes for both configurations.
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Figure 17 : Temporal evolution of cooling discharge rate in confined water HTF volumes for
Uwin = 0.21 m.s™ (@) and Uy,in = 0.41 m.s™ (b) in the heating coil
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Figure 18 : Temporal evolution of average kinetics of cooling discharge in confined water HTF
volumes for Uy, = 0.21 m.s™ (a) and Uw,n = 0.41 m.s™ (b) in the heating coil
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5. Conclusions

The design optimization of the High Thermal Inertia Heat Exchanger (HTIHE) in the food
industry is a very important element to improve the performance of food fluid conditioning
processes. A precise analysis of heat transfers in complex geometry of heat exchangers with
high inertia combining solid and liquid parts offer innovative solutions more efficient with
metallic material saving and energy performance increased. In this study, a transient numerical
analysis of the thermal behavior of three exchangers including a reference case having a solid
conductive element, and two cases derived from the reference case by a controlled substitution
and redistribution of 41.3% of the conductive material by a confined heat transfer fluid, was
performed to characterize their performance in terms of kinetics of cooling charge/discharge.
From this study the main conclusions are the following:

» Acontrolled substitution of 41.3% of conductive material, keeping constant the volume
of the exchanger, led to material saving compared to the reference case as well as an
increase the energy density of the heat exchanger by nearly 30%.

« Performances obtained with the HTIHE configurations C2V and C32V are better after
a certain duration of charge/discharge with, in particular, a heat duty exchanged more
important.

» The redistribution of the confined heat transfer fluid volumes into the overall volume of
the conductive material led to an increase of the heat transfer and the kinetics of
charge/discharge. The local geometry of the confined heat transfer fluid zones has a
significant influence on the performances and an optimization of the geometry of these
zones can allow thermal performance improvement.

« The use of a combination of fluid and solid zones inside the storage system is an
interesting solution allowing an increase of the storage performance with a significant
material reduction. The mass reduction resulting from material saving leads to easy
handling of the HTIHE for agro-food utilization.

This first study shows that it is possible to significantly improve the storage and heat transfer
performance of a High Thermal Inertia Heat Exchanger (HTIHE) in the food industry by
combining liquid and solid materials in complex geometric configurations. Future studies will
use temporally variable conditions (temperature and velocity) at the entries of the heating and
the cooling coils in order to simulate different cyclic charge-discharge scenarios and ultimately
consider the phase change in confined HTF volumes to benefit from the high latent heat of
water.
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