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Abstract 

 

In Europe, the industry sector constitutes 31 % of the global energy demand and among this, 20 to 50 % 
of the total energy input is lost as heat released to the atmosphere. In the meantime, the European 
Commission Energy Roadmap 2050 recognizes the essential role of energy storage in the process of 
decarbonisation of the European energy system.  

In line with these observations, the Energy Department of the Royal Institute of Technology (KTH) is 
testing and developing a project entitled Heat on Wheels. The basic principle of this project is to collect 
surplus heat of industry and to bring it to users – e.g. via a district heating network – using a phase change 
material (PCM) as an intermediate to store the energy and carry it from one point to another in a mobile 
thermal energy storage (M-TES) unit. 

 

 

This thesis takes part in testing the performances of Erythritol as a PCM storing and releasing energy in a 
prototype at KTH. The prototype consists of tube heat exchanger submerged in PCM. The HTF either 
melts the PCM (endothermic process) or freezes it (exothermic process). The M-TES storage density is 
around 178 kWh/m3. 

 

 

The results show a 2.50 times longer charging time and a 1.62 times longer discharging time with a halved 
HTF flow. Halving the HTF flow also leads to a 50 % decrease in power in the PCM over the whole 
charge process. The power received by the HTF during the whole process is halved when increasing the 
discharge HTF temperature by 33 %. The melting/freezing process of the PCM is dependent on the 
localization in the storage unit. Nevertheless, technical grade Erythritol seems to sustain repeated 
warming-cooling cycles, without noticeable storage degradation. 

The study also showed that with the proposed design, upscaling M-TES with a 700 % increase in length 
would result in an overall heat transfer coefficient multiply on average by 7 ensuring thus an even faster 
charge/discharge process. 

 

 

A recommendation for future work is to investigate how to homogenize the melting/freezing of the PCM 
in the heat exchanger, maybe by better spreading the HTF flow in between the pipes. It would also be 
advantageous to work on reducing the losses in between the charge and the discharge in order to keep as 
much energy as possible. Further studies on the impact of upscaling the laboratory prototype can also be 
conducted, taking into account different designs such as a larger pipe diameter for instance. 
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Abstrakt 

I Europa utgör industrisektorn 31% av den globala efterfrågan på energi och bland detta går 20 till 50% av 
den totala energiinmatningen förlorad när värme släpps ut i atmosfären. Samtidigt beskriver the 
”European Commission Energy Roadmap 2050” vilken viktig roll energilagring i processen för utfasning 
av fossila bränslen i det europeiska energisystemet har. 

I linje med dessa observationer testar och utvecklar energiavdelningen vid Kungliga Tekniska Högskolan 
(KTH) ett projekt med titeln Heat on Wheels. Grundprincipen för detta projekt är att samla spillvärme inom 
industrin och frakta den till användare - t.ex. via ett fjärrvärmenät – med hjälpa av ett fasväxlingsmaterial 
(PCM) som en mellanprodukt för att lagra energi och sedan ta den från en punkt till en annan i en mobil 
termisk energilagringsenhet (M-TES). 

 

 

Denna avhandling tar del i att testa utförandet av Erytritol som PCM-lagring och frigöra energi i en 
prototyp på KTH. Prototypen består av en tubvärmeväxlare nedsänkt i PCM. HTF:en antingen smälter 
PCM:t (endoterm process) eller fryser det (exoterm process). M-TES lagringskapacitet är ca 178 kWh/m3. 

 

 

Resultaten visar en 2,50 gånger längre laddningstid och en 1,62 gånger längre urladdningstid med ett 
halverat HTF-flöde. Att halvera HTF-flödet leder också till en 50% minskning av effekten i PCM över 
hela laddningsprocessen. Kraften mottagen av HTF:en under hela processen halveras då urladdnings-
HTF-temperaturen ökar med 33%. Smält/frysprocessen av PCM är beroende av lokaliseringen i 
lagringsenheten. Icke desto mindre förefaller Erytritol av teknisk kvalitet kunna upprätthålla upprepade 
uppvärmnings-och kylnings-cykler, utan märkbart försämrad lagring. 

Studien visade också att med den föreslagna utformningen skulle uppskalning M-TES med en 700% 
ökning i längd resultera i en total värmeöverföringskoefficient multiplicerad med 7, vilket därmed 
säkerställer en ännu snabbare process laddning/urladdning. 

 

 

 

En rekommendation för framtida arbete är att undersöka hur man kan homogenisera smältning/frysning 
av PCM i värmeväxlaren, kanske genom att bättre sprida HTF-flödet mellan rören. Det skulle också vara 
fördelaktigt att arbeta med att minska förlusterna i mellan laddningen och urladdningen för att behålla så 
mycket energi som möjligt. Ytterligare studier om effekterna av uppskalning av laboratorieprototypen kan 
också utföras, med hänsyn till olika konstruktioner såsom en större rördiameter till exempel. 
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Nomenclature 

 

a thermal diffusivity (m²/s)  
A  area (m²) 
cP  specific heat (J/kgK) 
d  diameter (m) 
d’  diameter (m) 
dt  time step (s) 
dT  temperature difference (°C or K) 
D  diameter (m) 
g gravitational force (m/s²) 
h  convective coefficient (W/m²K) 
Δh  latent heat (J/kg) 
H  height (m) 
L  length (m) 
m  mass (kg) 
m’  mass (m) 
��   mass flow (kg/s) 
M  mass (kg) 
P  percentage (-) �  energy (J) 
��  energy (J) 
��� energy (J) 

��   power (W) 
r  radius (m) 
R  resistance (K/W) 
t  time (s) 
T  temperature (°C or K) 
U  heat transfer coefficient (W/m²K) 
V  volume (m3) 
v  volume (m3) 
v�   flow (m3/s)  
 
 
Symbols 

A  period lower limit (-) 
b  temperature range parameter (-) 
B  period upper limit (-) 
C  parameter (-) 
D  Dirac delta function (-) 
N  number (-) 
Nu  Nusselt number (-) 
Pr  Prandtl number (-) 
Ra  Rayleigh number (-) 
Re  Reynolds number (-) 
x  ratio  (-) 
Y  reduction factor (-) 
∞ far from the wall (-) 

Greek letters 

β thermal expansion (1/K or 1/°C) 
γ  ratio (-) 
Δ difference 
λ  thermal conductivity (W/mK) 
µ  dynamic viscosity (Pa s) 
ν  kinematic viscosity (m²/s) 
ρ  density (kg/m3) 
 
 
Subscripts and superscripts 

cond  conductive 
conv  convective 
D  characteristic diameter 
F  final 
fluid  fluid  
fs  fullscale 
HTF  heat transfer fluid 
i  time moment 
in  inlet 
inn inner 
l  liquid 
lab  laboratory 
LM logarithm mean  
m  melting 
mean  mean temperature 
o  outer 
out  outlet 
PC  phase change 
PCM  phase change material 
pipes pipes 
s  solid 
S  sensor 
wall  wall  
 
 
Abbreviations 

HTF  heat transfer fluid 
LHTES latent heat thermal energy storage  
M-TES  mobile thermal energy storage 
PCM  phase change material 
SHS  sensible heat storage 
SHTES sensible heat thermal energy storage 
TES  thermal energy storage 
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1 Introduction 

 

This thesis aims to help the Energy Department of the Royal Institute of Technology to test and develop 
a project entitled Heat on Wheels. This concept has for basic principle to collect the lost heat of an industry 
and to bring it to users – e.g. via a district heating network – using a phase change material (PCM) as an 
intermediate to store the energy and carry it from one point to another in a mobile thermal energy storage 
(M-TES) unit. 

 

1.1 Background of the project 

 
Nowadays, when energy saving is a main issue in our society, Heat on Wheels proposes a solution to avoid 
wasted energy as well as a way to thermally store energy. One should know that in Europe, the industry 
sector constitutes 31 % of the global energy demand and among this, 20 to 50 % of the total energy input 
is lost as heat released to the atmosphere (Chiu et al., 2015). 

For this project, a studied possibility would be to collect the produced heat from an industry settled in 
Gävle and to deliver it to three different cities: Hedesunda, Forsbacka and Söderfors in order to provide 
their district heating networks for spaces heating and hot water supplying (Chiu NWJ. and Martin V., 
2015).  

Thus, at the heat source (the industry), the surplus heat would circulate through a shell and tube heat 
exchanger and the PCM, previously filled in between the tubes, melts. The heat exchanger, full of melted 
PCM is then transported (by train, truck…) to a user needing energy. The consumer can thus collect heat 
from freezing of PCM thanks to a colder fluid circulating in the heat exchanger.  

 

1.2 Literature review 

 
The paragraphs below aim to present an overview of the current knowledge regarding energy storage 
globally, but more especially regarding latent heat thermal energy storage and the components involved in 
this storage mean. The recent researches about M-TES are also addressed. 

1.2.1 Energy storage stakes and challenges 

Energy storage has been used for many years and is not quite new but it is still being developed nowadays. 
Several associations have been created to promote energy storage such as the European Association for 
Energy Storage or the Energy Storage Association. 
  
As stated by the International Energy Agency (2016), energy storage allows the consumers to obtain 
energy when and where they want, and not only when available at the source. It is also a solution to avoid 
wasting energy if not used at the exact moment when being produced. With the growing desire of using 
renewable energy sources for example, energy storage keeps being relevant since these sources are highly 
variable and, most of the time, unpredictable, preventing a perfect match between the sources and the 
demand, thus leading to energy waste. But energy from renewable sources is not the only target. Indeed, 
with efficient and economically feasible storage systems, all kind of wasted energy could be stored to be 
used later on or by another user. Besides, the European Commission Energy Roadmap 2050 recognized 
the essential role of energy storage in the process of decarbonisation of the European energy system. 
(Zhang, H. et al., 2016)  
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1.2.2 Energy storage classification 

Numerous energy storage systems are known, some of them already widely used, some other at a 
development stage. They can be classified according to the method of storage involved in the system 
(Dinçer, İ. and Rosen, M. A., 2010): 

- chemical (e.g. batteries, hydrogen cycle), 
- mechanical (e.g. fly-wheels and compressed air), 
- magnetic 
- electrical (e.g. super-capacitors), 
- biological  
- thermal  

The latter being the one considered in this report, it is further developed below.  

 

1.2.3 Thermal energy storage 

Thermal energy storage (TES) can be divided into the following main categories: sensible heat storage 
(SHTES), latent heat storage (LHTES) and thermo-chemical based storage.  

 
Sensible heat storage principle is to modify the temperature of a storage media which thus stores an 
amount of energy Q proportional to the difference of the storage media initial and final temperature, TI 
and TF in K, its heat capacity cP in J/kg.K and mass, m in kg (equation 1.1): 

� = � �. 	
 . ���� = �. 	
 . (�� − ��)                                            (1.1) 

 
The SHTES is characterized by the change in temperature which does not lead to a phase change of the 
storage media. For this reason, all different kinds of storage medium can be used such as water, oil, sand 
(Dinçer, İ. and Rosen, M. A., 2010), cast steel or again concrete (Likhendra, P. and Muthukumar, P., 
2013). 
 

Space heating (Lee, A.H.W. and Jones, J.W., 1996), solar thermal power plant (Likhendra P. and 
Muthukumar, P., 2013) or district heating/cooling (Gadd, H. and Werner, S., 2015) are examples of fields 
using SHTES systems. 

 
Conversely, LHTES does imply a phase change or change of state of the storage media when its 
temperature changes. The storage media is thus called a PCM. The changes of state which can be involved 
are solid to solid, solid to liquid, liquid to vapour or solid to vapour. The most commonly used phase 
change is solid to liquid which implies smaller variation in volume than solid/liquid to vapour 
transformation and greater energy storage density than that of solid/solid. (Chiu, J., 2011) 
 
For a given media, LHTES usually allows storing more energy than SHTES (Dinçer, İ. and Rosen, M. A., 
2010) because of its higher storage density and also presents the advantage of a roughly steady 
temperature during the phase change (Chiu, J., 2011). This phenomenon is schematically represented on 
figure 1 below to show how LHTES allows storing more energy than SHTES. The capacity stored in 
LHTES system involving solid/liquid transition is given by equation (1.2) where Tm is the PCM melting 
temperature, ∆h the latent heat in J/kg and cP,s and cP,l the PCM heat capacities of respectively the solid 
and liquid states. This is the latent heat which allows obtaining better energy storage density with LHTES 
than with SHTES. 

� = � �. 	
,�. ���� +�. ∆ℎ + � �. 	
,� . ���� = �. �	
,� × (�� − ��) + ∆ℎ + 	
,� × (�� − ��)�  (1.2) 
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Figure 1: Comparison between theoretical SHTES and theoretical LHTES, adapted from (Clark, E., 2014) 

 

Three major components, excluding the heat source and the heat sink, are necessary to any LHTES 
system (Dinçer, İ. and Rosen, M. A., 2010):  

- A PCM, as previously mentioned, which presents a phase change at the desired operating 
temperature, in which the surplus heat is stored as latent heat 

- A container for the PCM 
- A surface through which the heat transfer can occur from the heat source to the PCM and then 

from the PCM to the heat receiver 

 

Container and heat transfer surface 

The shape of the container as well as the type of transfer surface can influence the efficiency of the heat 
transfer and are thus a topic of research. 
As far as the heat transfer surface is concerned, two main configurations can be distinguished: the direct 
contact heat exchanger (Nomura, T. et al., 2013) and the indirect contact heat exchanger (Guo, S. et al., 
2015). The former means that the PCM and the heat source (usually a circulating fluid) are in direct 
contact inside the container, no material surface separates them. This kind of container can for instance 
decrease the cost of transport because of a reduced weight (Wang, W. et al., 2013). The latter, conversely, 
is composed of two different compartments, one for the PCM, the other one for the heat source. This 
configuration enables to implement heat transfer enhancement methods more easily (Wang, W. et al., 
2013). According to a comparative research, a direct contact container seems to allow faster 
charging/discharging processes than indirect container (Wang, W. et al., 2013). 
As for the shape of the container, it can be rectangular (El Qarnia, H., 2003), cylindrical (Wang, W. et al., 
2014), spherical, of annular cavities (in the case of indirect contact) and it can be oriented either vertically 
or horizontally. Dhaidan and Khodadadi (2014) present a review of the PCM melting process in these 
different container shapes. 

Moreover, demonstrations have been made in LHTES improvement thanks to specificity added to 
common container shapes. For instance, adding fins on the pipe in which the HTF circulates increases the 
charging and discharging rates over a same period of time. These fins can be of simple geometry 
(Almsater, S. et al., 2015) or more complex, with bifurcations (Sciacovelli, A. et al., 2014). 
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The melting process in shell and tube heat exchangers, close from the one used in the experiments for the 
Heat on Wheels project, are related to melting process in annular cavities container. The PCM is stored in 
the annular part while the HTF circulates in the tubes which are disposed inside the annular cavity. 
Researches considering only one tube inside the annular cavity have demonstrated that the melting 
process in the top part of the container is dominated by convection whereas conductive heat transfer is 
mainly involved in the bottom part. As a consequence, the PCM in the top part melts faster than the 
bottom part. Also, by increasing the distance between the bottom of the container and the centre of the 
tube, the melting process decreases. (Dhaidan, N.S. and Khodadadi, J.M., 2014) 

 

However, it is foremost important to select an appropriate PCM with properties that are relevant for the 
LHTES application in order to ensure an efficient heat transfer. Some further information regarding PCM 
is given in the next paragraphs. 
 

Phase Change Material  

During the charging process (when the energy is transferred from the heat source to the PCM), the PCM 
stores energy firstly as sensible heat until the temperature reaches its phase change temperature. Then 
latent heat storage is involved. The more latent heat the PCM can hold, the longer heat storage at 
relatively steady temperature is secured. Then, if the temperature is still increased and the PCM phase has 
completely changed, sensible heat storage mechanism is started again. The reverse process happens during 
the discharging step, when the PCM releases energy to a cooler heat sink (usually another fluid). 
 
Figure 2 below represents one cycle considering the solid to liquid phase transition (the one involved in 
the Heat on Wheels project): the PCM melts during the charging process and freezes during the discharging 
process. It has to be mentioned that melting and freezing temperatures are not always the same for a given 
PCM. This is for example the case for Hexitol, Catechol, Polyethylene glycol (Gunasekara, S. N. et al., 
2016) or salt. Moreover, usually, the phase change occurs during a range of temperature and not a fixed 
temperature (Gunasekara, S. N. et al., 2016; Xing, J. et al, 2014). 

 

Figure 2: Theoretical latent heat curve for solid/liquid phase transition, adapted from Sutterlin, W. R., 2014 

Having a high latent heat storage capacity is an important characteristic for a PCM but it is not the only 
one. Indeed, from a thermo-physical point of view, the higher the PCM thermal conductivity for both 
phases, the faster it is to carry out the charging and discharging processes within the limited time period. 
In addition, a high latent heat per unit volume is also an interesting property for storing large amounts of 
energy per amounts of PCM. Conversely, the change in volume, as well as the vapour pressure, has to be 
as low as possible to avoid volume change issues with the container. Regarding the chemical properties, 
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the PCM should be non-flammable, non-toxic, non-explosive, chemically stable on the long-term, non-
polluting and non-corrosive with the container and the enclosure. Finally, considering the economic 
feasibility, a PCM which can be produced at a large scale for low cost is obviously preferable. (Shukla, A. 
et al., 2015; Waqas A. and Ud Din, Z., 2012; Zalba, B. et al., 2022) 

 
PCMs can be classified in different categories: organic, inorganic and eutectic PCMs. The latter category is 
a mixture of organic and/or inorganic compounds. PCM categories and their sub-categories are shown in 
figure 3 while table 1 exposes their advantages and drawbacks. 

 

 

Figure 3: Classification of PCM with examples of PCM, adapted from Nomura, T. et al., 2010 

 

 Organic Inorganic Eutectic 

Pros - Low cost (120€/kWh) [Ribberink, 
2009] 
- Self-nucleating 
- Chemically inert and stable 
- No phase segregation 
- Recyclable 
- Available in large temperature 
range 
 

- Moderate cost (130€/kWh) 
[Julin, 2008; Ure, 2008] 
- High volumetric storage 
density (180-300 MJ/m3) 
- Higher thermal conductivity 
(0.6 W/mK) 
- Non-flammable 
- Low volume change 

- Sharp melting point 

- High volumetric 
storage density 

Cons - Flammable 
- Low thermal conductivity (0.2 
W/mK) 
- Low volumetric storage density 
(90-200 MJ/m3) 

- Sub cooling1 
- Phase segregation 
- Corrosion of containment 
material 

- Limited availability 

Table 1: Advantages and drawbacks of PCM categories, Chiu, J., 2011 

                                                      
1 Sub-cooling means that even though the PCM is cooled down below its melting temperature, it does not freeze. 
This phenomenon is not desired since it enlarges the operating temperature range and implies a lower supply 
temperature (Huang, L. et al., 2010)  
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A large number of PCMs exists and have been studied in an immeasurable number of articles. Some 
examples of PCMs are given in figure 3 and plenty of materials are favourable to PCM utilization (Zalba, 
B. et al., 2022), but considering that Erythritol is the PCM used in the Heat on Wheels project, further 
details are only developed for this material.  
 

Erythritol 

Erythritol, C4H6(OH)4, is a natural, non-toxic and safe polyol (poly alcohol / sugar alcohol) which is 
widely used as a sugar substitute (Mitchell, H. ed. 2006) for low calorie food and beverages but which also 
finds applications in pharmaceutical and cosmetic fields (Europe Association of Polyol Producers). 
Relatively recently, it has emerged as an interesting material to be used in LHTES as PCM. It is a non-
paraffinic organic component which is compatible with metals. As a pure polyol, Erythritol production is 
relatively expensive but a carbohydrates hydrogenation method could allow a large-scale production and 
therefore reduce its price. (Gunasekara, S. N. et al., 2014) 

According to its temperature-history, Erythritol exhibits a melting temperature range from 117 °C to 
121 °C and a subcooling of around 20 °C when freezing, but no glass transition unlike other polyols such 
as Xylitol (Gunasekara, S. N. et al., 2014). This is an important characteristic to select Erythritol as a PCM 
since glass transition is not an interesting phenomenon replacing “the expected phase change (…) by a 
continuous cooling over a wide temperature range” (Gunasekara, S. N. et al., 2016).  
The literature gives a melting enthalpy of Erythritol of 314 kJ/kg – which is close from melting enthalpy 
of ice – but experimental researches on Erythritol as a PCM have shown lower values. Indeed, five heating 
+ cooling cycles and one more heating cycle were realized and the average melting enthalpy for all the 
cycles was 264 kJ/kg. Moreover, the phase change temperature has also changed after the heating/cooling 
cycles, decreasing to 105 – 108 °C and the final liquid compound was brown and of higher viscosity, 
solidifying in a brown material, far from the initial white powder. A possible mentioned explanation is a 
thermal degradation of Erythritol such as oxidation at high temperatures. (Gunasekara, S. N. et al., 2016) 

Table 2 below gathers the properties of Erythritol, both found in literature and after the aforementioned 
experiments. 

Erythritol 

Melting 

temperature 

range (°C) 

Melting 

enthalpy 

(kJ/kg) 

Sub-cooling 

(°C) 

Volume 

expansion 

(%) 

Literature 118 - 121 314 unfound 10 

After several heating + 

cooling cycles /* average 

value over the cycles 

105 - 108 264 * 20 Non studied 

Table 2: Characteristics of Erythritol as PCM  

As previously mentioned, Erythritol has been subjected to several researches already as a potential PCM 
for LHTES and was revealed as a really good candidate (Gunasekara, S. N. et al., 2014; Gunasekara, S. N. 
et al., 2016; Kaizawa, A. et al., 2006). But it has also already been used in application researches. For 
instance, to operate a LiBr/H20 absorption cooling system, a LHTES system has been studied with 
Erythritol confined in a concentric annulus container augmented with fins on the shell side (Agyenim F. et 
al., 2010). The performances of the PCM have been considered in this precise configuration while being 
subjected to different mass flows and inlet heat fluid source temperature. 

Erythritol has been the PCM used in several studies involving direct contact heat exchanger (Nomura, T. 
et al., 2012; Horibe, A. et al., 2014; Kaizawa, A. et al., 2007; Guo, S. et al., 2013; Wang, W. et al., 2014; 
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Nomura, T. et al., 2013) as well as for the already mentioned research comparing direct and indirect 
contact containers (Wang, W. et al., 2013).  

Overall, LHTES systems are involved in various fields such as solar power plant (Fornarelli, F. et al, 
2015); building materials, in order to decrease temperature fluctuation and improving building energy 
efficiency (Cabeza, L.F. et al, 2010; Tyagi V.V. et al, 2010); household water heater (Lindberg, F., 2015; De 
Gracia, A. et al, 2011) or again space heating (Belz, K. et al, 2015). But relatively recently, a new field of 
application has emerged, namely the industry waste heat recovery (Fernandez, A.I. et al., 2015; Nomura, 
T. et al., 2010), on which all researchers agree to say that it is a new application to be taken into account 
for the future energy consumption scenario. What is interesting in using LHTES with waste heat, is that 
the heat can be distributed either on the actual site where the heat is first lost (in another part of the 
industry process for example), or it can be transported, thanks to the energy storing PCM inside the 
container, to another energy user, far from the industry site. This principle, called mobile LHTES or again 
M-TES is really recent and at the beginning of its development. 

 

1.2.4 Mobile Thermal Energy Storage 

As previously mentioned, M-TES allows to transport the stored energy to another place where it will be 
used. This development of the energy storage is relatively recent and few articles have been found or 
accessed on the subject. Nevertheless, a M-TES system is already commercialized in Germany by the 
company LaTherm (LaTherm, 2014). 17 m3 of sodium acetate is used as PCM and stored in a 
6.08x2.44x2.60 shipping container. Table 3 below presents the characteristics of the M-TES they currently 
commercialize.  

 
Temperature 

charge/discharge 
Energy (MWh) 

100 °C / 30 °C 2.5 

100 °C / 40 °C 2.3 

90 °C / 40 °C 2.1 

Performance while melting (kW) 

Charging 90 °C / 65 °C 250 

Discharging 48 °C / 38 °C 125 

Table 3: Characteristics of LaTherm M-TES (Latherm, 2014) 

It is said that the M-TES has proved be advantageous on a commercial point of point compared to piped 
municipal district heating but also to guarantee a stable price and not requiring high investments.  

Indeed, M-TES have to be efficient but also economically more interesting than other energy supply 
medium in order to allow this system to be viable. Different parameters have to be taken into account in 
order to determine the techno-economic feasibility of a M-TES, such as (Chiu, NWJ. and Martin, V., 
2015):  

• The energy charge/discharge process: full storage of the total discharge capacity; two-third 
storage of the discharge capacity and one-third storage of the discharge capacity; 

• The transportation modes: maritime, road and railway; 

• The costs (including PCM, heat exchanger and tank, auxiliary component, charging/discharging 
substation connections, transportation costs, operation and maintenance); 

• The payback period 
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Regarding the M-TES of the Heat on Wheels project some studies have already been done especially about 
the techno-economic feasibility of the project by considering a case study. It has been demonstrated that 
the best operating scenario for the considered case study would be to transport the stored heat by 
maritime means or with a partially charged/discharged operating mode (2/3 of the storage discharge 
capacity) during peak demand period. This scenario guarantees the best breakeven retailing price as well as 
a good compromise between charge/discharge cycle time and the number of M-TES units for this case 
study. (Chiu, NWJ. and Martin, V., 2015)   

 

1.3 Presentation of the Test Bench setup 

 
The prototype of Heat on Wheels has already been built and subjected to preliminary works from a bachelor 
thesis student group (Laestender et al., 2015). A heat transfer fluid (HTF) has been chosen in order to 
simulate the heat source (surplus heat of an industry).  

The setup consisted of one main circuit and three additional circuits. 

The main circuit is composed of a reservoir, a pump and a shell-and-tube heat exchanger (tank). The HTF 
is pumped from the reservoir to the tubes of the latter. A flow meter is settled between the HTF outlet of 
the tank and the reservoir. The HTF temperature is known into the reservoir as well as at the inlet and 
outlet tube-side of the heat exchanger thanks to temperature sensors. The shell side of the heat exchanger 
is already filled in with the PCM, Erythritol, chosen for its heat density and suitable melting temperature 
for district heating applications. Eight supplementary thermocouples (number from 203 to 210) are 
disposed around the heat exchanger and can penetrate more or less deeper in the heat exchanger in order 
to be able to measure the PCM temperature all along the radius. 

 

Each and every thermocouple of the setup sends the information to the computer via a temperature data 
logger.  

The HTF in the reservoir can be heated up or cooled down thanks to the three additional circuits. 

For the heating phase, two identical circuits are involved, composed of a HTF bath which heats up the 
HTF and pumps it through a copper coil immerged in the reservoir of the main circuit. The desired 
temperature of these circuits is directly set on the HTF bath. A screen on the latter allows knowing the 
temperature of the fluid in the bath at every moment. 
In order to cool down the HTF, the previous circuits are used as well, by setting the HTF bath 
temperature at a lower temperature than the reservoir HTF temperature. Once the reservoir HTF 
temperature below 100 °C, the third circuit in which water from a sink circulates can be used to speed up 
the cooling. This third circuit is composed of a copper coil also immerged in the HTF reservoir. 

The equipments (heat exchanger, hoses, reservoir) are insulated with an Armaflex insulation material of 3 
to 6 cm.  

Figure 5 and picture 1 below are respectively a schematic and a picture of the above described setup.  
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Figure 4: Schematic of the test bench's setup. “Oil” represents “HTF”. 
(Laestender et al., 2015) 

 

 

Picture 1: Experimental setup 
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Preliminary work on experimentations 

 
This bachelor thesis work has led to state the operation plan to follow when performing the tests on the 
prototype as well as the safety instructions. Both can be found in appendix 1 and 2 respectively.  
 

One of the main tools to conduct the prototype performance test is thermocouples which need to be 
calibrated before performing the tests. This task has been done by Laestender et al. (2015) as well, along 
with the determination of the temperature sensor positions in order to be able to measure the temperature 
at different depth in the heat exchanger’s shell side. A schematic of the heat exchanger cross section is 
shown in figure 4 below. The results for the calibration and the positions are presented in appendix 3. 
 
 

 

Figure 5: Positioning of thermocouples 
(Laestender et al., 2015) 

 

The ultimate task to get the setup ready for experimentations is to fill in the heat exchanger with the PCM. 
The volume of the heat exchanger on the PCM side is around 44.4 L. 10 % of this volume has been 
decided to be left empty because of the expansion of Erythritol during the melting process. Thus 40 L has 
to be filled in. Knowing that the PCM density is 1.45 g/cm3, it has been calculated by the Bachelor thesis 
group that 58 kg of PCM must be poured in the heat exchanger. For this purpose, two methods have been 
used:  

1- Filling in the heat exchanger with solid crystalline PCM before running the setup to make it melt 
to spread it all along the tank 

2- Filling in the heat exchanger with solid crystalline PCM and then tipping it using the overhead 
crane.  

According to the work report, this task has appeared to be more arduous than expected regarding the 
spreading of PCM in the whole shell-side volume but has nevertheless been accomplished and the setup 
was considered ready for experiments.  
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2 Objectives 

Two problems had to be managed in this project. The first one to be solved was directly linked to the 
setup whereas the second one aspires to achieve new research for the project regarding the PCM 
performances to store energy. 

 

2.1 Managing deteriorated HTF 

 
For the PCM filling-in phase, the whole setup had been run three times. During the third time, the 
reservoir HTF was unsuccessfully heated up, although the process was the same than the two previous 
fruitful tests. Despite seven hours of running, the HTF temperature never reached the desired 
temperature of 130 °C whereas for the two previous tests, this temperature was reached in around two 
hours.  

The HTF in the circuits actually turned out to have deteriorated: the colour was now dark brown instead 
of the initial clear yellow, and a black deposit covered the walls of the baths. The fact of deterioration 
could explain why it was then impossible to warm the HTF above a certain temperature. 

The first task was thus to find out and eliminate the cause of this phenomenon in order to have a ready-
to-work test bench to lead further research on the PCM.  

 

2.2 Analysing M-TES performance 

 
The second and main objective was to consider the PCM and to evaluate its performance, which means 
knowing how the chosen PCM (Erythritol) behaves, both when it is charged with energy coming from a 
hot fluid and when the energy is discharged to a colder fluid. It is essential to know how fast and much 
energy is stored in the PCM thanks to the latent heat and how much energy it is possible to extract while 
freezing the PCM.  

 

 

3 Methodology 

3.1 Project planning 

 
An initial schedule was established for the five months of work on this project. The realization time of the 
first objective being somehow difficult to determine (several unknowns such as: time to find the cause of 
the damaged HTF, time to handle it, time of delivery if some orders have to be done, …), a non-negligible 
period was assigned to this task. The remaining time has been fully planned for the second objective: two 
months were devoted to experimentations, followed with the analysis of the obtained results. Moreover, 
throughout most of the five months, a bibliographical research work was scheduled, as well as the 
redaction of this report. A visual version of the whole timetable is shown in appendix 4.   
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3.2 Cause and elimination of deteriorated HTF  

 
The first step was to list all the factors which could be responsible for the HTF degradation. Then, each 
one of these possible factors had to be tested on a sample of clean HTF in the same conditions that it was 
used during the three first experiments.  

Here are the possible factors responsible for the HTF degradation that have been thinking of:  

� The presence of rubber hoses in which the HTF circulates between the HTF baths and the 
copper coil: the hot HTF might have dissolved the rubber, causing the dark colour as well as the 
deposit. Objection: the reservoir HTF is not in contact with the rubber so this option doesn’t 
explain the dark-coloured fluid in the reservoir 

� The HTF at high temperature might have reacted with the copper of the coils 
� The HTF at high temperature might have been oxidized with the oxygen of the air  

Regarding the rubber hose possibility, the observation and comparison of a piece of used and unused hose 
are enough to make a decision.  
In order to test the two other factors, two beakers were filled in with clean HTF and a piece of copper is 
immerged in one of them. The two beakers are then placed in the oven at the desired temperature of 
155 °C (highest temperature used in the HTF baths) for approximately 40 hours (corresponding to the 
time the HTF has been used before noticing the fluid deterioration). 
 

Thanks to the tests, the reason for the HTF to have been damaged could be determined (if not, then 
another factor is responsible for it and has to be found out). Depending on the result, several action plans 
can be distinguished: 

• The HTF degradation is due to (an) inappropriate component(s) in the circuits � replace the 
involved component(s) by another, suitable for the experiment. All the criteria for the 
component(s) to be relevant for the experiment should be determined and have to be met when 
the new one(s) will be chosen. This step can require either the help of the technicians in the 
laboratory or contacting several professionals to help selecting the appropriate component(s) but 
also, in the case of contacting companies, to have different price offers. 

• The HTF itself is not suitable for the experiment � replace the HTF by another type of HTF. 
Here too, the criteria that the HTF has to meet should be listed to help to select the new one. As 
in the previous case, this step can require contacting several professionals to help selecting the 
appropriate HTF but also to have different price offers. It would be important to test a sample of 
the newly selected HTF to be sure it is suitable. To do so, two beakers would be placed in the 
oven and warmed up to 155 °C for at least three days, one of the beakers containing a piece of 
copper. Then the beakers would be cooled down and warmed up again for one day. Finally the 
HTF in the two beakers is visually compared to a swatch (non-warmed up sample).  

In both situations each components of the circuits will need to be cleaned to eliminate the old HTF 
before running the setup with a clean HTF. While some components are relatively easy to clean (manual 
cleaning after draining for the HTF baths and reservoir for instance) some others require deeper reflexion, 
such as the coils but especially the heat exchanger. The shell side of the latter being already filled in with 
PCM the cleaning of the tubes has to be handled without opening the heat exchanger if possible. Thus a 
“home-made” method was considered which consists of flushing out the remaining old HTF with a mix 
of water and detergent with a pump. The liquid at the outlet (containing water, detergent and HTF) is then 
stored in a separated bucket to be recycled. The inlet would be at the bottom of the heat exchanger, 
whereas the outlet at the top. Several runs would be conducted, letting time in between for the HTF to 
migrate at the surface of the liquid in the tubes and thus having more chances to be taken out when 
running the pump. Then, the heat exchanger would need to be completely dry before running it with the 
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new HTF. For this purpose, pressurized air (around 2 bars) would be supplied into the heat exchanger 
tubes over a long period of time (several days) to be sure that all the water has been removed.  

 

3.3 M-TES performance testing 

3.3.1 Defining the parameter values to be tested 

The PCM performances during both energy charging and discharging processes have to be tested and 
mapped out with a HTF circulating under different conditions. The two main factors which could 
influence the energy transfer are the temperature and the flow rate of the HTF which circulates in the heat 
exchanger tubes. Thus, these parameters were changed for both the charging process (when the HTF is 
warmed up thanks to the two additional circuits) and the discharging process (when the HTF in the 
reservoir is cooled down with the additional water circuit), considering the potential utilisation of this 
project (recovering the lost heat from an industry to supplying a heating district network) but also what is 
already done in terms of M-TES. 

Knowing that the lost heat from the industry, regardless of its state (liquid or gas) has a temperature of 
around 130 °C, this temperature was chosen for each and every charge process. The working condition 
for a district heating network relies on the season: inlet flow (which needs to be warmed up) from 45 °C 
in winter and 30 °C in summer. It was thus decided to test these two temperatures for the HTF during the 
discharge process.  
To choose the HTF flow, already existing M-TES have been looked into. As mentioned previously, a M-
TES system using sodium acetate is currently commercialized in Germany by the company LaTherm, 
which states on its website (LaTherm, 2014) that during the melting, the flow is 180 L/min. By analogy to 
this system and by adapting it to the down-scale prototype studied in this work (the details of the study 
can be found in appendix 5), three values of flow were decided to be tested: 3.00 L/min, 2.50 L/min and 
1.25 L/min. This flow range, once aligned on a real scale tank, is purposely wider than the flow used by 
LaTherm. Indeed, the flow for this laboratory scale M-TES prototype corresponding to the full scale that 
LaTherm is using would be 1.50 L/min. 

 

3.3.2 Experimental design and calculations 

For each and every experiment, the temperature recording system was started at the same time as the HTF 
baths, which began to warm up the reservoir HTF up to 130 °C. When this temperature was reached, the 
pump was started and the HTF circulated in the heat exchanger at the design flow. Once the Erythritol 
was considered melted (PCM temperature approximately above 122 °C), the pump was stopped, as well as 
the HTF baths if the discharge was not performed. When the discharge was performed, once the pump 
stopped, the reservoir HTF was first cooled down thanks to the HTF baths until the temperature 
decreased below 100 °C. Then the water circuit was started to cool down the HTF in the reservoir at the 
desired temperature to be able to start the pump again for the discharging process. The experiment ended 
when the Erythritol reaches approximately the temperature of the inlet HTF. Then, pump, HTF baths and 
the temperature recording system were stopped. 
The recorded temperatures were modified according to the calibration of the sensors presented in 
appendix 3, thanks to a linear regression of which formulas are presented in appendix 6.   

 

Overall, ten charges and seven discharges were realised with different conditions. Table 4 below 
summarizes the working conditions of each experiment. The first experiments are run several times with 
the same working conditions in order to test the repetitiveness of the results. 
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(°C) 

Charge: 

HTF 

folw 

(L/min) 

Discharge: 

HTF 

temperature 

(L/min) 

Discharge: 

HTF  

flow 

(L/miin) 

1 130 2.50 No discharge 

2 130 2.50 No discharge 

3 130 2.50 Non considered discharge 

4 130 2.50 45 2.50 

5 130 2.50 45 2.50 

6 130 2.50 No discharge 

7 130 3.0 30 2.50 

8 130 2.50 30 2.50 

9 130 1.25 No discharge 

10 Non considered charge 45 1.25 

11 130 2.50 60 2.50 

Table 4: Working conditions for every experiments 

 

In order to analyse the results of the experiments, several calculations have been done regarding the 
exchanged energy between the HTF and the PCM. 

Two ways allow calculating the global exchanged energy between the two materials: via the inlet and outlet 
HTF temperature and via the PCM temperature.  
For the former, equation (3.1) developed in equation (3.2) has been used to calculate the energy QHTF, v�  
being the HTF flow; ρTmeanHTF and cpTmeanHTF respectively the density and the heat capacity of the HTF 
taken at the mean temperature of inlet and outlet HTF at time i and Tin,i and Tout,i the inlet and outlet HTF 
temperatures at time i. 

� � =	∑ � Q�  �$%&'$% �()*+)*,        (3.1) 

 

� � =	∑ � ρ./012345 × v� × c7	./012,8345 × (T82,8 − T:;<,8)$%&'$% �()*+)*,                                    (3.2) 

Considering the PCM-temperature way of calculating the global exchange energy, equations (3.3) and (3.4) 
have been applied. Qi’’PCM is the energy calculated for half of the mass of the PCM in the tank, which is 
the left part of the symmetry plane AA on figure 6a) further down. Indeed, the positions of the sensors 
allow considering such a symmetry axis for the energy calculations. mS is the mass of PCM surrounding 
the sensor S (S can be 203; 204; 205; 206; 207; 208; 209; 210), Ti+1,S and Ti,S are the temperature of the 
PCM surrounding sensor S at two consecutive times and cpTmean,i_PCM,S is the heat capacity at time i of the 
PCM surrounding the sensor S taken at Tmean(i;i+1),S, the mean temperature calculated between Ti+1,S and 
Ti,S. 

�
=> =	∑ 2 × �)��
=>)*+)*,                      (3.3) 
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�)��
=> = ∑ �@ × �	7	�ABC,)DEF,G + H(��ABC();)JK),@) × ∆ℎ
=� × L�)JK,@ − �),@M@*NKO@*NOP             (3.4) 

∆h is the melting or freezing latent heat of Erythritol in kJ/kg and D is the adapted Dirac delta function 
(Chiu, J. and Martin, V., 2011) defined by equation (3.5) 

H(�) = 	 K
Q×√S × TUV W− (XDE)Y

QY Z                   (3.5) 

The parameter b has been determined by solving equation (3.6), knowing the phase change range of 
temperature. The demonstration is to be found in appendix 7a). Thus for the charging process, b =5.75 
and for the discharge: b=1.9.  
 

� H(�)	��[\]^_	DE	Y[\]^_	DE	' = 0.99                   (3.6) 

 
The phase change range of temperature for both charge and discharge were determined by the following 
method. First, the phase change range was determined for each sensor. For this purpose, three tangents to 
the curves TS=f(t) were determined: before, during and after the plateau. The lower limit of the range was 
defined as the temperature of the point having a tangent of which the leading coefficient is equal to the 
mean of the leading coefficient of the tangent before the plateau and of the tangent during the plateau. 
The same was done for the upper limit but considering the tangent during the plateau and the tangent 
after the plateau. Once having the phase change range of temperature for each sensor, the overall phase 
change range was calculated by taking the mean temperature between all the lower limits and the mean 
temperature between all the upper limits (except for sensor 203 and 205 which were excluded because the 
temperature for these sensors did not rise after the plateau). Thus, the considered phase change ranges of 
temperature were: 

Charge:            Trange PC= [98.0 °C; 119.0 °C] 
Discharge:      -Trange PC= [105.0 °C; 111.5 °C] 

Finally, TPC in equation (3.5) was defined as: 

�
= = �bBCcA	
=K+ ∆[\]^_	DE
N = �bBCcA	
=K + [\]^_	DEYX[\]^_	DE'

N   

 
In equations (3.2) and (3.3), A and B are the initial and final times between which the exchange energy has 
been calculated. Several periods [A;B] have been fixed to analyse the results based on different points of 
comparison: 

• For the charging process [A;B] can be: 
- The phase change period defined as the period for which TPCM=[98.0 °C ; 119.0 °C] 
- Before the phase change period, when sensible heat is involved, defined by TPCM=[50.0 °C ; 

90.0 °C] 
- The full charge process defined by TPCM=[50.0 °C ; 119.7 °C] 

 

• For the discharging process [A;B] can be: 
- The phase change period defined as the period for which TPCM=[105.0 °C ; 111.5 °C] 
- After the phase change period, when sensible heat is involved, defined by TPCM=[60.0 °C ; 

100.0 °C] 
- The full charge process defined by TPCM=[60.0 °C ; 116.9 °C] 

Since at each moment the temperature of the PCM is different depending on the considered sensor, TPCM 
was calculated as shown by equation (3.7), M being the half mass of PCM in the heat exchanger, mS the 
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PCM mass surrounding the sensor S and TPCM,S the PCM temperature given by the sensor S and corrected 
according to the calibration of the sensors.  

�
=> = K
>∑ �@ × �
=>,@@*NKO@*NOP              (3.7) 

 

Estimation of the mass surrounding each sensor mS 

A symmetry axis (plane AA on figure 6a) below) was considered for the heat exchanger and thus for the 
PCM inside. Given the position of the sensors, the PCM mass around sensors 203, 204, 207 and 208 was 
considered to be the same as respectively sensors 205, 206, 209 and 210. The blue lines on figure 6a) 
shows how the PCM mass has been divided around the sensors. Thus the mass around sensors 203 and 
204 was calculated using equation (3.8) (Wolfram MathWorld. 2016) giving the volume of a partially filled 
cylinder, with L the length of the cylinder, r its radius and H the considered height.  
 

deBb$)B�(f) = g × hiN × cosXK WbX b Z − (i − f) × √2 × i × f − fNl                    (3.8) 

 

To calculate the mass around sensor 207, the section around it was considered to be equal to one third of 
the half of the heat exchanger section. For sensor 208, the section was taken equal to half of the previous 
one, which is one sixth of the half of the heat exchanger section.  
Then, the volume v occupied by the pipes inside the PCM has been calculated (equation (3.9), N being the 
number of tubes in the considered section and do their outer diameter) and removed from the previous 
calculated mass to obtained the actual PCM mass surrounding each sensor m’S.  

 

m@(n) = n × o
N × p × qrY

s        (3.9) 

 

However, when adding all the obtained mass to have the full amount of PCM inside the heat exchanger, 
the value was slightly higher than the actual amount of PCM poured in the heat exchanger because the 
heat exchanger has not been fully filled in. The ratio t�between the global mass obtained by adding the 
small amounts m’S and the actual mass poured in the tank has been calculated and applied to the 
previously obtained masses m’S in order to obtain an estimation of the masses mS surrounding the sensors.  
 

t� =	 2 ×u
2 × ∑ �′@@*NKO@*NOP

 

 

Finally, the equations for the mass surrounding the sensors are: 

�NOP = t� × ρ
=> × dNOP 

											= t� × ρ
=> × wg2 × wiN × cosXK x
i − f
i y − (i − f) × z2 × i × f − fN{ × 0.5 − mNOP(14){ 

											= �NO� 

�NOs = t� × ρ
=> × wd����	$BC� × 16 − dNOP + mNOP(14) − mNOs(12){ = �NO� 

�NO� = t� × ρ
=> × w[dNOP + mNOP(14) + dNOs + mNOs(12)] × 23 − mNO�(17.5){ = �NO� 
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�NO� = t� × ρ
=> × [(dNO� + mNO�) × 0.5 − mNO�(8.5)] = �NKO 

 
The obtained values are reported in appendix 7b).  

 

 

Figure 6a) section of the heat exchanger, positions of the 
         sensors and considered zones for each sensor 

 

 

Energy balance and determination of the latent heat 

In the literature, the latent heat of Erythritol is said to be 314 to 330 kJ/kg (Gunasekara, S. N. et al., 2016). 
Nevertheless, it has been judged important to determine the latent heat of our own Erythritol sample. To 
do so, the energy balances presented in equation (3.10) for the charge and in equation (3.11) for the 
discharge were used.  

 
Charge:  

�	
=> = � � − �����A�        (3.10) 

 
Discharge: 

�	 � = �
=> − �����A�        (3.11) 

 

In order to determine the energy Qlosses lost towards the ambient, it was assumed that all the losses were 
coming from the PCM, which means that the losses from the HTF towards the ambient were disregarded. 
The PCM temperatures were recorded throughout two days after the charging process of test 6: the setup 
was stopped after the charge and the PCM cooled down, the driving force being the difference of 
temperature between the ambient and the PCM. Thus, for each sensor the decrease in temperature due to 

h 

205 203 
204 206 

208 207 & 209 & 210 

Figure 6b) schematic of the heat exchanger and positions of 
the sensors 
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losses towards the ambient was obtained. The energy lost by the PCM was calculated using equation (3.3) 
and then a correlation between the PCM temperature and the induced losses was determined for every 
sensor. By applying these correlations to the recorded temperature of other tests, it was possible to 
calculate the energy lost towards the ambient during the charge and/or the discharge based on the 
temperature of the PCM at each time t. 

The energy balance was then applied to both charge and discharge of tests 4, 5 and 11 (for repeatability) 
by considering only the phase change period in a first step and then the whole process (charge or 
discharge). No further studies have been conducted on the losses. 

 

 

3.4 From laboratory to full scale 

 

Some studies were done in order to determine what the impact of upscaling the heat exchanger would be, 
especially when increasing the length. As the heat transfer involves phase change, the study of the heat 
exchanger was divided in three periods presented on figure 7. Even though there is no flow of PCM, an 
analogy with a counter flow shell and tube heat exchanger was done as first approximation and a pattern 
was considered as shown in figure 8.  

 

Period 1:  

The heat transfer is done by convection in the HTF and by conduction in the pipes walls as well as in the 
solid PCM. The power exchanged during this period can be expressed by two formulas shown in equation 
(3.12). ��  � is the HTF flow, 	
��� is the HTF heat capacity, THTF out the outlet HTF temperature, Y is a 
reduction factor taking into account the heat exchanger geometry when the fluid flows are crossed (Lips, 
S., 2014), UA1 is the overall heat transfer coefficient (W/K) for period 1, ∆�o>K is the logarithmic mean 
of the considered temperatures for period 1 and T1 is the temperature defined on figure 7 above. 

�K� = 	��  � × 	7��� × (�K − � �	��$) = � × ��K × ∆�o>K           (3.12) 

Y=1 for this period, considering a parallel flow heat exchanger even though there is no flow of PCM and: 

K
�,' = ���C�	 � + ���Cq	e)eA� + ���CqK	
=>            (3.13) 

T2 

T1 

Period 2 Period 3 

T 

L 

Tmelting 

THTF in 

Period 1 

THTF out 

TPCM,F 

TPCM,I 

Figure 7: HTF and PCM temperature profiles in the heat 
exchanger 
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∆�o>K = L'X�_��%]^MXL���	r��XDEF,�M
�Cx �'���_��%]^

����	r����DEF,�y
             (3.14) 

Rconv HTF, Rcond pipes and Rcond1 PCM are respectively the convective resistance in the HTF, the conductive 
resistance in the pipes walls and the conductive resistance in the solid PCM for period 1.  
The convective resistance for HTF is shown in equation (3.15), hHFT being the convective coefficient in 
the HTF, AHTF the exchange area on the HTF side, L the length of the pipes The conduction in the pipes 
occurs in a cylindrical annuli (inside the pipe walls) which gives the expression shown in equation (3.16), 
dinn being the pipe inner diameter, do its outer diameter and λpipes the thermal conductivity of the pipe 
stainless steel. The conduction in the PCM is assimilated to conduction in a horizontal cylindrical annuli 
of small diameter do and of large diameter d’ defined as the mean diameter between D1 and D2 (see 
schematic figure 8), which gives equation (3.17) for the conductive resistance, with λPCM the thermal 
conductivity of the PCM. (Lefèvre, F., 2013) 

���C�	 � = K
����×,��� = K

����×q%]]×S×o           (3.15) 

���Cq	e)eA� = �2	x �r�%]]yN×S×��%�_ ×o              (3.16) 

���CqK	
=> = �2	W�¡�rZN×S×�DEF×o              (3.17) 

 

with �� = ¢'J¢Y
N  

 

 

 

 

 

 

 

 

 

 

 

 

 

Period 3: 

The heat transfer is done by convection in the HTF as well as in the melted PCM and by conduction in 
the pipes walls. The power exchanged during this period can be expressed by two formulas shown in 
equation (3.18), similar to the ones for period 1. 

�P� = 	��  � × 	
��� × (� �	)C − �N) = � × ��P × ∆�o>P              (3.18) 

Figure 8: Schematic of the considered 
pattern (red dashed line) in the heat 

exchanger and the considered cylindrical 
annuli for the conduction in PCM 

do 

D1 

D2 
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The PCM being fully melted in this period but confined in the tank, there is no proper flow. Therefore it 
was decided to keep Y =1 as a first approximation. 

K
�,£ = ���C�	 � + ���Cq	e)eA� + ���C�P	
=>                   (3.19) 

∆�o>P = L���	%]XDEF,�MX(YX�_��%]^)
�C¤����	%]��DEF,��Y���_��%]^ ¥

               (3.20) 

Rconv HTF and Rcond pipes are the same than for period 1. Rconv3 PCM is the convective resistances in the PCM 
for period 3 whom expression is shown in equation (3.21) (Lefèvre, F., 2013), hPCM being the convective 
coefficient in the PCM and APCM the exchange area no the PCM side. 

���C�P	
=> = K
�DEF×,DEF = K

�DEF×qr×S×o             (3.21) 

 

Period 2:  

The heat transfer is done by convection in the HTF, by conduction in the pipes walls and it is supposed to 
be by both conduction and convection in the PCM which is melting and therefore partly solid, partly 
liquid.  The power exchanged during this period can be expressed by two formulas shown in equation 
(3.22), similar to the ones of period 1 and 3. 

�N� = 	��  � × 	
��� × (�N − �K) = � × ��N × ∆�o>N        (3.22) 

Y=1 for this period again because there is no real flow of PCM even though one could consider that by 
melting a movement of the PCM is created.  

K
�,Y = ���C�	 � + ���Cq	e)eA� + ���CqN	
=> + ���C�N	
=>       (3.23) 

∆�o>N = LYX�_��%]^MX('X�_��%]^)
�C¤�Y���_��%]^�'���_��%]^¥

         (3.24) 

Rcond2 PCM and Rconv2 PCM are respectively the conductive and convective resistances in the PCM for period 
2. There is no known correlation for resistance during phase change in a heat exchanger, thus it has been 
decided to consider that these resistances were respectively the same than the conductive resistance in 
period 1 and the convective one in period 3 but with a coefficient P added to define which type of transfer 
is prevailing. Thus P is defined as the percentage of solid PCM around the considered pipe and Rcond2 PCM 
and Rconv2 PCM by equations (3.25) and (3.26).  

���CqN	
=> = 	¦ × ���CqP	
=>        (3.25) 

���C�N	
=> = (1 − ¦) × ���CqP	
=>        (3.26) 

 
Three values of P were studied: 0.1; 0.5 and 0.9. 

The study was limited to an estimation of the changes in the overall heat transfer coefficients UAi and so 
in the different resistances. The change in length is going to directly modify the resistances since they vary 
inversely with the length, but also indirectly through the convective coefficients on HTF and PCM sides. 
In order to evaluate the changes in these convective coefficients due to the length variation, Nusselt 
correlations were used: 

• Convection in HTF: forced convection, laminar flow inside a cylinder: Sieder and Tate correlation 
(Lips, S., 2014), where Nu is the Nusselt number; Re and Pr are respectively Reynolds and Prandtl 
numbers; Dh is the hydraulic diameter; L the characteristic length, μfluid the dynamic viscosity 



-29- 
 

taken at the mean temperature of the mixed fluid and μwall the dynamic viscosity taken at the wall 
temperature 

n§ = 1.86 × W�T × ¦i × ¢¨
o Z

K/P
× Wª«��%�ª¬\��

Z
O.Ks

       (3.27) 

• Convection in PCM: considered close to free convection over horizontal cylinder: Morgan 

correlation (Revellin, R., 2013), where n§¢ is the average Nusselt number for the characteristic 

diameter D; T∞ and Twall are the temperatures respectively far from the wall and at the wall; ν is 
the kinematic viscosity; a the thermal diffusivity; m and C are two constants defined depending 
on the Rayleigh number  

n§¢ = ® × �¯¢° = ® × Wc×±×
�²X¬\���×¢×³

³²×B Z
°

      (3.28) 

In the full scale project, the setup would be implemented in a container. Considering the standard 
dimensions of containers (S.Jones Containers. 2016), the number of laboratory heat exchanger which 
could be added end to end in the different sizes of container has been determined to be from 1.6 to 8.6. 
The study has thus been done for pair unit numbers of heat exchanger from two to eight.  
 
 

4 Results and analysis 

4.1 HTF issue 

4.1.1 Determination of HTF deterioration 

Hoses 

As previously mentioned, the observation of the rubber hose was enough to notice that it does have been 
damaged during its utilization: smaller inner diameter, dark deposit and appearance of roughnesses on 
some parts as shown in pictures 2 and 3 below. This may not be the cause of the HTF degradation and 
only a consequence but in order to be sure and to avoid further complication, it has been decided to 
replace these hoses by stainless steel hoses. Indeed stainless hoses have this advantage to be very resistant 
to high temperatures and corrosion. The companies Euroflon [1] and Swagelok [2], with which the 
laboratory has collaboration with, have been contacted to order respectively the proper stainless steel 
hoses and the pipe fittings.  

 

 

Picture 2: Unused rubber 
hose 

Picture 3: Rubber hose after 
running tests 
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HTF 

After only one day in the oven, the HTF in both beakers has turned dark brown and a black deposit has 
precipitated. Twenty-four hours in the oven has been enough to damage the HTF probably because this 
one was not circulating but stagnant. Moreover, having the same phenomenon in both samples allows to 
state that copper has nothing to do with the HTF deterioration.  

Therefore, the cause of the problem appears to be the HTF itself which does not seem to meet the 
requirements for the experiments and has been oxidized at high temperature. The next step is thus to find 
a suitable HTF for the experiments. 

 

4.1.2 Replacing the heat transfer fluid 

The following requirements have to be respected for the new HTF to be suitable for the application of the 
project: 

� High thermal and oxidative stability: having resistance to cracking, carbon, sludge, varnish and 
lacquer formation during high temperature operation. Available temperature range: 35 - 200 °C 

� Low volatility 
� Flash and Fire points above 180 °C 
� Viscosity < 30 cSt for the temperature range 
� Non corrosive; no reaction with copper 
� Non toxic 
� Odorless 
� Thermal conductivity not lower than 0.1 W/m in the temperature range 

 
Several companies offering HTF have been contacted such as Duratherm [3], Statoil [4], Lauda [5], VWR 
[6] and Therminol [7]. Finally, the HTF called Ultra 350, available at Lauda and VWR, seems to meet the 
above specifications. The fluid properties are shown in appendix 8.  
First, a sample of the selected HTF has been ordered with the aim to test it before running the setup. The 
method is the one described in paragraph 3.2.  

Pictures 4 and 5 below show the results obtained after different warming procedures of HTF samples. 
Despite a change in coloration for each warmed samples (with and without copper, with and without 
cooling down time in between two warm-up phases), the colour is not as dark as the previous HTF and 
there is especially no deposit. The change in coloration might indicate a slight change in the fluid 
properties (e.g. thermal conductivity), nevertheless, no other HTF meeting all our requirements has been 
found on the market and the absence of deposit is a great advantage. Thus this HTF has been chosen for 
our experiments. 
 

Picture 4: Test of Ultra 350. From left to right: 
original oil; warmed oil without copper; warmed oil 

with piece of copper 

Picture 5: Test of Ultra 350. From left to right: 
original oil; three days warmed oil; three days 

warmed oil then cooled down and warmed up again 
for one day 
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Meanwhile all the components of the setup have been cleaned according to the method described earlier 
in paragraph 3.2.1. Indeed, after having drained the reservoir, it has appeared that the HTF was dark but 
there was no deposit, as if the reservoir HTF has been less damaged than the bath HTF. 

 

4.2 M-TES performance testing 

4.2.1 First experiments: lack of Erythritol 

For the first experiment, the charging process was performed with the HTF warmed up to 130 °C at 
2.50 L/min. 

Figure 9 below shows the evolution of the HTF temperature (reservoir, inlet and outlet) during the 
experiment, as well as the temperatures of Erythritol in the bottom part of the tank. Once the reservoir 
HTF reached 135 °C, the pump was started which provokes, as seen on the graphs, a decrease in 
temperature since the HTF started to run in the set up. It lasted approximately 2.8 hours for the reservoir 
HTF to reach 130 °C again. As for the inlet HTF temperature, it reached 130 °C about 5.5 hours after 
starting the pump.  This time could probably be reduced if the temperature of the HTF in the reservoir 
was settled at a higher value by increasing the setting value of the two HTF baths as it has been done after 
5.8 hours of running. This explains the slow jump in the HTF temperatures just after this time.   

Regarding the PCM, its temperature increases more or less quickly (depending on the sensor position) 
from the starting of the pump.   
The temperature of the PCM situated around the sensor 204 is the one to increase the fastest and is also 
the first to reach the plateau illustrating the phase change between approximately 118 and 120 °C, even 
before the inlet HTF temperature reaches 130 °C. During this period of 2 hours, the latent heat is 
involved since the PCM is changing from solid state to liquid one. The rapid rise in temperature that 
follows implies that the PCM is fully melted in this spot and sensible heat is involved again: the melted 
sugar keeps being warmed up.  
The same phenomena occur for the PCM around sensor 206 but with an offset of about 1 hour. Thus the 
sensible heat phase in liquid phase is shorter due to the end of the experiment.  
The PCM located around sensor 203 reaches the phase change plateau but with a delay of roughly 
1.8 hours compared to channel 204 while around sensor 205 the PCM does not even amount to 118 °C 
during the time of the experiment.  

The PCM around sensors 203 and 205 melting more slowly than around 204 and 206 could be explained 
by the difference of HTF flow: the distribution of the flow in the pipes might be unequal and thus, by 
being smaller in the far bottom pipes, reduces the efficiency of the heat transfer in these pipes.   
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Figure 9: Evolution of HTF and PCM (bottom part of the tank) temperatures during experiment 1 

 

The curves of channel 207, 208, 209 and 210 are plotted on figure 10 below. It is striking that the 
temperatures around these sensors have the same trend as the HTF outlet temperature, being just some 
degrees above. Conversely to the channels in the bottom part of the tank, there is no jump in temperature 
recorded by any of the sensors during the 6.4 hours of running pump. The conclusion is that the tank is 
not fully filled in with Erythritol and its top part must contain mainly air which is warmed up by the HTF 
flowing in the top pipes.  

 

Figure 10: Evolution of HTF and PCM (top part of the tank) temperatures during experiment 1 
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The second experiment, run in the same conditions as the first one, gave the same results and the drawn 
conclusion from the first experiment was verified when we looked through the tank opening once the 
PCM cooled down, and saw some pipes outside the Erythritol. It was therefore decided to add sugar in 
the tank for further experiments. Considering the amount of Erythritol already poured in the heat 
exchanger (58 kg), the global capacity of this latter, the volume occupied by the 104 pipes and the 10 % of 
volume expansion of Erythritol when melting, 4.25 kg of hot PCM were added in the tank during 
experiment 3. Indeed, for the added PCM to be spread along the tank and not stay at the opening it has to 
be melted when poured in the tank. Therefore the PCM in the tank needed to be warmed in order to 
avoid solidification of the poured PCM at the entrance of the tank. That was the purpose of melting 
cycle 3 which was not further studied.   

 

4.2.2 Experiments 4 to 11: analysing the PCM performances 

The first experiment run after having added Erythritol, experiment 4, allowed concluding that all the 
sensors were now fully submerged in the PCM. Indeed, as shown in figure 11, the temperatures registered 
by the sensors in the top part of the heat exchanger now present the same trend as the temperatures in the 
bottom part: after having reached a plateau at roughly 118 °C where the phase change occurs, there is a 
jump in temperature up to 121 °C for the largest value, corresponding to the moment when the sensible 
heat is involved once the PCM is fully melted. Regarding the other channels, in the bottom part of the 
tank, the same trends as previously described occur (the graph can be found in figure 3 appendix 10).     

  

 

Figure 11: Evolution of HTF and Erythritol (top part of the tank) temperatures during experiment 4 

 

4.2.2.1 Results of latent heat determination 

The values of latent heat obtained by solving the energy balance for several experiments are presented in 
table 5 below. The average melting latent heat is similar to the literature value of 330 kJ/kg (1.6 % 
difference). Conversely, the average value obtained for the discharge is much lower: 20.7 % difference. 
This gap between the charge and the discharge latent heat values is rather surprising and  
no reason has been found to explain this result.  
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Conversely to what is observed from the results in table 5, the properties of Erythritol are considered 
unchanged for all the experiments, because with the obtained values there is no concrete evolution in the 
material properties that can be concluded. It seems that the latent heat value varies randomly from one 
experiment to the other instead of for instance decreasing with the increasing number of experiment. 
Thus, the final latent heat values used later on in the calculations of EPCM is the average of the values 
obtained for the different experiments presented in table 5, after having removed the extreme ones which 
could be outliers. Therefore:   

∆hcharge = 339.2 kJ/kg 

∆hdischarge = 215.6 kJ/kg 
 

Test Considered period Latent heat (kJ/kg) 

Charge Discharge 

4 
Phase change 242.0 560.3 

Full charge/discharge 331.3 210.3 

5 
Phase change 371.8 212.8 

Full charge/discharge 413.2 218.8 

11 
Phase change 280.8 147.3 

Full charge/discharge 372.9 220.4 

Average 335,3 261.7 
 

Table 5: Latent heat obtained with the energy balance applied to different tests considering different periods. 
Considered temperature ranges:  phase change charging process=[98.0 °C ; 119.0 °C]; phase change discharging 

process=[105.0 °C ; 111.5 °C] ; full charge=[50.0 °C ; 119.7 °C]; full discharge=[60.0 °C ; 116.9 °C]  

 

4.2.2.2 Comparing the same conditions experiments 

The charge of experiments 4, 5, 6, 8 and 11 were performed in the same conditions: HTF at 130 °C, 
circulating at 2.50 L/min. The discharge of experiments 4 and 5 were performed in the same conditions: 
HTF at 45 °C, circulating at 2.50 L/min. 

The results of the exchanged energy between the HTF and the PCM over several different periods [A;B], 
calculated either by equation (3.2) or by equation (3.3), are presented in table D in appendix 9. The graphs 
of the HTF and PCM temperature trends for these charges and discharges are gathered in appendix 10 
figures [3-10; 14-16; 20; 21]. On these graphs are also plotted the overall exchanged power, calculated by 
the HTF temperatures (equation (3.2)) and by the PCM temperatures (equation (3.3)). 

 

Charge 

The values of the calculated exchanged energy during different periods are presented in table D in 
appendix 9. Considering the full charge period, on average the PCM stores 7.5 kWh in an average time of 
5.5 hours. Knowing that 0.042 m3 of PCM is in the tank, the average storage capacity of Erythritol is 
therefore 177.7 kWh/m3 for TPCM=[50.0 °C ; 119.7 °C]. This value is in the same range when compared to 
the value of 147 kWh/m3 announced by LaTherm (2014) for its sodium acetate M-TES (2.5 MWh for 
17 m3 of sodium acetate). Even though it is not the same PCM, it indicates that such an order of 
magnitude of stored energy can be reached.  

Figures 3; 4; 6; 7; 9; 10; 15; 16; 20; 21 in appendix 10 shows the HTF and PCM temperatures trends which 
are similar to the one described in paragraph 4.2.1 for the bottom part of the tank and 4.2.2 for the top 
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part. On these graphs are also plotted the curves of the total power released by the HTF (red curve) and 
received by the PCM (black curve).  
For this latter, the trend is the same for all the experiments: a peak of power appears usually between hour 
2 and hour 3 of running test. Then the power decreases to reach 0 kW at the end of the experiments. The 
peak is bound to correspond to the phase change period that intervenes in the power calculation by the 
Dirac delta function which models the latent heat (equation (3.5)). Nevertheless it is noticed that for 
experiments 4, 5 and 6 the peak reaches 7.5 kW whereas for experiments 8 and 11 this value is respectively 
5 kW and 5.5 kW.  
Regarding the power released by the HTF, the trend is again the same for all the considered experiments. 
When the pump is started, the given power is maximal at around 6.2 kW since the gap between Tin and 
Tout is the largest. The more Tout increases, the more the exchanged power drops and reaches a plateau 
most likely during the phase change of the PCM. This plateau presents a power value of approximately 
1 kW. 
Having a change in the peak value for the power received by the PCM but not in the power released by 
the PCM might mean that there is a degradation of the PCM after several cycles. In order to check this 
hypothesis, the comparison of the exchanged power is now done on average over several period.  

Figures 14 and 15 show the power exchanged during the charge respectively calculated by equation (3.3) 
and equation (3.2) for the three considered periods. Regardless of the experiment, the sensible heat period 
is always the one providing (PCM point of view)/releasing (HTF point of view) the highest power due to 
large temperature driving difference. Additionally it can be seen in figure 16 presenting the period 
durations that the sensible heat period is always the shortest one. 

By comparing the experiment with each other, some minor differences appears in the values of received/ 
released power as shown in figure 14 and 15. Table 6 presents the maximum and minimum ratios for each 
period when compared to the average power value of the considered period. These ratios are overall close 
to 1 which underlines the similarity between the five experiments, not presenting apparent degradation of 
the PCM. It is also interesting to compare the duration of the studied periods from one experiment to the 
other. The calculations of the maximum and minimum ratios are also presented in table 6. As for the 
power, the extreme ratios are really close to 1 and the five experiments can be considered similar regarding 
the duration as well. 

On average 1.4 kW is taken by the PCM during the charging process for the temperature range [50 °C; 
119.7 °C]. On average again, the charging process lasts 5.5 hours. 

 

    

Figure 14: Power received by PCM, for charges with 
THTF=130 °C; v=2.50 L/min 

 

Figure 15: Power released by HTF, for charges with 
THTF=130 °C; v=2.50 L/min 
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  PCM HTF Period duration 

Period Power ratio 

with max. 

value 

Power ratio 

with min. 

value 

Power ratio 

with max. 

value 

Power ratio 

with min. 

value 

Ratio with 

max. value 

Ratio with min. 

value 

Phase 

Change 
1.19 0.85 1.04 0.92 1.05 0.91 

Sensible 

heat 
1.17 0.84 1.07 0.88 1.13 0.88 

Full 

Charge 
1.09 0.84 1.02 0.98 1.04 0.95 

Table 6: Maximum and minimum ratios for each period when compared to the average value for power and time 
(charge) 

 
 
The graph presented in figure 17 has been plotted to compare for each experiment the power released by 
the HTF to the power received by the PCM. Regardless of the experiment the amount of exchanged 
energy differs when calculated by equation (3.2) or by equation (3.3). The former method giving a higher 
result than the latter is completely understandable due to the losses: a part of the power given by the HTF 
is lost towards the ambient. Conversely, having an amount of energy received by the HTF larger than the 
one lost by the PCM for the phase change period (experiment 4, 6 and 11) is really surprising but might be 
explained by the considered latent heat value. Indeed, it has been seen that the latent heat calculated by 
solving the energy balance varies from one experiment to another. An average value having been taken for 
all the experiments, this can slightly bias some results.  

 
  

 

 

 

 

 

 

 

Figure 16: Period durations for charges with THTF=130 °C; 
v=2.50 L/min 

Figure 17: Comparison of power received by the PCM and 
released by the HTF over different periods, for charges 

with THTF=130 °C; v=2.50 L/min 
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In order to pursue the analysis by comparing experiments with different working conditions, only one 
experiment out of the five studied in this paragraph is selected. According to the previous statements, 
experiment 8 seems to be an appropriate choice, by being in the average and presenting no abnormalities 
in the power results between HTF and PCM calculation methods.    

 

Discharge 

For the discharge, experiments 4 and 5 are compared and the values of exchanged energy are gathered in 
table D, appendix 9. Over the full discharge, the average amount of energy being discharged by the PCM 
is of 5.3 kWh in 1.5 hour, of which 5.2 kWh is received by the HTF. This gives a releasing capacity for the 
PCM of 126.0 kWh/m3 for TPCM=[60.0 °C ; 116.9 °C]. The difference between the storing and releasing 
capacity can be explained by the different considered temperature ranges. The temperature range for the 
discharge is reduced because the PCM starts to cool down in between the charge and the discharge, while 
the HTF is being cooled down from 130 °C to 45 °C. Thus when the discharge actually starts, TPCM is 
already equal to 166.9 °C. The lower limit of the range has been taken at 60 °C to be able to apply this 
range of temperature to every experiment, even the one for which the HTF temperature was 60 °C.  

Figures 5 and 8 in appendix show the HTF and PCM temperature trends for the two considered 
experiments, which are really similar. Indeed, except for sensors 203 and 205 for which the PCM 
temperature just decreases, the other sensors show a first decrease followed by a jump and finally decrease 
until reaching almost the temperature of the HTF in. These jumps in temperature in between the 
decreases are most probably the subcooling phenomenon already mentioned during previous experiments 
presented in the literature review (Gunasekara, S. N. et al., 2014). The power curves are also plotted and 
the one for the power received by the HTF is similar for both discharges, being maximal at 5 kW (in 
absolute value) at the beginning of the discharge due to larger gap between Tin and Tout and then decreases 
to reach a plateau at around 4 kW before decreasing again to reach 0 kW. The power released by the PCM 
is rather chaotic with multiple peaks for both experiments and is thus not further described. The analysis 
of the average values over different periods will be more representative.  
 

Figures 18 and 19 present the power calculated by respectively equations (3.3) and (3.2) over different 
periods for both experiments. The phase change period is always the one during which more power is 
released/received. Thus the role of the phase change seems more important when releasing power than 
when storing it.  
When comparing the experiments, they seem analogous despite few differences that are expressed in table 
7 presenting the maximum and minimum ratios when compared to the average value of the power. The 
comparison based on period duration is also done: figure 20 presents the time each period lasts for both 
experiments and they are identical as confirmed by the ratios calculated in table 7 as well. All ratios are 
really close to one, therefore both discharges can be considered similar. 

On average 4.0 kW is released by the PCM during the discharging process for the temperature range 
[50 °C; 119.7 °C]. On average again, the discharging process lasts 1.3 hours. 
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PCM HTF Period duration 

Period 

Power ratio 
with max. 

value 

Power ratio 
with min. value 

Power ratio 
with max. 

value 

Power ratio 
with min. 

value 

Power ratio 
with max. 

value 

Power ratio 
with min. 

value 

Phase 

change 
1.18 0.82 1.02 0.98 1.02 0.98 

Sensible 

heat 
1.06 0.94 1.01 0.99 1.00 1.00 

Full 

charge 
1.01 0.99 1.01 0.99 1.01 0.99 

Table 7: Maximum and minimum ratios for each period when compared to the average value of power/time 
(discharge) 

 

Figure 21 presents, for each experiment, both the power released by the PCM and the power taken by the 
HTF. The phase change and sensible heat periods of experiment 4 as well as the sensible heat period of 
experiment 5 present a power released by the PCM lower than the power received by the HTF. These 
results are aberrant since during the discharge the power being released by the PCM should be higher than 
the one recovered by the HTF. Once again, the considered latent heat value being considered the same for 
both experiments can be the reason of the illogical results.  

 

Figure 20: Period durations for discharges with 
THTF=45 °C; v=2.50 L/min 

Figure 19: Power released by PCM, for discharges with 
THTF=45 °C; v=2.50 L/min 

Figure 18: Power released by PCM, for discharges with 
THTF=45 °C; v=2.50 L/min 
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Even though experiments 5 results are not perfect, this is chosen as a reference for further studies about 
the effect of modified HTF flow and discharge temperature.    

 

4.2.2.3 Influence of the flow on the charge/discharge 

Charge 

In order to evaluate the influence of the flow on the charging process, the analysis is done comparing 
experiments 7, 8 and 9 for which the HTF temperature was 130 °C and the HTF flow was respectively 
3.00 L/min, 2.50 L/min and 1.25 L/min. 

Comparing over the full period of charge, the PCM in experiment 7 presents a storage capacity of 
178.0 kWh/m3 and of 182.2 kWh/m3 in experiment 9, which are respectively a 0.2 % and 2.5 % increase 
when compared to the average value mentioned in paragraph 4.2.2.2 (177.7 kWh/m3). The variation of 
the storage capacity is really small which is due to the PCM properties which are assumed not to change 
from one experiment to the other (same latent heat value).  

Figures 11; 12; 17 and 18 present the HTF and PCM temperature trends for the charge of experiments 
7 and 9. These trends are the same as for the other charges. The power curves are also plotted and also 
present the same trends than previously but some changes in values.  
The power received by the PCM reaches the same maximum (7.5 kW) as for the experiments at 
2.50 L/min but a bit earlier. The biggest difference is with experiment 9 for which the maximum is 
roughly 3.5 kW (almost halved, like the flow ratio).  
The power released by the HTF is, from the beginning of the charge, higher for experiment 7: around 
7.5 kW instead of 6.2 kW, which means 1.20 times higher, the same ratio than between the HTF flows. 
This is normal since the power released by the HTF is directly proportional to the HTF flow. For 
experiment 9, this maximum initial value is 3.2 kW, once again divided by two compared to experiment 
with a flow of 2.50 L/min. Unlike the plateau reach by the power curve for experiment 9 (HTF flow = 
1.25 L/min) which is of approximately 0.5 kW (halved compared to the other charges), the plateau value 
is the same (1 kW) for the experiments with a HTF flow of 3.00 L/min as the experiments with a HTF 
flow 2.50 L/min.  
  

In the following the comparison is done with experiment 8 as a reference. 

Figures 22 and 23 below show respectively the power received by the PCM and the power released by the 
HTF for the three considered experiments. First, for each experiment the sensible heat is always the one 

Figure 21: Comparison of power released by the PCM and 
received by the HTF over different periods, for discharges 

with THTF=45 °C; v=2.50 L/min 
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giving the highest exchanged power and the power exchanged over the full charge is slightly higer than the 
power exchanged during the phase change. Then, it is noticed that increasing the HTF flow leads to an 
increase in the power charged during the process. Figure 24 presents the duration of each period for the 
three experiments. The sensible period is always the longest one and increasing the HTF flow reduces the 
time the periods lasts. 
 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8 below presents the ratios for each period when comparing experiment 9 (v�=1.25 L/min) to 
experiment 8 (v�=2.50 L/min). Regarding the power received by the PCM but also the power released by 
the HTF fluid, the ratios are about 50 %. Therefore halving the HTF flow also halved the exchanged 
power.   
When looking at the period duration, the evolution is not the same for the three periods. The phase 
change period is more than tripled while the sensible heat period is almost doubled and the full charge 
period is 2.5 times longer for v�=1.25 L/min than for v�=2.50 L/min.  

 
Table 9 present the same calculations when comparing experiment 7 (v�=3.00 L/min) to experiment 8. 
The ratio in flow is 120 % is similar to the ones calculated for the power released by the HTF. Conversely, 
the change in power received by the PCM leads to higher ratios. Thus the power released by the HTF 

Figure 23: Power released by HTF during charges with 
three different HTF flows: 1.25 L/min; 2.50 L/min; 

3.00 L/min 

Figure 22: Power received by PCM during charges with 
three different HTF flows: 1.25 L/min; 2.50 L/min; 

3.00 L/min 

Figure 24: Period duration for charges with three different 
HTF flows: 1.25 L/min; 2.50 L/min; 3.00 L/min 
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seems to be more reliable in the future in order to know how the power is going to evolve with a change 
in the HTF flow.  

As for the period duration, there is no direct relation between the ratio in flow and the ratio in time even 
though the periods are always shorter with a faster flow. For instance the full charge (as defined in 
paragraph 3.3.2) is 0.68 times longer when the flow is increased by 20 %. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Table 9: Ratios comparing charges of experiments 8 (v=2.50 L/min) and 7 (v=3.00 L/min) 

. 

 

Discharge 

In order to evaluate the influence of the flow on the discharging process, the analysis is done comparing 
experiments 5 and 10 for which the HTF temperature was 45 °C and the HTF flow was respectively 
2.50 L/min and 1.25 L/min. Discharge of experiments 7 and 8, even though having been done with the 
same HTF flow are not decisive because the HTF temperature has not been managed to be maintained to 
30 °C due to the not powerful enough HTF baths as well as a difficult regulation of the water flow. 
Consequently, as shown on figures 13 and 14 in appendix 10, the HTF inlet temperature varies widely 
between 25 °C and 35 °C which would be neither useful nor reliable for the analysis. 

The PCM in experiment 10 presents a releasing capacity of 126.6 kWh/m3 over the full discharge period, 
which is a 0.5 % increase when compared to the average value mentioned in paragraph 4.2.2.2 
(126.0 kWh/m3, for a double flow). Taking the same latent heat value for every discharge means that the 
PCM properties are considered not to change from one experiment to another. This is what explains the 

 Ratio of: 

Period Power received by 
PCM 

Power released by 

HTF 
Period duration 

Phase change 0.42 0.50 3.16 

Sensible heat 0.50 0.52 1.85 

Full charge 0.47 0.49 2.48 

Table 8: Ratios comparing charges of experiments 8 (v=2.50 L/min) and 9 (v=1.25 L/min) 

 Ratio of: 

Period Power received by 
PCM 

Power released by 

HTF 
Period duration 

Phase change 1.69 1.18 0.77 

Sensible heat 1.11 1.13 0.88 

Full charge 1.67 1.20 0.68 
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same releasing capacity for discharges with different HTF flow, because the releasing capacity is a 
property of the material which does not rely on the working conditions. 

Figure 19 presents the HTF and PCM temperature trends as well as the power released by the PCM and 
received by the HTF during discharge of experiment 10 (HTF flow = 1.25 L/min). All the trends are 
similar to the discharge with a HTF flow of 2.50 L/min. Regarding the power released by the PCM, as 
said, it is as chaotic as for experiment 5 and is thus not further commented. The power received by the 
HTF is maximal at the beginning with a value of roughly 2 kW (absolute value) and decreases really slowly 
until 0 kW at the end of the discharge. This is more or less halved compared to experiment 5. 

In the following the comparison is done for the different studied periods. 

Figures 25 and 26 below respectively show the evolution of the power released by the PCM and taken by 
the HTF for the two experiments. A decrease in the flow leads to a drop in the discharged power. Figure 
27 present the evolution of the period durations with the flow and as well as for the charge, decreasing the 
flow increases the time the periods last. 

 
 
Table 10 below gathers the calculated ratios for each period when comparing experiment 10 
(v�=1.25 L/min) to experiment 8 (v�=2.50 L/min). Regarding the power released by the PCM the ratio 
between the two discharges is about 60 % whereas for the power received by the HTF fluid, the ratios are 
53 %. Therefore halving the HTF flow also halved the power received by the HTF and here too the 

Figure 25: Power released by PCM during discharges with 
two different HTF flows: 1.25 L/min; 2.50 L/min 

Figure 26: Power received by HTF during discharges with 
two different HTF flows: 1.25 L/min; 2.50 L/min 

Figure 27: Period duration for discharges with two different 
HTF flows: 1.25 L/min; 2.50 L/min 
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power received by the HTF is more reliable to know the direct influence of varying the HTF flow on the 
exchanged power.  
When looking at the period duration, the evolution is roughly the same for the three periods. The full 
discharge lasts 1.62 times longer when the flow is decreased by 50 %. 
 
 
 

 

 

 

 

 

 

  
Table 10: Ratios comparing discharges of experiments 5 (v=2.50 L/min) and 10 (v=1.25 L/min) 

 

 

4.2.2.4 Influence of HTF temperature on the discharge 

In order to evaluate the influence of the HTF temperature during the discharge, the analysis is done 
comparing experiments 5 and 11 for which the HTF flow was 2.50 L/min and its temperature respectively 
45 °C and 60 °C. 

The PCM in experiment 11 presents also a releasing capacity of 126.6 kWh/m3 over the full discharge 
period, which is a 0.5 % increase both when compared to the average value mentioned in paragraph 
4.2.2.2 (126.0 kWh/m3). 

Figure 22 presents the HTF and PCM temperature trends as well as the power released by the PCM and 
received by the HTF during discharge of experiment 11 (HTF temperature = 60 °C). All the trends are 
similar to the discharge with a HTF flow of 2.50 L/min. Regarding the power released by the PCM, as 
said, it is as chaotic as for experiment 5 and is thus not further commented. The power received by the 
HTF is maximal at the beginning with a value of roughly 5 kW (absolute value) and decreases slowly, 
being almost steady at around 3.2 kW and finally reaching 0 kW at the end of the discharge. 

In the following the comparison is done for the different studied periods. 

Figure 28 represents the power released by the PCM and the ratios comparing the power released during 
discharge 11 to the one released during discharge 5 are presented in table 11. The results are rather motley 
as shown in the table, with diverse ratios (from 0.36 for the sensible heat period to 106 for the phase 
change period). Having a power released by the PCM more important for experiment 11 during the phase 
change period is somehow surprising. Indeed, the HTF being warmer than for experiment 5, the driving 
force for the power transfer is less important regardless of the PCM state and the type of heat involved 
(latent or sensible). There is then no reason for having such a result during the phase change period. This 
is confirmed by figure 29 presenting the evolution of power received by the HTF during the discharge for 
the studied periods. In this case, for the three periods the power received by the HTF is decreased when 
the HTF temperature is increased, even though the ratio is much higher for the phase change than during 
the two other periods. Therefore, increasing by 33 % the temperature of the HTF has for consequence to 
decrease the power taken by the HTF during discharge by 50 %.  

 Ratio of: 

Period Power released by 
PCM 

Power received by 

HTF 
Period duration 

Phase change 0.40 0.53 1.88 

Sensible heat 0.67 0.53 1.61 

Full discharge 0.62 0.53 1.62 
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Figure 30 shows the evolution of the period durations with the increased HTF temperature: the three 
periods last longer with a higher HTF temperature. The ratios of the time duration of the two experiments 
for each period are also presented in table 11. Like for the two previous observations, the phase change 
period shows dissimilar results since the duration is multiply by 1.31 when increasing the HTF 
temperature whereas it is more than doubled for both sensible heat period and the full discharge. By 
taking into account only this last period then the 33 % increase in HTF temperature seems to double the 
discharge duration. 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

  
Table 11: Ratios comparing discharges of experiments 5 (THTF=45 °C) and 11 (THTF=60 °C) 

 Ratio of: 

Period Power released by 
PCM 

Power received by 

HTF 
Period duration 

Phase change 1.06 0.85 1.31 

Sensible heat 0.36 0.44 2.20 

Full discharge 0.50 0.49 2.04 

Figure 28: Power released by PCM during discharges with 
two different HTF temperatures: 45 °C and 60 °C. 

Figure 29: Power received by HTF during discharges with 
two different HTF temperatures: 45 °C and 60 °C. 

Figure 30: Period duration for discharges with two different 
HTF temperatures: 45 °C and 60 °C. 
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4.3 Upscaling the prototype: variation of the overall heat 

transfer coefficient with tank length 

 

Using the Nusselt correlations (equations (3.27) and (3.28)), a relation between the convective coefficients 
of the laboratory scale and of the full scale has been determined and are presented in equations (4.1) and 
(4.2). The demonstrations of these results are to be found in appendix 11. In equation (4.1), x is defined as 
the ratio between the full scale and the laboratory scale HTF flow. For this report the full scale HTF flow 
is considered equal to the laboratory scale one, therefore x=1. The parameter n is the ratio between the 
length of the full scale and laboratory scale heat exchanger. 

ℎ �	�� = WµCZ
K/P
× ℎ �	�BQ       (4.1) 

With U = ¶� « 
¶� �\·

 and ¸ = o« 
o�\·

 

ℎ
=>	�� = ℎ
=>	�BQ        (4.2) 

 

The heat transfer areas both from HTF and PCM sides are directly proportional to the length of the heat 
exchanger and the convective coefficients in the HTF and PCM respectively follow equations (4.1) and 
(4..2). Thus the evolution of the ratio of the full scale over laboratory scale overall heat transfer 
coefficients UAi_fs/UAi_lab has been determined. The excel file used to do the calculations is to be found in 
appendix 12. The evolutions of the coefficients can be seen on figure 31, 32 and 33 for different P values 
and the values of the ratios can be found in appendix 12 as well.  

The evolution of the overall heat transfer coefficient ratio for period 1 and 3 does not rely on the P value. 
For the three periods, the evolution with the increasing length is linear. For instance, when the laboratory 
length is multiply by eight (eight laboratory-scale heat exchangers end to end), UA1_fs will be equal to 
UA1_lab times 6.82, UA3_fs to UA3_lab times 7.25 and UA2_fs to UA2_lab times 7.08 for P=0.5. 

The value of P implies minor changes in the evolution of UA2_fs/UA2_lab as shown on the three figures 
below. When the PCM is mainly solid, it follows the evolution for period 1, conversely when the PCM is 
mainly liquid it follows the evolution for period 3.  

Therefore, the consequence of upscaling the heat exchanger by making it longer will be to increase the 
overall heat transfer coefficient for all periods. Considering equations (3.12), (3.18) and (3.22) it seems that 
it will lead to the same rise in the exchanged power between the HTF and the PCM. Nevertheless, the 

evolution of the ΔTLM for each period has not been studied. Depending on the effect the increasing length 

would have on the ΔTLM, it might reduce the increase due to the overall heat transfer coefficient. 
Moreover, several assumptions have been held when establishing a correlation between the laboratory and 
full –scale convective coefficients. If some of these assumptions were wrong, the results presented above 
might be biased. 
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Figure 31: Evolution of the overall heat transfer coefficients with the 
increasing length of the heat exchanger, for P=0.9 

Figure 32: Evolution of the overall heat transfer coefficients with the 
increasing length of the heat exchanger, for P=0.5 

Figure 33: Evolution of the overall heat transfer coefficients with the 
increasing length of the heat exchanger, for P=0.1 
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5 Conclusion 

This work has been conducted in order to test the performance of a MTES system involving Erythritol as 
a storage media, chosen for its interesting properties and its appropriate phase change (melting/freezing) 
temperature for hot water and space heating applications. The tests have been performed on a prototype 
designed and set up during previous works. 

The first uses of the prototype had shown that some initial components were not appropriate leading to 
an inefficient heat transfer. In order to have a ready-to-run setup it was part of this work to solve this 
issue. The choice has been made to replace the rubber hoses of the setup by stainless steel ones and the 
HTF to ensure oxidative stability. This has been conclusive: the new chosen HTF, despite a darker brown 
colour than the original yellow, has showed no signs of altered heat transfer properties even after ten 
charges and six discharges.  

Through multiples experiments realised to map out the PCM performance several conclusions can be 
drawn.  

First, according to the PCM temperature evolution, it has been noticed that the PCM behaviour depends 
on its location in the tank. Conversely to the major part of the PCM in the tank, the PCM located at the 
far bottom of the tank does not melt completely (no jump in temperature after the plateau). This has been 
explained by the HTF flow which might be not evenly distributed in between the pipes inside the tank. 
Moreover, a subcooling phenomenon is emphasized during the discharge. 

Then, the calculations for different experiments by using the energy balance have shown that the latent 
heat varies from one experiment to the other but no truly consistent trend could be established. It has 
been thus decided, despite the consequences it could have on the future results (for instance having a 
power released by the PCM lower than the power received by the HTF during the discharge), to take an 
average latent heat value, being:  

  ∆hcharge = 339.2 kJ/kg    ∆hdischarge = 215.6 kJ/kg 
 
Considering these latent heat values it has been established the following PCM properties (average of all 
the experiments): 
Erythritol storage capacity: 178 kWh/m3 for TPCM= [50 °C; 119.7 °C] 
Erythritol releasing capacity: 126 kWh/m3 for TPCM= [60 °C; 116.7 °C] 

Reproducing several experiments with the same working conditions has allowed concluding that same 
working conditions leads to similar results. On average, the following results are obtained: 

Charge THTF=130 °C; v�=2.50 L/min: ¹� º»¼»½¾»¿	ÀÁ	ÂÃÄ= 1.4 kW for TPCM= [50 °C; 119.7 °C] 

Discharge THTF=45 °C; v�=2.50 L/min: ¹� º»¼»½¾»¿	ÀÁ	ÅÆÇ= 4.0 kW for TPCM= [60 °C; 116.7 °C] 

 

The goal was also to evaluate the effect of different working conditions on the results.  
Thus by varying the HTF flow it has been established that for the charge, a 50 % decrease in HTF flow 
leads to a 50 % decrease in the power both received by the PCM and released by the HTF. On the other 
hand, a 20 % increase in HTF flow leads to a 20 % increase in the power released by the HTF but to a 
70 % increase in the power received by the PCM. For the discharge, halving the HTF flow also reduces 
the power received by the HTF by half and the power released by the PCM is decreased by 60 %. 
Therefore, the power calculated via the HTF temperatures seems more reliable and indicative as for the 
consequences of a flow variation on the power. This is actually really useful for the discharge because the 
users will be able to know how the power they receive will vary with the variation of the flow of the fluid 
circulating (water in the case of a heating district network). Conversely, for the energy suppliers 
(industries) it is not interesting to refer to the power released by the HTF because it is not the power 
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actually received by the PCM. And yet, it is the actual energy stored in the PCM which counts when 
agreeing on a cooperation between suppliers and users through a MTES system. 
  
Testing different HTF temperatures for the discharge shows that a 33 % increase in the HTF temperature 
decreases the power by half. Moreover, the current prototype has appeared to make it really difficult to 
maintain the HTF temperature at 30 °C in the reservoir. If in the future further experiments are to be 
done with such a temperature for the discharge, one option could be to modify the setup by adding a 
bypass valve leading, during the discharge only, to a first cooling system for the HTF being cooled down 
already before reaching the HTF reservoir.  
Nevertheless, this modification of the setup could be relatively cumbersome, so should be considered only 
if experiments with such a “cold” temperature present a real interest.  

 

The test was conducted on a laboratory scale and the actual MTES system would be much bigger. The 
effect on the exchanged power of upscaling the prototype by increasing the tank length has been studied. 
The main influence of the length appears to be on the convective and conductive resistances and on the 
convective coefficient in the HTF. Conversely, the convective coefficient in the melted PCM is not 
changed when the length is increased. With these modifications, the overall heat transfer coefficient 
increase is linear with the increase in length. Moreover the percentages of increase in length and of 
increase in overall heat transfer coefficient are similar. By extension, it can be concluded that the power 
would also increase by the same percentage. Nevertheless, several assumptions have been done to obtain 
the result regarding the evolution of the overall heat transfer coefficient and the evolution of the ΔTLM 
involved in the power calculation has not been studied. Such a conclusion about the power evolution with 
the increased tank length should thus be considered carefully. 

 

 

Now that conclusions have been drawn from a first work attempting to the MTES system performance, 
some advices can be given regarding the future work to pursue the studies.  

It would be interesting to homogenize the PCM melting/freezing behaviour in the tank by attempting to 
better distribute the HTF flow in between the pipes at the bottom of the tank. This would probably 
improve the performance since the whole amount of PCM would fully melt at the same rate. 

Another advantage would be to work on the losses. It would be beneficial to try and reduce them either 
with an additional insulation layer or with a tank insulating layer put under vacuum. This last option might 
however be capital intensive (especially for the full scale project) so the economic feasibility should first be 
considered first and foremost in order to see if this is economically feasible.  

Regarding upscaling the prototype, it would be interesting to study the evolution of the ΔTLM when 
upscaling the heat exchanger. Thereafter, a more reliable conclusion can be drawn as for the influence of 
upscaling on the exchanged power. Furthermore, the length has only been studied when speaking of 
upscaling but other parameters can also be considered, such as the pipes diameter. 
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Appendix  

Appendix 1: Operational planning 

 

Heat on Wheels Thermal Energy Storage 
2015-09-23 
Operating manual 
The test rig is set up to simulate the charging and discharging from Mobile Thermal Energy Storage Unit 
from a heat source to a district heating network. This is done in two operational steps which are described 
below. 
Before starting the testing, be aware of the following: 

1. Never eat or drink close to the setup  
2. Read labels and instructions carefully 
3. Work in pairs 
4. Wear safety glasses and gloves 
5. Do not wear any loose fabric 
6. If you have long hair, tie it back  
7. Be aware of the location of the emergency stop button 
8. Be cautious of the hot surfaces while running tests 
9. Make sure absorbing material is at hand when you start. If there is a leak – place out the material 

For Erythritol type of PCM: 
Charging process 

1. Determine the right inverter frequency for the desired flowrate. 
2. Have the pump turned off.  
3. Heat up the oil in the reservoir to 125 °C, regulate temperature with the oil baths.  
4. Start the pump at the predetermined frequency. 
5. Collect temperature data of the PCM and flow rate using the measurement setup. 
6. Charge the PCM to 118 °C.  
7. Turn off the pump. 

Discharging process 
1. Determine the right inverter frequency for the desired discharge flowrate. 
2. Have the pump turned off. 
3. Cool down the oil in the reservoir using the oil baths.  
4. When the temperature of the oil reservoir has reached below 100 °C, start water cooling by 

opening the water tap. 
5. Once the oil has reached 45 °C, stop pumping water into the cooling coil.  
6. Start the pump at the predetermined frequency. 
7. The criterion is to have an outflow of heat transfer oil from the storage tank higher than user 

demand temperature, when the oil at the storage tank outlet is below 55°C, stop the pump. 
 

 

Source: Laestender et al., 2015 
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Appendix 2: Safety assessment  

Form 1 

 

 

HPT Lab 

 

 

Risk Analysis for Lab Equipment 
Form 1 

 

Overview                               Page: 
1 (1) 

Lab Equipment 

Heat on Wheels Thermal Energy Storage Unit 
Date 

2015-06-
10 

Rev 

      

Done by: 

Gina Sjöberg & Kristina Nilsson Bromander 
Approved (signature) 

      

 
 

1 Preparation 

 
  

1.1 Fill in form “General description of lab 
equipment” 

☒ Done 

Done by: 

Gina Sjöberg & Kristina Nilsson Bromander 

 

Date: 

2015-09-22 

 

2 Risk Identification 

 
  

2.1 Fill in column 1 on form 2 “Risk Analysis” ☒ Done 

2.2 Overall risk situation (summary) 

The test s includes running hot fluids through a heat exchanger in order to examine the heat 
transfer. Therefore there are a number of risks concerning hot fluids and hot surfaces of the rig. To 
run the test an electric motor is also needed for pumping, this brings some risks due to the use of 
electricity. 

Done by: 

Gina Sjöberg & Kristina Nilsson Bromander 
 

Date: 

      

 

 

3 Risk Assessment 
 

3.1 Perform risk assessment 

 Fill in column 2 on form 2 “Risk Analysis” ☒ 

Likelihood 

☒ Consequence 

 Fill in risk ranking toll on form 3 “Risk 
Ranking” 

☒ Done 

 Continue risk assessment in column 2 on 
form 2 

☒ Risk 

group 
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3.2 Summary of assessed risks  

The elevated temperature means a severe risk of burn for people working with the test rig. 
Therefore leakage of the working fluids is considered a big risk. Also the mechanical and electrical 
equipment used to run the testing should be looked after.  

Done by: 

Gina Sjöberg & Kristina Nilsson Bromander 
 

Date: 

2015-09-29 

 

 

4 Risk Response Planning 
 

4.1 Fill in column 3 “Risk Response” on form 2 
“Risk Analysis” 

☒ Done 

4.2 Proposed responses 

Placing of leak tray 

Costs 
(kSEK) 

     

Responsible: 

      

Due date: 

      

 

Placing of pressure relief valve 

 

     

 

      

 

      

 

Insulation of tank surface 

 

     

 

      

 

      

 

Shielding of pump lid 

 

     

 

      

 

      

 

Safety placement of equipment 
 

     

 

      

 

      

Done by: 

Gina Sjöberg & Kristina Nilsson Bromander 
 

Date: 

2015-10-06 

 

 

5 Implementation 
 

5.1 Implementation of risk responses in operating 
manual 

☐ Done ☐ Not needed 

Document No / title 

      

Date: 

     
Approved (signature) 

      

5.2 Specification report for eventual changes in 
equipment 

☐ Done ☐ Not needed 

Document No / title 

      

Date: 

     
Approved (signature) 

      

 

 

Source: Laestender et al., 2015 
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Form 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Laestender et al., 2015 
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Form 3 

Source: Laestender et al., 2015 
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Source: Laestender et al., 2015 
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Appendix 3: Calibration of testing equipment and thermocouples positioning 
 

Temperatures 

 (°C) 

Chn 

201 

Chn 

202 

Chn 

203 

Chn 

204 

Chn 

205 

Chn 

206 

Chn 

207 

Chn 

208 

Chn 

209 

Chn 

210 

Chn 

101 

30 0.01 -0.35 0.29 -0.12 -0.18 0.05 -0.29 0.02 0.11 0.02 0.45 

40 0.10 -0.13 0.22 -0.07 -0.12 -0.21 -0.21 -0.15 0.06 -0.03 0.50 

50 0.07 -0.01 0.17 -0.02 -0.13 -0.21 -0.23 -0.12 -0.03 0.01 0.50 

60 0.26 -0.08 0.16 -0.03 -0.18 -0.25 -0.27 -0.13 0.02 -0.02 0.50 

70 0.37 -0.02 0.11 -0.09 -0.17 -0.26 -0.28 -0.19 0.05 -0.05 0.53 

80 0.37 0.02 0.11 -0.09 -0.16 -0.26 -0.28 -0.22 0.08 -0.05 0.49 

90 0.44 -0.04 0.11 -0.07 -0.20 -0.28 -0.28 -0.19 0.11 -0.08 0.48 

100 0.40 -0.09 0.17 -0.01 -0.16 -0.27 -0.29 -0.24 0.13 -0.09 0.45 

110 0.44 -0.09 0.10 -0.01 -0.16 -0.28 -0.26 -0.19 0.08 -0.08 0.45 

120 0.51 -0.09 0.08 -0.04 -0.18 -0.27 -0.28 -0.22 0.19 -0.10 0.40 

130 0.30 0.00 0.12 0.06 -0.15 -0.28 -0.28 -0.17 0.07 -0.11 0.44 

140 0.31 -0.03 0.13 -0.03 -0.12 -0.27 -0.25 -0.19 0.04 -0.07 0.48 

          Table A: Calibration of the temperature sensors 

 

Depth 

[mm] 

Chn 

201 

Chn 

202 

Chn 

203 

Chn 

204 

Chn 

205 

Chn 

206 

Chn 

207 

Chn 

208 

Chn 

209 

Chn 

210 

1 Fixed Fixed 157 146 155 151 164 150 164 150 

2 138 126 135 132 144 130 144 130 

3 118 107 116 112 125 111 125 111 

4 99 87 96 93 105 91 105 91 

5 79 68 77 73 86 72 86 72 

 Figure 1: Positioning of thermocouples                         Table B: Visible length for different depth positions of PT100 

Source: Bachelor Thesis “Thermal Energy Storage Testing, An applied energy project”, Laestender et al., 2015



-VIII- 
 

Appendix 4: Projected schedule 

 

 

 

 

 

 

Figure 2: Master thesis timetable 
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Appendix 5: Determination of HTF flow values to be tested  
 

 

 

First, the value of 2.50 L/min was chosen to be tested but it was important to know what would be this flow in a full 
scale heat exchanger. Knowing that the full scale heat exchanger would have 121 more pipes than the laboratory one, 
and considering the flow in each pipe being equal, on average, to the global flow divided by the number of pipes, it 
was possible to calculate the global flow for the full scale heat exchanger, which is 5.04 L/s. This is a larger value than 
the flow of 3.0 L/s used by Latherm but but it was decided to keep the value of 2.50 L/min for the laboratory scale 
heat exchanger anyway in order to have a wider range of test.  

Then, it was interesting to know what would be the corresponding laboratory flow if the full-scale flow were the flow 
used by Latherm. With the same assumptions than previously mentioned, it has been calculated that the 
corresponding flow for the laboratory scale would be 1.50 L/min. Again in order to have a wider range of flow but 
also to have an “easy” ratio between the two tested flows, it has been decided to choose 1.25 L/min as the lower 
tested flow value. 

These calculations also allowed determining the flow regime in the pipes which is laminar on the whole range of 
working temperature for the HTF.  

ULTRA 350. Source: (p29) HTF doc\Lauda heat transfer oil.pdf

Downscale MTES Full scale MTES Temperature (°C) Kinematic viscosity (mm2/s)

Number of tubes 52 6 292 121 times more tubes in full scale 20 47,11

Global flow rate (L/s) 0,042 5,04 40 16,32

Average flow rate per tube (L/s) 0,00080 0,00080 80 4,74

Pipes inner diameter (mm) 10,0 10,0 100 2,89

Average oil speed (m/s) per tube 0,0102 0,0102 120 2,11

Re (at 40 °C) 6 6 160 1,32

Re (at 100 °C) 35 35 200 1,05

Re (at 120 °C) 48 48 240 0,79

Re (at 160 °C) 78 78 280 0,53

--> Laminar flow!

5,04

LATHERM working conditions 3,00

Source: http://www.latherm.de/index.php?id=73&L=1

--> Determination of Global flow rate for downscale MTES

Downscale MTES Full scale MTES

Number of tubes 52 6 292

Global flow rate (L/s) 0,025 3,0

Average flow rate (L/s) per tube 0,00048 0,00048

Pipes inner diameter (mm) 10,0 10,0

Average oil speed (m/s) per tube 0,0061 0,0061

Re (at 40 °C) 4 4

Re (at 100 °C) 21 13

Re (at 120 °C) 29 21

Re (at 160 °C) 46 29

Laminar flow!

1,5

Downscale/full scale flow comparison

Flow rate used by LATHERM (L/s)

Global flow rate (L/s) for full scale 

Global flow rate (L/min) for downscale 

If we want to keep the same flow rate per tube from downscale to full scale

If we want to have the same global flow rate as LATHERM for the full scale and then keep the same flow rate per tube from full scale to downscale

--> Determination of Global flow rate for full scale, knowing that downscale flow rate = 2,5 L/min
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Appendix 6: Tables for temperature sensor correction 

 

 

  

T (°C) Correction (°C) A B T (°C) Correction (°C) A B T (°C) Correction (°C) A B

30 0,45 0,005 0,3 30 0,01 0,009 -0,26 30 -0,35 0,022 -1,01

40 0,50 0,00 0,5 40 0,10 -0,00 0,22 40 -0,13 0,01 -0,61

50 0,50 0,00 0,5 50 0,07 0,02 -0,88 50 -0,01 -0,01 0,34

60 0,50 0,00 0,32 60 0,26 0,01 -0,4 60 -0,08 0,01 -0,44

70 0,53 -0,00 0,81 70 0,37 0,00 0,37 70 -0,02 0,00 -0,3

80 0,49 -0,00 0,57 80 0,37 0,01 -0,19 80 0,02 -0,01 0,5

90 0,48 -0,00 0,75 90 0,44 -0,00 0,8 90 -0,04 -0,01 0,41

100 0,45 0,00 0,45 100 0,40 0,00 0 100 -0,09 0,00 -0,09

110 0,45 -0,01 1 110 0,44 0,01 -0,33 110 -0,09 0,00 -0,09

120 0,40 0,00 -0,08 120 0,51 -0,02 3,03 120 -0,09 0,01 -1,17

130 0,44 0,00 -0,08 130 0,30 0,00 0,17 130 0,00 -0,00 0,39

140 0,48 0,0034286 0 140 0,31 0,00 0 140 -0,03 -0,00 0

T (°C) Correction (°C) A B T (°C) Correction (°C) A B T (°C) Correction (°C) A B

30 0,29 -0,007 0,5 30 -0,12 0,005 -0,27 30 -0,18 0,006 -0,36

40 0,22 -0,01 0,42 40 -0,07 0,01 -0,27 40 -0,12 -0,00 -0,08

50 0,17 -0,00 0,22 50 -0,02 -0,00 0,03 50 -0,13 -0,01 0,12

60 0,16 -0,01 0,46 60 -0,03 -0,01 0,33 60 -0,18 0,00 -0,24

70 0,11 0,00 0,11 70 -0,09 0,00 -0,09 70 -0,17 0,00 -0,24

80 0,11 0,00 0,11 80 -0,09 0,00 -0,25 80 -0,16 -0,00 0,16

90 0,11 0,01 -0,43 90 -0,07 0,01 -0,61 90 -0,20 0,00 -0,56

100 0,17 -0,01 0,87 100 -0,01 0,00 -0,01 100 -0,16 0,00 -0,16

110 0,10 -0,00 0,32 110 -0,01 -0,00 0,32 110 -0,16 -0,00 0,06

120 0,08 0,00 -0,4 120 -0,04 0,01 -1,24 120 -0,18 0,00 -0,54

130 0,12 0,00 -0,01 130 0,06 -0,01 1,23 130 -0,15 0,00 -0,54

140 0,13 0,00 0 140 -0,03 -0,00 0 140 -0,12 -0,00 0

T (°C) Correction (°C) A B T (°C) Correction (°C) A B T (°C) Correction (°C) A B

30 0,05 -0,026 0,83 30 -0,29 0,008 -0,53 30 0,02 -0,017 0,53

40 -0,21 0,000 -0,21 40 -0,21 -0,002 -0,13 40 -0,15 0,003 -0,27

50 -0,21 -0,004 -0,01 50 -0,23 -0,004 -0,03 50 -0,12 -0,001 -0,07

60 -0,25 -0,001 -0,19 60 -0,27 -0,001 -0,21 60 -0,13 -0,006 0,23

70 -0,26 0,000 -0,26 70 -0,28 0,000 -0,28 70 -0,19 -0,003 0,02

80 -0,26 -0,002 -0,1 80 -0,28 0,000 -0,28 80 -0,22 0,003 -0,46

90 -0,28 0,001 -0,37 90 -0,28 -0,001 -0,19 90 -0,19 -0,005 0,26

100 -0,27 -0,001 -0,17 100 -0,29 0,003 -0,59 100 -0,24 0,005 -0,74

110 -0,28 0,001 -0,39 110 -0,26 -0,002 -0,04 110 -0,19 -0,003 0,14

120 -0,27 -0,001 -0,15 120 -0,28 0,000 -0,28 120 -0,22 0,005 -0,82

130 -0,28 0,001 -0,41 130 -0,28 0,003 -0,67 130 -0,17 -0,002 0,09

140 -0,27 -0,002 0 140 -0,25 -0,002 0 140 -0,19 -0,001 0

T (°C) Correction (°C) A B T (°C) Correction (°C) A B

30 0,11 -0,005 0,26 30 0,02 -0,005 0,17

40 0,06 -0,009 0,42 40 -0,03 0,004 -0,19

50 -0,03 0,005 -0,28 50 0,01 -0,003 0,16

60 0,02 0,003 -0,16 60 -0,02 -0,003 0,16

70 0,05 0,003 -0,16 70 -0,05 0,000 -0,05

80 0,08 0,003 -0,16 80 -0,05 -0,003 0,19

90 0,11 0,002 -0,07 90 -0,08 -0,001 0,01

100 0,13 -0,005 0,63 100 -0,09 0,001 -0,19

110 0,08 0,011 -1,13 110 -0,08 -0,002 0,14

120 0,19 -0,012 1,63 120 -0,10 -0,001 0,02

130 0,07 -0,003 0,46 130 -0,11 0,004 -0,63

140 0,04 0,000 0 140 -0,07 -0,001 0

Temperature sensor correction

Chn 101 y=A*X+B Chn 201 Chn 202 y=A*X+B

Chn 203 Chn 204 y=A*X+B Chn 205 y=A*X+By=A*X+B

y=A*X+B

Chn 208 y=A*X+B

Chn 210 y=A*X+B

Chn 206 y=A*X+B

Chn 209 y=A*X+B

Chn 207 y=A*X+B
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Appendix 7:  
a) Demonstration of the determination of the b parameter in the adapted Dirac 
delta function  

 

 

b) Table presenting the PCM masses surrounding each sensor 

Estimation of the PCM mass (kg) around 

the different temperature sensors 

m203 (= m205) 4,33 

m204 (= m206) 3,33 

m207 (= m209) 5,09 

m208 (= m210) 2,57 
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Appendix 8: Heat Transfer Fluid Ultra 350 properties 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Lauda Heat Transfer Fluid Catalogue (except table on the right: values given by a professional)

Temperature 

(°C) 

Thermal 

Conductivity 

(W/m) 

20 0.128 

100 0.121 

200 0.113 

Table C: Thermal conductivity of Ultra 350 



-XIII- 
 

Appendix 9: Table presenting the results of energy and power calculations for experiments 4 to 11 
 

 

 

Table D: Results of power and energy calculations 

Test T (°C) flow (L/min) Δt (h) Energy (Wh) Power (W) Δt (h) Energy (Wh) Power (W) Δt (hours) Energy (Wh) Power (W)

via HTF 3,17 3841 1213 0,56 2000 3547 5,18 7577 1463

via PCM 3,17 4662 1472 0,56 1589 2819 5,18 7750 1496

via HTF 3,50 4382 1252 0,49 1861 3828 5,52 8153 1478

via PCM 3,50 3708 1060 0,49 1612 3317 5,52 7744 1404

via HTF 3,50 3876 1107 0,62 1939 3117 5,65 8104 1434

via PCM 3,50 4486 1282 0,62 1486 2388 5,65 7730 1367

via HTF 2,83 4091 1444 0,49 1988 4044 3,85 6740 1752

via PCM 2,83 5058 1785 0,49 1401 2849 3,85 7473 1942

via HTF 3,67 4472 1220 0,56 1997 3577 5,66 8251 1457

via PCM 3,67 3872 1056 0,56 1436 2572 5,66 6575 1161

via HTF 11,58 7055 609 1,03 1934 1872 14,05 10042 715

via PCM 11,58 5124 442 1,03 1335 1292 14,05 7652 545

via HTF 3,58 4409 1230 0,53 1973 3739 5,30 7890 1489

via PCM 3,58 4736 1322 0,53 1626 3080 5,30 7727 1458

During whole charge ΔT = [50 °C ; 119,7 °C]

11 130 2,50

130

130

130

130

1,25

2,50

3,00

2,50

130

130

2,50

During phase change ΔT = [98 °C ; 119 °C] From 50 °C to 90 °C (sensible heat)Method of 

calculation

CHARGE

Conditions

4 2,50

9

8

7

6

5

Test T (°C) flow (L/min) Δt (h) Energy (Wh) Power (W) Δt (h) Energy (Wh) Power (W) Δt (hours) Energy (Wh) Power (W)

via HTF 0,075 410 5461 1,08 3960 3665 1,29 5071 3935

via PCM 0,075 285 3800 1,08 2806 2597 1,29 5326 4133

via HTF 0,07 382 5294 1,07 4002 3732 1,31 5238 3986

via PCM 0,07 392 5425 1,07 3123 2913 1,31 5322 4051

via HTF 0,09 507 5699 1,04 4077 3935 1,26 5344 4228

via PCM 0,09 1275 14344 1,04 10765 10390 1,26 13561 10729

via HTF 0,08 317 3803 1,01 3944 3901 1,22 5146 4220

via PCM 0,05 410 7767 1,01 3264 3228 1,22 5334 4374

via HTF 0,14 385 2831 1,73 3401 1968 2,12 4498 2120

via PCM 0,14 296 2175 1,73 3392 1963 2,12 5318 2506

via HTF 0,09 423 4483 2,36 3842 1629 2,68 5203 1939

via PCM 0,09 544 5758 2,36 2494 1058 2,68 5316 1981

During whole discharge ΔT = [ 60°C ; 116,9 °C]From 100 °C to 60 °C (sensible heat)

DISCHARGE

4 45 2,50

11 60 2,50

8 30 2,50

10 45 1,25

During phase change ΔT = [105 °C ; 111,5 °C]

30 2,50

Conditions Method of 

calculation

5 45 2,50

7
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Appendix 10: Graphs of temperatures evolution and power for experiments 4, 5, 6, 7, 8, 9, 10 and 11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Evolution of oil and Erythritol (bottom part of the tank) temperatures 
during the charge - experiment 4 

Figure 4: Evolution of oil and Erythritol (top part of the tank) temperatures 
during the charge - experiment 4 

Figure 5: Evolution of oil and Erythritol temperatures during the discharge -
experiment 4 

Figure 6: Evolution of oil and Erythritol (bottom part of the tank) temperatures 
during the charge - experiment 5 
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Figure 7: Evolution of oil and Erythritol (top part of the tank) temperatures 
during the charge - experiment 5 

Figure 8: Evolution of oil and Erythritol temperatures during the discharge -
experiment 5 

Figure 10: Evolution of oil and Erythritol (top part of the tank) temperatures 
during the charge - experiment 6 

Figure 9: Evolution of oil and Erythritol (bottom part of the tank) temperatures 
during the charge - experiment 6 
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 Figure 14: Evolution of oil and Erythritol temperatures during the discharge -
experiment 8 

Figure 11: Evolution of oil and Erythritol (bottom part of the tank) temperatures 
during the charge - experiment 7 

Figure 12: Evolution of oil and Erythritol (top part of the tank) temperatures 
during the charge - experiment 7 

Figure 13: Evolution of oil and Erythritol temperatures during the discharge -
experiment 7 
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Figure 15: Evolution of oil and Erythritol (bottom part of the tank) 
temperatures during the charge - experiment 8 

Figure 16: Evolution of oil and Erythritol (top part of the tank) temperatures 
during the charge - experiment 8 

Figure 17: Evolution of oil and Erythritol (bottom part of the tank) 
temperatures during the charge - experiment 9 

Figure 6: Evolution of oil and Erythritol (top part of the tank) temperatures 
during the charge - experiment 9 
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Figure 19: Evolution of oil and Erythritol temperatures during the discharge -
experiment 10 

Figure 20: Evolution of oil and Erythritol (bottom part of the tank) 
temperatures during the charge - experiment 11 

Figure 21: Evolution of oil and Erythritol (top part of the tank) temperatures 
during the charge - experiment 11 

Figure 22: Evolution of oil and Erythritol temperatures during the discharge -
experiment 11 
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Appendix 11: Demonstration of the relations between laboratory and full- scale 
convective coefficients 
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Appendix 12: Calculations of overall heat transfer coefficient UA for full scale and laboratory scale 

 

 

Container type 1 2 3 4 5

Length (internal dimension) (m) 2,28 2,8 5,87 8,93 12 Length (m) 1,4

Width (internal dimension) (m) 2,1 2,33 2,33 2,33 2,33 Diameter (m) 0,256

Height (internal dimension) (m) 2,04 2,35 2,35 2,35 2,35 Surface of the section (m2) 0,0515

Surface of the section (m2) 4,28 5,48 5,48 5,48 5,48

Container type 1 2 3 4 5

Length 1,6 2,0 4,2 6,4 8,6

Width 8,2 9,1 9,1 9,1 9,1

Height 8,0 9,2 9,2 9,2 9,2

Laminar flow -->

Nomenclature

h: convection coefficient (W/m2K)

fs: Full scale heat exchanger

lab: lab scale heat exchanger

n: number of heat exchanger in length

µf: dynamic viscosity at Tmeanfluid

µw: dynamic viscosity at Twall

Container type 1 2 3 4 5

Number of HE in length 1,6 2,0 4,2 6,4 8,6

h_fs/h_lab = (X/n)^(1/3) 0,85 0,79 0,62 0,54 0,49

HE = Heat Exchanger

Number of lab heat exchanger that can fit in by:

Lab heat exchanger dimension

Nu=1,86*(v*D*D/(L*a))^(1/3)*(µf/µw)^0,14

h_fs=(X/n)^(1/3)*h_lab

Assumption: viscosity at the wall and viscosity at Tmean fluid are constant

Effect on convection in oil: Sieder and Tate correlation;     v_fs=X*v_lab        L_fs=n*L_lab

see details on paper
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Simulation: increasing L

Formulas

UA1: before melting of Erythritol, d'= mean diameter bet. di and de

UA2: during phase change

UA3: after melting of Erythritol

P: percentage of solid PCM 

X 1

Fixed values

di (m) 0,01

e tubes (m) 0,001

do (m) 0,012

λw (stainless stell) (W/mK) 17 (Thermal Conductivity of some common Materials and Gases, 2016)

space between centre of 2 consecutive pipes (m) 0,0195

space between two pipes (m) 0,0075

d' (m) 0,0235

λE solid - 20 C (W/mK) 0,73 (Chiu, J. and Martin, V., 2015)

λE liquid - 140 C (W/mK) 0,326

Values lab

h_oil_lab (W/m2K) 1025 (eDesignLab. 2016)

h_E_lab (W/m2K)   (melted PCM) 100,00 (Sung W. et al., 2012)

L_lab tot (m) 1,4

L_lab inside HE (m) = pipes length 1,075

"section de passage" S_E_lab (m2) 0,04

"section de passage" S_oil_lab (m2) 0,03

Values full scale

n 2 4 6 8 10

Sieder and Tate correlation; vlab=vfs, 

only changes in L h_oil_fs  (W/m2K) 813,54 645,71 564,08 512,50 475,76

Morgan correlation: see assumptions on 

paper h_E_fs (W/m2K)   (melted PCM) 100,00 100,00 100,00 100,00 100,00

L_fs inside HE (m) = pipes length 2,15 4,3 6,45 8,6 10,75

S_E_fs (m2) 0,08 0,16 0,24 0,32 0,41

S_oil_fs (m2) 0,07 0,14 0,20 0,27 0,34

UA2= (1/(h_oil2*S_oil)) + ln(de/di)/(2*pi*λw*L) + (1-P)*(1/(h_E2*S_E'))+P*ln(d'/de)/(2*pi*λE*L)

UA1= (1/(h_oil1*S_oil)) + ln(de/di)/(2*pi*λw*L) +  ln(d'/de)/(2*pi*λE*L)

UA3= (1/(h_oil3*S_oil)) + ln(de/di)/(2*pi*λw*L) + (1/(h_E*S_E)) 

Assumption: viscosity at the wall and viscosity at Tmean fluid are 

constant between lab and full scale. 

19,5mm
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Phase 1 = solid PCM Phase 3 = liquid PCM
Resistances & UA lab . Resistances & UA lab .

Rconv_oil (K/W) 0,0289 Rconv_oil (K/W) 0,0289

Rcond_pipes (K/W) 0,0016 Rcond_pipes (K/W) 0,0016

Rcond_E (K/W) 0,1366 Rconv_E (K/W) 0,2468

1/UA1_lab 0,1671 1/UA3_lab 0,2772

UA1_lab 5,9839 UA3_lab 3,6071

Resistances & UA full scale . Resistances & UA full scale . 

n 2 4 6 8 10 n 2 4 6 8 10

Rconv_oil (K/W) 0,0182 0,0115 0,0087 0,0072 0,0062 Rconv_oil (K/W) 0,0182 0,0115 0,0087 0,0072 0,0062

Rcond_pipes (K/W) 0,0008 0,0004 0,0003 0,0002 0,0002 Rcond_pipes (K/W) 0,0008 0,0004 0,0003 0,0002 0,0002

Rcond_E (K/W) 0,0683 0,0342 0,0228 0,0171 0,0137 Rconv_E (K/W) 0,1234 0,0617 0,0411 0,0308 0,0247

1/UA1_fs 0,0873 0,0460 0,0318 0,0245 0,0200 1/UA3_fs 0,1424 0,0735 0,0501 0,0383 0,0311

UA1_fs 11,4532 21,7291 31,4596 40,8156 49,8840 UA3_fs 7,0240 13,5964 19,9446 26,1339 32,1981

Ratios. Ratios. 

n 2 4 6 8 10 n 2 4 6 8 10

h_oil_fs/h_oil_lab 0,79 0,63 0,55 0,50 0,46 h_oil_fs/h_oil_lab 0,79 0,63 0,55 0,50 0,46

L_fs/L_lab 2,00 4,00 6,00 8,00 10,00 L_fs/L_lab 2,00 4,00 6,00 8,00 10,00

S_E_fs/S_E_lab 2,00 4,00 6,00 8,00 10,00 S_E_fs/S_E_lab 2,00 4,00 6,00 8,00 10,00

S_oil_fs/S_oil_lab 2,00 4,00 6,00 8,00 10,00 S_oil_fs/S_oil_lab 2,00 4,00 6,00 8,00 10,00

UA1_fs/UA1_lab 1,91 3,63 5,26 6,82 8,34 UA3_fs/UA3_lab 1,95 3,77 5,53 7,25 8,93

Phase 2 = solid and liquid PCM

Percentage of solid PCM 0,5

Resistances & UA lab . 

Rconv_oil (K/W) 0,0289

Rcond_pipes (K/W) 0,0016

Rcond_E (K/W) 0,1366

Rconv_E (K/W) 0,2468

Rpcm 0,1917

1/UA2_lab 0,2222

UA2_lab 4,5010

Resistances & UA full scale .

n 2 4 6 8 10

Rconv_oil (K/W) 0,0182 0,0115 0,0087 0,0072 0,0062

Rcond_pipes (K/W) 0,0008 0,0004 0,0003 0,0002 0,0002

Rcond_E (K/W) 0,0683 0,0342 0,0228 0,0171 0,0137

Rconv_E (K/W) 0,1234 0,0617 0,0411 0,0308 0,0247

Rpcm 0,0958 0,0479 0,0319 0,0240 0,0192

1/UA2_fs 0,11 0,06 0,04 0,03 0,03

UA2_fs 8,71 16,73 24,41 31,86 39,14

Ratios.

n 2 4 6 8 10

h_oil_fs/h_oil_lab 0,79 0,63 0,55 0,50 0,46

L_fs/L_lab 2,00 4,00 6,00 8,00 10,00

S_E_fs/S_E_lab 2,00 4,00 6,00 8,00 10,00

S_oil_fs/S_oil_lab 2,00 4,00 6,00 8,00 10,00

UA2_fs/UA2_lab 1,93 3,72 5,42 7,08 8,69
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