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Letter of Motivation
India – an aspiring nation shows progress and improvement in many sectors:
Social, political & economical as well as industrial and agricultural
development is growing.
Yet changes also raise new questions and problems. Energy – for example –
is required in new dimensions and must be provided. For a sustainable
development it is indispensable to use “clean” energy of renewable resources.
Fields of application lay – among others – in the agricultural sector. Drying of
foodstuff is a well known traditional technique to preserve fruits, vegetables
and other eatables. Especially in rural areas, where refrigerators are rarely, it’s
the most common way to store food.
New requirements concerning quality and performance make the traditional
method obsolete: laying and drying the food under the open sun. Industrial
processing becomes necessary – and sustainable with renewable energy.
Solar drying systems installed by the Planters Energy Network (PEN) make
the drying faster, more efficient and reduce the risk of varmint’s infestation with
bacteria and fungi. Using clean solar energy makes the installation
independent from power supply and –costs.
To support India on its way to a clean agriculture, exchange of know-how and
technology should be performed by countries like Germany which are
advanced in this sector. The progress should profit from experience and
achievement of German scientists to avoid meanders and dead ends. As part
of these actions, the chair of thermodynamics at the TU Munich has
cooperation with PEN, transferring knowledge for their solar collector systems.
Disadvantage of solar thermal systems is the straight dependence on direct
sunlight. Clouds create a simultaneous drop in the generated heat, and the
working time is limited to hours of bright sunshine. These problems could be
handled with a thermal storage; on the one hand it increases the thermal
inertia of the system and compensates the influence of clouds and on the
other hand it provides energy for a longer drying time.
The investigation of such a thermal storage was the objective of our work at
the PEN institute in Madurai. Furthermore it should be innovative – using a
new technology to achieve the scientific claim of the TU. Phase Change
Materials (PCM) offer new possibilities and advantages in the field of thermal
energy storage concerning power density and the option of an adjustable
output-temperature. So our task in India comes to:
“Development and market analysis for integration of a PCM storage in solar
drying systems”
Nils Klink & Niko Huber
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1 Introduction
In this chapter a short overview on foodstuff drying is given and flat plate
collectors are presented because of their usage by Planters Energy Network
(PEN) as drying devices.

1.1 Solar Drying in India
In 2004, agriculture is still one of India’s main important economic sectors.
Almost one quarter of the gross domestic product is accounted there while still
65% of the countries workforce is employed. India is the world’s number-one
producer of tea, several fruits and vegetables, e.g. bananas, mangoes,
coconuts, cashews, potatoes, tomatoes, onions… ([1] p.46)
In the recent years India’s agriculture has experienced great progresses,
mainly introduced by the use of fertilisers, pesticides and herbicides. These
measures have tripled the output within 30 years to 180 million tonnes.
However, there has been no corresponding development in the post harvest
technology. Production losses of 15% (grain) up to 30% (fruits and vegetables)
do occur. As one of the main causes, the drying process is identified. In order
for preservation, the fresh harvested products must be dehydrated to a specific
content of moisture (often from 80% to <10% wet basis) [Appendix 3:
Foodstuff drying.doc]. Traditionally the products are laid on the open ground
into the direct sunlight which is the cheapest way of drying but results in a
more or less accidental drying rate. Problems like breakage, bleaching, and
nutritional changes (inflicted by over-drying) as well as fungal and bacterial
attacks (inflicted by under-drying) appear. In addition, the direct exposure to
the air leads to contamination through animals and air-immanent dirt.
Furthermore the danger of raining can’t be excluded ([2] p. 410-412).
The goal is an appropriate and controlled reduction of the moisture content.
With the additional requirement of using (only) renewable energies, moisture
reduction through mass transfer is realised by solar air heating (SAH) units of
PEN in Madurai, India. Environmental air is heated up in solar flat plate
collectors to the requested temperature (with a constructive maximum of
~120°C, see chapter 1.2 Solar flat plate collector) and flows along the product.
Parameters are volume flow and temperature of the air (see chapter 2.2
Thermodynamical basics).

1.2 Solar flat plate collector
The mode of operation of solar flat plate collectors is transferring thermal
energy from the sun to a fluent media, mainly water or air. The short wave
radiation from the sun heats up the absorber which consists in general of
metal (e.g. copper or aluminium). The fluid flows along the absorber and raises
its temperature. To minimize losses to environment – inflicted by the long
wave radiation of the absorber – a sheet of glass is placed above the absorber
-11-

(see Fig. 1, Fig. 2 and Fig. 4). In common there are three different types of
collectors; the figures show the construction for air collectors:

1.2.1 Overflown flat plate collector

Fig. 1 Overflown flat plate collector

The fluid in the collector flows above the absorber. The solar radiation heats
up the absorber plate, the thermal energy is transferred to the bypassing air
flow.

1.2.2 Underflown flat plate collector

Fig. 2 Underflown flat plate collector

At the underflown collector the absorber is placed above the fluid. The PEN
office uses this type of collectors in most cases, their investigations have
shown a good performance for their application (working fluid: air).
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Fig. 3 Schematic design of PEN’s underflowed collectors (Source: www.ips-solar.com)

One constructive task is realising a high heat flux from the absorber to the
fluid, especially if the fluid is air. That is why many absorber-designs try to
increase the surface of the heat flux using fins and obstacles in the air flow.
One step further goes the matrix collector:

1.2.3 Matrix flat plate collector

Fig. 4 Matrix flat plate collector

Here the absorber is a mesh where the complete air is forced to pass through.
This guarantees a good heat flux from the absorber to the air.
Further possibilities to increase the efficiency are selective paints, which have
a good absorbance for short wave radiation from the sun but have low values
concerning the thermal long wave radiation emitting from the absorber.
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2 Basics
On the following pages phase change materials are introduced and their
working principles as well as the fields of applications are shown. Furthermore
the basic thermodynamic principles relevant for this thesis are described
mathematically.

2.1 Phase change Material – PCM
In this work, a thermal storage is investigated, which uses phase change
materials (PCMs) to store thermal energy. These materials posses a
distinctive behaviour concerning the energy needed for a phase change. Here
thermal storage is realised through a change of internal energy which contains
a sensible and latent component. Chemical, nuclear or other components are
of no interest in this thesis. The latent heat “relates to intermolecular forces
influencing phase change between solid, liquid and vapour states” ([3] p. 15),
theoretically without a change of inner temperature. Regarding these three
states the solid state has the highest order level and the lowest entropy.
During heat transfer into the solid phase the matrix structure doesn’t change at
first, as long as the matrix is strong enough to stand the rising kinetic energy
due to the higher oscillation amplitude of each element in the matrix; the
change of internal energy can be monitored by a rise of temperature [4]. The
heat change has yet a sensible component.
At the melting point there is a change to the next higher level of entropy, the
binding forces in the matrix are no longer strong enough to stand the risen
kinetic energy of its elements. The material changes its phase from solid into
liquid. The energy for this change is called “latent heat” or “heat of fusion”.
In this thesis the change from solid to liquid and back plays an outstanding
role, other changes like liquid to vapour or vapour to plasma are of no interest.
The change of solid to liquid is called melting and the change from liquid to
solid is called solidification or freezing.
An obvious example for a phase change is solid water (ice) to liquid water.

Fig. 5 Comparison of heat in water at normal pressure (left) and principle of phase change
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The picture above gives an idea of the potential that lies within latent heat
storage: Melting ice to water (no change of temperature) needs the same
amount of energy as to heat up water from 0°C to 80°C. The PCMs which will
be dealt with in this work have a heat of fusion of approximately 40 to 80
Wh/kg. This illustrates the main advantages of a latent heat storage compared
with sensible heat storage:
1. Energy can be stored at higher density (results in
volume/surface and therefore in e.g. less damping problems)

less

2. The energy is stored and released at an defined melting point with
can be adjusted by the choice of material
3. No or less temperature rise towards environment results in a
decrease of energy losses
This is just true when the temperature swing is quite small and at the melting
point of the PCM. The following figure shows that the specific heat properties
of PCMs are normally worse than those of water and that in some cases
(arrow) sensible heat storage is better than a sensible/latent one.

Fig. 6 Comparison of stored energy density by sensible heat in water and by sensible and
latent heat in a typical PCM (Source: [5] p.1,)

That is why latent heat storage appears useful when the process temperature
is quite constant and close to the melting point of the PCM.

2.1.1 Market and products overview
The market for phase changing materials is fast growing and the related
companies and research groups are getting bigger with them. A frontline of
this development is in Germany where the headquarters of ZAE Bayern
(Garching, Munich), Rubitherm (Hamburg, Sasol Wax Group) and SGL
Carbon Group (Meiningen) are situated. The most important research
cooporations
were
identified
as
Annex
10
and
Annex
17
(www.fskab.com/annex17).
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The following figure shows a classification of existing materials which can be
used for thermal storage.

Fig. 7 Classification of energy-storage materials (Source: [6])

Fig. 8 Diagram of PCM with melting temperature vs. heat of fusion (Source: ZAE)

Regarding the needed process temperature (see 4.1 Boundary conditions) in
Fig. 8 can be seen that salt hydrates and their mixtures as well as paraffin are
candidates for raw materials for the storage. Regarding the energy density per
volume unit salt hydrates have advantages compared with paraffin but the
handling of the wax is much easier thanks to its low chemical reactivity.
There are many possible applications for PCMs, e.g. solardynamical energy
storage for space applications or cooling of blood conserves (see Fig. 9).
-16-

Fig. 9 PCM-cooled blood conserves (left) (Source: Delta T) and functional clothing with
integrated PCM (right) (Source: Jack Wolfskin)

Even for clothing it sometimes appears useful to use PCM to stabilize the
temperature. The biggest market potential for phase changing materials can
be found in climatisation of buildings. The problem of many buildings is their
lack of thermal inertia. PCM can solve that problem e.g. by integrating it in
walls which can be seen in Fig. 10 on the right side.

2.1.2 Encapsulation
Dealing with phase changing materials for air heating and cooling means
solving the problems of handling and storaging the material. Therefore many
strategies exist to deal problems like maximization of heat flux during phase
change, the resulting pressure of volume change, corrosiveness of
encapsulation material, loss of PCM through vaporization (long time effect)
and change of density (see [7] S. 36, A 1 and A 2).
One possible strategy is micro encapsulation which stands for a chemical or
physical process which deploys liquid or solid PCM-parts of a diameter of 1 to
1000 µm in a solid shell ([8] S. 3). An enlarged view can be seen below. Salt
hydrates can normally not be encapsulated by this process. Advantage is that
the heat transfer is increased and the PCM can be integrated in other
materials like insulation plates for walls (see Fig. 10).
Plate with micro capsules
Polymer
Wax

Inside of wall
Fig. 10 from left to right: micro encapsulated PCM (Source: BASF), enlarged view of a single
capsule (Source: BASF), PCM used as additional damping material in walls (Source:
Fraunhofer ISE)
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The other strategy is macro encapsulation which means that the PCM is filled
in spheres, pipes or other containers which fulfil the requirements of an
efficient heat transfer, volume contraction etc . To avoid a loss of PCM on the
long run, the outer layer of the encapsulation should avoid diffusion so
normally an aluminium surrounding is chosen which can be seen in Fig. 11.

Fig. 11 Eight kg plate with TEAP TH 29 (left)(Source: TEAP, Australia), sphere filled with PCM in
cross section (middle)( Source: Christopia, France), PCM in aluminium film (right)( Source:
Climator, Sweden)

The raw material for these encapsulations can be produced as powder, liquid
or granulate. Regarding salt hydrates with high volume change and
corrosiveness against metals, a plastic encapsulation appears useful, e.g.
TEAP is using plastic plates or balls (see Fig. 11 left and middle) and Climator
is using a structured plate (see Fig. 12 right side).

Fig. 12 Powder, granulate and solid pieces (left)( Source: Rubitherm, Germany), a aluminium
box with fins made by Climator (middle)( Source: Climator, Sweden) and a plastic box with salt
hydrate (right)( Source: Climator, Sweden)
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If aluminium sheets are used for the encapsulation like above, granulate of the
PCM can be implemented without any further processing. Rubitherm and
Christopia are examples of companies who are using this technique.
Nowadays research groups and companies try to find a way to use paraffin
because of its outstanding good properties like no subcooling, cyclic stability,
non-corrosiveness and a well defined melting point. The main disadvantage of
the wax is the bad heat transfer inside the paraffin. SGL Carbon Group GmbH
found a way out of this dilemma by creating a compound of graphite (est. 10
volume %) and PCM (see Fig. 13).

Fig. 13 PCM/Graphite compound: granulate on the left side and plates on the right (Source:
SGL Carbon Group, Germany)

Two decisions are to be made: which material and which encapsulation or
compound. Not every PCM is available in every encapsulation because of
material properties and a lack of companies producing it. For the further
proceeding in this project a decision regarding the properties of the PCM and
its encapsulation is decisive for the planning, design and construction of the
storage.

2.2 Thermodynamical basics
The heat transfer in the storage system is determined through three
phenomena: conduction, convection and radiation.
Conduction describes the “diffusion of energy due to random molecular
motion” ([3] p. 31). Considering the principle of energy conservation the
general equation for heat transfer rate by conduction through a differential
control volume dV is:
eq. 1

dV    cP

dT
 (  A  T )  Q ( x , t )
dt

The left term represents the transferred/stored power caused by its capacity,
the middle term stands for the flux created by conduction and the right term
shows the power supplied/lost because of sources/sinks.
By evaluating the conduction heat rate from Fourier’s law in 3-D Cartesian
coordinates and considering a constant thermal conductivity the heat equation
appears as follows:
-19-

eq. 2

 2T  2T  2T q   cP T


 

x 2 y 2 z 2 

t

For steady state 1-D conduction and no sinks/sources the heat flux equation
can be simplified to:
eq. 3


Q  Wall  AWall  (T1  T2 )
dWall

Conduction dominates the effect inside the PCM.
The exchange of Radiation between surfaces can be described by the law of
Stefan-Boltzmann:
eq. 4

Q      A  (T 4  T4 )

This phenomenon plays a role for effects inside PCM storages at higher
temperatures and is furthermore not to be considered except for calculations
of losses to the environment.
The effects of convection are dominating the heat exchange between wall and
fluid. It contains the “diffusion of energy due to the random molecular motion
plus energy transfer due to bulk motion (advection)” ([3], p. 31). In general the
flow is described by the three Navier-Stokes equations, the continuity
equation, material property related equations and the energy-conservation
equation as well as conduction and radiation phenomena inside the fluid itself.
But for the project’s purpose this simple equation is sufficient to describe the
heat transfer rate:
eq. 5

Q    A  (T1  T2 )

The difficult part is to calculate  because the geometry of the heat
exchanging surface as well as turbulent and laminar effects are important (see
6.1.2 External flow: modelling the heat transfer). The influences of the phasechange and Marangoni convection are minor ([7] S. 91) and will therefore not
be considered in our calculations.
Weingärtner ([7] S. 41) has shown that even a pressure rise of 100 bar rises
the melting temperature insignificantly. But even when the pressure rise is
insignificant for the melting point it does play a role for the choice of
encapsulation because the constant thermal ratcheting is affecting the stability
of the containment (see also 2.1.2 Encapsulation).
Besides geometric boundary conditions like the shape and design of the
storage, distinct thermal boundary conditions (concerning conduction) are to
be considered for calculations.
eq. 6

TWall  T ( xWall , t )

These boundary conditions make explicit statements about the temporary
course of the wall temperature TWall .
-20-

The boundary condition of second kind (Neuman) defines the temporary
course of the wall heat flux qWall :
eq. 7

qWall  q ( xwall , t )

The boundary condition of third kind talks about the heat flux from the wall to
the environment:
eq. 8

(

dT ( x, t )
)Wall    (TWall  T )
dx

This means that the heat flux of the body at the wall is equal to the heat
transfer to the environment.
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3 Road map
The necessity of a procedure model usage during the thesis is explained. The
task “Development and market analysis for integration of a PCM storage in
solar drying systems” is structured into concrete detailed packages.

3.1 Munich procedure model

Fig. 14 Munich procedure model

The Munich procedure model as shown in Fig. 14 is a combination of several
models applied in product development and construction, created by the chair
of product development, TU Munich. It is designed for a systematic advancing
in complex projects ([15] Chapter 1.1.4, p.6/7). The portrayals of former
students working in India, the tight schedule and possible distractions led to
the decision to use this procedure model to ensure structure in the course of
actions.
This procedures model supports and ensures a target-oriented search for
solutions by integrating each piecework in Germany and India into the right
context of the overall process. Every single one of the steps is linked with the
others, the sequence must be adapted to the situation. For the semester thesis
the following sequence seemed to be the most appropriate:

-22-

3.1.1 Objective planning
Analysis of the situation gives the following picture: the topic of the semester
thesis is set to “Development and market analysis for integration of a PCM
storage in solar drying systems”. The investigated solar drying systems are
located in India, and the thesis is also written at the office of “Planters Energy
Network” in Madurai, India. Three main elements can be figured out:
 solar drying systems
 Phase change materials (PCM)
 market analysis of the Indian market
These elements always have to be observed regarding the environment in
India.
Solar drying systems: the thesis is performed at an institute which is a
regional leader in selling solar drying systems, so knowledge and examples
are available.
Phase change materials (PCM): it’s a new technology in India; there will be
no knowledge on site. It may be a problem of getting the materials.
Market analysis: the market for solar drying systems is rapidly growing, the
position of the “Planters Energy Network” is a (regional) market leader, even
has a monopole, so the competition situation is optimal.
Special situation in India: long distance between Munich – Madurai, only
communication possibility is email. This means an independent and self
responsible position.
Duration of the project: Due to the limited time in India, the project should be
completed within 2 months, plus additional work in Germany. This results in
300 – 350 working hours per person.
Budget restraint: The budget for materials is limited to a maximum of
200 Euro.

3.1.2 Objective analysis
Through identification of the objectives the following tasks are obtained:
Solar drying systems: research and gaining of basic knowledge must be
done in Germany as preparation. Also investigation of existing installations in
India and the used drying techniques must be made.
PCM: Collecting basic knowledge, working scheme of PCM, characteristics,
research for similar and/or existing projects. Due to research possibilities, all
material must be collected in Germany.
Market analysis: This will/must be done completely in India.
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Special situation in India: Hence the thesis will include a simulation, all
necessary software must be identified and gathered in Germany, and
introduction into the programs should be done.
In India, the existing knowledge (e.g. employees) must be identified.
Identifying objective conflicts:
Gaining knowledge in Germany <-> no knowledge about specific requirements
in India. Therefore wide-ranging research (e.g. PCM, simulation environment)
must be done.

3.1.3 Objective structures
Focusing and dissection of the objective.
Solar drying systems: identifying boundary conditions like temperature and
time of application.
PCM: selecting relevant literature, dividing the PCM installation into
components with relations. Possibilities of delivery in India, estimate
calculation for the amount of needed PCM.
Market analysis: what is the group of customers
Special situation in India: identifying the room for manoeuvre for building a
prototype in India. Checking possibilities and chances of realising.

3.1.4 Searching for solutions
Solar drying systems & PCMs (storage concepts): finding possible
constellations and options. How to integrate available PCM into the drying
system. Combining different geometric options with material alternatives.
Rough calculation and simulation. After generating solutions, organizing them
(Powerpoint foils, schemes, figures).
Market analysis: creating questions for a questionnaire, examining needs of
customer. Transferring this knowledge into the product creation process
Special situation in India: getting in touch with companies worldwide,
identifying terms and condition of delivery to India.

3.1.5 Determine characteristics of the solutions
Storage concepts: conditions of construction, time and cost factors. How real
is the chance of achieving the solution? What about the complexity, do we
have the know-how to perform this? Simulation of the concepts (getting
characteristics).
Market analysis: enough questions for the questionnaire. Do we get the
information wanted?
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3.1.6 Decision making
Storage concepts: interpretation of the results, rating the solutions. Selection
of one solution including documentation of the decision process. Methods are
rating (how good) are the requirements fulfilled, comparison
advantage/disadvantage of details of the concepts, Yes/No decisions.

3.1.7 Secure objective
Risk minimizing, documentation of objective deviations.
Decisions must be discussed and worked out with Dr. Palaniappan,
Dr. Spinnler and Dr. Blumenberg. To avoid misconceptions and
misunderstandings, a regularly status report including state of the project must
be sent to Munich.

3.2 Instruction for proceeding
Assuming from the objectives mentioned above, following proceeding was
figured out:
Development and market analysis for integration of PCM
storage in solar drying systems

Literature research

Boundary conditions

• Solar flat plate collector • Geometry
• Phase change materials • Integration in system
• Simulation environments • Implementation

Solar drying systems

• Temperature of drying
• Time of drying
• Climate data

Market research

• Availability of
components

• Needs of customers

PCM & geometry

Simulation

Experiment

Result: increased efficiency

Completing the objectives of “Literature research”, “Boundary conditions”,
“Solar drying systems” and “Market research” results in allowing a first choice
of a certain PCM and geometry and how it should be integrated in the drying
system. Simultaneous performed “Simulations” and “Experiments” giving
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feedback and having strong influence on the final outcome. Result of the
semester thesis will be an increased efficiency of solar drying systems,
meaning the longer usage availability of the system compared to the sunshine
period.
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4 Decision for storage system
Regarding the aim to develop a suitable product for the Indian market it is
necessary to consider markets needs as well as to find the best solutions in a
technical point of view. Market Research will show that the demanded process
temperature differs as well as the time the hot air is needed which leads to the
selection within a wide range of suitable PCMs and storage designs.

4.1 Boundary conditions
The boundary conditions for the decision for a suitable PCM storage are given
mainly by the applications, the solar collector and the storage is used for. This
means mainly the needed temperature and time for the drying processes.
Temperature and time depend on the wanted decrease of the moisture content
and other conditions like max. temperature regarding vitamin preservation, etc.
Product

initial moisture
content
[%] w.b.

final moisture
content
[%] w.b.

optimum
drying temp.
[°C], ± 5°

drying
duration

Chicory

86

4,5

72

4,5

Chilly

89

5

60

5-6

Coriander
leaves

88

10

45

2-3

Curry
leaves

66,5

4

45-50

2-4

Dates

76

17

60

5,25

Ginger

85

7

50

2,5-3

Mango

79

7

50

5-7

Mint leaves

84

10

52-55

1-1,5

Onion

86

22,5

55

2

Orange

87,3

39,4

55

9

Potato

85

4,6

60

2

Spinach

89

10

45

3,15

Tomato

95

10

60

10

[h]

( Green)

Tab. 1 Drying boundary conditions [Source: PEN RESEARCH PAPER, Appendix 3]

The table gives an idea about the range of temperature, from around 45 up to
70 °C. To decide for a certain PCM-Material with correct melting point mainly
the temperature is relevant, for the size of the storage (max. stored energy)
the time of the application is the decisive aspect.
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45°C

70°C
Temperature

Fig. 15 Range of temperature

To identify the needs of the customers (e.g. drying time) and to investigate the
readiness to invest money for a new system, a market research was
performed – see following chapter.

4.2 Market research
4.2.1 Questionnaire
Hence the storage system should be part of PEN product portfolio, one
important influence in the development of the storage was the actual need of
PEN’s customers for the storage and how much money they would invest for
this additional part. Therefore a questionnaire was send to the customers:
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PLANTERS ENERGY NETWORK
Questionnaire for customers of Planters Energy network PEN –
25.10.2004
PERSON IN CHARGE / ADRESSEE:
Purpose of this questionnaire: The Technical University of Munich and PEN are developing a new
feature for solar air heating collectors namely a storage system to increase the efficiency. We kindly
ask you to answer these questions so the new collector will be designed according to your demands.
If you do NOT know the answer to one of these questions fill out “Unknown”

Name of company, purpose of using a solar air heating system (drying foodstuff,
preheating for industrial application …)?
___________________________________________________________________________
___________________________________________________________________________
1. Is DRYING or PREHEATING your main purpose?
_______________________________________________________________________
2. How long does your product need to be dried (average of hours)?
_______________________________________________________________________
3. What air temperature from the solar system do you use (roughly)?
_______________________________________________________________________
4. How many hours a day is the present solar drying system being used (average)?
_______________________________________________________________________
5. Is it useful for your company and product(s) that you could use your solar air heating
system a LONGER TIME and at a defined CONSTANT TEMPERATURE (e.g. at 65°C
and 10 hours a day instead of 7 hours…)?
Yes
No
6. How many hours MORE per day do you need hot air?
_______________________________________________________________________
7. If the solar air system provides hot air for a longer time, how much MORE would you PAY
for a system (INFORMATION FOR SCIENTIFIC PURPOSE ONLY)?
1 hour and 15% more

3 hours and 45% more

5 hours and 75% more

8. Would it make sense and be cost effective (roughly) to use your solar air heating system
24 hours a day?
Yes
No
9. How much would you PAY MORE for a 24h system (INFORMATION FOR SCIENTIFIC
PURPOSE ONLY)?
150% more

300% more

450 % more

Thank you very much for answering the questions! Please send them back via

MAIL to: nilsklink@gmx.de

or

FAX to: (0452) – 2458607

or send to
Planters Energy Network
171/2, M.K. University Road, Rajambadi,
Madurai – 625 021, India
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4.2.2 Responding
Although only 4 of 15 companies responded within 2 weeks, they represent
the typical customers and application cases for PEN installations. The detailed
answers are:
Temperature of process
17,5

20
hours

Temperature [°C]

Drying time of products

15

10

10
5

3

2

1

2

0
3

4

200

150

150
100

90
60

0
1

Company

60

50
2

3

4

Company

Fig. 16 Drying time of products

Fig. 17 Temperature of process

The average working time for the drying systems are 6 to 8 hours per day. The
question for the general interest in a system that provides a longer drying time
was answered three times with “yes” and one time with “no”.
additional costs per solution
2

answ ers

2
1

1

3 hours &
45% more

5 hours &
75% more

1

Also three of four customers
considered a 24h usage of their
drying system appropriate. The
additional costs for these should be
not more than 150%.

0
1 hour &
15% more

options

Fig. 18 Additional costs per solution

4.2.3 Discussion
The main outcome of the questionnaire is the existing interest of the
customers in an improved system, which provides them hot air for a longer
time at a constant temperature. Regarding the semester thesis it means there
is a market for implementing a storage module into the solar collector system.
Answers to the point of “additional costs per solutions” give a good idea, what
prolonged duration is wished – average 2,5 hours – and how much it can cost.
Here numbers can be derived for the size and costs of the PCM storage.
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4.3 PCMs in range of process temperature
The strategy to find a suitable PCM for the experimental part was according to
the MVM (3 Road map). As the objective is to find material to make
experiments in India the working steps are the following:
1. Assemble list of PCMs
2. Perform market research: available products and contact companies
3. Decide for PCM
4. Ensure solution: surveillance of delivery and more than one product

4.3.1 Selection of PCMs
After looking through more than 200 books, thesis and papers the following
table represents the summary of this research. The material must meet two
criteria:
1. Their melting point is in the range of the process temperature of 45 to
70°C (see 4.1)
2. They were used during storage experiments or are standard products of
a company (this criterion is to ensure the principal availability)

-31-

Name (molecular
formula)

Micronal, Ceracap,...
GR 80
FB 80
RT 80
PX 80
PCM72

Melting Latent heat of
Point
fusion (phase
(range) change enthalpy)
[°C]
[kg/kJ]
30-70
150-250
79
~200
79
~200
79
201
77
72

LiNO3/Mg(NO3)2*6H2
72
O
E72
72
Bifenil
~72
Polywax 500
71.3
E71
71
Stearin acid
~70
Ammoniumalum
70-90
(NH4Al(SO4)2*12H2O)
Paraffin 6499
~68
ClimSel C70
67 (+/- 3)
Shell wax 300
66
Palmitin acid
~65
Shell wax X-300
64.5
RT 65
64

~200
~200
>170
140
~250
261
123
~190
242
~170
~300
207
~160
233
~190

Paraffin 6403
NaOH*H2O
Bees wax
RT 58

~62
~62
62
59

~160
270
167
181

Laksiol
ClimSel C58
E58
MgCl2/Mg(NO3)2*6H2
0
Paraffin 6035
Natriumacetattrihydrate
(NaCH4COO*3H2O)
PCM55

~59
58
58
58

~150
364
167
132-166

~58
57

~140
~270

55

~200

Poliglicol E6000
Ni(NO3)2*6H2O
RT 54

~55
~55
54.5

~200
~380
195

MCS-PCM

54.3
53.32
~52
50
~50
~50

91.9
184.48
~160
104
~325
~200

~49
48
47

~125
201
~200

Miristic acid
E50
Na2S2O2*5H2O
Propionamid +
Palmitinacid
Paraffin 5838
E48
STL-47 (CH3COO-Na
+ additives)

state
(encapsulation)

company

Reference

paraffin (micro)
granulate
fibre board
paraffin (graphite
compound,
macro)
powder (macro)

Basf
Rubitherm
Rubitherm
Rubitherm

[8]
www.rubitherm.com

Rubitherm
salt hydrate (graphite
Merck
compound, macro)
KGaA
Salt hydrate (Macro)
Merck
KGaA
Eutectic
Eps Ltd
organic
Paraffin
Eutectic
Eps Ltd
organic
Salt hydrate (Macro)

www.rubitherm.com

www.rubitherm.com
www.rubitherm.com
www.merck.com
[9]
http://www.epsltd.co.uk/
[10]
www.fskab.com/Annex17
http://www.epsltd.co.uk/
[10]
[11]

[10]
Paraffin
www.climator.com
Paraffin (Macro)
Climator
Paraffin
shell
www.fskab.com/Annex17
[10]
organic
Paraffin
shell
www.fskab.com/Annex17
www.rubitherm.com
paraffin (graphite
Rubitherm
compound, macro)
[10]
Paraffin
[10]
Salthydrate
Paraffin
www.fskab.com/Annex17
www.rubitherm.com
paraffin (graphite
Rubitherm
compound, macro)
[10]
organic
www.climator.com
Paraffin (Macro)
Climator
http://www.epsltd.co.uk/
Eutectic
Eps Ltd
[12]
Salt hydrate (Macro)
[10]

Paraffin
Salt hydrate

[10]

salt hydrate (graphite
Merck
compound, macro)
KGaA www.fskab.com/Annex17
[10]
organic
[10]
Salt hydrate
www.rubitherm.com
paraffin (graphite
Rubitherm
compound, macro)
[13]
Paraffin (Macro)
Buddhi
Paraffin (Macro)
[10]
organic
http://www.epsltd.co.uk/
Eutectic
Eps Ltd
[10]
Salt hydrate
[10]
Eutectic
Paraffin
Eutectic
Salt hydrate (Macro)

[10]

Eps Ltd

http://www.epsltd.co.uk/
[14]

Tab. 2 Selection of Materials with melting point at demanded process temperature
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4.3.2 Companies and delivery
With the list of all companies producing PCMs or related products further
enquiry was done: The following companies had PCMs to offer and fulfilled all
our criteria:
 Rubitherm (Germany, part of Sasol wax international AG)
 TEAP Energy (Australia)
 Climator AB (Sweden)
 SGL Carbon Group (Germany)
 Merck KGaA (Germany)
 EPS Ltd (UK)
 BASF (Germany)
 Shell
 local supplier (Madurai)
Prof. Dr. D. Buddhi (School of Energy and Environmental Studies Thermal
Energy Storage Laboratory, Indore, India) identified the product available at
the local market. Many other companies (e.g. Christopia, Va-Q-tec AG or
Dörken) offered also PCMs but none in temperature range.
Hence the companies from abroad had no transport offer to India, research for
terms and costs of delivery material to India was done. According to the
planning of the experiments, a weight from 10 to 300 kg (see Amount of PCM)
must be send to India.
Companies contacted:
 DHL
 Lufthansa Cargo
 trading companies (Seatrader, Zehl&Moehr and Hapag Lloyd)
The cheapest offer made LH Cargo; 2,9 Euro/kg plus a general amount of 30
Euro. This comes to 60 Euro for 10 kg freight and 900 Euro for 300 kg. With
this transportation costs it was obvious, that only a small weight like 10 to 20
kg could be imported from Germany.

4.3.3 Decision, Financing and ordering
PEN generously assured us a total support of 200 Euro which is equivalent to
five monthly salaries of an engineer at PEN. To get the material in time
transport costs for 20 kg would have been around 120 Euro.
Responses of companies:


Rubitherm and Climator: 5 Euro/kg

 TEAP: delivery period from Australia of more than 8 weeks (too long)
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 SGL Carbon Group: 10 PCM-infiltrated Graphite plates for 685 Euro,
with additional aluminium sheet encapsulation (see Fig. 11) 825 Euro,
under the condition that 15 litres of the Rubitherm product RT 65 or RT
80 (Tab. 2 Selection of Materials with melting point at demanded
process temperature) is sent to them
 Merck KGaA: stopped the production of PCM
 EPS Ltd: contact was cancelled after receiving bad references regarding
liability and accountability
 BASF: does not have a standard product in the required temperature
range (tailored production is possible but to expensive)
 Shell: a connection to could not be established
 Local supplier: 1 Euro/kg; no transportation costs and fast delivery
The material of Rubitherm has the advantage compared with the product of
the local supplier that it has defined and well-known properties like high heat
conduction coefficient, cyclic stability, melting point and latent heat as well as
an encapsulation. Regarding the budget the local supplier was selected
because all other suppliers were too expensive or the delivery would not be in
time.

4.3.4 Summary and consequences
The decision for a PCM was a long process and the result dominates this
further work. The construction of a test storage must be adjusted to the
geometry of the PCM encapsulation. But although the experiments include just
one material from a local supplier, the theoretical work is valid for other
materials, like salt hydrates in spheres (see 6.1.2.2 Spheres)
The melting point of the chosen wax is around 60°C which is at the lower end
of the temperature range. According to Dr. Palaniappan the best melting
temperature would be around 80 degrees but the market research shows
(4.2.2 Responding) that a demand for 60 degrees latent heat storages is more
relevant than for 80 degrees.

4.4 Possible integration of the storage
The implementation of the storage into the drying system is dependent on
cases in which a storage makes sense. For this purpose the major
characteristics are recalled: high density energy storage without great losses
to the environment because of the temperature gradient.

4.4.1 Use cases for the storage system
After talking with customers about solar air heating systems and with the staff
of PEN, many ideas for possible use cases appeared, all based on the peak
shaving effect of the storage during times of high radiation; load is shifted to
times of low radiation (e.g. evening or night).
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Use case 1 – short term load-shifting
Regarding the low thermal inertia of solar air heating systems – without
storage systems – short changes in solar radiation causes a sensible and fast
reaction. Those changes can be caused by clouds (see Fig. 19) which appear
randomly but quite often during rainy season. Concerning constant process
temperature as an important objective, this reaction of the solar air heating
system should be avoided.

Fig. 19 Use case 1 – short term load-shifting (e.g. clouds)

The modelling and simulation of this use case is very complicated and difficult
because the storage system is not fully unloaded and loaded again. The more
the system gets non-steady state and nonlinear, the more difficult is an
appropriate simulation and calculation.
Use case 2 – middle term load-shifting
Once the demanded process temperature is reached, the PCM storage
system saves energy for the late afternoon and evening hours when radiation
is low. The use case shown in Fig. 20 was the first idea to realise a storage.
Because of relatively short storage time not much energy is lost.
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Fig. 20 Use case 2 – middle term loadshifting for evening hours

Use case 3 - long term load-shifting I (<12h)
Because of low environmental temperatures and low solar radiation intensity
during morning hours as shown in Fig. 21, heat of the storage (from the day
before) is used to reach the process temperature earlier. Regarding the energy
losses during cold night times this case just makes sense if non-technical
reasons appear (better working hours for workers, use of sunlight because of
low electricity, foodstuff like fishes are delivered very early…).

Fig. 21 Use case 3 – long term load-shifting I (<12 h) for next morning
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Use case 4 – combination of middle term and long term load-shifting I
As illustrated below the heat is stored to be used at late times of same day and
for the morning hours of next day. Because of the energy losses in the night
this case also just makes sense because of non-technical reasons (see
above). Rests of the stored energy can be used to avoid problems during the
morning of the following day.

Fig. 22 Use case 4 – combination of middle term and long term load shifting I

Use case 5 – long term load-shifting II (12h < t < 36h)
On days where heat is not used, such as sun- and holidays, the storage can
be loaded and be used on the following day (see Fig. 23). The result is that air
is a very long time on process temperature and proportionally more goods can
be dried.

Fig. 23 Use case 5 – long term load-shifting II (12h < t < 36 h) on holidays
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Use case 6 – Around the clock
With an efficient storage system and enough collectors it is possible to provide
a constant process temperature 24 hours a day and eventually 24/7. The
reason for not constructing an experimental site for this case lies in the
enormous need of PCM and the related costs.
Use case 7 – Regulation of the process temperature
If different process temperatures are needed using the same solar air heating
system (but not at the same time) this can be regulated by a mixture of the air
of the storage (constant temperature) and the air directly coming from the
collector. Advantage of this constellation is that the regulation of the process
temperature doesn’t have to be influenced by reducing the velocity of the air
flow which is not easy to realize.

4.4.2 Implementation possibilities for PCM storage
The questions to be answered is where and how to integrate the storage into
the drying system. The components of the system are: solar flat plate collector
(with/without integrated storage), extern storage, bypass, valve,
pump/ventilation system, heat exchanger and dryer itself. Second a bunch of
implementation possibilities were created using several product development
methods like variation of shape and geometry, integration/diversification of
functions, etc.

4.4.2.1PCM storage modules integrated in flat plate collector

Fig. 24 PCM storage integrated in flat plate collector

Integrating the storage modules directly into the collector has some attractive
features:
 it’s a simple assembly
 cheap solution (e.g. no additional insulation and case necessary)
 possibility of “upgrading” existing collectors
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 changing the working and proved component “flat collector”
 complex arrangement of measurement instruments, separate testing of
PCM and collector will be difficult
 integrated storage can not be tested in small samples
This construction type applies to Use case 1: short term load-shifting and Use
case 2: middle term load-shifting.

4.4.2.2 PCM storage extern without bypass

Fig. 25 PCM storage extern without bypass

Here the storage is a separated unit from the collector, which enables the
usage of standard collectors.
 easy testing and measurements
 usage of standard collectors
 possibility of using small models of the storage (cheaper)
 extra construction (money, materials)
 to ensure the mass flow, additional ventilation is needed
This construction type applies Use case 1: short term load-shifting and Use
case 2: middle term load-shifting.
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4.4.2.3 PCM storage extern with bypass

Fig. 26 PCM storage extern with bypass

To provide a more constant temperature, a bypass of the storage is
implemented.
 Mixing the air from storage and collector to provide a constant air
temperature
 possibility of providing hot air in morning times to “open” earlier using
times
 with enough storage capacity 24h usage is available
 increased complexity of the system due to additional element “bypass”
 because of unskilled workers, valves must be automatically driven
 costs
This construction type applies to all use cases:
 Use case 1: short term load-shifting
 Use case 2: middle term load-shifting
 Use case 3: long term load-shifting I (< 12h)
 Use case 4: combination of middle term and long term load-shifting I
 Use case 5: long term load-shifting II (12h < t < 36h)

 Use case 6: around the clock
 Use case 7: regulation of process temperature
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4.4.2.4 Combination of extern and intern PCM storage

Fig. 27 Combination of extern and intern PCM storage

The combination of intern and extern storage modules allows additional
options:
 upgradeability of older units
 minimizing risk of failure
 most expensive costs
 high complexity
This construction type applies to all use cases.

4.4.2.5 PCM storage in closed loop I

Fig. 28 PCM storage in closed loop I
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Two separated loops, one for heating and one for the application:
 parameters for drying could be controlled independently from ambient
air
 losses because of heat exchanger
 increased complexity
This construction type applies to:
 Use case 1: short term load-shifting
 Use case 2: middle term load-shifting
 Use case 3: long term load-shifting I (< 12h)
 Use case 4: combination of middle term and long term load-shifting I

4.4.2.6 PCM storage in closed loop II

Fig. 29 PCM storage in closed loop II

This type has a return pipe to the collector, if the hot air is not demanded the
energy can be led back into the system.
 minimization of energy losses
 additional component
This construction type applies to Use case 1 up to Use case 4 (see above).
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4.5 Calculations
To know roughly about the amount of PCM needed for the storage, some
dimensioning calculations were made:

4.5.1 Amount of PCM
The boundary conditions reflect the experimental assembly:
 Storage is used together with 8m² flat plate collector (underflown)
 Time for loading storage: 6h
 Time for unloading: max 3h
For the dimensioning calculations, a simplified model of the temperature inside
the collector was used:
This temperature is valid for
storage inside the collector
as well as for an external
storage.

Temperature [°C]

Temperature inside Collector
110
90
70
50
30
0

2

4

6

8

10

Time [hours]

Fig. 30 Temperature inside collector (source: PEN collector interpolated)

During daytime, the solar radiation from the sun can be assumed to
eq. 9

q Solar  800

W
m²

Considering that a sunshine duration of 6h can be used for loading the storage
results in the available energy:
eq. 10

QSolar  800

W
 8m  21600s  38,4 kWh
m²

For a precautious calculation, the quotient of

QSolar
is taken to 40%
Qcollector

(corresponding with efficiency values of a flat plate collector), resulting in a
Qcollector of 15,36 kWh. This is the maximum energy that can be stored in the
PCM. With a average latent heat of fusion of hmelt  50 Wh / kg , the weight of the
PCM comes to 307 kg.
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4.5.2 Maximal thickness and storage performance
When it comes to the geometry, the most critical part is the thickness of the
PCM, corresponding to the fact, that the phase change starts at the surface
and has a certain velocity away from the surface. For a plate of paraffin wax,
Stefan et. al. ( [5] p.3) found a formula which calculates the distance of the
phase front to the surface. (see 6.1.1.5 Stefan model)

eq. 11

with   0,2

s(t )  2    t 

T ph  Tunload
h  

W
,   866kg / m³ and an average T  10K it comes out, that for
mK

6 hours the distance of the phase front is 2,3 cm away from the surface (with
the assumption, the heat flux origins only from one side). So one limiting factor
for the loading case is a thickness of 2,3 cm.
When it comes to the unloading phase the question arises, in which time the
storage should and could be unloaded. This depends physically on the heat
flux through the storage (thermal conductivity of wax decisive) to the bypassing air, velocity of the air (number) and the T, that the air flow can be
heated up to the needed temperature. Market research shows that customers
(see 4.2.3 Discussion) give an average duration of 2,5 hours for a longer hot
air supply to their applications. (See boundary condition at the beginning of
this Chapter: 4.5) For the rough calculation, this number is used under the
assumption, that a sufficient heat flux will be reached; for the detailed
calculations see 6 Modelling and Simulation. With this unloading time the
maximal thickness of the PCM comes to 1,5 cm.
Stefan et. al. ([5] p.3) also present an equation for the heat flux:

eq. 12

q (t ) 

h      (T ph  Tunload)
2t

For 2,5 hours the heat flux is 133,78 W/m². Now a backward calculation can
be done. 133,78W/m² in 2,5 hours gives an Energy/m² of 334,45 Wh/m². For
the 8 m² collector it results in 2,676 kWh, provided by 53,5kg of PCM.
The figures give the following picture:
Solar energy is available to use 307 kg of phase change material. But the
tougher limitation is the release of the stored energy. Assuming to release all
stored energy within 2,5 hours, an optimum of 53,5kg should be used for a
storage. In this calculation effects of sensible heat storage of the PCM (losses,
etc.) have not been considered.
The amount of PCM for an 8 m² collector is settled between 50 and 300kg with
a thickness not more than 1,5 to 2cm.
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4.5.3 Geometry
During the progress of the project it becomes clear that the settlement for the
experiment would be plates of paraffin wax (see 4.3.3 Decision, Financing and
ordering). Due to cost factors and realisation possibilities of the experiment,
only a small sample with around 10kg of wax should be integrated in an
external storage (see 4.6 Summary and concept decision ). With one
dimension fixed (thickness = max 2 cm), the question is how the plates should
optimally look like. With 10 kg and 2 cm it turns out that the area is 5773 cm².
Contacts to experts in Germany provided the information, that because of the
insulation issue the optimal shape for a storage box is cubic. One further
boundary condition is the air inlet diameter of around 8 cm (depended on the
available duct types for the experiment). Due to flowing performance issues
the height should not be much higher than this value. Taking these factors into
account, a rectangular shape of 2 cm x 25 cm x 45 cm has been chosen with a
number of 5 plates.

4.6 Summary and concept decision
The decision process for the storage system was accompanied by several
discussions with Dr. Palaniappan from the PEN Office and also influenced by
Dr. Spinnler in Munich.
The final decision was to use a conventional flat plate collector with an
external PCM storage (4.4.2.2 PCM storage extern without bypass) to realise
Use case 1: short term load-shifting and Use case 2: middle term loadshifting. In the first step, the system is designed without a bypass but with the
option of a later integration of it.

4.6.1 Decision
The conventional flat plate collector with external storage was chosen because
of several reasons:
thermal & physical factors
 an integrated storage has the risk of a low performance because
of its geometry
 an integrated storage gives a very complex and unpredictable
fluid-dynamical situation
experimental & construction factors
 conventional installation of the collector, well-known technology
 construction can be done by local staff
time factors
 simultaneous construction of collector and storage system
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 optional bypass
simulation factors
 modelling and simulation is less complex
cost & risk factors
 PEN office has to construct the collector for a customer anyway,
so it will be used after the experiments
other factors
 systems with 2 loops are not suitable for air collectors with this
application (water has a much better performance) and is too
difficult to handle for the customers
The collector size is set by the PEN office to 2x4m² because this collector is
constructed for a customer.

4.6.2 Decision for melting temperature of PCM storage
Based upon the application needs (see 4.1 Boundary conditions), two possible
melting temperatures of the phase changing material were discussed:
Melting temperature 60°C
 the outlet temperature of the collector is normally around 70-90°C.
For a high heat flux between the outlet air of the collector and the
phase change material, the T should as high as possible.
 at 60°C the available energy to be stored is higher because more
energy can be absorbed from the solar energy inside the collector
 PCM is already available in India; therefore can be purchased at
local dealer
 because of the higher T the experimental results are clearer
Melting temperature 75°C
 this value is demanded by the PEN office
 melting point of 60°C has only theoretical outcome for PEN
The decision fell for a melting point of 60°C, due to the arguments above and
also because PEN office could not clearly explain the need of a higher
temperature. In reference to the research on boundary conditions (4.1
Boundary conditions) and the market research (4.2 Market research), a
melting temperature of 60°C can be used well for many applications.
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5 Construction and experiments
To examine working principles and generate reliable validation-data for the
simulation, experiments were carried out with a storage prototype with wax as
phase change material. Results are presented and discussed.

5.1 Construction
Definition of the storage design and geometry.

5.1.1 Boundary conditions
Following conditions have to be considered:
 Space for the PCM: 5 Plates with the dimension of 250x450x20 mm
(equals a maximum of 2 kg of PCM per plate). Between two plates
should be a minimum distance of 1-2 cm.
 Inlet and outlet pipe diameter: minimum 800mm
 Melting point of the PCM: 60°C
The dimensions of the PCM-plates give a rectangular of 250x450x160 mm.
Because of the insulation, the surface of the box should be as small as
possible, but the air must be able to pass every side of the plates. This results
in an inner dimension box of 300x500x300 mm.

Fig. 31: scheme of storage box

5.1.2 Insulation
Mineral wool was used for insulation. By assuming a worst case scenario for
the insulation (maximum heat flux to the outside ergo maximum k) the
convection heat transfer coefficient  can be neglected. Calculations proofed a
thickness of 50mm insulation as sufficient:
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eq. 13
and eq. 14

k 

d

Q  k  A  (Tin  Tout )

With  = 0,03 W/(m*K) for mineral wool as insulation material [19, p. 6] and d =
50mm it comes with an surface area of ~0,8m² (inner surface area: 4x0,3x0,5
+ 2x0,3x0,3 = 0,78m²) and an average temperature difference between T storage
= 333°K and Toutside = 293°K to Q  19,2 W . To minimize losses due to
conduction to the floor, the top and the bottom of the storage got an insulation
of 100mm thickness.

5.1.3 Final design
The insulation and the needed inner space determined the outer dimensions of
the storage to 400x400x600 mm. To open and close the box, the top was
made separate and designed like in the figure below:

Fig. 32: cut storage box

The air inlet and outlet was placed in the middle of the side walls, for an easy
fit of the air ducts the diameter was set to 100mm. The material was simple
metal sheet; it is used by the PEN office to produce their air collectors.
To close the box entirely important parts where sealed with silica gel and
finally a plastic tape was used to make sure no air can flow through the gap.
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Fig. 33 Storage box opened

Fig. 34 Closed and sealed storage box

5.2 Experiments
5.2.1 Experimental purpose
The purposes of the experiments were mainly two:
1. Proof of concept
2. Validation of the simulation
The experiments were designed to make a proof of concept for Use Case I:
short term load-shifting and Use Case II: longterm load-shifting <12h (see
4.4.1Use cases for the storage system). This means, the thermal inertia of the
PCM should compensate temporary changes in the sun radiation inflicted by
clouds. Second, the PCM should release its energy and heat up the air flow
after the inlet temperature drops below the melting point of the PCM (resulting
in a prolonged hot air supply). To validate the Model of the storage –
experimental data is necessary to compare results with outputs of the
simulation. This means a narrow raster for the data monitoring to get
significant comparisons.

5.2.2 Experimental set-up
The design of the storage box and its development is described above and
also in (4.6 Summary and concept decision). When it came to the point of
equipping the box with the PCM-Modules, some minor changes had to be
done:
It was not possible to buy aluminium sheets for the paraffin wax because there
were no suitable semi-finished products and a special order was too
expensive.
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Fig. 35 Aluminium sheet with parafin wax

Instead of metal sheets, plastic boxes where available and could be acquired
at a cheap rate. Two geometries where selected and tested regarding heat
stability:

Fig. 36 Boxes with 25x15x2,5cm, left: with spirals of metal, right: plain wax

Fig. 37 „ice-cube-box“: 20x8x1,5cm

The plastic was investigated regarding temperature stability be exposure to
100°C (hot water) for half an hour:
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Fig. 38 heat test of the plastic package

No optical or tactile change occurred, so the packages could be used for the
experiment.
With these packages, three different configurations of the box-content were
possible:
 Boxes (25x15x2,5cm) with plain wax
 Boxes (25x15x2,5cm) with wax and metal spirals (15 weight %)
 “Ice-cube-boxes” (20x8x1,5cm) (free air flow at every cube)

5.2.2.1 Configuration 1: Boxes with plain wax
The volume of wax in the boxes is nearly one litre (~950cm³). The geometry is
approximately plate-like, therefore useful for the validation.

5.2.2.2 Configuration 2: Boxes with wax and metal spirals
To handle the problem of the low heat flux (coefficient) inside the wax which is
around 0,2 W/mK, Mehling et al suggested to add metal spirals and pieces
with a higher heat flux coefficient (~30-50 W/mK) to increase the total heat flux
[5, page 3]. The amount of metal is 15 weight % of the wax (800grams) or
absolutely ~120 grams.
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5.2.2.3 Configuration 3: “Ice-cube-boxes”
The Ice-cube-boxes have the advantage that – because the cubes are
separated – the air flows along every cube, which contains roughly 3-4cm³ of
wax. This is favourable, because then the low heat flux inside the wax is not so
crucial which is a result of the small depth of the material. Also the different
stages of melting can be seen: in which areas of the box the PCM melts faster
and where not. With these results the shape of the box can be optimized. The
disadvantage is the low value of total amount of PCM per volume; in one box
only 200 grams of wax could be included (total mass of 350 grams).

5.2.2.4 Set-up test arrangement
To perform the experiments, following devices were used:
1. 2 fans:

Fig. 39 Fan (800W)

Fig. 40 Fan (15W)

2. electric heater with a temperature range up to 100°C:
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Fig. 41 electric heater

3. additional heating:

Fig. 42 additional heating with gas burner

4. Solar collector
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Fig. 43 Solar flat plate collector (underflown)

Dependent on the weather condition, the arrangement was varied for each
experiment. The exact set up is described in each experiment.
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5.2.2.5 Measurement and tools

Fig. 44 Measurement points

For each experiment, 5 values were measured:
1. Inlet temperature T_inlet
2. Outlet temperature T_outlet
3. the temperature at the box surface T_box_outside
4. the environmental temperature T_environment
5. the velocity of the airflow v_air
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For the temperature measurements, 2 digital thermosensors where available:

Fig. 45 Digital thermosensor 1

Fig. 46 Digital thermosensor 2

The precision of measurement for thermosensor 1 was at least +-1°K, this
device was used for the temperature measurements of the box temperature.
Thermosensor 2 had a precision of theoretical 0,1°K, but it was very sensitive
to movement of the wires and eddies of the air. It was used for measurement
of T_inlet, T_outlet and T_environment. To gain valid results, 5-10
measurements were taken and averaged for each value (unrealistic
measurements were not taken into consideration). All in all, the temperature
measurements can be defined to a precision of +-1°K, the thermosensors had
a short reaction time. With a temperature range of over 100°K in the
experiments, this accuracy was enough for detailed conclusions.
The velocity was measured with a velocimeter:

2 cm
Fig. 47 Velocimeter

The bypassing air is actuating a small turbine and through the revolution
speed the velocity of the air is calculated. This device is very sensitive to
eddies and depends also on the correct measuring position inside the tube
(see Fig. 44 Measurement points), so its results (theoretical precision: 0,2 m/s)
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have to be handled carefully and only usable for qualitative and approximate
conclusions.

5.2.3 Experiments executions
5.2.3.1 Experiment 1: Ice-cube-boxes
Intention: testing ice-cube-boxes, proof of concept.
The set-up of this experiments consisted of the big fan and the “heating
machine.
The storage was equipped with 12 ice-cube-boxes with a total amount of 2,4
kg of PCM.
Each layer consists of three
boxes and is separated from
the following by thin wood
sticks, which give a height of
2cm between each layer.

Fig. 48 Experiment 1 with 12 ice-cubeboxes
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a: opening of the box
Fig. 49 Results experiment 1

This short-term experiment was to analyse, if the PCM would melt. At the point
“a”, the box was opened and the material was investigated: the wax was not
completely fluid. It could be seen that the wax inside the boxes in the middle
(and so directly in the air flow) was completely melted, but in the outer regions
it was still solid. Also there was more wax fluid near the inlet side than on the
outlet side.
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This experiment was stopped after 250min, so a prolonging hot air supply
could not be investigated.
The maximum difference between T_environment and T_box_outside was
2°K, so it was proofed that the insulation was effective and sufficient.
More results of this experiment are not admissible, because the velocity of the
air flow was very low (about 1,8 m/s to 3,1 m/s).

5.2.3.2 Experiment 2: Wax-boxes
Intention: testing wax-boxes, proof of concept.
In this experiment, both fans and the heating machine were used.
The storage was equipped with 4 boxes of plain wax, resulting in a weight of
~4 kg of PCM.
Experiment 2
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Fig. 50 Results experiment 2

In the second experiment, an air velocity of 3,1 - 3,5m/s was realised. The
results show clearly the raised thermal inertia of the system, the temperature
drop at point “b” of the inlet temperature is nearly completely compensated (it
was caused by a defect heating device). But it was shown, that the
combination of the air velocity and the temperature difference between inlet
temperature and melting point (=60°C) was not able to melt the PCM, the
outlet temperature did not reach the 60°C. Optical investigation confirmed that
none of the PCM modules were liquid.

5.2.3.3 Experiment 3: Ice-cube-boxes
Intention: melting the wax to study cooling-down process.
The setup was similar like in experiment 2: both fans + heating machine. Nine
modules of the ice-cube-boxes were placed inside the storage with a space of
3 cm between each layer. The amount of wax was 1,8kg.
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Fig. 51 Results experiment 3
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Fig. 52 air velocity experiment 3

During experiment 3, the velocity of the air was reduced to reach a higher air
temperature to ensure that all of the PCM melts because of the higher
temperature gradient (lower convection heat transfer coefficient plays minor
role in this case). This experiment should prove the potential of PCM to
prolong a hot air supply. At point “c” the heating device was turned off and the
outlet temperature was significant above the inlet temperature! At the point “c”
nearly 1/3 of the wax was liquid, the characteristics of the cooling-down graph
show, that at point “d” the latent stored heat is mainly released and the falling
graph results of the sensible heat release.

5.2.3.4 Experiment 4: Wax-boxes (plain & with metal)
Intention: comparison plain and metal wax, melting wax inside boxes.
Set up: big fan, heating machine plus preheating with gas burner
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In the upper layer were two
boxes with metal spirals
inside, the lower layer
consisted of two plain waxboxes. The amount of wax
was approximately 4 kg.

Fig. 53 PCM arrangement for experiment 4
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Fig. 54 Results experiment 4

The average air velocity was 1 m/s. The graph shows an unusual behaviour
for PCM elements – investigations revealed that the PCM was not melted!
Apparently the fluid dynamical properties of the wax-boxes were not sufficient
enough to enforce a sufficient heat flux from the by-passing air to the PCM.
Additionally problems with the heating machine occurred, notably is the
constant decrease of the inlet temperature (at nearly constant ambient
temperature!) up to point “e”, where the additional preheating unit was taken
into usage. After the second failure with the wax-boxes, further experiments
were only performed with the ice-cube-boxes.

5.2.3.5 Experiment 5: Ice-cube-boxes
Intention: Partial phase change, simulating real process, proof of concept
Experimental arrangement consisted of the collector, the heating machine and
the two fans. The storage was filled with 9 ice-cube-boxes in 3 layers (1,8kg
wax)
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Fig. 55 Set-up experiment 5

The outlet temperature of the small collector was too low for PCM storage at a
melting point of 60°C. That’s why the heating machine was integrated in the
set-up. But as seen in the results (T_inlet), the temperature was sometimes
fluctuating.
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Fig. 56 Results experiment 5

The air velocity in this experiment was around 3m/s (+-0,2) and again it was
observed, that this value is not optimal (too high) for the fluid-dynamical
situation inside the box (compare Experiment 4: Wax-boxes (plain & with
metal)). At point “f2” the heating machine was turned off and the PCM modules
were investigated: only ¼ of the wax had changed its phase to liquid.
Consequently, the cooling-down process/graph shows no clear phase-changetypical plateau near the melting temperature.
A positive conclusion of this experiment is that the thermal fluctuation of a
solar system can be compensated at a very high level: At point f1, the
temperature drop of the inlet temperature is 12-14°C, the corresponding outlet
temperature varies only around 2°C at 78°C.
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5.2.3.6 Experiment 6: Ice-cube-boxes
Intention: Complete phase change of the wax , proof of concept,
Experimental setup was similar to Experiment 5, (heating machine, collector,
both fans).
The storage was loaded with 9 ice-cube-boxes with a total amount of 1,8kg of
wax.
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Fig. 57 Results experiment 6

Due to the high inlet temperature (collector: sunny day + heating machine) it
was possible to generate a complete phase change of the wax. The average
velocity of the air was ~2,8 m/s. At point “g” the heating device was switched
off, and inspection of the wax showed that all the wax was liquid. At point “h”
the collector was shadowed to lower the inlet temperature to clarify the effect
of the storage. After point “h”, the average difference between T_inlet and
T_outlet of the storage is between 5 and 10 °C. But the outlet temperature is
far below the melting point of 60°C, which has the following reasons: on the
one hand the performance of the storage is too low; the heat flux from the wax
to the air is too small to generate at least a small temperature plateau in the
outlet air. On the other hand – under assumption of a sufficient heat flux – the
capacity of the PCM could be too small in comparison with the sensible heat
capacity of metal, wood, etc. inside the box to heat up the air flow with a
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velocity of 2,8 m/s for a noticeable time. Most probably the combinations of
both reasons are responsible for the measured result. Further experiments
with variations in storage capacity and also fluid dynamical investigations for
an improved heat flux have to be performed and are part of the perspective of
this work.
Energetic observation of this experiment gives the following picture: the
theoretical amount of energy that can be saved comes approximately 153 Wh
with 90 Wh in the latent phase (50Wh/kg*1,8kg) and 63 Wh stored sensible.
The energy released can be determined to 127Wh with m = 1,56*10-3kg/s
within the time from point “g” to the end of the experiment (~2h). This results in
an efficiency of 80%. Although this values are given only by a rough
calculation, they indicate the potential of PCM storage and are reliable for a
successful proof of concept!

5.3 Summary and Conclusion
Building the prototype and executing the experiments was a difficult task: due
to a lack of appropriate tools the construction was difficult (cutting tools for the
metal sheet, etc.). Too few measurement instruments (thermosensors) were
provided to realize a fixed sensor array. Problems also occurred with the
heating machine. Before the first use it had to be repaired and did not work
correctly. Much improvisation and unconventional methods (for example the
preheating with the gas burner) were necessary and were responsible for
repetition of experiments and time delay. Preparation and conduction of the
experiments (without construction) took much more than 60 hours. But in the
end the outcome was not only qualitative, but also quantitative results were
gained for the validation of the simulation. Qualitative results are the cognition,
that for a complete phase change the convection respectively the heat flux
between air and PCM is very important and not only the heat transport inside
the PCM. This becomes obvious in Experiment 4: Wax-boxes (plain & with
metal), where no eminent difference between the wax boxes with and without
metal occurred. On that account, fluid dynamical investigations are very
essential for a well working storage system which is why sphere heaps were
investigated theoretically (see 6.1.2.2). Regarding the PCM, it could be seen
that the small volumes of the ice-cube-boxes offered great advantage in
contrary to the wax-boxes with a bigger volume. With an adequate size of the
PCM volume the problem of low heat flux inside the material can be
compensated. Important is also the material of the encapsulation – side
experiments have shown, that metal as an encapsulation has evident
advantages over the plastic encapsulation because of its higher thermal
conductivity. Due to budget reasons there was no possibility to implement this
knowledge into the experiments.
Quantitative outcomes are the proof of concept; the effect of a higher thermal
inertia is shown in all experiments (e.g. Experiment 5: Ice-cube-boxes), and
the storage of energy with the effect of a prolonging drying time is visible in
Experiment 5: Ice-cube-boxes and Experiment 6: Ice-cube-boxes. Furthermore
the calculation for the insulation was verified; losses to the environment were
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negligible in all experiments. The energetic observation shows clearly that
even experiments under difficult circumstances lead to remarkable results with
an efficiency of 80% of a PCM storage.
Nevertheless the results must be treated with caution for quantitative
statements: Both the volume flow and the measurement of in- and outlet
temperature were detected inside the (not transparent) tubes (see Fig. 44
Measurement points) and during the measurements it becomes clear that the
temperature differs up to 4 degrees between the middle and the outer areas
inside the tubes. The volume flow varied in between 0,5 m/s. Reasons are
eddies and the temperature profile inside the ducts. With fixed installed
instruments, more reliable values could be measured.
The effects of sensible heat storage of materials of the experimental setup
(metal sheets of the storage box, plastic encapsulation material, wooden
spacers between PCM-elements, etc.) could not be excluded. For the
experiments it was not possible and reasonable to measure their influences,
yet they are considered in the detailed simulation. Likewise, the opening of the
storage box to check the status of the PCM causes a disturbance of the
experiment (temperature exchange with ambient air), but over the
experimental period this effect can be neglected because of its punctual
influence.
All in all, the results of the experiments have a more qualitative character, but
they are reliable enough for the validation of the simulation.
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6 Modelling and Simulation
The objective of this simulation is to test different parameters of our storage
system without carrying out expensive and time intensive experiments.

Fig. 58 Basic steps modelling

6.1 Modelling
Finding a simulation environment (see 6.2.1) goes hand in hand with
modelling. The main objective stays to find a model which is sufficient as well
as suitable for the project. The most detailed models are not always
appropriate yet surely sufficient. To give an example a non-steady-state 3-D
simulation with nonlinear boundary conditions would surely be sufficient to
examine the heat flux between air and encapsulation of the PCM but it goes
way beyond the limits of the project which are set in chapter 4.6 Summary and
concept decision. In this project a 1-D steady-state model with linear boundary
conditions could be sufficient.
Besides many detail problems three main subsystems are to be created:
Description of the thermodynamics inside the PCM, modelling the fluid
dynamics the heat exchanging air flow and the losses of our storage to the
environment.

6.1.1 Heat Transfer inside PCM
To select the right model all important heat transfer models are listed and
examined. During the implementation phase of the project, with the simplest
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but sufficient model is started and more complex and difficult models are used
if spare time is existent or the results of the validation are not good.
The question is which phenomenon plays an important role. According to
Weingärnter all kinds of convection inside the PCM are neglectable. The heat
transfer through radiation is important at very high temperatures when the
medium is also (at least partially) transparent ([7] S. 17). To conclude just
conduction phenomena are to be modelled.
Basically four models were found and each of them is useful for different
purposes. The steady state model and the Stefan-Model can be solved
analytically whereas the enthalpy model and the equivalent specific heat
model in 2-D must be solved by an iterative method like Finite Differences
(FD). This method is very good once its not necessary to deal with
complicated geometrics because otherwise the geometric boundary conditions
are very complex. Then the Finite Elements Method (FEM) is more useful but
a nonlinear function which is necessary to describe a phase change is often
not or bad realized by elements of the FEM-Tool.
The models are examined for plate geometry and not for spheres. Because of
the construction of the storage the heat transfer takes place from both sides.
The phase changing fronts are moving towards each other during the load
phase and are (optimally) meeting in the middle of the plate.

Fig. 59 Heat fluxes during loading phase of PCM plate

If there is a heat gradient (according to eq. 1) there is of course a heat transfer
(here through conduction). The following assumptions were made and used
during modelling
a) most of the heat transferred from/to the air is converted into sensible
heat of the material between phase change border and
air/encapsulation and mainly into latent heat during phase change,
b) the boundary layer has a damping effect to the heat transfer because of
its isothermal properties,
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c) the heat flux (amount, not direction) from both sides of the surface of the
plate are approximately equal
and
d) the inner area is a closed system (no sinks/sources) limited by the
boundary layer or encapsulation
Moreover the boundary layer is assumed to have an infinitesimal small extent.
The higher pressure because of a volume change inside the encapsulation
results in a rise of melting temperature which can be described by the equation
of Clausius-Clapeyron [7, p.41]:
eq. 15

dp
H

dT (V1  V2 )  Tmelt

By the assumption that phase-change convection can be ignored and only the
volume change V has to be considered (see [7, p.42]), the effective thermal
conductivity results in
eq. 16

eff    (1 

V
)
V

6.1.1.1 Non-steady-state 1-D model
By reducing eq. 2 to one dimension (e.g. x direction) and considering that
there are no sinks or sources the heat transfer equation for a plate appears as
follows (compare for cylindrical geometry [7] p. 93):
eq. 17

d 
dT 
dT
  PCM 
   PCM  cP ,PCM 
dx 
dx 
dt

By introducing the following substitutions ( D is half of thickness of plate;
X border is coordinate of the phase change) and rearranging the equation the left
side gets dimensionless:
eq. 18

X 

x
D

eq. 19



X border
D

eq. 20



(T  T )
(Tmelt  T )

X is the general dimensionless coordinate,  is the dimensionless coordinate
for the phase change and  is the dimensionless temperature variable.

-67-

eq. 18, eq. 19 and eq. 20 in eq. 17

1
D2

and

 d2
 
c
d2
dT
  2 (Tmelt  T )    
T  PCM PCM 
2 
dX
PCM
dt
 dX


d2
T  0 results in
dX 2

eq. 21

2
d 2 D   PCM  cP ,PCM dT


dX 2 PCM  (Tmelt  T ) dt

By introducing the dimensionless time variable  on the right side the equation
changes as follows:
eq. 22

 t

PCM
D    cP ,PCM
2

eq. 22 in eq. 21 results

eq. 23

in

dT
dT
d 2 d
while assuming     0

2
d
dt
dX
d

Furthermore it is assumed that the sensible heat can be neglected in
comparison to the latent heat. By introducing a correction factor ([16] 6-B) to
the latent heat, the additional sensitive heat is well approximated.
eq. 24

H *  H  0.5  c p  (Tmelt  T )

A different and more precise possibility to introduce the sensible heat into the
model is to integrate  from the outer encapsulation to the actual phase
change border and to do the same within the borders.
By involving the boundary condition of first kind (eq. 8)
eq. 25

 ( x, t  0)  T (t  0)

At the beginning of the simulation the temperature in each point inside the
PCM is known; here the simplest case is used that the temperature is constant
and equal to the environment temperature.
The analytical solution of eq. 23 is according to Bronstein ([17] p. 527)


eq. 26

 ( X , )  
0

f ( s)   ( x, t  0)

( X  s )2 
  ( X 2s )

4a 
f ( s) 
e
 e 4a  ds with a  0 and
2  a     

2

1

This equation is valid from the encapsulation material to the phase change
border which is defined by   1 . To get the velocity of the phase front an X
has to be found for each  and   1 . The problem is the nonlinearity of eq. 26
concerning X . To solve this problem it is suggested to approximate the velocity
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of the phase front


by using the differential quotient of discrete time steps  i


(e.g. one second as the wax is melting quite slowly)
eq. 27

  ( i 1 )   ( i )


 i 1   i

At the start of the simulation the term  i 1   i should be initialized by a value
which is not zero. This could easily be realized by using a temporary memory
which is actualized each time step.
To improve this model from 1-D to 2-D (direction of the air flow is added; not
additional direction orthogonal to the air flow as this is trivial for a laminar flow
in relatively flat storages) but to solve it partly analytically/partly finite and not
entirely finite by using the finite differences method for the whole heat equation
you can lay sections next to each other and define a discrete width of these
sections. To approximate the actual temperature profile, ideally there should
be an infinite number of these sections but with respect to the limited computer
speed an example model with three layers was constructed.

Fig. 60 Improvement of analytical solution by using non-coupled stripes

So if you want to look at the process of heat exchange in the storage between
air and PCM you can start to solve the first equation at the entrance of the
storage, calculate the heat exchange for the width of this stripe and take the
computed “outlet”-air-temperature as “inlet”-air-temperature for the calculation
of the next stripe until you are the end of the storage. The last calculated
“outlet” temperature is the real outlet temperature to the application.
The problem with this improvement is that the interactions between the stripes
are not considered. To solve this problem it is suggested to find a finite
element where this equation is solved analytically for each element but the
nodes of each element are interacting.
If you have the possibility to measure the exact properties of your PCM an
alternative strategy appears. By measuring the specific heat versus
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temperature for melting and freezing more detailed information is gained, and
thus you can also take effects like subcooling into consideration (see Fig. 61).

Fig. 61 Example: Temperature versus specific heat

Yamaha, M. et al (see [18]) proposed the following equations:
eq. 28

TPCM
PCM
 2TPCM
S



2
t
 PCM  cPCM (T ) x
 PCm  cPCM (T )  Adz PCM

As an example a possible graph of cPCM (T ) can be seen in Fig. 61. This
equation shows the normal heat equation but with variable cPCM (T ) . The solving
process is more difficult but the results are good which is why this method is
recommended by the ZAE.

6.1.1.2 Nearly steady-state 1-D model
To categorize the behaviour of phase changing materials the characteristic
Phase number Ph is introduced:
eq. 29

Ph 

H
csolid

(Tmelt  T )

By rearranging eq. 17 and making it dimensionless the equation appears as
follows:
eq. 30

1  


Ph  X

If Ph  10 the sensible heat storage can be neglected ([19] p. 48). Furthermore
it can be assumed that these materials (e.g. salt hydrates) have the property
that the characteristic Phase number even tends to infinity ([7] p. 94). For this
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case the left term becomes zero and the time dependency of  is gone. That
is why this model is called nearly steady-state. For this equation an analytical
solution can be found [20] for  ( X , ) and  ( )

6.1.1.3 Enthalpy model in 2-D
Going out from small control-volumes (which are non-overlapping) where the
energy conservation principle is valid you put up the local integral energy
conservation equation by balancing the heat fluxes entering and leaving each
volume. Instead of the temperature T a specific inner energy e is used which
is defined the following ([7] p.103):
csolid (T  Tmelt )
0

eq. 31 e  
H
 H  cliquid (T  Tmelt )

T  Tmelt
T  Tmelt
T  Tmelt
T  Tmelt


, solid 

, liquid 


The temperature results in

e
Tmelt  c
solid

eq. 32 T  Tmelt

eH
Tmelt 
cliquid


e0




0  e  H  with de  c p dT



eH

The specific heat, the heat conduction coefficient and the mass density are to
be displayed as follows:
 1
c
 solid
1
 0
eq. 33
c( e) 
1

 cliquid

e0



solid


0  e  H  ; eq. 34  ( e)  liquid


 liquid


eH


 solid
  solid  Vsolid   liquid  Vliquid
eq. 35  ( e)  
Vsolid  Vliquid


 liquid

e0



0  e  H;

eH


e0




0  e  H;



eH

By reducing eq. 2 to 2-D and putting in eq. 31 to eq. 35 (for a certain
geometry) an equation results which can be solved with the Finite Differences
method.
Weingärnter as well as Domanski et al. ([21], p.7f.) came to the conclusion that
this model (after its validation and verification) delivers good results and is
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therefore a “reasonable and sufficiently accurate computational tool for the
thermal analysis” of PCM storages.
To conclude, the enthalpy formulation has the following advantages according
to Buddhi: “By introducing an enthalpy method, the phase change problem
becomes much simpler and has the following advantages (i) the governing
equation is similar to the single phase equation, (ii) there is no condition to be
satisfied at the solid-liquid interface as it automatically obeys the interface
condition and (iii) the enthalpy formulation allows a mushy zone between the
two phases” ([22] p. 1).

6.1.1.4 Equivalent specific heat model in 2-D
This model was originally developed for materials with a small characteristic
number Ph like metals ([7] S.97ff). The model of the equivalent specific heat
avoids the nonlinearity of the phase change by the following assumption which
is illustrated in the following figure:

Fig. 62 Method of equivalent heat

There is a small temperature interval Tmelt  T , Tmelt  T  around the melting
point of the PCM where the value of c p changes to a high level. With this trick,
there is no “jump” in the c P -function and the differentiation is no problem in this
interval or point. This model is somehow complementary to the nearly steadystate model, where is assumed that the specific heat is neglectable in
comparison with the latent heat and is taken into consideration by a correction
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factor. The basic formula like eq. 2 stays the same except that it is reduced to
2-D. The equations for the specific heat are the following:
c solid

H

eq. 36 c  c solid 
T

c
 liquid

T  Tmelt  T
Tmelt  T  T  Tmelt
T  Tmelt  T



 T 



The heat equation can be approximated by with the Finite Differences Method
as this problem in 2-D can not be solved analytically.

6.1.1.5 Stefan model
This linear model was already found in 1891 by the scientist Stefan ([23] pp.
269-286) who calculated the distance s(t ) of the phase front from the surface.
eq. 37

s (t ) 

eq. 38

s (t ) 

2  PCM  t  (Tmelt  T, unload)
hPCM   PCM
2  PCM  t  (T, load  Tmelt )
hPCM   PCM

unloading the storage

loading

The heat flux q(t ) was calculated to
eq. 39

q( t ) 

eq. 40

q( t ) 

hPCM   PCM  PCM  (Tmelt  T, unload)
2t
hPCM   PCM  PCM  (T, load  Tmelt )
2t

unloading

loading

This model can be enhanced by introducing the properties of a heat
exchanging fluid flowing along the wall of the storage ([24] pp.185–192.):
eq. 41 unloading

s (t ) 
eq. 42

s (t ) 

PCM

2  U PCM  k

loading
PCM
2  U PCM  k













  2  U PCM  2  U PCM  U PCM  2  k 2  t  (Tmelt  T, unload)

  2  U PCM  2  U PCM  U PCM  2  k 2  t  (T, load  Tmelt )

with U PCM  hPCM   PCM  PCM and
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1
1

k  wall   fluid

6.1.1.6 Summary of modelling
There are many available models and appropriate boundary conditions are to
be found. To solve the heat equations in 2-D there are two main strategies to
avoid the nonlinearities during the phase change: by approximating the
change of heat, by introducing an equivalent specific heat or to describe the
state of the PCM by a special inner energy. All models of 2-D or 3-D have to
be solved numerically with methods like FD or FEM.
There are three models found which can be solved analytically but all of them
are just 1-D. According to several research groups the 1-D modelling is
sufficient to design the storage [6],[7]. 2-D models are necessary if you are
interested in the exact temperature field within the PCM or you have an
unusual non-symmetric geometry.
At the end the following strategy is taken: 1-D models will be realized because
of the tight schedule and the lack of an example code of 2-D/3-D models. Out
of the other models we chose the Stefan model to use in the simulation
because this model showed accurate results when a research group used it at
the Bavarian centre for applied energy research (ZAE Bayern, Div. of Energy
Conversion and Storage) in Munich (Garching). If the results are not sufficient
the model will be changed to a more complex one like the nearly steady-state
or the non-steady-state 1-D model.

6.1.2 External flow: modelling the heat transfer
In this chapter the properties of the external flow over the encapsulation is
examined. Two basic geometries will be discussed because both of them are
standard geometries for encapsulations of the PCM (see 2.1.2 Encapsulation):
spheres and plates.
Flow models for more complicated macroscopic geometries have to be
examined with CFD-tools like Ansys (CFX) but will not be discussed in this
work.

6.1.2.1 Plate
For the 1-D heat transfer from the bypassing air to the PCM-Plate two main
phenomena are relevant:
1. Convection: the heat transported through the air to the surface of the plate:
eq. 43

Q    A  (T1  T2 ) (see eq. 5)

2. Conduction: the heat flux inside the plate:
eq. 44


Q    A  (T1  T2 ) (see eq. 3)
d

For the same A, T1 and T2 these equations can be summarised to
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  k  A  (T
eq. 45 Q
1

1

 T2 ) with k 

1





(eq. 46)

d



The convection heat transfer coefficient is correlated to the Nusselt-Number
eq. 47

Nu 

L
,


which itself can be described as a function of Reynolds- and Prandtl-Number:
eq. 48

Re 

vL



,

eq. 49

1

eq. 50 Nu

eq. 51

Pr 

    cp


1

 0,664  Re 2  Pr 3  f (Pr) (laminar)

Nu  0,037(Re  23100)  Pr
0 ,8

1
3

(turbulent )

These formulas are valid for thin plate where the media flows against
lengthwise. The Nusselt-Number refers to the averaged case.
 The flow is laminar for the conditions:
 10 < Re < Rek and 0,01 < Pr < 1000
 The flow is turbulent for the conditions:
 5*105 < Re < 107 and 0,6 < Pr < 1000
The function f(Pr) is taken from tables and varies in between 0,7 (Pr = 0,01)
and 1,06 (Pr = 1000). ([19] p.55/66)
The thermal conductivity (eq. 44) for the conduction calculation is a value of
materials, which must be divided through the thickness which the flow has to
pass to reach the point with T2.
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6.1.2.2 Spheres
Companies like Christopia and TEAP favour sometimes macroscopic plastic
spheres as encapsulation. To know about the heat exchange between those
spheres with a typical diameter of 15 to 75 mm and the air flow is important to
make a statement about the performance of the storage.
The main advantages of theses spheres used as encapsulation are:
 The heat storage is heat exchanger with a
high performance
 Large heat transfer area per weight unit
 No expansion system is needed as the
PCM propagate and contract
directly in
spheres (flexible encapsulation)
 The spheres are relatively cheap and are
also easy to integrate in storage box
(heap)

Fig. 63 Storage filled with PCM-spheres ([25] p. 4)

According to Arkar ([25] pp. 3) the heat flux to sphere or from sphere is
determined by the following equations:
eq. 52

Q air,i  m air  c p,air  (Tair,in,i  Tair,out,i )   air  Rr  Asphere,i  Tin,i

i is vertical segment
number of the spheres
and and
Rr 

Rair
.
Rair  R wall  RPCM

Fig. 64 Segments of PCM
spheres in storage
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The outlet temperature of the ith segment is calculated to:

eq. 53



Tair,out,i  Tsphere,i  (Tsphere,i  Tair,in,i )  e

 NTURr

  (T

sphere,i

 Tair,in,i )  e



 air  Asphere,i Rr
mair c p ,air

This model can be transferred to other constellations of spheres.
The more challenging questions is to calculate Rr and  air .
The heat transfer coefficient  air is dependent from Nusselt, Reynolds, Prandtl
and Stanton number. To calculate the Reynolds number you need the average
canal diameter d m in between the spheres ([26] pp. 201). For heaps of spheres
with equal sizes the following equation is accurate:
eq. 54

d m 

2 

 d sphere
3 1 

With the porosity coefficient   0.321 to 0.33 for octaedrical heaps (Fig. 63) or
  0.37 to 0.38 for body-centred cubic heaps the average canal diameter can
be calculated
The Reynolds number can be calculated to
eq. 55

Re sphere 

w0  d m
   air

w0 is the average pore velocity through the heap and  air is the cinematic

viscosity. The average pore velocity can be calculated by the following strategy
([27] pp. 28-37])
eq. 56

w0  

T K
 p
 

 T is the tortuosity, p is the pressure gradient and  the fluid parameter of a
Newton fluid. In this context tortuosity can be interpreted as the correction
factor to the pressure gradient. For a bed of spheres with a diameter d sphere the

factor K can be calculated the following:
eq. 57

K

3
2
 d sphere
2
36  k k  (1   )

The value for the Kozeny-Constant k k is for porosity   0.4 approximately
4.54 to 5.
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Stichlmayer ([28] 4-10 to 4-12) finds a Reynolds number between 100 and
2000 appropriate. Here the porosity of spheres with a diameter of 25mm is
found experimentally to 0.430.
With the assumption that  is in between 0.3 and 0.5, the Reynolds number is
in between 90 and 4000 and the Prandtl number is approximately 0.7 the
Colburn factor jH can be calculated by the following equation ([3] p.434):
2

eq. 58

jH 

1
 2.06  Re 0.575  St  Pr 3


St is the Stanton number. Finally the Nusselt number can be calculated:
eq. 59

Nu  St  Re Pr 

 air  d sphere
air

6.1.3 Losses
To minimize losses from the storage to the environment, the storage box is
built with an insulation of 100mm mineral wool (thermal conductivity = 0,03).
Each side of the box can be seen as a thin plate; therefore the heat flux can be
calculated like shown above (6.1.2 Plate). For the losses, only the 4 main
surfaces of the box are relevant, the front sides with the in- and outlet are not
taken into consideration (this surface is small against the other sides).

Fig. 65 Losses to the environment
eq. 60

Q loss,total  4 sides 

1
1

 air,outside



d1,metal

metal



d insulation

insulation



d 2,metal

 Aside  (Tstorage_ box  Toutside)

 metal

air is calculated via the Nusselt Number, dependent on the outside wind (see
chapter above).
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6.2 Simulation
The objective is to prove that the storage is working under realistic situations.
The data from realistic use cases is already measured by former students.
The supply of high air temperatures for the experiments is possible, but it is
hard to reproduce the same air temperatures like in realistic use cases. The
strategy is to use the input and output data from the present experiments
(5 Construction and experiments) to validate our simulation. With a good
validated simulation, data from former papers can be used to test the storage
under realistic conditions. This is necessary to make statements about a
possible maximum thickness of the container of the PCM.
With these results an integration into the collector is possible because then
information about the relation thickness-performance of the storage is existent.
This is relevant data for PEN because Dr. C. Palaniappan favours a solution
where the storage is integrated into the collector itself (4.4.2.1 PCM storage
modules integrated in flat plate collector).

6.2.1 Simulation environments
TRNSYS
A well known and good validated simulation environment is TRNSYS
(Transient System Simulation Program) and was suggested by the institute of
Thermodynamic of the TUM. TRNSYS is based on FORTRAN and allows
simulating active and passive solar systems as well as their coupling with
external elements like storages.
Even if this program uses the method of finite differences to approximate
equation systems it is hard to use the solver fors user-specified differential
equations. Furthermore there is no tool to describe phase changes, the GUI
(Graphical User Interface) is not good (or rather not existing), there is no tool
for fluid dynamics and poor possibilities to define an individual storage design.
As the so called “decks” (modelling) are written in FORTRAN the search for
errors is very difficult. Moreover the input is inflexible but the automatic output
is a plus.
ANSYS and FEM
The aim is to find a program which can simulate the air flow passing along the
storage plates as well as the phase change within the plates. This Program
uses the method of finite elements (FEM) and is a very common tool for
engineers. Its needs a long time to get used to the GUI and the correctness of
any results are to be proven through a second instance. No element was
found which can realize a phase change but this could have been realized
through a user defined table using the method of equivalent specific heat (see
6.1.1.4). The denser the network of finite elements the more appropriate the
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simulation; that is why high potential computers should be used which are not
available at PEN.
C, C++, MathCAD and Finite Differences (FD)
The code for a finite difference simulation could have been found in the
internet but implementation and the integration of certain boundary conditions
requires a lot of know how and time. Nonetheless FD seems to be very
popular and gives good results. Fluiddynamics can easily be realized once the
geometry is simple, otherwise not. Other groups have shown that FD is a good
beginning and useful results were produced.
Matlab/Simulink
This program has a long history regarding development processes in
engineering and provides with Simulink a very mighty tool to simulate
differential equation based systems. The GUI is excellent and the output/input
seems to be no problem. It is easy to learn but provides no special
thermodynamic toolbox. Even FD simulations can be realized.
Summary
After testing some simulation environments Matlab/Simulink was chosen. An
easy-to-understand GUI, the stability on platforms like WindowsXP and good
experiences were the main reasons for this decision. Furthermore no
expensive computers are needed and a module-like development of
subroutines is possible.

6.2.2 Matlab simulation
This simulation was developed step by step and each module was tested
individually before it was put together. In the next figure the basic structure of
the highest layers of the simulation can be seen.
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Fig. 66 Highest layers and modules

Above all the parameter configuration and a link to the calculation can be
seen. On the second level the three (or more) different sections of the storage
and the input are linked. The model is according to the idea in Fig. 60 where
the air flow connects the sections. The third level consists of detailed
subsystems of each storage plate and the approximated input function.
The main structure of the calculation can be seen in the following picture:

Fig. 67 Structure of the simulation during planning phase

The connections and coupling conditions are realized by the exchange of data
streams.

6.2.2.1 Parameter
On the highest level relevant Parameters can be defined (see figure below).
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Fig. 68 Parameter input in Simulink

The parameters have to be used in many subsystems but definition through
global variables on the Matlab workspace should be avoided. The solution was
a component of the Simulink Library called “Data Store Memory”. Once value
and belonging data store name are defined it can be read by every component
called “Data Store Read” which is used in a subsystem below the original.

6.2.2.2 Storage
The air temperature coming from the collector is the input for section one. Heat
fluxes and outlet temperature is calculated and delivers input temperature for
section two.
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Fig. 69 Second layer of simulation: Three sections of the storage plates and input function

At the end of this chain the air goes to the application, a final air temperature is
calculated. Each temperature can be monitored through a component called
“Scope”.
On this level the clear structured and object oriented GUI can be seen as a
major advantage of Matlab. The data streams a literally visible and the model
is easy to understand.
Each section works independent and looks inside like this:
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Fig. 70 Storage section in Matlab

The inlet air temperature is needed to calculate
1. the heat flux between PCM and inlet air
2. the distance of the phase front to the wall of the encapsulation of the
PCM
3. the outlet temperature
The calculation of the heat flux between air and PCM is based on the
assumption that it is steady-state. When the temperature of the storage is so
high that the phase change starts it begins at the wall (s=0 in the simulation).
Because of the high latent heat compared to the sensible component it is
assumed that the heat exchange takes part between the wall of the
encapsulation (flowing air) and the (moving) phase change front. When the
storing just has a sensible component (temperature all over storage higher or
lower than melting/freezing point) then the heat flux between the point with
average temperature and the encapsulation of the PCM is calculated.
Regarding that the situation is steady state and therefore the temperature
profile is linear towards the middle of the plate the average plate temperature
has to be at ¼ and ¾ of the full breadth. With this information a point and its
corresponding temperature is found within the PCM plate to calculate the heat
flux.
The position of the phase front in the sensible is per calculation zero but during
these phases it has to be ¼. During the latent phase of the simulation it has to
be calculated.
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Position
in entire
system

Fig. 71 Calculation of phase front position according to Stefan model and position in entire
model

Fig. 71 shows how this position calculation is realized in Matlab. When the
average temperature of the storage is above or below the melting point, a
component called “Switch” passes through the approximated distance during
the sensible phase (right side). On the left side of the figure can be seen how
the position of the phase front is calculated during the latent phase. The
needed parameters are imported from the main GUI. The tricky part is to
calculate the average temperature of the inlet air during the latent phase. A
counter has to be constructed which starts at the change sensible/latent
(phase change front at wall) during loading and ends at latent/sensible (phase
change front in the middle of maximum depth) as well as resets and starts at
zero during unloading phase at the change of sensible/latent (phase change
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front again at wall so s=0) and ends at latent/sensible (latent heat entirely
used). A possible subsystem which delivers the correct output looks like this:

Fig. 72 Special counter subsystem

Several numerical problems had to be solved. Even if the sample time for all
used parameters and inputs were set to infinite several essential components
were able to handle the signals. Especially the signal routing components like
“If/Action-Subsystems” or “Switches” as well as “Enabling Subsystems” did not
work properly. To give an example the numerical impreciseness were avoided
by a tailored rounding function which can be seen at the lower part of Fig. 72.
The changes between latent and sensible were detected by the comparison of
the actual average storage temperature with its one second delay. Because of
the slow reaction of the storage and the big time scales (>30000 seconds) the
wrong calculation during one second is neglectable. To avoid problems with
the sample time of the internal clock the counting up is created by integrating a
constant “source” of 1. The created time signal of the counter looks like this:
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Fig. 73 Counter time versus absolute/simulation time

This time signal can be used to calculate the correct average temperature for
the phase change front. The subsystem doing this is the following:

Fig. 74 Calculation of average temperature for phase front
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This average temperature has nothing to do with the average temperature of
the storage as a whole. The input to a subsystem which creates this signal
must be the heat flux between the air and the PCM plates.

Fig. 75 Matlab subsystem to calculate average PCM plate temperature

In this figure the structure of this subsystem can be seen. On the lower left
side important parameters are loaded, on the upper left side is the input for the
heat flux and on the far right side the output function for the calculated average
plate temperature can be seen.
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loading

unloading

Fig. 76 Typical average temperature of PCM plate during one day

This figure shows a typical temperature progression during one day. The
temperature starts at the initial plate temperature, rises because of the
increasing solar radiation, reaches the latent phase and rises again. During
unloading the temperature drops slowly until it reaches asymptotically the
environment temperature in the evening hours.
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6.2.2.3 Fluid
The main difficulty is to calculate the heat flux from the air flowing in to the
storage plate.

Fig. 77 Subsystem air exchange

This figure shows a cut-out of Fig. 70. The main input signal for this subsystem
can be seen: the inlet temperature, the distance of the phase front to the
surface and the average storage temperature. The most important output of
this system is the heat flux between air and storage plate.
The inner structure of this subsystem appears as follows:
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Fig. 78 Subsystem for heat flux calculation air<->storage plate

On the upper right side the output signal “Q_punkt” can be seen. To calculate
the heat flux, three auxiliary calculations are needed. First is the calculation of
the heat transfer coefficient k according to eq. 61. For this purpose the
convection heat transfer coefficient is delivered (according to 6.1.2):
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Fig. 79 Matlab subsystem for calculation of alpha

To calculate this coefficient properly the effective surface of each plate section
is needed which is delivered by the following subsystem:

Fig. 80 Calculation of important geometry data
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After testing all subsystems individually, combining and linking them the heat
flux can be calculated.
The output air temperature of each plate section is calculated the following:

Fig. 81 Calculation of output air temperature of each section

The output signal “T(air,out, section 1)” which can be seen on the upper right
side of the figure provides the input air temperature for the next section.
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6.2.2.4 Losses
Losses to the environment have been borne in mind as well. According to
other research groups the insulation plays not an unimportant role for a
successful construction of a PCM storage.

Fig. 82 Subsystem for losses to environment

As seen in the figure above conduction and convection phenomena (caused
by wind) were considered. By subtracting this heat flux from the one calculated
between inlet air and storage plate the remaining heat flux is used to calculate
the average storage plate temperature in each section.

6.2.2.5 Input/Output
The inputs to the systems are originally the parameters of the airflow coming
from the collector system. PEN has data of measurements from their sites
already in Excel sheets. This discrete data was approximated by a polynoms
of high order:

-94-

Fig. 83 With Simulink approximated temperature function

In the evening hours when there is no more sun, the air temperature sinks
quickly to the environment temperature. In the following figure a typical
temperature course can be seen:

Fig. 84 Typical temperature course from collector during one day
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The produced output data can be seen on tools in Simulink or be sent to the
Matlab workspace where is it saved as array or structure with time and ready
for investigations and discussions.

6.2.2.6 General discussion of graphs
To see the effects of the storage a general input/output examination is helpful.
This is done without taking experimental results into consideration but it is
necessary to find logical mistakes in the simulation. In the following figure
typical storage parameters were applied:

Fig. 85 Comparison of air output with and without storage

As forecasted the thermal inertia is higher. Comparing the input air
temperature from the collector (goes without storage directly to application)
with the output air temperature to application in Fig. 85, the effect of the
storage can clearly be seen. It provides a longer process temperature by
transferring heat from the warm noon to the evening hours. In the end all
temperature courses have the environment temperature as their asymptote.
The influences of the different sections of the storage can be seen too. The
more at the end of the air flow the lower the output temperature during loading
phase but the higher during unloading phase. By taking a closer look at the
peaks during the loading phase (T>333°K) the temperature differences
between these peaks are reducing while following the air flow (analogue effect
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during unloading phase). Except for some small irregularities the results look
like they should.
The average storage temperature is also of big interest because the most
important properties of the PCM can be seen. It is called average temperature
because in the simulation the average of each section is always calculated
individually. To get even better results the number of sections can be
increased.

Fig. 86 Comparison of average section temperatures

In the picture above, the temperature profile of each section is shown. The
temperature rises to the melting point (sensible phase) than it rests at the
melting temperature till all the phase change is done. If there is enough heat,
another sensible phase follows e.g. “average storage plate temperature
section 1” between 11.000 and 18.000 seconds. In the case of section 3 this
phase does not appear, the unloading begins without a rise above the
melting/freezing point.
The heat fluxes between air, environment and PCM plate is now under
discussion.
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Fig. 87 Simulation results of most important heat fluxes

In this picture you can see typical courses of heat fluxes “Q-Dot”. The heat flux
of the plate is calculated by using the input air temperature, the plate
temperature and the heat transfer coefficient. With a rising input temperature
you can see a rising heat flux with top values around 50 Watt. After 0.5 x104
seconds the latent phase begins. The phase changing front starts moving from
the wall to the inner areas of the plate. Once the whole plate has changed its
phase from solid to liquid the incoming heat is stored specifically again (1.2
x104). When the input air temperature is falling (afternoon) the unloading
phase begins (heat flux negative). Q-Dot (Entire System) is crossing zero and
after a short specific phase the latent phase begins again. At the end, because
of the falling average storage temperature the heat flux is heading towards
zero. Q-Dot (Losses), the heat flux lost to the environment is strongly
depending on the average PCM plate temperature and forms therefore a
typical figure already seen in Fig. 87. The heat fluxes in each phase are the
way they were expected, but one problem appears which makes the model
less correct: the jumps, edges and sharp points on each change between
latent and specific phase. One reason is the model change between latent and
specific, the other reason is of a numeric kind. During the calculation of the
position of the phase front numerical instabilities appear, but are just some
seconds long and don’t play a big role. Both problems have minor effects on
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the results (see figure above) because their amplitude (ca. 5 Watts for less
than 500 seconds compared with more than 30 Watts for 13000 seconds).
“Q-Dot (Entire System)” is needed variable to calculate the temperature
drop/rise “Delta T” between inlet and outlet air:

Fig. 88 Temperature drop/rise compared with heat flux

Once the heat flux crosses zero (change loading to unloading phase) the
“Delta T” (green doted line) passes zero as well. After this point the storage
gives its stored heat to the air passing in. After the storage has been
completely unloaded the two functions are heading against zero again. The
course of this graph fulfils the expectations given by the model and underlines
the principal correctness of this part of the simulation.
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Fig. 89 Position of phase front and heat transfer coefficient

In Fig. 89 one of the most important parts of the applied model is shown. The
model for the specific phase results in a constant heat transfer coefficient in
contrast to the latent phase. Here the coefficient changes around 12% and
starts at 10 [W/m²K] and falls to 8 [W/m²K]. The theory that stands behind this
is that most of the heat is exchanged between the wall of the PCM plate and
the moving phase front. The greater the distance between those two, the
smaller the heat flux. In the lower part of the figure the position of the phase
front is shown. During the latent phases it begins at 0 mm (wall) and rises to 5
mm (half total width of PCM plate). During the specific phases this value
should be 0 but to avoid an incorrect heat transfer coefficient the constant
value represents the position of the average storage temperature to which the
heat flux is calculated. The fact that this is also the average value of the latent
phases shows that entire course during the simulation is not badly influenced
by the change of models during the phase change. The abnormal peaks are
results of numerical problems which appeared during the implementation of
the models but they don’t play an important role in the further calculation.

6.2.3 Validation
The question appears if all assumptions which where made are correct and if
the used models are appropriate. That is why the experimental results are
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used to check this. The air inlet temperature as well as the outlet temperature
was measured, the status (liquid/solid) of the wax was checked once during
the experiments and the air speed floating through the storage was measured,
too. This input data will be used and the output will be compared and
discussed.

6.2.3.1 Simulink model enhancement
Many disturbing factors were not included in the general model. To avoid the
comparison of different experiments these factors must be excluded as good
as possible. During experiment 5 and 6 (Experiment 5: Ice-cube-boxes,
Experiment 6: Ice-cube-boxes), which provided the only utilisable experiment
data, 9 plastic boxes were used. To keep distance, wood sticks were placed
into the box and also the warming up of the inner box made out of metal had to
be considered.
Two assumptions were made:
1. Wood, plastic and wax have more or less the same conduction heat
coefficient (around 0,2 to 0,32 W/mK) so these materials are considered
as sensible heat storage and are approximated with the same
temperature in each section during the whole calculation
2. Metal has a much higher conduction heat coefficient (>10 W/mK) but
has a very big area and is very thin (0.5 mm) so it can be assumed that
the inner box metal has approximately the same temperature like the
flowing air along
These two enhancements were additionally implemented into the Simulink
model.
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Fig. 90 Enhancement of storage model

In this picture can be seen where the enhancements were made. The
additional thermal inertia had to be integrated in the signal line for the
calculation of the point of change between the phases, but also in the
calculation of the average storage plate temperature in each section.
In the next figure the additional subsystem in the main system can be seen to
include the effect of mass of the inner storage box:
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Fig. 91 Additional subsystem for failure correction in main plate signal plan

It shows how the additional heat flux is calculated and integrated into the
signal plan of each section. Of course many more enhancements could be
made but these are the most important ones.

6.2.3.2 Experiment 5
Two main cases are to be tested: in the first the does not completely change
its phase and the experimental data is delivered by experiment 5 (5.2.3.5). If
the computer is fed with the experimental input data and the results are
compared the figure looks the following:
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Fig. 92 Validation of simulation model with experiment 5

During “Period A”, the loading phase, the temperature differs around 10 to 14
°C but follows the short term changes. This behaviour can be explained by
additional losses to the environment during the experiments which were not
considered. “Period B” is the unloading phase. The simulation results are
following the experimental results quite good till 13000 seconds but then they
begin to differ. This can also be explained by the losses which were not
considered during “Period A”. Another important result is that the simulation
also shows that not all wax was melt which is same result as in our
experiment. In this case even the same range (about 1/3 to ½ was melt) can
be identified.

6.2.3.3 Experiment 6
This is the second main case which was to be tested: all the wax was melted.
During the experiment this was checked manually and in the simulation this
was checked also. This was the last and only experiment when all parameters
(sun, optimized experimental setup) were good. The results can be seen in the
figure below:
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Fig. 93 Validation of simulation model with experiment 6

During the loading phase (“Period A”) the difference between simulation and
experiment is again 10 to 15 °C, but the main (rough) course does not differ
much. During Unloading (“Period B”) the two different outputs are nearly the
same, except for some degrees between 1.3 104 and 1.6 104 seconds.
Especially the unloading phase shows that the simulation is generally correct
and no major changes must be made to simulate the storage assembly.

6.2.3.4 Sources of errors
In this section possible sources of errors (experiment and simulation) are
discussed.
 Possible insufficient sealing of the box causes a loss of heat through
mass transport
 Connection of inner and outer metal box could lead to high conduction
and therefore losses to environment
 Opening of the box during experiment to check the status of the wax
 Measurement inaccuracies
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All these error sources could be responsible for one or the other incorrectness
or difference between experiment and simulation.
It is also very well possible that the simulation and the modelling were not
correct. Maybe many more section should have been applied or the behaviour
even approximated with Finite Differences. Through variation of parameters
can be checked, which of them are most sensible in respect of variation.
Those are the most difficult to approximate. This method has shown that
Fluiddynamics play a big role and it can well be that the assumptions and
enhancements made were not sufficient to describe the storage interior.

6.2.3.5 Summarized results of validation
Comparisons of experimental und simulation results show great correlations.
Even if some values differ the rough course can be prognosticated for other
systems and this was the aim of this simulation. If better experiments are
made and some subsystems are changed, the validation would get even better
and more precise forecasts can be made.

6.3 Summary and Conclusion of the simulation
The regular steps of a solid simulation have bee fulfilled: modelling,
implementation in simulation environment and validation with experimental
results.
Many possible models and enhancements were found and described to have a
profound base for a good decision and to give an overview for successors. As
implementation basis Matlab/Simulink was chosen because of its object
oriented system and its mighty toolboxes even if a special thermodynamic
toolbox was not available. A modular build up with clear and comprehensible
interfaces was selected during the implementation of the model to make it
easy for other persons to take this model as a basis for add-ups and to avoid a
long search for errors. Each module and subsystem was tested individually
and later connected to an entire system. (It might even be possible to add a
Finite Differences model into the simulation even when it was written in C++.)
The general discussion and the validation with the experiments show that the
simulation model is appropriate enough and delivers the expected functions
and graphs. Now it is possible to test new storage systems and their size, as
well as their effect on the application (dryer). With this simulation you can
make reliable statements about designs e.g. to realize the 24 hour operation.
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7 Summary and Conclusion of the project
“Development and market analysis for integration of a PCM storage in solar
drying systems” – results and outcomes:

7.1 Summary
Market analysis and literature research came to the conclusion, that a storage
system for solar drying installations can be useful and is demanded by the
customers of PEN in India. Responses to a questionnaire identify the process
temperature within 50-100°C (4.2.2 Responding). Research on phase change
materials offered the perspective, that in this temperature range, paraffin wax
would be the best solution regarding handling, durability and stability to realise
a storage (4.3.4 Summary and consequences). The disadvantage of paraffin
wax, its low value of thermal conductivity, must be compensated by
geometrical and other arrangements like conductivity enhancing metals.
Two extensive investigations were done:
What material is available in India at which costs (including transportation) and
how it could be integrated into a solar air heating system. Calculations showed
that for a prolonged drying time of 2,5 hours (a value derived from the
questionnaire) at least 60kg of wax would be needed under optimal conditions
for 8 m² collector area (4.5 Calculations). Concerning the purchase of the
PCM, manufacturers were contacted worldwide and transportation offers were
gathered (4.3.3 Decision, Financing and ordering). For the integration, all
options
regarding
physical
implementation
into
the
system
(integrated/separated architecture of the elements storage/collector) and
possible use-cases (possibilities/demand of thermal storage) were listed, rated
and discussed (4.4 Possible integration of the storage). Outcome of these
investigations were the decision for purchasing a paraffin wax with a melting
point 60°C at a local dealer (budget orientated decision) and the integration
will be realised in an external storage placed between the flat plate collector
and the drying chamber (4.6 Summary and concept decision).
Because of budget restraints, a prototype with only a few kg of wax was
constructed. Experiments with the prototype were executed under difficult
boundary conditions, but a proof of concept for storages with phase change
materials could be done and the results were detailed enough for a validation
of the simulation (5.3 Summary and Conclusion). An examination of different
simulation-tools and programs led to the choice of Matlab/Simlink as
simulation environment, main reasons were functionality, hardware restrictions
and program knowledge (6.2.1Simulation environments). The model describes
the external storage as series of sections; the first section gets its input
parameters (air-temperature, velocity, etc.) from the collector and delivers the
output for the next section. The outputs of the last section of the storage are
the parameters for the outgoing air (6.2.2 Matlab simulation). With the results
of the experiments, this model could be checked, so the simulation can be
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used to make predictions and statements for the aimed definitive storage or a
second test arrangement.

7.2 Conclusion
Integrating a PCM storage in solar drying systems is possible and can be
useful and profitable for the customers – the conclusion results from this
thesis. The validated simulation allows predicting the behaviour and efficiency
of storage systems and with the identified material – a paraffin wax with a
melting point of 60°C – a cost-efficient solution is given to realise a thermal
storage.
The assembly of the model is kept modular, which makes it easy to add
components like more detailed heat flux calculations or even to exchange the
plate geometry against another one (6.3 Summary and Conclusion).
A theoretical examination of a flow through sphere geometries is done, which
stands for an alternative encapsulation for plates, and can be used as
comprehensive basic for further simulation and/or experiments (6.1.2.2
Spheres).
A close-to-market and easy-to-handle output is an Excel-Sheet, which
calculates the necessary amount of wax under specification of the wished
prolonged drying time under assumption of a standard sunshine day [Appendix
2]. It gives also the maximal thickness of the wax-layer restricted through the
low thermal conductivity. With this orientation values, it is possible to calculate
the costs for the storage (~1 Euro/kg for the mentioned wax) against the
benefit of the prolonged drying time.

7.3 Comments
The goals before the project started in India were mainly reached. A profound
research created an excellent basis for the experimental and simulative part.
Behind this stood the aim to integrate PCM technology in solar air heating
devices to initiate a new field of implementation possibilities for those materials
as well as to integrate PCMs in thermal energy storage in India.
The experiments were hard to realise and demanded a high degree of
improvisation. Even when the boundary conditions in India were not good,
utilisable results were produced. With more money and time the outcome can
be taken to build a storage which can be implemented into the PEN drying
systems and tested on site.
The simulation worked even better than expected and very much was learned
about Thermodynamics, Fluiddynamics and modelling. A systematic
programming and implementation avoided major time losses. The comparison
with the experimental outcome showed that the simulation can be taken to
plan future experimental sites in India.
The product development and project management worked very well. Analytic,
creative and systematic methods were used to find solutions. The schedule set
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at the beginning was fulfilled: Till the last day at PEN everything that had to be
done in India was finished and even parts of the things that were planned for
Germany were already done.
If another student likes to continue the work on the field of PCM in India for
solar drying systems the signs are set. For advice these groups can contact us
any time. But next time the project should be planned entirely in Germany and
needed materials and tools should be brought to India to avoid difficulties.
Maybe key parts should be built in Germany and shipped to India because the
production facilities are not comparable to those in Munich.
To conclude we can truly say we learned to work in India by learning a lot
about the people, their culture and habits. We learned to work individually and
self-reliant, even in long-term projects with a not very precise conceptual
formulation. A return to India is sure!

-109-

Nomenclature


x, y, z [m] Cartesian coordinates
d ,s

[m] Distance

X

[-] Dimensionless distance

transfer coefficient


[W/m²K4] Stefan-BoltzmannConstant

coordinate


[W/mK] Conduction heat

[-] Dimensionless coordinate



[-] Emission coefficient

for phase change border



[W/m²K] Convection heat

A

[m²] Area

t

[s] Time



[-] Dimensionless time

transfer coefficient
k

[W/m²K] Heat transfer
coefficient

Ph

variable

[-] Characteristic phase
number

T

[°K] Temperature



[-] Dimensionless temperature

Nu

[-] Nusselt number

variable

Re

[-] Reynolds number

[m³] Differential Control

Pr

[-] Prandtl number

Volume

St

[-] Stanton number

V

[m³] Control Volume

kk

[-] Kozeny-Constant

m

[kg/s] Mass flux

d m

[m] Average canal diameter



[kg/m³] Density

i

[-] Number of iteration

Q

[Wh] Heat

R

[-] Resistance

Q

[W] Heat transfer rate

NTU [-] Heat exchanger coefficient

q

[W/m²] Heat flux

U

[J] Internal energy

H

[J] Latent heat

h

[Wh/kg] Specific latent heat

e

[m²/s²] Specific internal

T

[m²/m²] Tortuosity

energy



[Ns/m²] Fluid parameter of a

dV

p

[N/m] Pressure gradient

cp

[J/kgK] Specific heat at



[m³/m³] Porosity coefficient

w0

[m/s] Average pore velocity

 air

[m²/s] Cinematic viscosity of
air

Newton fluid
jH

constant pressure
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[-] Colburn factor

Indices (e.g. QWall )
unload

Unloading phase of the storage

load

Loading phase of the storage

in

Inlet flows or temperature of the storage

out

Outlet flows or temperature of the storage

outside

Outside of the storage (environment)



Environment or infinite

melt or Ph

In range of melting point

solid

Solid state of the PCM

liquid

Liquid state of the PCM

solar

Refers solar radiation

Wall

Limitation through physical border, e.g. encapsulation

storage

Inside the storage or referring to storage properties

collector

Refers to Flat plate collector

air

Streaming air

insulation

Insulation of the storage box

metal

Metal which is used to build storage box

PCM

Phase change material

border

Border of where phase change takes place

fluid

Fluid respectively air or liquid PCM

sphere

Referring to spheres in a heap

convection

Referring to the heat transfer phenomenon called convection

eff

Effective

i

Iteration steps

loss

Losses to the environment

total

Absolute or sum
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(7) Presentation Use-Cases/Implementation-possibilities: presentation_pal.ppt
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(9) Results: results quest.xls
(10) Datasheet Rubitherm wax RT65: latentwaermeparaffin_rt65_db.pdf
(11) Datasheet Rubitherm wax RT80: latentwaermeparaffin_rt80_db.pdf
(12) Offer SGL Carbon Group RT65/RT80: Klink_29.10._infiltr.Graphit.doc
(13) Offer transportation costs LH Cargo: Angebot LH CARGO.doc
(14) Output temperature PEN collector: T(out) collector.xls
(15) Data experiment 1: Versuch 1 Eiswürfeldinger.xls
(16) Data experiment 2: Versuch 2 Lunchboxdingens.xls
(17) Data experiment 3: Versuch 3 Eiswürfeldinger.xls
(18) Data experiment 4: Versuch 4 Lunchboxdingens.xls
(19) Data experiment 5: Versuch 5 Eiswürfeldinger.xls
(20) Data experiment 6: Versuch 6 Eiswürfeldinger.xls
(21) Working time Niko Huber & Nils Klink: schedule.xls
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