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Abstract

This paper is focused on the detailed analysis of a PCM plate heat storage

unit with a particular configuration, looking for the maximum contact area

with the fluid (water) and the minimum volume to be used in a real household

application. In that sense, a numerical study of the thermal and fluid dynamic

behaviour of the water flow and the PCM melting-solidification processes,

together with the thermal behaviour of the solid elements of the unit, has been

carried out. On the other hand, an experimental set-up has been designed and

built to validate the numerical model and characterize the performance of

the heat storage unit. The purpose of the numerical and experimental study

is to present a serie of results to describe the heat storage unit performance

in function of the time. Thus, after a preliminary design study three different

cases have been simulated and tested. A 7.2� of discrepancy between numerical
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results and experimental data has been evaluated for the heat transfer. The

PCM heat storage unit designed is capable to store approx. 75� of the thermal

energy from the previous process wasted water heat, and recover part of it to

supply around 50� of the thermal energy required to heat up the next process.

Key words: Heat storage unit, Phase change material (PCM), Thermal perfor-

mance analysis, Drain water heat recovery (DWHR), Numerical simulation,

Experimental set-up.

1 Introduction

The high cost of the energy, the excessive use of natural resources, the dis-

patchability of renewable energies and the corresponding demand of wasted

heat recovery systems have encouraged the development of new thermal stor-

age technology. The phase change material (PCM) heat storage system takes

advantage of both sensible and latent heat to store thermal energy increasing

efficiency and reducing space.

Latent heat thermal energy storage is an attractive technique because it has a

high energy storage density, which can be between 5 and 14 times higher than a

conventional sensible heat storage material [1]. However, the use of PCMs has

an important drawback, which is the low thermal conductivity which means

low energy charging and discharging rate. Other important disadvantages of

the PCMs are: density changes, poor stability under extended cycling, phase

segregation and cost, amongst others.

The study of PCMs began seven decades ago but did not receive much atten-

tion until the energy crisis of late 1970s and early 1980s [2], when different

experimental and numerical studies on melting and solidification processes of
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some PCMs were published [3, 4]. Currently, there are different type of ap-

plications where the PCMs are used, i.e. solar heating systems, cooling and

heating (using off-peak rate), thermal protection of food, thermal protection of

electronic devices, cooling of engines, thermal comfort in vehicles, and medical

applications between others [5–8].

Different types of heat storage systems based on PCMs are described in the

technical literature, where physical characteristics, thermal performance and

evaluating methodology have been shown. A compilation of typical configura-

tions of PCM heat storage systems are presented in [9–14], covering geometries

e.g.: flat-plate, shell-and-tube, shell-and-rod, and shell-and-spheres. The nu-

merical analysis of a PCM encapsulated in different forms has been carried out

by means of different numerical methods: the fixed grid and time step method

[12], the efficient heat capacity [13], one-dimensional and bi-dimensional con-

duction analysis [15, 16], and the enthalpy method [10, 13, 17–21]. Different

experimental studies to validate the proposed numerical models and to eval-

uate the thermal performance of heat storage units have been carried out

[10,12,13,15,20–22]. The influence and advantages of applying multi-PCMs in

comparison with a single PCM in two different configurations of heat storage

units (shell-and-tube and zigzag plate) used in an air-cooling application have

been presented [18, 20].

Around 20-26� of the total energy consumption in a typical home is conse-

quence of water heating activities [23]. For that reason, there are many studies

in which different technologies have been tested in order to save energy used

to heat domestic water. Some of these technologies are: solar water heating

(SWH), gas boilers, heat pumps, immersion heater, exhausted heat recovery

systems and drain water heat recovery (DWHR) systems [14, 16, 19, 23–28].

The DWHR system is an attractive household technology, which can help to re-

duce the energy consume and environmental impact. The conventional DWHR
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units are based on a heat exchanger, which use cold water coils wrapped

around a hot water drain [23, 29–31], some of these units use a hot water

tank (HWT) as a storage device. A DWHR system recovers heat from a waste

water volume, which can be reused in water preheating, obtaining efficiency

between 17-75� in function of several factors [23]. A high variation of the

DWHR efficiency has been reported by investigators, in which the DWHR

efficiency depends on the kind of device, orientation, and specific character-

istics of the waste water (flow rate and temperature) [23, 29–33]. The lowest

efficiency value is obtained with horizontal DWHR, whilst the highest value

is achieved with vertical DWHR. There are different sources of waste water

in household applications, i.e.: bath/shower, sink, washing machine or dish-

washing machine [23, 32, 33].

Although the authors have not found specific information about DWHR sys-

tems based on PCMs and their use in real application into the household

technology as a medium to save energy, looking for in the technical literature,

the use of PCMs as an auxiliary device to storage energy in a solar domes-

tic hot water (SDHW) system has been reported [14, 19]. These works have

analysed the thermal behaviour of this kind of unit and exposed the main

advantages of using PCM in solar domestic hot water systems.

The main advantage of applying PCM in any kind of heat storage system is

the capacity to accumulate thermal energy with high energy density in a well

defined temperature range, due to the fact of taking advantage of both sensi-

ble and latent heat. This important feature is reflected in improved thermal

performance and the volume reduction of the unit [14, 19].

This paper is focused on a detailed analysis of a PCM plate heat storage unit

with a particular configuration, looking for the maximum contact area with

the water flow and the minimum volume. The design proposed is based on a

group of PCM plate capsules, which are arranged making up a thermal system.
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The heat exchanger process occurs between the PCM plate capsules and the

water flow. The heat storage unit is designed to work with a specific mass

of drain/grey water as a heat source (wasted heat). An interesting design is

achieved using a numerical and experimental strategy to develop a particular

storage and recovery unit, which is based on PCM plates. The PCM plates are

organized in a specific arrangement to generate a series of channels between

two PCM plates by means of metallic supports. The PCM plate heat storage

unit designed can be used as a DWHR system coupled to a real household

application. The thermal performance of this unit is evaluated, achieving a

heat recovery ratio similar to highest values reported in technical literature

by researchers in the field of DWHR systems.

The numerical model is based on: i) a one-dimensional and transient integra-

tion of the conservative equations (mass, momentum and energy) for the water

flow inside of the channels [34–36]; ii) two-dimensional and transient integra-

tion of the conservative equations (mass, momentum and energy) for the PCM

using the Stephan condition at the interface [37–40]; iii) two-dimensional and

transient integration of the energy conservation equation for the solid elements.

A group of empirical correlations obtained from technical literature [41–43] has

been used to evaluate the heat transfer coefficient and the friction factor. A

preliminary design study was carried out with the aim of defining a suitable

PCM, an optimum PCM plates and the prototype unit geometry. Numerical

results of the whole storage unit are shown, where the temperature of the fluid

flow and the temperature and melting fraction distribution of the PCM plate

capsules are presented.

An experimental facility has been designed to measure the variables that char-

acterize the working conditions of the PCM heat storage unit. A description of

the experimental unit is presented, together with detailed information about

instrumentation used. The experimental data obtained is used to identify the
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thermal performance of the heat storage unit designed, as well as to validate

the mathematical model proposed in this paper.

2 Mathematical Formulation

This section presents the mathematical formulation for the whole heat storage

unit, i.e. the fluid flow, the plates and the PCM. A final subsection shows the

empirical inputs needed to take into account fluid flow and solid interactions.
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Fig. 1. Schematic representation of the meshes used in the discretization of the fluid

flow: a) Main control volumes for pressure and energy, b) Staggered control volumes

for mass flux. Symbol (◦) indicates the node of the main mesh, and (•) indicates the

node of the staggered mesh.

The mathematical formulation for the fluid is based on the conservation equa-

tions of mass, linear momentum and energy, where the main assumed hypothe-

sis are: one-dimensional flow, negligible axial heat conduction and viscous dis-

sipation, negligible pressure drop generated by the elbows and negligible heat

radiation. These equations are integrated on the basis of staggered meshes as

required by SIMPLEC methodology [44] to avoid checker-board solutions. In
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this way, the domain is split into a number of control volumes (CVs). Mass

and energy equations are discretized over the main CVs as shown in Fig. 1a,

while momentum equation is discretized over the staggered CVs as shown in

Fig. 1b.

The mathematical formulation for the PCM is based on the conservation equa-

tions of mass, linear momentum and energy. The thermal behaviour of the

PCM is solved on a fix grid using an enthalpy method. The energy equation is

expressed in function of the PCM enthalpy. The main assumed hypothesis are:

Newtonian fluid, two-dimensional and transient flow, laminar flow, negligible

viscous dissipation, and the Boussinesq approximation. These equations are

discretized over the CVs indicated in Fig. 2.
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Fig. 2. Discretization of the solid elements, PCM and fluids. Main nodes assigned

to the selected CVs are denoted by P, while W,E,N,S indicated their neighbours.

Cell-faces are denoted by lower-case letters (w,e,n,s).

The mathematical formulation for the plate is based on the heat conduction

equation, where the main assumed hypothesis are: two-dimensional tempera-

ture distribution and negligible heat radiation between plates and the exterior.

This equation is discretized over the CVs indicated in Fig. 2.
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A strategy has been used to simplify the simulation of the whole PCM plate

heat storage unit. It corresponds to the development in a single channel of

length L (L = Np·Lp) the series of channels configured between Np PCM plate

capsules (each one of length Lp). This single channel is configured between

two PCM plates considering a half of the real PCM plate capsule thickness

(adiabatic condition is assumed in the central section). This simplification

neglected the flow direction changes into the PCM plate heat storage unit and

the particularities of the first and last water channels (PCM on one side, heat

losses to environment on the other side).

2.1 Fluid flow

The semi-discretized and temporal form of the mass, momentum and energy

conservations equations of the fluid flow inside the channels are presented:

V
∂ρ̃P
∂t

+ ṁe − ṁw = 0 (1)

V
∂ρ̃ṽ

∂t
+ ṁs

ev
s
e − ṁs

wv
s
w = (pP − pE)A− τ̄P2H∆z −mg sin θ (2)

V
∂ρ̃P ẽP
∂t

+ ṁeee − ṁwew = ¯̇qP2H∆z + V
∂p̃

∂t
(3)

where ẽP represents the total specific energy (e = h+ ec + epot), h is enthalpy,

ec kinetic energy, epot potential energy, ρ̃P is the density, ¯̇qP is the heat flux

transferred between fluid flow and plate, p is the pressure, τ̄P is the shear stress,

ṁe and ṁw are the mass flow at the east and west CV-faces respectively, A

is the cross sectional area, H is the plate width, V is the CV volume, and

△z is the CV length. The mean values over the CV used in last equations are

defined as:
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ρ̃P =
1

V

∫

VP

ρdV ; p̃P =
1

V

∫

VP

pdV (4)

ẽP =
1

ρ̃PV

∫

VP

ρedV ; ¯̇qP =
1

∆z

∫

zw

ze
q̇dz

Transient terms are evaluated using a first order backward differencing scheme.

Convective terms at the CV faces are evaluated using first or higher order

schemes. The convective heat flux is integrated along the CV heat transfer

surface using local heat transfer coefficients and nodal temperatures for the

plate and the fluid. This methodology to solve the fluid flow has been used

by the authors in other numerical studies [34–36], where the thermal and

fluid dynamic behaviour of the single-phase flow and two-phase flow has been

solved.

2.2 Plate

To solve the plate temperature distribution, the energy equation is used. A dif-

ferential form of the general heat conduction equation is expressed in function

of temperature:

ρcp
∂T

∂t
=

∂

∂z

(

λ
∂T

∂z

)

+
∂

∂y

(

λ
∂T

∂y

)

(5)

where the left hand side indicates the internal energy increase in the CV, while

the right hand represents the heat flux through the CV-faces (west, east, north,

and south). The edges of the plate are considered adiabatic. The interactions

of the plate with PCM and fluid are also stated in the corresponding boundary

conditions:
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∂T

∂z

∣

∣

∣

∣

∣

(z=0,y,t)

=
∂T

∂z

∣

∣

∣

∣

∣

(z=L,y,t)

= 0

−λpl

∂T

∂y

∣

∣

∣

∣

∣

(z,y=a,t)

= αf(Tf − TP ) (6)

−λpl

∂T

∂y

∣

∣

∣

∣

∣

(z,y=b,t)

= −λPCM

∂T

∂y

∣

∣

∣

∣

∣

(z,y=b,t)

where αf is the heat transfer coefficient, Tf is the fluid temperature, TP is

the plate temperature at node P, L is the developed length, λ is the thermal

conductivity of the plate and PCM, and b− a is the plate thickness (Fig. 2).

2.3 PCM

The thermal behaviour of the phase change material is solved by means of the

conservative mass, momentum and energy equations. The energy equation

is expressed in function of the enthalpy [37–39], in which PCM enthalpy is

taking into account the sensible and latent heat required for the phase change.

Average and constant values of solid and liquid material properties are used

(density and thermal conductivity) and a relation between PCM temperature

and enthalpy is known. The expressions used are:

∂u

∂z
+

∂v

∂y
= 0 (7)

ρ
∂u

∂t
+ ρu

∂u

∂z
+ ρv

∂u

∂y
=

∂p

∂z
+ µ

(

∂2u

∂z2
+

∂2u

∂y2

)

+B · u (8)

ρ
∂v

∂t
+ ρu

∂v

∂z
+ ρv

∂v

∂y
=

∂p

∂y
+ µ

(

∂2v

∂z2
+

∂2v

∂y2

)

+ ρgβ(T − T
∞
) +B· v (9)
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ρ
∂h

∂t
+ ρu

∂h

∂z
+ ρv

∂h

∂y
= λ

[

∂2T

∂z2
+

∂2T

∂y2

]

(10)

where u and v are the liquid velocities of the PCM, p is the dynamic pressure,

B is a parameter which must be defined in a way that ensures a gradual

slow down of velocities in the solidifying computational cells (B is zero in full

liquid cells and B is a large value in full solid cells, thus forcing the velocities

to be practically zero) [38, 40]. Assuming that the phase change solid-liquid

or liquid-solid occurs between a small temperature range, the melting fraction

can be defined as:

fl =















































1 for T > Tmelt1

0 for T < Tmelt2

(hp−hsol)

(hliq−hsol)
for Tmelt2 < T < Tmelt1

(11)

where Tmelt1 is the PCM melting temperature, Tmelt2 is the PCM solidification

temperature, hp is the PCM enthalpy, and hliq and hsol are the liquid and solid

enthalpy of the PCM, respectively.

The boundary conditions of the PCM are:

u(z=0,z=L,y=b,y=c,t) = v(z=0,z=L,y=b,y=c,t) = 0

∂h

∂z

∣

∣

∣

∣

∣

(z=0,y,t)

=
∂h

∂z

∣

∣

∣

∣

∣

(z=L,y,t)

= 0

−λpl

∂T

∂y

∣

∣

∣

∣

∣

(z,y=b,t)

= −λPCM

∂T

∂y

∣

∣

∣

∣

∣

(z,y=b,t)

(12)

∂h

∂y

∣

∣

∣

∣

∣

(z,y=c,t)

= 0

where c− b is the PCM half thickness (Fig. 2).
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2.4 Empirical correlations

The heat transfer coefficient (αf ) used to calculate the heat flux transferred

between the fluid flow and the plate and the friction factor used to calculate

the shear stress (τ̄P ) between fluid and plate are evaluated from empirical

information obtained from technical literature. The heat transfer coefficient

has been obtained from [42], proposed to be used in small plate heat exchangers

with intermating plates:

αf =
Nuλ

De

with:















































Nulam = 1.68(RePrDe

LP
)0.4( µ

µw
)0.1 for Re < 10

Nutur = 0.2Re0.67Pr0.4( µ

µw
)0.1 for Re > 100

Nu = f(Re,Nulam, Nutur) otherwise

(13)

where Nu is the Nusselt number, Re is the Reynolds number, Pr is the Prandl

number, De is the hydraulic mean diameter, Lp is the plate length, λ is the

thermal conductivity, µ is the bulk viscosity, and µw is the viscosity at plate

temperature. Thus, the heat flux transferred between fluid flow and plate can

be evaluated by means of the following expression ¯̇qP = αf (Tf −TP ), where Tf

is the fluid temperature and TP is the plate temperature at the node centre.

The friction factor f and shear stress τ̄P are evaluated from [42], proposed to

be used in small plate heat exchangers with intermating plates:

τ̄P = f
ρv2

2
with:















































flam = 38
Re

for Re < 10

ftur =
1.22

Re
0.252 for Re > 100

f = f(Re, flam, ftur) otherwise

(14)
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These empirical expressions have been chosen from literature due to the corru-

gate surface of the PCM plate capsules, similar to intermating plates geometry.

In the transition regime the Nusselt number (Nu) and the factor friction (f)

can be determined by interpolation between boundaries of the laminar and

turbulent regimes.

3 Numerical Resolution Method

The global numerical algorithm to solve the whole system takes into account,

in coupled manner, the thermal and fluid dynamic behaviour of the different

elements. At the initial instant (t=0), pressure, mass flow rate, enthalpy or

temperature of the fluid, plate temperature, and PCM melting fraction and

temperature must be fully defined. The fluid flow is simulated by means

of the numerical resolution of the equations (1) to (3) as a first step. The

discretized equations are solved using the three diagonal matrix algorithm

TDMA. The coupling between momentum and continuity is solved by means

of the semi-implicit pressure-based method SIMPLEC [44]. The plate tem-

perature is obtained from the numerical resolution of the equation (5). The

discretized equation is solved by means of the SOR+TDMA solver.

The PCM is simulated by means of the numerical resolution of the equations

(7 to 10) as a third step. These equations have been discretized and organized

in a generic two-dimensional form. The set of algebraic equations is solved

by means of the SOR+TDMA solver. The coupling between momentum and

continuity is solved using a SIMPLEC method [44]. Next, the energy equation

in function of enthalpy h is solved. After that, an evaluation of the PCM

temperature TPCM is carried out as a function of PCM enthalpy and the

melting fraction fl.

An iterative process should be made until the convergence criteria is reached
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Fig. 3. Global numerical algorithm

in all elements. The convergence of the system is based on the maximum

difference between the different local variables at the previous iteration φ∗ and

at the actual one φ, i.e. (max|φ − φ∗|/φ) < δ, where a convergence criteria

value (δ = 1e−6) has been used in all cases. The process runs step-by-step

in the time direction until a steady-state or some specific period of time is

reached. A representation of the numerical algorithm is depicted in Fig. 3.
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4 Experimental Facility

The experimental facility was specifically oriented to study the thermal per-

formance of the PCM plate heat storage unit proposed. The design of the test

rig was performed considering the transient condition of the thermal process

analysed, with the main aim of quantifying the thermal energy saved/released

by the test unit during a period of time. The experimental data obtained is

used also to validate the numerical modelling implemented to simulate the

whole heat storage system. A detailed scheme of the experimental facility is

shown in Fig. 4.

Fig. 4. Schematic representation of the experimental facility

The facility is formed by two 25 litres stainless steel tanks (a cold fluid tank and

a hot fluid tank) which assure the supply of fluid to the heat storage system,
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three different heat sources (thermal baths) working at different temperatures,

a group of electromechanical valves to control the fluid flow sequence through

the whole circuit, and a group of instruments to measure temperature, pressure

and flow rate.

A copper helical coil has been located into each one of the tanks to heat/cool

the fluid to the required temperature, by its connection to a thermal bath.

A group of four electromechanical valves have been used to control the water

flow through the facility circuit. Depending on the condition (heat charge or

discharge) part of the circuit is open supplying water at specific conditions

(hot or cold) from tanks to the heat storage unit. Along the circuit differ-

ent sensors of temperature, pressure and flow rate have been installed. Two

thermocouples are located at the inlet and outlet of the heat storage unit to

measure the water temperature. A Coriolis mass flow meter has been used

for the water mass flow measurement. A differential pressure sensor has been

used to evaluate the water pressure drop generated by the heat storage unit.

Technical specifications of sensors and devices that make up the experimental

facility are summarized in Table 1.

Table 1

Accuracy and devices specifications used in the experimental facility

Device Type Range Accuracy

Pump Magnetic drive gear up to 12 lt/min

Flow meter Coriolis up to 56 kg/min ± 0.041� F.S.

Thermocouples K-Type 10°C to 70°C ± 0.3 °C

Differential pressure Diaphragm 0 to 248.0 kPa ± 0.04� F.S.

An uncertainty analysis has been applied to evaluate the errors influence of

the different variables measured on the experimental results, which is based
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on a propagation error methodology proposed in the technical literature [45,

46]. The maximum uncertainty estimated for the heat transfer rate is around

±5.98� , whilst ±4.73� was obtained as a maximum uncertainty for the energy

stored/recovered during the thermal charge or discharge processes.

4.1 Test procedure

The heat storage unit has been tested following a procedure divided into three

steps: i) Initialization, a water flow passes through the heat storage unit with

the purpose of imposing an initial temperature in the test unit. The water

flow used to impose this condition has been conditioned by thermal bath 3,

see Fig. 4. After some minutes and verifying that the difference between the

fluid flow temperature at the inlet and at the outlet of the heat storage unit is

short enough, the experimental facility is ready to start the heat storage test;

ii) Thermal charge, a prescribed water volume at high temperature flows from

tank 2 to the heat storage unit. This fluid flow transfers part of its thermal

energy to the heat storage unit (PCM plates). As a consequence, the fluid

stream outlet temperature decreases; and iii) Thermal discharge, as soon as

the hot water volume has passed through the circuit and the heat storage

unit has been thermally charged, a second water volume at low temperature

flows from tank 1 to the heat storage unit. This water stream flows in counter-

current direction in comparison with the charge volume flow. When this cold

fluid stream reaches the test unit, the PCM/plates transfer part of the thermal

energy previously stored to the fluid stream in a thermal discharge process.

As a consequence, the fluid stream outlet temperature increases.

There is a short transition period between each one of the three steps described

above, when the water stream moves a water volume (2 litres approximately)

at different thermal conditions than water prepared in the tanks. During this

transition period the water volume is thrown directly to the drainage with-
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out pass through the PCM Unit. Therefore, transition is not included in the

numerical simulation as not affecting the storage unit.

5 Design of the PCM plate heat storage unit

The PCM plate heat storage unit designed is characterized by a parallelepiped-

shaped outer casing configuration, inside which flows the fluid (water) in a

single stream without branching. The heat storage unit consists of a metallic

box manufactured with a stainless steel sheet. This device was designed to

house a group of PCM plates in a specific arrangement to generate a series

of channels between two PCM plates (Fig. 5). A number of metallic supports

were welded to the metallic box to facilitate the accommodation and arrange-

ment of the PCM plates into the box. These supports are arranged in parallel

but pointing in opposite directions alternately, with the aim of leaving a gap

between the PCM plates and the housing through which the fluid flows. The

parallel arrangement and the opposite sense of the supports generates a cir-

cuit with rectangular section, which has a great ratio between the width and

height of the section.
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Fig. 5. PCM plate heat storage unit: schematic representation (left); and front and

side views (right)

The PCM plate capsules consist of two slim aluminium sheets that make up

a case to encapsulate a mass of phase change material. The distance between
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PCM plate capsules is 5 mm, it ensures an equilibrated rate between heat

transfer surface and PCM volume. The thickness of the PCM encapsulated

should be taken into account in the design of the heat storage unit, because

the low thermal conductivity of PCM affects unfavourably the phase change

in rapid transient processes. If the phase change occurs only in the first few

millimetres of thickness, much material will be wasted. Thermo-physical prop-

erties of the PCM encapsulated in an aluminium plate capsule are summarized

in Table 2. These data were obtained from the technical data sheet of a com-

mercial paraffin, which was supplied by the manufacturer.

Table 2

Thermo-physical properties of the PCM

Material Paraffin

Density liquid 770 kg/m3

Density solid 880 kg/m3

Specific heat liquid 2400 J/kgK

Specific heat solid 1800 J/kgK

Heat storage capacity 174 kJ/kg

Thermal conductivity 0.2 W/mK

Melting temperature range 21°C to 24°C

The fluid flow distribution in the heat storage unit has been analysed by

visualization studies, where entry is determinated by a manifold (Fig. 6). The

manifold chosen has a small slot to avoid non-regular distribution in the inner

channel. The tested unit has been insulated appropriately to reduce the heat

loss to the environment. The heat storage unit has been assembled with the

experimental facility, which has been described in the previous section, with

the aim of testing its thermal performance under specific working conditions.
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Fig. 6. Manifold

5.1 Application specific design

A preliminary numerical study was carried out with the aim of defining a

suitable PCM plate heat storage unit design, which will be used as a ther-

mal storage device in a domestic washing machine. Specific temperatures and

flow rates of a domestic washing machine have been used in the design pro-

cedure. Influence of different parameters were analysed in Fig. 7: i) the PCM

plate storage unit configuration, based on a single-pass (sp) and a multi-pass

(mp) arrangement; ii) the relative flow direction between charge and discharge,

counter-current (cc) and co-current (co); iii) use of different kind of PCMs (an

inorganic PCM1 and an organic PCM2 were used, both with similar melting

temperature); iv) number of PCM plate capsules used; and v) the duration of

the thermal charge process. The dimensionless heat recovered, which is evalu-

ated as Ω = Qrecovery/Qreference, was used to identify the thermal performance

of the different alternatives simulated, using as reference the heat obtained

with a configuration based on 10 plates of PCM2, a multi-pass arrangement

and a counter-current flow.

The first and second group of bars in Fig. 7 correspond to the performance

study in function of the PCM plate numbers and flow arrangement (or config-

uration), fixing the PCM1 and co-current flow. The third and fourth group of

bars show the thermal performance in function of the PCM plate numbers and

the relative flow direction, fixing the PCM2 and multi-pass configuration. The

fifth and sixth group of bars correspond to the performance results in function
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of charge process time (time 1 = 50 seconds and time 2 = 170 seconds), using

10 PCM plates, multi-pass configuration and counter-current flow.
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Fig. 7. Pre-design results of the storage unit performance

Analysing the numerical results the highest heat recovery is obtained with

a multi-pass configuration, applying counter-current flow and using 16 PCM

plate capsules. The relation between heat recovery and the number of PCM

plates is directly proportional, but it is not lineal. Looking at the previous

results, for PCM2, mp and co-current flow, the benefit of adding 2 PCM

plates (from 8 to 10) and 6 PCM plates (from 10 to 16) only produces a heat

recovery increase of 4.5� and 2.1�, respectively. Focusing on counter-current

flow configuration, which produces a heat recovery increase compared to co-

current flow configuration, the profit of adding 2 PCM plates (from 8 to 10)

and 6 PCM plates (from 10 to 16) produces a heat recovery increase of 8.0�

and 13.0�, respectively. This increase has been considered in the evaluation

of an efficient design taking into account the technical limitations of space

and weight, and the price of the PCM. After that, 10 PCM place capsules of

PCM2 using a counter-current flow and multi-pass configuration were chosen
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to configure the PCM plate heat storage unit.

6 Results

A group of tests has been carried out by means of the experimental facility with

the aim of evaluating the thermal performance of the PCM plate heat storage

unit. The numerical results have then been compared with the experimental

data, evaluating the numerical discrepancy of the model proposed.

Dimensionless temperature, length and thickness are used in results descrip-

tion, being defined as: Φ = (T −Tmin)/(Tmax−Tmin), z
∗ = z/L and y∗ = y/L,

where Tmin is the low temperature, Tmax is the high temperature value and L

is the developed length of the PCM plate heat storage unit.

6.1 Test conditions

The experiments and the numerical simulation of the PCM plate heat storage

unit were carried out for three different mass flow rates and two different tem-

peratures at the inlet of the unit, which value depends on the thermal process

(charge or discharge). There is a difference of 20°C at the inlet temperature

during the thermal charge and discharge process, and the fluid volume used

during thermal charge was 70� of the fluid volume used in thermal discharge.

Both conditions are imposed by the household application studied (a washing

machine). The operating/working conditions used during thermal charge and

discharge in function of the technical requirements are summarized in Table

3.
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Table 3

Test definition: working conditions

Process Case Time [s] Mass flow rate [kg/s] Φ

Thermal charge

A 90 0.1554 1.0

B 120 0.1166 1.0

C 170 0.0823 1.0

Thermal discharge A/B/C 170 0.1176 0.0

6.2 Global thermal analysis of the PCM plate heat storage unit

The heat transfer between water flow and PCM plate heat storage unit is eval-

uated in function of the mass flow and difference between inlet and outlet fluid

temperature during the transient process. The experimental thermal energy

quantified for the three different cases during thermal charge and discharge

are detailed in Table 4, as well as the numerical results and their discrepancy

with respect to experimental data.

The PCM plate heat storage unit designed is capable of storing approximately

75� of the thermal energy contained in the drain water, which was produced

in the first stage of a washing machine, and recovering part of it to supply

around 50� of the thermal energy required to heat up a mass of water used in

a next stage of the washing machine. These percentages are evaluated taking

into account the relations between the thermal energy stored and a wasted

heat obtained from the drain water (880 kJ), and between the thermal en-

ergy stored and the maximum heat storage capacity of the unit (1168 kJ)

for the thermal charge process. The percentage of thermal energy recovered

in relation to the maximum recovery heat (1672 kJ), and to the maximum

heat storage capacity of the unit (1548 kJ) are also considered for the thermal

discharge process. The maximum heat storage capacities of the unit during
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thermal charge and discharge are different as a consequence of thermal con-

ditions imposed by the domestic washing machine analysed (dimensionless

temperature range and flow rate).

Table 4

Experimental data and numerical results of three cases studied

Thermal Exp. heatPercentage vs. Percentage vs Num. heatDiscrepancy Average

charge transfer wasted heat max. heat transfer [�] melting

(case) [J ] [�] storage capacity [�] [J ] fraction

A 682086 77.70 58.36 655236 -3.93 0.65

B 649838 74.03 55.60 666395 2.55 0.70

C 662136 75.43 56.65 709833 7.20 0.80

Thermal Exp. heatPercentage vs. Percentage vs Num. heatDiscrepancy Average

discharge transfer max. recovery max. heat transfer [�] melting

(case) [J ] [�] storage capacity [�] [J ] fraction

A 799816 47.81 51.65 746106 -6.71 0.18

B 791319 47.30 51.10 752910 -4.85 0.21

C 801731 47.92 51.77 774860 -3.35 0.25

The maximum heat storage capacity is evaluated adding the heat storage

capacity of the PCM plates and the water mass contained into the heat storage

unit. A PCM mass of 4.81 kg with a heat storage capacity of 174 kJ/kg

(combination of latent and sensible heat in a dimensionless temperature range

from 0.0 to 1.0), and a water mass of 8.5 kg were used.

It is important to note that the thermal energy recovered during thermal dis-

charge does not have to be the same as thermal energy stored because the unit

24



worked at different conditions (fluid volume, and dimensionless temperature

range) during thermal charge and discharge.

Using the numerical model proposed in this paper, the thermal energy stored

and recovered in the three cases have been evaluated. These values have been

compared with experimental data, obtaining a maximum difference of 7,2�

for case C during thermal charge, and 6,71� for case A during thermal dis-

charge. The difference has been evaluated by means of the following formula:

Discrepancy(�) = [(XExp −XNum)/XExp] ∗ 100.

In general an over-prediction of the thermal performance of the PCM plate

heat storage unit during thermal charge is described, whilst a numerical under-

prediction is found when thermal discharge process is simulated.

Although the global values obtained numerically show reasonable discrepan-

cies, the short global variations between cases A, B and C are not coherent

between experimental data and numerical results. Whilst the numerical results

show an increase of the energy stored in function of the period of time during

thermal charge (Cases A, B and C), the experimental data do not describe the

same tendency. This experimental difference between cases could be seen as a

consequence of the experimental procedure carried out and initial conditions

used, together with the influence of the experimental uncertainty produced

in the measuring of variables. The experimental uncertainty was evaluated

obtaining a value around of ±5� for the energy stored/recovered, which can

justify the variability in the experimental results.

Energy difference between cases A, B and C during thermal discharge is less

than energy difference during thermal charge. It is due to the mass flow rate

is very similar for all cases during thermal discharge. However, the smaller

difference of thermal energy recovered between all cases can be explained

as a consequence of the inlet fluid temperature profiles and the initial map

25



conditions (temperature and melting fraction of the PCM), which are different

between them. The average melting fraction evaluated numerically gives the

proportion of PCM which was melted at the final time step of each one of the

thermal processes.

The heat recovery ratio is defined as a relation between the heat recovery

measured and the available or wasted heat. In order to compare the heat

recovery ratio of the PCM plate heat storage unit with some DWHR systems

referenced in technical literature, a new available or wasted heat has been

defined. It is due to the different operating/working conditions used during

thermal charge and discharge. The new available or wasted heat (1170 kJ)

has been evaluated applying the same mass drain water used during thermal

charge, but considering a difference dimensionless temperature from 1 to 0

(instead of real charge limits from 1 to 0.3). The heat recovery ratio obtained

experimentally for the PCM plate heat storage unit gives 67� , its relation gives

similar values to highest heat recovery ratios reported in technical literature

by different researchers in the field of DWHR systems [23, 28–33]. They have

reported heat recovery ratios between 15-50� for DWHR devices based on

double pipes, 35-75� for DWHR devices based on falling film and 38-55� for a

DWHR device based on a cylindrical tank (depending on the kind of device,

the orientation and the magnitude of the wasted water flow rate).

This analysis shows that the PCM plate heat storage unit designed accumu-

lated thermal energy giving a competitive heat recovery ratio value in compar-

ison with values reported in the field of DWHR systems. The PCM plate heat

storage unit is capable to accumulate heat and releasing it later (not simul-

taneously), achieving a storage device in contrast with other DWHR systems

which are configured to work only as demand devices (DWHR based on pipe

heat exchanger). It is an important aspect that should be taken into account in

the applicability of the unit designed, not only as a heat recovery system, but
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also as a storage unit, which can be used to save energy during water heating

process in different and real household applications, i.e.: washing machines or

dishwashers.

6.3 Transient thermal analysis of the PCM plate heat storage unit

The transient behaviour of the PCM plate heat storage unit has been analysed

using the experimental testing and the numerical simulation. The transient

boundary conditions imposed in the numerical code assume the same values

obtained from experimental data, where dimensionless inlet fluid temperature

were near to 0.3 and 1.0 during thermal charge and to 0.0 and 1.0 during

thermal discharge.

The experimental and numerical inlet and outlet fluid temperature evolution,

together with the heat transfer rate are depicted in Fig. 8 for the three cases

(A, B and C) during thermal charge. The numerical outlet fluid temperature

shows a constant value in a first period of time, which depends on the time re-

quired to remove the water volume stored previously into the test unit, whilst

the experimental outlet fluid temperature describes a small increase during

the first period of time, maybe due to an internal leakage/bypass effect, Fig.

8 (left). After that point, the numerical and experimental outlet fluid temper-

ature begins to increase their value constantly until the final time describing

the same tendency.

A high experimental heat transfer value obtained in case A regarding cases

B and C (see Table 4) can be explained as a consequence of inlet fluid tem-

peratures, in which the inlet fluid temperature profile of case A presents a

higher value than cases B and C as a result of the experimental set-up, Fig. 8

(left). The numerical heat transfer does not reproduce the same effect, possible

reasons were mentioned above (the influence of the numerical model hypothe-
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sis and empirical correlation). Regarding the heat transfer difference between

cases B and C, it can be explained from the time used in case C to exchange

the thermal energy, which is higher than case B in spite of the heat transfer

coefficient of case B is higher than case C.
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Fig. 8. Experimental data and numerical results during thermal charge: the fluid

temperatures at the inlet and outlet (left); and heat transfer rate (right)

Difference between numerical result and experimental data of the outlet fluid

temperature evolution can be seen along time Fig. 8(left). This difference pro-

duced an under-prediction in the numerical evaluation of the heat transfer

rate in the case A and an over-prediction in the cases B and C (Table 4).

Although the outlet fluid temperature and heat transfer difference, the ther-

mal behaviour in transient conditions of the unit is well characterised by the

numerical model, which describes the same tendency of the experimental data.

It is important to note that the results of the thermal charge process at fi-

nal time step are used as initial conditions of the thermal discharge process.

Therefore, the experimental and numerical results of the thermal discharge

depend on the thermal behaviour of the thermal charge.

The experimental and numerical inlet and outlet fluid temperature evolution,

together with the heat flux are depicted in Fig. 9 for the three cases (A, B and

C) during thermal discharge. The numerical outlet fluid temperature evolution

during thermal discharge present a constant and lineal decrease during the
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first 50 seconds, which could be seen as the time required by the water volume

stored previously to get out of the test unit. After that point, the decrease

suffers a change in the gradient up to 70 seconds. This period of time is required

to cool the PCM from initial temperature condition to the PCM solidification

temperature, in which only sensible heat is working in the PCM. A progressive

decrease is then maintained until final time. This period of time (70 to 170

seconds) can be understood as the time in which the fluid flow exchanges heat

with the PCM plate storage unit taking advantage of the sensible and the

latent heat.
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Fig. 9. Experimental data and numerical results during thermal discharge: the fluid

temperatures at the inlet and outlet (left); and heat transfer rate (right)

A lower thermal energy recovered in case A is evaluated numerically in compar-

ison with cases B and C, whilst a lower thermal energy recovered experimen-

tally is obtained in case B (Table 4). A small difference between experimental

heat transfer rate evaluated for the three cases tested can be explained from

small difference of the inlet fluid temperature during the first 20 seconds, and

later from 140 seconds until the final time (see Fig. 9 (left)), without forgetting

the thermal condition of the PCM plates after carrying out the thermal charge

process, which influence the instantaneous evaluation of the heat transfer rate.

The difference between the numerical results and experimental data during

thermal charge and discharge could be explained as follows: i) the numerical

model used to evaluate the fluid flow assumes an one-dimensional fluid flow
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hypothesis, which does not allow to simulate the effect of mixture flow or

irregular motion of the fluid in each one of the channels, and the influence

of these phenomena on the evaluation of the fluid temperature along time;

ii) the mass flow and the influence on the empirical evaluation of the heat

transfer coefficient, which is used to evaluate the convective heat flux between

fluid flow and PCM-plate and has been adopted from an intermating plate

(approximation to the PCM plate used in the unit); iii) a possible water drain

between PCM plate and metallic box or shell; and iv) the validity of adiabatic

conditions at the edges of the PCM plate, and between fluid flow and shell

considered in the numerical model.

In spite of this difference, similar temperature profiles are obtained numerically

and experimentally for all three cases, and a good agreement is achieved at

the final time.

6.4 Numerical results about PCM

As an illustrative result of the level of information given by the numerical

analysis of the encapsulated PCM, details of its behaviour are presented for

case C.
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Fig. 10. PCM melting fraction: evolution during thermal charge and final distribution

at time step 170 seconds (Case C)
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The numerical results of the PCM melting fraction during thermal charge are

shown in Fig. 10. The PCM melting fraction evolution is evaluated on three

different longitudinal positions (z*=0, z*=0.5 and z*=1), together with the

PCM melting fraction distribution in function of the PCM thickness (y=b,

y=(c-b)/2 and y=c) at final instant.

The PCM melting fraction increases from 0 to 1 easily in zones near to the

inlet of the fluid flow (z∗=0), whilst this behaviour is slower in zones near

to the outlet of the fluid flow (z∗=1). It is a consequence of the fluid volume

contained previously in the heat storage unit, together with the lower ∆T at

this point.

The PCM melting fraction value close to the outlet of the fluid flow (z∗=1)

is zero during a period of time, after that a progressive increase occurs from

0 to a value close to 0.4. This gradient change is related to the total draining

of the fluid volume stored previously into the PCM heat storage unit, which

takes different times to flow out of the unit in function of the case (see Fig.

8 (left)). There is a short delay between times required to drain the water

volume of the unit and the gradient change, it can be explained as the time

required to increase the PCM temperature from initial condition of the fluid

volume stored to the melting temperature. The same behaviour for the melting

fraction at the middle length (z∗=0.5) is observed.

A PCM melting fraction average value has been evaluated numerically to char-

acterize a general PCM thermal behaviour during thermal charge in function

of time. As seen in Table 4, using a long period of time to carry out the thermal

charge gives a better thermal behaviour of the PCM (higher average melting

fraction). This observation is supported with the numerical results of the PCM

melting fraction in function of thickness at final time step (see Fig. 10 right).

The PCM melting fraction value at first PCM layer (y=b) is 1.0 along the

total length, which means that the first layer of PCM is melted at the end of

31



the thermal charge, whilst this value at the middle thickness (y=(c-b)/2) and

the biggest thickness (y=c) indicate that not all the PCM is being melted at

the end of the test.
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Fig. 11. Temperature distribution of the PCM plate and fluid flow, and PCM melting

fraction at the final time step (170 seconds) of the thermal charge (Case C)

Fig. 11 gives detailed temperature and melting fraction maps for the final in-

stant of the charge process, where the effect of low PCM thermal conductivity

can be identified.

Regarding thermal discharge, Fig. 12 shows the numerical results of the PCM

melting fraction evolution on three different longitudinal positions, together

with the PCM melting fraction distribution in function of the thickness at

final instant.

The PCM melting fraction value decreases along the period of time analysed

32



as a consequence of the heat flux transferred between fluid flow and PCM

plate. The PCM melting fraction value at the inlet (z∗=1) falls from 0.4 to

0.0, maintaining this last value until final time. The melting fraction tendency

at the outlet (z∗=0) is maintaining constant until 80 seconds, after that it falls

from 1.0 to 0.6.
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Fig. 12. PCM melting fraction: evolution during thermal discharge and final distri-

bution at time step 170 seconds (Case C)

The PCM melting fraction in the middle of dimensionless length (z∗=0.5)

increases its value during 40 seconds, after that a gradient change occurs and

the value decreases until the final time step. The initial increase of the melting

fraction is a consequence of the fluid volume contained previously into PCM

plate heat storage unit (which is at final thermal conditions of the thermal

charge simulation), and the flowing in counter-current direction. Once the fluid

flow does not transfer more thermal energy to the PCM plate, the PCM begins

to transfer the thermal energy stored to the fluid and PCM melting fraction

begins to decrease.

The PCM melting fraction distribution in function of the thickness at final

time step (Fig. 12 (right)) describes how the PCM is in solid state at first

PCM layer, whilst other PCM layers show that they are still in the phase

change process. This means that a part of the thermal energy stored during

thermal charge is still in the PCM at the end of the thermal discharge process.

The thermal discharge is conditioned by the initial thermal conditions, which

33



are obtained from thermal charge process. Thus, more time used during the

thermal charge process gives as a result more thermal energy recovered during

thermal discharge. The PCM average melting fraction is slightly higher (0.25

for case C and 0.18 for case A) (Table 4), but the change from charge to

discharge is higher for case C (from 0.8 to 0.25) than for case A (from 0.65 to

0.18).
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fraction at the final time step (170 seconds) of the thermal discharge (Case C)

Fig. 13 gives detailed temperature and melting fraction maps for the final

instant of the discharge process, where the effect of low PCM thermal conduc-

tivity can be identified.
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7 Conclusions

A drain water heat recovery/storage unit based on PCM plates was studied

and designed using two different tools: numerical simulation and experimental

testing. After analysing the global and transient thermal behaviour of the heat

storage unit, a maximum heat of 800 kJ has been recovered from a drain water

heat source produced in the first stage of a washing machine. The PCM heat

storage unit designed is capable to recover part of the stored energy to supply

around 50� of the thermal energy required to heat up in a next stage of a

washing machine (a real household application studied).

The relation between the thermal energy stored (measured) and the wasted

heat was used to evaluate the heat storage ratio, which is around 75� . A

similar relation between the thermal energy recovered (measured) and the

wasted heat (adapted to the difference dimensionless temperature from 1 to

0) was used to evaluate the heat recovery ratio, which is around 67� . The heat

recovery ratio of the unit designed gives similar value to highest heat recovery

ratio reported in the field of DWHR systems.

The comparative analysis between numerical results and experimental data

for three cases presents a reasonable good agreement, obtaining a maximum

discrepancy of 7.2� during both thermal charge and discharge steps.

The numerical average melting fraction of the PCM heat storage unit reports

that a part of the PCM was still melted at the final time of thermal discharge.

It means that, if available, slimmer PCM plate capsules should be used with

the aim of taking advantage of all PCM during transient processes (if the time

used in each process, thermal charge and discharge, should be maintained as

a technical specification of the problem studied).

The thermal performance study gives that the quantity of thermal energy re-
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covered for the drain water heat recovery/storage unit designed is quite similar

for all three cases. However, the numerical results predict a light dependence

of the time spent for the thermal charge on the heat recovered. Although the

experimental data does not give complete support to this idea, the thermal

energy recovered during thermal discharge for cases A and B was lower than

case C. This can be understood as less time spent for the thermal charge

means wasting the PCM latent heat, which decreases the quality of the ther-

mal storage.

The DWHR based on PCM plates designed and coupled to a washing machine

represents a good alternative to save energy at household level. Also, the

parallelepiped-shaped outer casing configuration gives facility to couple this

storage unit into a washing machine or dishwasher body.
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NOMENCLATURE

A cross section area (m2)

CV control volume

e specific total energy (J kg−1)

g acceleration of gravity (m s−2)

h specific enthalpy (J kg−1)

H plate width (m)

l plate length (m)

L developed length (m)

α heat transfer coefficient (Wm−2K−1)

ṁ mass flow rate (kg s−1)

m mass (kg)

p pressure (Pa)

q̇ heat flux (W m−2)

T temperature (oC)

V volume (m3)

v velocity (m s−1)

∆t time step (s)

∆z control volume length (m)
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λ thermal conductivity (W m−1K−1)

ρ density (kgm−3)

τw shear stress (N m−2)

θ inclination (rad)

Superscripts

s evaluated on staggered CV

Subscripts

e,w,n,s east, west, north and south CV-faces

P main grid node associated to main CVs

E,W,N,S nearest east, west, north and south nodes associated to main grid node P
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