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Abstract: This paper presents the effect of baffle geometry on the charging process of a low-
temperature heat storage unit. Four different geometry variants were considered for this purpose.
Each of them was simulated and the results were compared. The following parameters were selected
as comparison criteria: the charging time of the heat storage unit, the change in the liquid and solid
fractions of the phase change material, and the change in its temperature over time. The analysis
showed that, independent from the heat transfer fluid velocity, the use of baffles did not significantly
affect the charging time. Furthermore, the application of baffles of all studied types did not bring an
essential decrease in charging time. It was found that the optimal solution was to use the simplest
construction. Tuning of the HTF flow by the use of baffles is applicable to shell and tube heat exchang-
ers; however, it adds no significant effects in the case of heat storage units of the proposed design.
The abovementioned effect has been explained by the heat flux analysis, which shows that the heat
transfer in the PCM is radically less intense, when comparing to the working fluid. Therefore, it is
expected that enhancing the heat transfer between HTF and PCM material is possible by modifying
the PCM-side design.

Keywords: phase change material; numerical modeling; heat transfer; geometry optimization

1. Introduction

In the last few decades, the global energy demand has been grown rapidly [1]. It has
been reported [2] that in the European Union (EU), approx. 40% of energy is currently
used for heating and lighting purposes. Moreover, until 2015, the largest share of energy
consumed in the EU came from fossil fuels (72.6% of gross energy consumption) [3]. Since
the use of fossil fuels contributes to the increase in greenhouse gas emissions and their
gathering results in an increase in the costs [4,5], it is expected that renewable energy
sources will provide an alternative [6].

Currently, wind and solar energy are the most widely used renewable energy sources.
As much as 57% of all investments in renewable energy in Europe and the United States
have been made in solar energy [7]. However, renewable energy sources (RES) are charac-
terized by variable operation [8,9]. In turn, this brings issues related to the transmission
capacity of power lines [10]. In order to take full advantage of the RES potential, energy
storage solutions are being intensively developed [11]. The storage technologies currently
available depend on the form of energy. Energy is most commonly stored in the form of
electricity [12] or heat.

Available studies show that in recent years, more than 50% of the energy consumed in
Europe has been lost in the form of heat [13]. Thus, heat recovery and storage technologies
have an increasing potential [14,15] which leads to their wider use [12,16]. The total
potential of waste heat recovery in Europe is estimated to be around 300 TWh/year [17].
Waste heat storage solutions address the problem of mismatch between availability and
demand [18]. Statistical data show that industrial activity and power generation are not
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only the most energy-intensive sectors, but also generate large amounts of waste heat [19].
The possibility of recovery and reuse of this heat increases the development of more efficient
energy sources and reduces greenhouse gas emissions [18].

Heat storage solutions may be classified by the operating temperature and, as a result,
by the heat storage material used. The main classification is as follows:

e low temperature heat storage solutions—operating in the temperature below 200 °C.
They are typically used for building heating [20], heat storage from solar panels or
greenhouses heating [16]. Most commonly used are phase change materials [21],
e.g., water, paraffins [22].

e  high temperature heat storage solutions—play an essential role in the recovery of waste
heat in industrial applications [18,23]. An example is the heat storage in an automotive
paint facility [24]. The most commonly used materials are: mineral oil, molten salts,
liquid metals or alloys, and zeolites [21].

Phase change materials (PCM) are frequently proposed for application in heat storage
units. The main advantage of PCMs is that they are able to store more heat per mass unit
comparing to commonly used water. In addition, phase change materials are characterized
by a large variety of properties, which allows the selection of an optimal material depending
on the parameters of the heat source.

The bases for efficient operation of a heat storage unit are the efficient charging and
discharging process, as well as the possibility of using the entire heat capacity of the storage
material. Therefore, the heat transfer between the heat transfer fluid that supplies/receives
heat and the storage material is essential. It is affected by such factors as temperature
difference between the heating medium and the storage material, the elements of the heat
exchange system, and the heat storage material used.

The main drawback of most phase change materials is relatively low thermal con-
ductivity [25,26], which results in high charging and discharging time. To increase the
efficiency of these processes, heat transfer in the material needs to be improved. For this
purpose, i.e., the following modifications of elements of the heat exchange system may
be used:

O  increasing the heat transfer surface area by:
increasing the heat transfer surface area by using more tubes,
dispersing particles with higher thermal conductivity in the phase change
material [27],
e inserting additional structural elements, e.g., a metal matrix, into the chamber
containing the phase change material [28].
O  changing the flow character of the heat transfer fluid (HTF) by using turbulizers:

e transverse turbulizers (Figure 1), perpendicular to the direction of flow of the fluid;
e  helical turbulizers (Figure 2), form the helical line of flow of the HTFE.

Figure 1. Transverse turbulizer [29].
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Figure 2. Shell and tube heat exchanger with a helicoidal baffle [29,30].

The modifications presented above may be optimized to achieve a more efficient heat
transfer. In the case of shell and tube design, the typical construction upgrades include
the application of several types of baffles, such as a longitudinal baffle and a helical baffle,
to increase the heat transfer rate [29]. Another modification is the change of the baffle
geometry [31], including a different angle of the baffle in relation to the axis of the tube.
It was reported [32] that the smaller the angles of inclination of the baffles, the higher
the heat transfer coefficient. The abovementioned enhancements in shell and tube design
are common for heat exchanges. Such geometry may be adopted for heat storage units,
theoretically without significant changes in the design. However, it has to be emphasized,
that in the case of a heat exchanger, heat transfer is performed from hot flowing medium to
cold flowing medium. In contrast, in a heat storage unit, heat is being transferred from hot
flowing medium (working fluid) to the PCM, which is stationary in both solid and liquid
phases [33].

Therefore, the purpose of the research described in this paper is to study the effect
of modifying the elements of geometry of the shell and tube heat storage unit on the heat
transfer efficiency. It is common knowledge that tuning the HTF flow pattern may enhance
the heat transfer in typical shell and tube heat exchangers with two working fluids. In
contrast to a heat exchanger, the heat storage unit based on shell and tube design has a
working fluid in the shell part and a static PCM filling inside the tubes. The goal was to
investigate if the application of baffles, which modify the working fluid flow, affects the
heat transfer between the working fluid and the PCM material. The analyzed modifications
consist of the use of turbulizers in three different shapes that alter the flow of the working
fluid. The evaluation of the impact of the modifications was performed on the basis of
numerical simulations. CFD simulations of the charging process of the heat storage unit
have been performed. The impact of the temperature change on the heat storage unit,
charging time, as well as heat flux have also been analyzed.

2. Research Methodology
2.1. Physical Model

For the purposes of numerical simulations, the geometry of the heat exchanger in-
stalled in the laboratory has been assumed. The laboratory heat storage unit at the Wroclaw
University of Science and Technology is used for testing materials for heat storage. The
exchanger consists of a copper pipe with a length of 2.7 m and a diameter of 480 mm. The
inner part of the exchanger is filled with PCM-RT64HC [34] paraffin. The properties of
paraffin are shown in Table 1. The heating medium, i.e., water (80 °C when charging), flows
through the outer shell.
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Table 1. Properties of the PCM used [34].

Parameter Symbol Unit Value

phase transition temperature range - °C 57-72
heat capacity AH kJ/kg 250

specific heat at constant pressure Cp J/(kg-°C) 2000
solid phase density Js kg/m3 880
liquid phase density q kg/m3 780
heat transfer coefficient o W/(m?2-°C) 50
thermal conductivity A W/(m-°C) 0.2
maximum operating temperature °C 95

dynamic viscosity v kg/(m-s) 0.0358

coefficient of thermal expansion Br 1/°C 0.000778

2.2. Numerical Models

The selection of baffles/helix configuration was based on the literature, where it was
reported that in the case of half—circular baffles, “the thermal efficiency factor is 3.55 times
more than for a case without the baffle” [35,36]. In the case of helical baffles, according
to [35,36] “Overall heat transfer performance is increased by 161.3%”. The aforementioned
observations were presented for shell and tube heat exchangers, where HTF flow is in both
the shell and tube parts. In our study, HTF flow is only in the shell part, while the tubes
are filled with static PCM material. The aim of this study was to verify whether the baffle
impact on the heat transfer enhancement observed in the case of regular shell and tube
heat exchanger is also valid for shell and tube PCM heat storage unit.

The selection of parameters, e.g., baffle spacing, helix angle, etc., was based on both
literature reports as well as our laboratory stand design experience. According to [37],
a shell and tube heat exchanger, which had equal baffle spacing configuration, had the
smallest pressure drop and highest thermal performance among all the schemes. The other
studied baffle configurations in [37] included nonuniform baffle spacing in several variants.

The design of the helical baffle model is the most innovative in our study, as the role
of the helix is tuning the flow pattern without simultaneously generating a large pressure
drop. This is particularly important in the studied case, as the HTF stream is large. Based
on literature sources [38], helical baffles are expected to generate a smaller pressure drop
compared to segmental baffles. The design in our study is a step forward, as the helical
baffle is reduced to the inner shell area and does not separate the inter-tubular zone. The
goal of the presented design solution is to tune the HTF flow pattern.

2.2.1. Model 1

Figure 3 shows the base model of the heat exchanger, which is a modification of the actual
geometry described in the previous section. It consists of 10 tubes with an inner diameter of
80 mm and length of 2 m. This arrangement increases the heat transfer surface area between
the fluid flowing in the shell and the tubes containing the phase change material.

Figure 3. Model 1.
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2.2.2. Model 2

Figure 4 presents Model 2, which is a modification of Model 1. Perpendicular to the
axis of the pipes, there are partitions, which take up about 2/3 of the diameter of the heat
storage unit.

Figure 4. Model 2.

2.2.3. Model 3

Figure 5 shows Model 3. An additional modification are the partitions, which take up
1/4 of the transverse surface of the thermal energy storage (TES).

Figure 5. Model 3.

2.2.4. Model 4

Figure 6 shows Model 4. The modification introduced here is a helical baffle. The
purpose of using the helical baffle is to induce additional fluid flow in the shell.

Figure 6. Model 4.
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2.3. Numerical Mesh

A numerical mesh for each of the models was generated in Comsol Multiphysics
software. The mesh geometry was tuned to increase the accuracy of the calculations at the
points of contact between the wall and the phase change material, as well as between the
wall and the heat transport medium, i.e., water. Its detailed parameters are presented in
Table 2. Between the tube and water, as well as between the tube and the phase change
material, contact regions that link the thermal conditions of both walls were included. A
view of the mesh is shown in Figure 7.

Figure 7. Numerical mesh.

Table 2. Parameters of the mesh.

Parameter Model 1 Model 2 Model 3 Model 4
number of elements 469399 568157 603080 513380
minimum element size 0.108 0.108 0.108 0.108
maximum element size 0.513 0.513 0.513 0.513
maximum element growth rate 1.7 1.7 1.7 1.7
curvature factor 0.8 0.8 0.8 0.8
resolution of narrow region 0.3 0.3 0.3 0.3

2.4. Mathematical Model of Heat Transfer in the Heat Storage Unit

The model was divided into three domains. The first domain is the zone of the heat
transfer medium, i.e., water (Figure 8a), where the process of heat transfer from water to the
tube wall has been taken into account. The second is the zone that includes the tube wall
(Figure 8b). The process of transferring heat from water to the tube wall has been taken into
account. The third is the area of the phase change material (Figure 8c). The calculations
of third zone (phase change material) take into account the fact that PCM properties are
changing depending on the state of matter and temperature.

The heat capacity of the material at a given temperature can be calculated using
Equations (1) and (2) [33,39]:

Hpcm = hpem + Ahpeu 1)
T

hrcy = hes + [ CpdT @
Tref

where:

Hpcyv—enthalpy of the material at a given temperature, J/kg
hpcy—enthalpy, J/kg
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AHpcyv—heat capacity (difference in enthalpies), ]/ kg
h,es—standard enthalpy, ] /kg

Tref—standard temperature, °C

Cp—specific heat of the material at constant pressure, J/(kg-°C)

(a)

(b)

(c)

Figure 8. Domains of the TES model: (a) first domain, (b) second domain, (c) third domain.

The amount of heat stored in a given amount of PCM can also be expressed by
Equation (3) [33,39]:
AHpcm = 61-Lpem ®)
where:
Lpcy—latent heat of the material in liquid state
0L —proportion of the liquid phase
The proportion of the liquid phase is described by relation (4) [39]:

0, =0, ifT < T
0L =1, ifT > T] (4)
eLz%,ifTs< T <T
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where:
Ti—melting point, °C
Ts—solidification point, °C
However, using only these relations for the liquid phase will result in insufficient

convergence of the energy equation [39]. For transformations such as solidification/melting,
the energy equation takes the form expressed by Equations (5)—(8) [39]:

ppcMCppemu- VT + V- (—kVT) =0 ®)
00m
Cppem = 0sCps+0LCp L + Liso—r (6)
10, — 6s
. 7
%m = 5 9s + 0 @
k = Osks + 0 kg (8)
0s+ 0L =1

where:

ppcv—density, kg /m3

u—velocity, m/s

0s—fraction of the solid phase

Cp,s—specific heat of the solid material at constant pressure, J/(kg-°C)
Cp,L—specific heat of the liquid material at constant pressure, J/(kg-°C)

L;_,,—phase change enthalpy, ] / kg
ks—thermal conductivity of the solid material (W /(m-°C))
k; —thermal conductivity of the liquid material (W/(m-°C))

In order to include the effect of natural convection in the PCM, the fluid density is de-
fined by the Boussinesq equation [39], which assumes that density is a constant value in all
solved equations. The exception is the lift period, when the change in density drives the flow
in natural convection and is captured by taking into account the Boussinesq approximation:

(Ppcm — Po)-g =~ —po B (T —To)-g )

where:

po—initial fluid density, kg/m?,
Tp—set temperature, °C
r—coefficient of thermal expansion, 1/°C.

The process of heat transfer in PCM material is represented by Equations (10) and (11) [33,39]:

oT
pPCMCp,PCMg + pCppemu- VI +V-q = Q (10)

q= —kpcmVT (11)
where:

ppcm—PCM density, kg/m?3,

Cp,pcm—specific heat of the PCM at constant pressure, J/(kg-°C),
u—heat transfer vector

kpcv—Thermal conductivity (W/(m-°C))

The process of heat transfer in HTF is represented by equation 12 [33,39]

oT
PHTFCp,HTF 5 + PCp HrFunTE VT + Vg = Q (12)
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where:

Cp urr—specific heat of the HTF at constant pressure, ]/ (kg-°C)
purr—HTF density, kg/m?3,

uygtr—HTF velocity, m/s

Q—heat source, W/m?>

2.5. Solution of the Model

The model has been implemented and resolved in Comsol Multiphysics software. Due
to the complexity of the phenomenon, i.e., the resulting turbulence in the flow and in areas
close to the walls, the k-¢ turbulence model was used.

For each of these zones (water, phase change material and tube), computational
parameters were set as shown in Table 3, while the boundary conditions are provided in
Table 4.

Table 3. Computational parameters.

Parameter Unit Value
Inlet water velocity m/s (a)1(b)4
Inlet water temperature °C 80
Initial temperature (all domains) °C 20

Table 4. Boundary conditions.

Parameter Value

External walls Thermal insulation, -n - q =0

Normal inflow velocity, ug

Shell inlet Upstream temperature, Tystr
Shell outlet Pressure, py =0
HTF-PCM interface Thin layer, _t?ermally thick approximation
Lp=3-10"m
Properties of HTF-PCM thin layer A=163W/m-°C, p =7990, Cp =500 ] /kg-°C

2.6. Research Methodology

The simulations involved the charging process of the presented heat storage unit with
a water stream. Two values of inlet water velocity were taken into account (Table 3) for each
geometry variant (Figures 3-6). The initial value of the temperature of all domains of the
heat storage unit was equal to 20 °C and the simulations represented 180 min of continuous
charging of the heat storage unit. The inlet water temperature was equal to 80 °C.

The results were analyzed for the temperature of the PCM material inside the tubes
(front and central part of the selected tube) and temperature distribution in the PCM
material, as well as the working fluid flow pattern in the shell zone. An important part
of the study included the analysis of the heat flux in the working fluid and in the PCM
material. This information is essential to explain which part of the heat storage unit may be
modified to enhance the heat transfer. The effect of the application of baffles with different
geometry on the temperature distribution in the PCM over time has been analyzed. In
addition, these modifications were analyzed in terms of charging time of the TES. Charging
time for all presented models was compared.

3. Results and Discussion
3.1. Analysis of the PCM Temperature during Charging

Figure 9 shows the temperature distribution at the front side of the tube in Models 1-4
for the working fluid velocity of 1 m/s (a), and 4 m/s (b). Figure 10 shows the temperature
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in the center of the tube over time for Models 1-4 with the working fluid velocity of
1m/s (a), and 4 m/s (b). Both graphs show that there is no significant difference in the
temperature distribution between the same geometry models with different flow rates of
the working fluid.

N N NN
® O O = N

o 67

o

z 66 Mla

% 6> M2a

S 64

Q. Ma3a

g 63

& 62 M4a
61 — — MIb
60 — — M2b
59 M3b
58 — — M4b
57

60 65 70 75 80 85 90 95 100 105 110 115 120 125
Time [min]

Figure 9. Temperature over time at the front of the tube in Models 1-4 for the working fluid velocity
of 1 m/s (a),and 4 m/s (b).

N N D
g o

Temperature [°C]
U o & O O &
O O = N W s

a1
(e}

a1
N

85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160

Time [min]

Figure 10. Temperature over time in the center of the tubes in Models 1-4 for velocity 1 m/s (a), and
4m/s (b).
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M1

M2

M3

M4

The analysis of the temperature of the PCM material (Figures 9 and 10) shows that the
start of the PCM material melting (57 °C) in the central part of the tube is slightly different
for each of the presented models. It varies from 88 min for M2 to 98 min for M4. The
complete melting of the PCM (72 °C) is reached at a similar time (155-160 min). A similar
observation is valid for the front part of the tube—the melting process starts at 60—65 min
depending on the model, and end ca. 112-120 min. This means, that there are only subtle
differences in charging time between the presented models.

3.2. Analysis of the Interfacial Zone Change during Charging

Figure 11 shows the PCM temperature distribution for Models 14 at the time where
Model 1 reaches the phase transition temperature (57 °C).

30
20
10

o o o o o
© ~ ] [ =+

1 m/s 4 m/s

Figure 11. Temperature distribution for Models 1-4 at the time where Model 1 reaches the phase
transition temperature (57 °C).

The analysis of the temperature distribution in the heat store unit showed no significant
differences in the temperature distribution at 65 min, which corresponds to the start of
the PCM melting in the front part of the tube from M1. The application of baffles, and
consequently the change of the flow pattern of the working medium, does not affect the
temperature distribution in the PCM material.

Figure 12 shows the flow pattern (streamlines with velocity-dependent color map),
heat flux for heat transfer fluid and heat flux for phase change material. Mla repre-
sents model 1 with 1 m/s water velocity, while M1b represents model 1 with 4 m/s
water velocity.
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Flow pattern Heat flux for heat transfer fluid Heat flux for PCM

Mla ; a
'F.‘_.
vr!\, ,rlx, o v'!\y
M1b
M2a
M2b
1 1 1
M3a

Figure 12. Cont.
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M3b

M4a

M4b

Figure 12. Flow pattern (left column), heat flux in heat transfer fluid (middle column) and heat flux
for PCM (right column) for all geometry variants (M1, M2, M3, M4) and two HTF flow velocity
values: 1 m/s (a),4 m/s (b).

The analysis of the working fluid flow pattern and the heat flux distribution in the
working fluid (water) shows strong correlation. The highest values of the heat flux are
observable in the zone where the velocity reaches highest values. This, however, does
not correspond to heat flux values in the PCM material. This effect is well visible when
comparing M1 (no-baffle model) and M2 (half-circle baffles) models. In the case of M1, the
highest heat flux values in the working fluid are observable around the water inlet zone,
while the heat flux distribution in the PCM material remains relatively uniform. For M2,
the highest heat flux values in the working fluid are visible around the baffles. In this case,
the heat flux distribution in the PCM material is very similar to M1. Furthermore, there
is no particular difference in the heat flux magnitude in the PCM for all studied models.
This observation corresponds to only subtle differences in charging time. The analysis of
the total heat flux for the PCM material inside the tubes explains the general difference
between the heat exchanger and heat storage unit. The values of total heat flux for the PCM
material do not show significant variations between considered models. This is observed
due to low thermal conductivity of the PCM material and, as a result, the heat flux for the
PCM is much lower than the heat flux for the HTF. As a result, variations of the heat flux
for HTF do not affect the heat transfer in the PCM material. This means that tuning of
the HTF flow pattern by the use of baffles or a similar element is applicable to shell and
tube heat exchangers; however, it brings no effects in the case of heat storage units of the
proposed design. It is expected that enhancing the heat transfer between HTF and the PCM
material is possible by modifying the PCM-side design.

The analysis of the charging time involved two parameters: preheating time (Figure 13),
which represents the time required to heat up the PCM material from initial temperature
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to the start of the PCM material melting (57 °C) and the charging time (Figure 14), which
is the total time of the phase change process. It has been shown that increasing the flow
velocity of the working fluid or the application of baffles bring only a slight reduction in the
preheating time. The shortest preheating time was achieved using the model with a helical
baffle and a heat transfer fluid flow of 4 m/s (M4b), while the longest preheating time was
required in the case of the model without baffles and with a heat transfer fluid flow of
1 m/s (Mla). However, the shortest charging time was shown by the model without baffles
(M1), regardless of the working fluid flow pattern.

la mMlb M2a mM2b M3a M3b M4a mMi4b

Figure 13. Preheating time, which represents the time required to heat up the PCM material from
initial temperature to the start of the PCM material melting (57 °C) for all models and working fluid
velocity magnitudes.

Mla mMlb M2a mM2b MB3a M4a mMidb

Figure 14. Charging time, which is the total time of the phase change process for all models and
working fluid velocity magnitudes.
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4. Conclusions

The presented study has been performed to analyze the impact of the baffles on the
charging time of a phase change heat storage unit, in the case of two values of heat transfer
fluid stream. The geometry of the heat storage unit was analogous to a typical shell and
tube heat exchanger, where the heat transfer fluid is directed to the shell part, while the
tubes are filled with PCM material.

In the study, four types of heat storage unit geometry were taken into account. The
differences included the shell part, in order to tune the flow pattern of the heat transfer fluid.
The goal was to explore the impact of the flow pattern on the dynamics of the charging
process in the case of large heat transfer fluid stream/velocity (4 m/s) and small heat
transfer fluid stream/velocity (1 m/s). For this purpose, two types of simple baffles and
one helical baffle ware analyzed.

The simulations of the charging process represented the 180 min time period. Initially,
the temperature of the water, as the heat transfer fluid inside the shell, as well as the PCM
tubes, was equal to 20 °C. During the charging process, the inlet water temperature was
equal to 80 °C.

While the heat transfer fluid flow pattern was different for each model, the dynamics
of the charging process were similar for all explored models. It was evidenced that in the
case of PCM heat storage unit of this type, the application of baffles does not bring any
observable benefits in terms of heat transfer enhancement and charging time decrease.
Charging time was similar for all four studied heat storage units models, and the PCM
temperature distribution inside 10 tubes did not show any significant differences.

The analysis of the total heat flux for the PCM material inside the tubes explains the
general difference between the heat exchanger and heat storage unit. The values of the total
heat flux for the PCM material do not show significant variations between the considered
models. This is due to low thermal conductivity of the PCM material and, as a result,
the heat flux for the PCM is much lower, comparing to heat flux for the HTFE. As a result,
variations of heat flux for HTF do not affect the heat transfer in the PCM material.

Consequently, it was found that the optimal design of heat storage units charged with
a large fluid flow stream should not include additional elements such as baffles, which
are typically expected to tune the working fluid flow and enhance the heat transfer. In the
studied case, such an observation is not valid and does not reduce the charging time.
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