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Abstract

In 2010, the European Union developed renewable energy targets for the year 2020 because of global warming and the deficiency
of fossil fuel. One of these targets states that the contribution of renewable energy sources should be at least 20 percent on the
total EU energy consumption. One of the methods used in Germany to increase this contribution, is using solar radiation to gener-
ate useful heat by means of a solar combisystem. However, implementing a solar combisystem in Germany is challenging due to
cold periods, such as the winter period, through which the fluid inside the solar collector might freeze thereby damaging the sys-
tem. The main solutions that are being implemented in Germany to prevent his problem have high investment costs and/or are
susceptible for failures. For this reason, the company Conico Valves bv developed a solar combisystem that uses a novel and pa-
tented valve called the Thermo-Differential Valve (TDV). This valve allows the solar combisystem to operate with a continuous flow
in cases where other solar combisystems use a start stop operation (periodically allowing the pump to circulate); however, it was
unknown whether there is a difference between these two operations modes. Additionally, because research on the thermal per-
formance of the CV-system will be conducted by engineers of ITW using the simulation software TRNSYS, research had to be con-
ducted whether the CV-system could be simulated with this software. Both of these problems were analyzed in this master thesis
by conducting an experimental research on the thermal performance of an ETSC and a numerical research on simulating the CV-
system in TRNSYS18.

The first part of the experimental research consisted of improving the setup created by [Balkom, 2015], which was designed for
measuring the thermal performance of PVT-panels, because there were several issues in the setup; for example, too low volume
flowrates and an inconsistent pump. A literature research was conducted to obtain the design requirements for improving the set-
up, which was used to create a new thermal circuit in the test setup. This thermal circuit consists of a cooling cycle, which absorbs
the solar heat that is generated in the solar collector due to radiation of a solar simulator, and a solar collector loop, which gener-
ates a constant volume flow, incorporates the measuring equipment and integrates the design requirements. Measurements were
used to analyze the temperatures and volume flowrate in the setup, in order to verify that experiments could be performed ac-
cording to the NEN-EN-ISO 9806 norm for solar thermal testing.

During the second part of the experimental research, a theoretical model of an evacuated tube solar collector (ETSC) was devel-
oped for investigating the parameters that could influence the thermal performance, in which it was found that mainly the volume
flowrate has a high influence. Before the two operations modes could be investigated, experiments were executed on the thermal
performance of the inlet temperature using a constant solar radiation and volume flowrate. The results from this study were used
to acquire the linear and quadratic heat loss coefficient of the ETSC that can be used to determine the optical efficiency; the optical
efficiency is used to compare the performance of an ETSC under influence of different parameters. While using these coefficients,
the optical efficiencies during different volume flowrates and start stop operation were determined using experimental data and it
was concluded that it seems to be more beneficial to use a continuous operation mode than a start stop operation. Though, as the
mean temperature over the ETSC changes during the start stop operation, the loss coefficients might change, which influences the
optical efficiency of the ETSC.

For the numerical research, the CV-system was decomposed into its components: the ETSC, piping, a pump, the TDV, and a
thermal storage tank. The approriate TRNSYS components were found for each of these components, as TRNSYS uses individual
component models, such as pumps and solar collectors, for simulating the dynamic behavior of a system. However, the TDV is a
novel concept, thus there was no model available in TRNSYS, as a result four simple TRNSYS models were used to simulate the
TDV. During the analysis it was concluded that both the ETSC and piping simulation models were not able to accurately simulate a
start stop operation, however, they could simulate the continuous operation. Unfortunately, as an extensive research was con-
ducted on finding an appropriate simulation model in the standard library and TESS library of TRNSYS, it means that either a new
component has to be created or research is needed to find a more suitable model (outside these libraries).

These system components were further used in the numerical research, despite of their inaccuracies, to investigate if TRNSYS
is capable of recreating similar temperature profiles that were found in a measurement performed by Conico Valves bv.
Additionally, several parameters were unknown in the measurement, such as solar radiation and solar path. Therefore, it was
impossible to recreate the measurement data in TRNSYS and instead the shape of the temperature profiles were used to analyze
both the continuous and start stop operation in TRNSYS. From this research it was concluded that in both cases TRNSYS was able
to accurately simulate the shape of the temperature profiles in the CV-system. Though, it was found that the accuracy of the simu-
lation is highly dependent on the design parameters, for instance the location and length of the piping, and the simulation parame-
ters, such as simulation time step and node configurations.
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Nomenclature

Abbreviations

Full Meaning

cv Conico Valves
DAQ Data Aquisition
DHW Domestic Hot Water
ETSC Evacuated Tube Solar Collector
EU European Union
IAM Incidence Angle Modifier
LCOH Levelized Cost of Heating
PVT Photovoltaic Thermal
RE Renewable Energy
TDV Thermo-Differential Valve
Symbol Description Unit
A Surface m’
a; Linear loss coefficient W m2K?
az Quadratic loss coefficient W m?2K?
B Magnetic field T
C Capacitance of the collector ki K*
o Thermal heat capacity J kg'1 K*
D Diameter m
E Energy J
e Roughness um
F’ Collector fin efficiency -
f Friction factor -
h Convective heat transfer coefficient W m?2K?
| Irradiation W m?
IAM Incidence angle modifier -
k Conductive heat transfer coefficient wm'K?
L Length m
Mass kg
m Mass flowrate kg hr'
p Pressure bar

Master Thesis

vii



Eindhoven University of Technology

M.A. van Duijnhoven—0715511

Symbol Description Unit

Q Heat w

R Thermal resistance Kw?

r Radius m

S Solar radiation absorbed by the collector w

T Temperature °CorK

t Time s

UA Overall energy loss rate wK*
Voltage Vv

\" Volume m’

v Volume flowrate Lmin™

v Velocity ms™t

Z Total error -

z Random error -

o Absorption coefficient / thermal diffusivity -/m?s?

Y Logarithmic mean temperature difference -

Y Control signal -

n Efficiency ;

No Optical efficiency -

K Correction factor -

vl Systematic error / dynamic viscosity -/ kg m’s?

o Reflection coefficient / Density -/kgm?

(o] Standard deviation -

T Transmission coefficient -

Fo Fourier Number -

Nu Nusselt number -

Pr Prandtl number -

Re Reynolds number -
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Index Description

a Ambient / environment
abs Absorber

avg Average

bot Bottom

bp Bypass

C Cold

cal Calibrator

col Collector
comb Combined
con Conduction
cond Condenser
conv Convection
edg Edge

eva Evaporator

fl Fluid

g Glass

H Hot

ins Insulation

i Inner / inlet
ins Insulation
man Manifold

o Outer / outlet
p Pipe

st Storage tank
sto Stored

stag Stagnation
TC Thermocouple
tot Total

vf Volume flow
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1| Introduction

Global warming and the increase in scarcity of fossil fuels
have led to the development of renewable energy (RE) tar-
gets for the year 2020 by the European Union (EU) in 2010
[European Commission, 2017]. One of these targets states
that at least 20 percent of the EU energy consumption must
originate from RE sources, such as wind energy and solar en-
ergy. An increase in RE production results in a decrease in
dependence on fossil fuels, creating a sustainable society.
Each EU country has established its own national goal to
achieve the target defined by the EU; for example, Germany
defined a goal of 18 percent. To reach this goal, Germany is
focusing on a strategy to increase the implementation and
development of RE production technologies. Its contribution
of RE sources in the total energy consumption increased from
2 percent in 1990 to 10 percent in 2009, showing that this is
an effective strategy [Becker & Theis, 2016].

Germany is using solar irradiation to generate useful heat
as a technology to increase its RE production. This heat can
be used for space heating, domestic hot water (DHW), or
both by means of a solar combisystem. Implementation of a
solar combisystem in Germany is challenging, due to the fact
that there is a limited amount of solar irradiation. During cold
periods, such as the winter period, the ambient temperature
occasionally drops below freezing point and the collector
could be covered with snow. These scenarios can cause the
fluid inside the solar collector to freeze, thereby damaging
the system. There are two solutions being implemented in
Germany to prevent this problem.

The first solution is using a different fluid that does not
freeze under these circumstances. In this scenario the fluid in
the solar collector differs from the fluid in the storage tank,
which is used for space heating and DHW. Therefore, a heat
exchanger is needed to transfer the heat generated in the
solar collector to the storage tank; this solution is called an
indirect solar combisystem. A drawback of this system is that
the investment cost increases as does the number of compo-
nents. Additionally, the overall efficiency drops in comparison
with using water, which means that the price per kW generat-
ed heat increases.

The second solution uses a complex pump control strate-
gy that prevents freezing of the fluid. This solution requires
extra components to determine the system behavior; for in-
stance, temperature sensors to observe temperature devel-
opment throughout the system. Nevertheless, this strategy is
not only difficult to implement, it also will increase the invest-
ment cost significantly. This type of solution uses the same
fluid in the solar collector and the storage tank; hence it is call

ed a direct solar combisystem.

Both solutions increase the investment cost of the solar
combisystem and therefore the International Energy Agency
has created a task called Task54. The goal of this task is to
reduce the investment cost of an installed solar thermal sys-
tem for end-users [IEA, 2015]. Consequently, the company
Conico Valves (CV) developed a solar combisystem that uses a
novel and patented valve [Conico Valves bv, 2017]; this sys-
tem is called the CV system. The valve in this system is based
on a unique self-actuating principle that uses the tempera-
ture difference between the storage tank and solar collector
for determining the desired direction of the fluid; this valve is
also called the Thermo-Differential Valve (TDV). The CV sys-
tem uses two temperature sensors, which are integrated in
the pumping station, thus increasing the reliability and de-
creases the cost significantly (less components required) in
comparison to the solutions discussed in this paragraph.

1.1 Literature Review

This literature review briefly discusses three different topics:
the reference model from TASK54 and overviews of the TDV
as well as the CV-system with their working principle.

Reference Model

TASK54 developed a reference (indirect) solar combisystem
that is situated in Wirzburg Germany; Figure 1.1 presents the
layout of the solar combisystem [Bachmann,2017]. This sys-
tem uses six flat plate solar collectors in parallel that are con-
nected with a heat exchanger to a storage tank with a volume
of 800 L. The solar collector flow loop uses a pump with an
electric consumption of 48.4 — 57.4 kWh. Furthermore, a gas
condensing boiler is used for auxiliary heating if solar energy
is insufficient for meeting the energy consumption of the in-
habitants. This solar combisystem was modelled using the
simulation software TRNSYS, by engineers from ITW Universi-
ty of Stuttgart, for determining the (reduced) fuel consump-
tion and the required electric energy. To determine the lev-
elized cost of heating (LCOH), this data was combined with
the information regarding the investment cost, installation
cost, as well as fuel and electricity costs. The LCOH is the net
cost divided by the expected generated energy over the prod-
ucts lifetime, and is used for comparing energy cost coming
from different systems or sources, such as fossil fuels.

Thermo-Differential Valve
Figure 1.2 shows a schematic overview of the TDV and its
working principle. This valve consists of an actuator, which is
a hollow tube that has a float on one side and a small con-
tainer on the opposite side. The float is located inside the

Master Thesis 1
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hot water
outlet

cold water
inlet

Figure 1.1 — Layout of the reference solar combisystem used in the calcu-
lation of TASK54 [Bachmann,2017]

storage tank, while the small container is located in the valve
housing. A working fluid is available in the actuator that ei-
ther moves towards the float or to the small container de-
pending on the temperature difference between the storage
tank and collector output. This movement occurs at a very
small temperature difference in a rapid pace (less than a sec-
ond). The TDV is in open position when the temperature in
the storage tank is lower than the solar collector output, Fig-
ure 1.2a. Under this circumstance the working fluid flows in
the float and as a result the float sinks, allowing water from
the collector output to flow into the storage tank. The TDV is
in bypass position, Figure 1.2b, when the temperature in the
storage tank is higher than the solar collector output. In this
case the float is filled with vapor and rises up, thereby closing
the storage tank inlet.

Conico Valves system
The CV-system is a direct solar combisystem that uses the
TDV for autonomous control of storing heat; a schematic
overview of this system is presented in Figure 1.3. This sys-
tem consists of an evacuated tube solar collector (ETSC), insu-
lated copper piping, a solar circulation pump with controller,
a thermal storage tank, auxiliary heating component, and two
temperature sensors (one at the ETSC;, and one at the
ETSC,ut); these sensors are incorporated in the pumping sta-
tion. The CV-system also uses a thermosiphon valve that cre-
ates, in combination with the TDV, a water-based system
with a reliable frost protection mechanism, which does not
require power. Therefore, this system is suitable for colder
climates such as in central and northern EU. Also, it increases
the reliability and decreases the costs because of the two

Figure 1.2 — The position of the TDV at different temperature differences.
In situation a, the temperature in the storage tank is lower than the out-
put of the solar collector (open), while situation b, shows the opposite
(bypass) [Conico Valves bv, 2017]

temperature sensors in the pumping station, in comparison
to the two other solar combisystems that are discussed in the
introduction. However, the thermosiphon valve was not im-
plemented in the system used in the numerical research of
this thesis, as the implementation of thermosiphon flow ef-
fects in TRNSYS is extremely complex and might not even be
possible.

The CV-system operates with two different control strate-
gies: (i) start stop operation and (ii) continuous operation.
The pump has to circulate periodically at the startup of the
CV-system, referred to a start stop operation, for measuring
the temperature inside the ETSC, as the temperature sensors
are incorporated in the pumping station. Because of the TDV,
the ETSC output will bypass the storage tank as long as no
heat can be added to the storage tank. This start stop opera-
tion is used, for instance after each night, to determine
whether there is a sufficient irradiation level for the CV-
system to operate continuously, which is similar to conven-
tional solar combisystems; this operation is referred to as
continuous operation. If the temperature in the ETSC drops
below a pre-set value under continuous operation, for exam-
ple due to insufficient irradiation, the pump starts to circulate
periodically again. When the temperature decreases even
further (near freezing temperature) despite using a start stop
operation, the thermosiphon valve opens to allow hot fluid to
flow from the storage tank to the solar collector loop. This
thermosiphon valve is designed to minimize the heat loss for
frost protection, which means that only in utter need heat is
extracted from the storage tank.

2 Solar Combisystem with Thermo-Differential Valve
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1| ETSC

2| Thermal Storage

3| Auxiliary Heating

4 TDV

5| ETSCout T-sensor
6| ETSCin T-sensor

7| Pump with Controller

Figure 1.3 — Layout of the CV-system showing the location of the main components. One of these components is the TDV designed by Conico Valves bv.

1.2  Aim of the Study

This report focusses on two key research topics that are relat-
ed to the CV-system, namely on (i) the thermal performance
of an ETSC, and (ii) simulation of the CV-system in TRNSYS.
Therefore, this thesis was divided into an experimental re-
search and a numerical research.

Experimental Research
Because of the implementation of the TDV in the CV-system,
which allows for bypassing the storage tank, this system
could be entirely operating with a continuous flow rate. How-
ever, it is unknown whether there is a difference between
thermal performance of an ETSC using a stagnant flow (for
start stop operation) and a continuous flow rate, and which
of these flows is more beneficial. This is of interest when
there is a low level of irradiation available, particularly during
the morning and evening.

An experimental research was conducted only on the ETSC
that is used in the CV-system. Also, the use of a theoretical
model of an ETSC was restricted to determining the parame-
ters that could influence the thermal performance; this mod-
el was not used for a comparison with the experimental data.
As a result, the following main research question was formu-
lated:

What is the influence of a continuous mass flow rate, at dif-
ferent mass flow rates, and a start stop mechanism on the
thermal performance of the ETSC used in the CV-system?

Numerical Research

As mentioned in Paragraph 1.1, TRNSYS was used as simula-
tion software for determining the LCOH of the reference sys-
tem by engineers of ITW. These engineers will eventually also
evaluate the LCOH of the CV-system. For this reason, research
had to be conducted whether this software is suitable to sim-
ulate the CV-system. This system is dependent on highly dy-
namic behavior due to the TDV, as a result, it was unknown
whether TRNSYS is capable of accurately simulating a realistic
TDV behavior. This behavior directly influences the stored
heat in the CV-system and with it the overall thermal perfor-
mance. Consequently, another main research question was
formulated:

Is the simulation software TRNSYS18 capable of accurately
simulating the CV-system?

The numerical research was limited to using the standard
library and extended TESS library of TRNSYS. The working
principle of this simulation program is explained in chapter 4.
Furthermore, this report does not include the development
of an optimized control strategy for the CV-system, but in-
stead describes an analysis of the CV-system in TRNSYS. Addi-
tionally, this report does not discuss a yearly simulation of the
CV-system, so it does not discusses a comparison between
the CV-system and the reference model from TASK54. Yet,
this reference system was used for determining the simula-
tion parameters.

Master Thesis 3
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1.3  Research Method
Each of the research topics was conducted with its own
method, which is described in this paragraph.

Experimental Research

The first step in this research was to create an experimental
setup that is suitable for determining the thermal perfor-
mance of the ETSC. Even though this was not the main focus
of this study, it was necessary for acquiring useful data. This
experimental setup was designed using the solar thermal
testing norm NEN-EN-ISO 9806 as a guideline and designed to
easily fit different (types of) solar collectors. Furthermore, a
verification of this setup was needed to check the accuracy of
the measurement devices and overall performance, such as
volume flow stability.

Before the research plan was constructed, a theoretical
model of an ETSC was investigated. The results from this
study were to clarify which parameters can influence the
thermal performance of an ETSC. Moreover, a literature
study was conducted on acquiring a method for comparing
experimental data related to the thermal performance of an
ETSC.

The main research question was divided into three sub-
research questions that were based on the theoretical model.
These sub-research questions were individually tested for
minimizing the number of required experiments. Also, these
questions had to be conducted in a specific order as the re-
sults of research question one were needed in the second
and third sub-research questions.

Numerical Research

The first part of the numerical research was to conduct re-
search on each individual component in the CV-system. First-
ly, a simulation type was gathered from the TRNSYS library
and extended TESS library for each component; for example,
the pump and ETSC. These components were investigated

whether they could be used for realistically simulating the CV
-system. Furthermore, a simulation component for the TDV
was developed as this is a novel concept, which therefore
was not available in TRNSYS.

Secondly, the CV-system was simulated for continuous
operation and start stop operation. During the numerical re-
search, the influence of the number of nodes and simulation
time step on the thermal performance were investigated in
order to find the optimum combination. Both these parame-
ters influences the simulation calculation time, thus for a
yearly simulation the optimum combination will result in the
least calculation time needed to accurately simulate the CV-
system.

1.4  Outline of Thesis

As there were two different research topics conducted during
the master thesis, this report is divided into two sections:
experimental research (part 1) and numerical research (part
2). Firstly described in part 1 is the experimental research
designed by [Balkom, 2015] and the design requirements for
the improved experimental setup, chapter 2. This chapter
also describes the new thermal layout of the improved exper-
imental setup and the validation of this setup. Secondly,
chapter 3 discusses the theoretical model of an ETSC, the
results found in the experimental research, and a sensitivity
analysis.

The second part of this report describes the system layout
and the simulation models used in TRNSYS, chapter 4. Fur-
thermore, this chapter discusses the analysis performed on
these components in order to find their accuracy compared
to realistic operation. Chapter 5 discusses the two cases that
were analyzed and their results: continuous operation and
start stop operation.

Chapter 6 concludes on both the research topics and pre-
sents recommendations for further research.

4 Solar Combisystem with Thermo-Differential Valve
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2| Design of Experimental Setup

The first research that was conducted during this thesis was
to investigate the thermal performance of a solar collector
that is used in the CV system. In previous studies at Eindho-
ven University of Technology, the performance of photovolta-
ic thermal (PVT) panels was investigated using an experi-
mental setup described in [Balkom, 2015]. This setup used a
solar simulator from the company Eternal Sun, which light
having a spectrum similar to the solar spectrum. Because the
solar simulator is independent on weather conditions, a con-
trolled study on the performance of PVT panels can be con-
ducted. Furthermore, PVT panels have a thermal and electric
performance; therefore, the experimental setup was divided
into two systems: a thermal circuit and an electric circuit. The
entire setup was designed according to NEN-EN ISO 9806
norm for solar thermal testing.

For this thesis, only the thermal performance of a solar
collector was of interest, thus only the thermal circuit. The
original thermal system had a closed loop configuration of
components, though due to the thermostatic bath it was an
open circuit. This thermostatic bath circulates, extracts heat
from the fluid and is therefore used for regulating the PVT-
panel inlet temperature. Furthermore, a needle valve is used
for controlling the volume flowrate of the fluid, which is
measured using a volume flowmeter. Unfortunately, there
are several issues with this setup regarding research possibili-
ties on the performance of solar collectors.

The main issue of this setup is that it was designed for
volume flowrates related to PVT-panels, which are in the
range between 15 and 120 L hr'. On the contrary, the ETSC’s
that are used in the CV system, have a flow range between
120 and 360 L hr. Hence the needle valve and flowmeter of
this setup could not be used. Another issue is that the pump
in the thermostatic bath generates fluid pulses instead of a
continuous flow, resulting in an inconsistent volume flow
through the system and thus through the collector. Further-
more, the tubes, which have a minimum inner diameter of 4
mm, are too small for acquiring higher velocities. Therefore,
this experimental setup could not be used for measuring the
thermal performance of the ETSC’s. As a result, a new experi-
mental setup was designed and build during this thesis.

This chapter describes the design process for this new
experimental setup that can be used for ETSC’s as well as PVT
-panels. Paragraph 2.1 describes the design parameters for
both these collector types and the NEN-EN-ISO 9806 norm for
solar thermal testing. An overview of the new experimental
setup is shown in paragraph 2.2, while several individual com-

ponents are described in paragraph 2.3. Finally, paragraph 2.4
discusses the calibration and verification process of the setup.

2.1  Design Requirements

The old experimental setup was based on design require-
ments set by NEN-EN-ISO 9806 norm for solar thermal testing
[NEN-EN-ISO, 2013] and various demands of the PVT panel
manufacturers [Balkom, 2015]. These requirements are still
applicable for the design of the improved experimental setup.
However, the list of requirements was extended with require-
ments for solar collectors, which are used in this thesis [Ruth,
2017], and for PVT panels [Rijvers, 2018]. The design require-
ments are divided into three categories, namely temperature,
flow, and miscellaneous. The design requirements for the
light source are not discussed, as the same solar simulator
was used as described in [Balkom, 2015].

2.1.1 Temperature
NEN-EN-ISO 9806 specifies three different temperature meas-

urements: inlet temperature of the collector, outlet tempera-
ture of the collector, and the ambient temperature. Each of
these measurements have their own accuracy and placement
requirements, which influences the design of the components
used in the experimental setup.

The inlet and outlet temperatures of the collector meas-
urements require a temperature sensor with a standard un-
certainty of 0.1 K. Also, a resolution of +0.02 K is required for
obtaining data to confirm that the temperature does not drift
over time, thus a datalogger with at least a 12-bit digital sys-
tem is needed. The difference between the collector inlet and
outlet temperature should be measured within a standard
uncertainty of 0.05 K. These temperature sensors should be
placed within 200 mm of the inlet and outlet of the collector
and the pipework upstream and downstream of the sensor
must be insulated. Mixing of the fluid is required for tempera-
ture measurements and can be ensured by using a bend in
the pipe works, an orifice or a fluid mixing device. Further-
more, the collector inlet temperature must be kept stable
within the range of +1 K.

The accuracy of the ambient temperature measurement
must have a standard uncertainty within 0.5 K. The tempera-
ture sensor must be placed near the surface of the collector
and shielded from direct radiation for minimizing radiation
exchange. Finally, according to [Balkom, 2015] the tempera-
ture range in built environment is between 10 °C (cold tap
water) and 60 °C (hot tap water). This temperature range also
spans the requirements for this thesis and the PVT panels.
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2.1.2 Flow

The flowrate is also an important parameter in determining
the thermal performance of a solar collector and PVT panel,
so it is crucial to have a continuous flowrate. According to
NEN-ISO EN 9806 the flowrate should be kept fixed within 2
% of the set flowrate during a time cycle for steady state con-
ditions and within 1 % for quasi-dynamic conditions. Also, the
flowrate may not differ more than 10 % between two experi-
ment cycles that uses the same set flowrate. Table 2.1 shows
the flowrates used in three different research topics. As can
be seen, the improved experimental setup should be able to
acquire a volume flowrate between 0.25 and 6 L min™. Fur-
thermore, the pump should have sufficient capacity to over-
come pressure drops that occur in the system.

Table 2.1 — Volume flow range used in three different research topics.

Research Topic Volume Flow Range [L min™]

M.W. van Balkom 0.25-2.00
P.M. Rijvers 0.33-2.00
ETSC 2.00 - 6.00

In the experimental setup from [Balkom, 2015], a volume
flow meter was used and was proven to be an effective tool
for determining the mass flow. An important notice is that
[Balkom, 2015] assumed a constant density over the temper-
ature range between 10 to 60 °C. Therefore, the same meth-
od was used in the improved setup. According to NEN-ISO EN
9806, the volume flowrate needs to be measured within an
accuracy of +1 % of the measured value, so a digital logging
device is needed for accurate time measurements of the vol-
ume flowrate.

2.1.3 Miscellaneous

Besides requirements on temperature and flowrate, there are
also requirements for several other components in the ther-
mal system, such as the pipes. NEN-ISO EN 9806 states that
the pipes should be kept as short as possible, especially
around the inlet and outlet of the collector, to decrease the
influence of the environment on the temperature. Also, an
insulation value of maximum 0.2 W K™ should be used for the
pipes for preventing heat loss to the environment. Additional-
ly, the pipes must be shielded from solar radiation.

Pressure measurements are used to determine whether
there is a pressure drop over the collector, what the pressure
level is during experiments, and if there is a leakage. These
pressure measurements should have an accuracy of less than
5 % of the measured value or £10 Pa. Incorporation of a short

piece of transparent tube makes it possible to observe
whether the fluid is contaminated or air bubbles are present
in the fluid. To avoid particles to enter the system, a filter
with a nominal size of 200 um should be placed. Lastly, a tap
connection should be made for filling the entire system with
tap water.

2.2  Experimental Setup

The improved experimental setup is divided into four differ-
ent categories, namely the solar simulator, solar collector,
thermal circuit and electrical circuit. As mentioned in para-
graph 2.1, the same solar simulator was used as described in
[Balkom, 2015] and is therefore not discussed in this thesis.
Also, no changes were made to the electrical circuit, as this
thesis only focusses on the thermal performance of ETSC. The
setup was properly designed, as different solar collectors or
PVT panels can easily be connected to the thermal circuit. As
a result, each user is able to integrate a solar collector or PVT
panel with their own temperature sensors.

Figure 2.1 shows an overview of the thermal circuit of the
improved experimental setup and the location of the solar
collector/PVT panel, whereas Figure 2.2 shows actual footage
of the thermal circuit. As can be seen, the thermal circuit con-
sists of two different cycles: a cooling cycle and a solar collec-
tor cycle that are connected with a bypass. The cooling cycle
has the purpose of absorbing heat that is generated in the
solar collector due to radiation of the solar simulator. The
solar collector cycle has several functions, namely generating
a constant volume flowrate, obtaining volume flowrate and
temperature data, and integrating the design requirements
discussed in paragraph 2.1. The bypass is used in case a new
solar collector or PVT panel is connected to the thermal cir-
cuit, then the solar collector cycle can be filled with water
through the cooling cycle (thermostatic bath).

2.2.1 Thermal Circuit: Cooling Cycle

The cooling cycle consists of a thermostatic bath, thermo-
static valve, connection to one side of the bypass, and a coun-
ter flow plate heat exchanger. The same thermostatic bath as
in [Balkom, 2015] was used, namely the Unichiller 015-H-MPC
of manufacturer Huber; Appendix A.1 discusses the design
choice of this thermostatic bath. This bath is used for control-
ling the volume flowrate and temperature in the cooling cy-
cle; because of this bath, this cycle is an open circuit. The in-
ternal pump of this bath is sufficient as the volume flowrate
in the cooling cycle does not require a precise continuous
flow; there are no boundaries for deviation in volume
flowrate. Warm water flows from the plate heat exchanger
into this bath and is cooled to a set temperature.

8 Solar Combisystem with Thermo-Differential Valve



Eindhoven University of Technology M.A. van Duijnhoven—0715511

Thermostatic

bath v
X ) Plate heat
\(‘\//' %exchanger
Thermostatic
vake
Bypass Airrelease
vake
X Needle valve
Flowmeter,
Pump () (Zp
Expansion
Needle valve e
Solar collector/ PVT |»bst—
Airrelease Filter prssure Préeésure
vale gauge gauge

Figure 2.1 — Schematic overview of the thermal circuit used in the improved experimental setup. The cycle containing the thermostatic bath and thermostatic
valve is called the cooling cycle (red), and the cycle containing the pump, filter, solar collector and flowmeter is called the solar collector cycle (black). The by-
pass is indicated in green.
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Figure 2.2 — Footage of the thermal circuit (a, b and c) and solar collector (d)

. TE Tz TS e & TEE TEY TLER
Tin Tout

I | I | | I ; 1 r 1 [ 1 ¥ 1 I 1 ! A ¥ 1 I 1 [ 1 ¥ 1 | I I | | I

> ! I ! | ! | I 1 I 1 [} 1 I | I 1 t 1 [ 1 I 1 [# 1 I A | | | | | | —

Figure 2.3 — Schematic overview of the thermocouples placed in the manifold of the ETSC. A thermocouple is placed on either side of the ETSC and 8 thermo-
couples inside the manifold at locations where there is a vacuum tube placed (shaded areas)
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A thermostatic valve is placed after this bath that is con-
nected to a temperature sensor, which is placed in the solar
collector cycle, to acquire the desired temperature in the
solar collector inlet. A thermostatic valve is used for mechani-
cal flow regulation based on a desired temperature setting.
Therefore, this valve automatically controls the volume
flowrate in the cooling cycle for acquiring the desired solar
collector inlet temperature. The AVTA 15 with absorption
charge, from manufacturer Danfoss, was used as thermo-
static valve, Appendix A.1.

Finally, this cycle is connected to a counter flow plate heat
exchanger for optimum absorption of heat. A stainless steel
brazed plate heat exchanger B3-12-10, from manufacturer
Hrale, was used in the improved experimental setup. This
heat exchanger consists of 10 plates, has a maximum power
of 22 kW, and has a maximum volume flowrate capacity of 67
L min™. Appendix A.1 discusses the design parameters and
procedure for this heat exchanger.

2.2.2 Thermal Circuit: Solar Collector Cycle

In the solar collector cycle, a continuous volume flowrate is
required with a maximum deviation of 2%, as described in
paragraph 2.1. This flowrate is acquired using a centrifugal
pump (Alpha 2 25-40 auto adapt circulation pump from man-
ufacturer Grundfos, Appendix A.1) that is controlled by two
needle valves. One of these valves is installed in a bypass that
connects the inlet of the solar collector with the outlet of the
solar collector. The needle valve in the bypass allows adjust-
ment of the volume flowrate without increasing the pressure
in the improved experimental setup. This valve cannot be
used on its own for acquiring low volume flowrates as the
volume flowrate output of the pump is too high. Consequent-
ly, another needle valve is installed in the piping towards the
inlet of the solar collector. The combination of these valves
assures that low volume flows can be reached without in-
creasing the pressure in the improved experimental setup.

As the design requirements state, a filter is installed be-
fore the solar collector inlet and two pressure gauges are
incorporated into the improved experimental setup, as re-
quired by the design requirements. These pressure gauges
are placed before and after the solar collector for determin-
ing the pressure loss in the setup. Furthermore, two push-in
couplings are used to easily (dis-) connect a solar collector or
PVT-panel. Additionally, a magnetic volume flowmeter
(Optiflux4000 from manufacturer Krohne), which is connect-
ed to a signal converter (IFC100 from manufacturer Krohne),
is installed after the solar collector output, Appendix A.1. In-
stalling the flowmeter at this location makes it possible to
detect leakages in the solar collector, piping and connectors.
Because this cycle is a closed loop, an expansion vessel with

an air release valve is placed after the solar collector output
for absorbing any excess water vapor caused by thermal ex-
pansion. Because the pump is installed vertically with a pipe
bend above, air can be trapped in the pump and cause fail-
ures, thus a secondary air release valve is used to prevent air
trapping. Finally, a temperature sensor, which is connected to
a digital logging device (DAQ NI-9211), is placed after the
temperature sensor of the thermostatic valve.

2.2.3 Solar Collector

As mentioned, each user is able to connect its own solar col-
lector to the thermal circuit. In this thesis an ETSC (EtaSunPro
HLK30 from manufacturer TWL) was used from which the
location of the temperature sensors can be seen in Figure 2.4.
Two T-type thermocouples were used for acquiring the inlet
and outlet temperature of the ETSC, to determine the tem-
perature difference and average temperature over the solar
collector. These sensors were positioned in a pipe bend at 10
cm from the actual inlet and outlet of the solar collector as
required from NEN-EN-ISO 9806. The temperatures inside the
solar collector were measured using eight T-type thermocou-
ples, which were positioned at the outer tube wall of the
manifold. Furthermore, the ambient temperature was meas-
ured using a K-type thermocouple and a pyranometer was
used for measuring the intensity of the solar simulator.

2.3  Verification

Verification of the experimental setup is essential to deter-
mine the accuracy of the measurements as well as to verify if
the measurements operate according to the NEN-EN-ISO
9806 norm. In the improved experimental setup there were
three different topics that needed verification before the set-
up could be used for measurements: (i) calibration of the
temperature sensors, (ii) analysis of input temperature, and
(iii) volume flow control. This section describes the proce-
dures and results found during the verification.

2.3.1 Temperature Sensor Calibration

A thermocouple consists of two wires of different metals that
are connected to a data acquisition (DAQ) device, the refer-
ence junction, and fused together at the other end in order to
create a measurement junction, the hot junction. When the
temperature changes at the hot junction, the metals will start
to deform and with it its resistance. This change in resistance
results in a change in microvolt that, due to the difference
compared to the reference junction, can be associated to a
temperature; this is referred to as the Seebeck effect.

In the improved experimental setup both T-type and K-
type thermocouples are used, which not only differ in materi-
al properties but also differ in measuring accuracy, tempera-
ture range, and application. Another difference between the
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T-type and K-type thermocouple used in this setup is that the
T-type thermocouples are housed in a metallic tube
(thermocouple probe), which allows the thermocouple to be
used in fluids, while the K-type is not. This paragraph de-
scribes the calibration method and results of the thermocou-
ples used in the improved experimental research.

Method

The calibration of a measuring device can be distinguished
into a systematic error and a random error. Both these errors
were determined for each thermocouple using a similar pro-
cedure used in [Balkom, 2015], which is shown in Figure 2.4.
All the thermocouples used in the setup were connected to
an NI-9211 thermocouple module for DAQ at their reference
junction, while the hot junction were submerged for 5cmin a
thermal bath; a thermal bath was used for acquiring three
different constant temperatures. A calibrated T-type thermo-
couple was connected to a Memocal 2000 thermocouple cali-
brator and also submerged with the other thermocouples.
The distance between the hot junction of each thermocouple
was minimized, by binding the thermocouples together using
a cable binder, and as a result the temperature inhomogenei-
ty was minimized. The data was logged using the software
Labview Signal Express; each thermocouple used a number of
N datapoints to determine both errors.

_

Datalogger

Thermocouples

BRA
Heater i
@

Stirred liquid bath Calibrator

Figure 2.4 — Schematic Overview of the thermocouple calibration setup,
also used in [Balkom, 2015]

Systematic error

A systematic error is defined as a consistent, repeatable error
that always occurs during a measurement (in other words the
mean offset between measurement value and actual value).
In case of the thermocouple calibration, the systematic error
(p) is the average temperature difference between the cali-
brator (T,) and the thermocouple (Tyc) over a number of N
datapoints and was determined by equation 2.1. The system-
atic error of each thermocouple is shown in Table 2.3.
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Random error
A random error is defined as an unpredictable error that is
not consisted by repeating measurements (the number of
doubt). The random error is based on the standard deviation
(o) of the thermocouple. Equation 2.2 presents the relation
between the standard deviation and a number of N data-
points for this thermocouple calibration.
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The results found from equation 2.2 gives a level of confi-
dence of 68% and in order to increase this level to 95% (0gs%),
the results have to be multiplied with a factor of 2. Addition-
ally, an estimation of the random error decreases when more
datapoints are averaged. Consequently, dividing ogse with the
number of N datapoints, results in the random error (z) of the
thermocouple (equation 2.3); the random error of each ther-
mocouple is presented in Table 2.3.
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Combined Error
The combined error of a measurement consists of the ran-
dom error of each measuring device as well as errors from
different components in the calibration setup, such as the
uncertainty of the calibrator unit. The relation between the
combined uncertainty error (Z.oms) and a number of m indi-
vidual uncertainty errors (z;) is presented in equation 2.4.

Eeomb = 210+ Eas 4 e E, " 24

In some measurements two variables are correlated to
one another, for example measuring the temperature differ-
ence (AT) over the ETSC requires two temperature sensors. In
this case, a covariance term is needed to compensate for us-
ing two temperature sensors (sensor 1 and sensor 2), equa-
tion 2.5; x stands for the temperature difference between the
calibrator and the thermocouple. The overall combined un-
certainty error for this example is presented in equation 2.6
and accounts for both the temperature difference of the ETSC
as well as the mean temperature (Ty) over the ETSC.

"
1
Tya = mz;(‘rl i = ity) (%2 — ) 2.5
I=

2.6
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Results

Several uncertainties were acquired during the calibration
procedure, for instance the uncertainty in the temperature
inhomogeneity of the thermal bath, though the hot junctions
of the thermocouples were bound together. According to
[Balkom, 2015], the inhomogeneity of this thermal bath has a
value of 0.1 °C. However, there is a pump available in the
thermal bath that mixes the fluid for a better homogeneity,
resulting in an inhomogeneity of less than 0.1 °C [Huijzer,
2018]. Another uncertainty is found in the resolution of the
calibrator display as it only shows one decimal, which means
that the value on the displays varies between +0.05 °C. As a
result, the standard uncertainty becomes 0.1 °C and this val-
ue has a rectangular probability distribution according to
[Balkom, 2015]. Finally, the measuring device of the thermo-
couples (NI-9211) has a standard uncertainty of 0.01 °C. Table
2.2 shows the procedure for one thermocouple, while the
combined standard uncertainty is presented in Table 2.3.

As can be seen in Table 2.3, the standard uncertainty of
the thermocouples at the inlet and the outlet (0.12 and 0.13 °
C) of the ETSC were slightly higher than the design require-
ments (0.1 °C), paragraph 2.1; however, Table 2.2 shows that
this standard uncertainty mainly was due to the inhomogene-
ity of the thermal bath. As mentioned before, the value for
the inhomogeneity is less than the calculated value, which

Table 2.2 — Example of determining the combined uncertainty error based
on the parameters used in the calibration setup

means that the standard uncertainty also is less than the val-
ues presented in Table 2.3. When the inhomogeneity is as-
sumed to be 0.05 instead of 0.10 °C, then the standard uncer-
tainty reduces to 0.08 °C, which is lower than the design re-
quirement. Furthermore, the AT/Ty, has standard uncertainty
(0.04 °C) lower than the design requirement (0.05 °C), thus it
was concluded that the standard uncertainties are allowed
according to the design requirements.

2.3.2 Temperature Input

A validation was needed in order to determine whether the
temperature at the inlet of the ETSC met the design require-
ments stated in paragraph 2.1. Moreover, this validation was
used to verify the accuracy in which the temperature in the
improved experimental setup could be controlled. During the
validation procedure, three measurements were conducted
using three different temperature settings (10, 30 and 50 °C)
and two thermocouples: (i) the thermocouple located at the
temperature sensor of the thermostatic valve and (ii) the
thermocouple at the inlet of the ETSC. In each measurement
the solar simulator emitted solar radiation (PV800 setting),
therefore, the inlet temperature of the ETSC was given time
to stabilize; thereafter, each measurement ran for 5 minutes.

Figure 2.5 presents the temperature profiles (Tyc), the
temperature deviation (T, min, Tzmax) due to the standard un-
certainty of the thermocouple, and the minimum and maxi-

Table 2.3 — The systematic (1) and random error (Z.,mp) of the thermocou-
ples used in the experimental setup

Quantity Value Divisor z Thermocouple nl°Cl Zeomb [°C]
Calibrator resolution 0.10 V3 0.06 Setup -0.07 0.12
Resolution of datalogger 0.01 1 0.01 Input -0.08 0.12
Inhomogeneity 0.10 1 0.10 Output -0.10 0.13
Thermocouple 0.10 6 0.04 Environment -0.05 0.18
TC1 -0.10 0.16
Zcomb 0.12 TC2 -0.01 0.16
TC3 0.03 0.13
TC4 0.17 0.18
TC5 0.10 0.16
TC6 0.00 0.12
TC7 0.07 0.21
TC8 0.07 0.13
AT/ T 0.04

12 Solar Combisystem with Thermo-Differential Valve



Eindhoven University of Technology

M.A. van Duijnhoven—0715511

mum allowed boundary level (Tmin, Tmax), for each measure-
ment and thermocouple. The minimum and maximum
boundary levels are based on the average temperature of a
measurement t1 °C. As can be seen in this figure, the temper-
ature profile, including the temperature deviation, fits easily
between the boundary levels for each measurement meaning
that the stability of the temperature can be achieved for at
least 5 minutes.

The figure also shows that different temperatures were
observed between the two thermocouples. While an average
temperature of 12.5 °C was obtained at the thermostatic
valve temperature sensor using a temperature setting of 10 °
C, the average temperature at the inlet of the ETSC was
around 10.5 °C. In addition, the average temperature at the
thermostatic valve temperature sensor was approximately
47.6 °C, while the average temperatures was approximately
48.8 °C at the inlet of the ETSC; using a temperature setting of
50 °C. Both thermocouples had a temperature of approxi-
mately 29.7 °C at a temperature setting of 30 °C, the ambient
temperature was approximately 24 °C during the measure-
ments. Because the focus of the experiment was on the tem-
perature stability rather than on reaching a temperature lev-
el, the difference between temperature setting and observed
temperature was neglected.

The two thermocouples are placed in the improved setup
with a distance of around 3 m from each another, where the
thermocouple at the thermostatic valve temperature sensor
is closer located to the cooling cycle. Because of this location,
the temperature profiles and the ambient temperature, it
could be concluded that the thermocouple at the thermo-
static valve temperature sensor is incorrectly installed. It
might be possible that this thermocouple is in contact with
the outer wall of the tube, which is not insulated. Re-
installing or replacing this thermocouple might result in a
better performance; however, for the experimental research
it was chosen to use the thermocouple at the inlet of the
ETSC as inlet temperature setting.

2.3.3 Volume Flow Control

According to the design parameters in paragraph 2.1, the
volume flowrate ranges between 0.25 — 6 L min™, having an
accuracy of 2 % of the measured value. The deviation in vol-
ume flowrate was analyzed for a stagnant volume flowrate,
which is presented in Figure 2.6. This figure shows that there
is a deviation in volume flowrate, despite the absence of ap-
plying a volume flowrate by the pump. Thus, a signal noise
was obtained over the output signal of the volume flowme-
ter. To reduce this noise, a Savitzky-Golay filter was used on
the volume flowrate data. This filter smooths outs quick
changes in the original signal to reduce signal noise [Savitzky,
1964], which is also shown in Figure 2.6. It can be seen in this

figure that due to the filter a constant volume flowrate is ob-
tained close to a stagnant flow. Therefore, this filter does
eliminate the signal noise.

The same filter was used for different volume flowrates to
identify the deviation in volume flowrate, which is presented
in Table 2.4. Each measurement was given time to stabilize
the volume flowrate (several minutes), followed by a meas-
urement period of 5 min. Also, this measurement was used to
obtain the highest volume flowrate that was possible with
the improved experimental setup. As can be seen, the devia-
tion in volume flowrate is significantly small compared to the
average volume flowrate, and the maximum obtained volume
flowrate was 5.0 L min™.

This data shows that the volume flowrate was measured
according to the NEN-EN-ISO 9806 norm, with a flowrate be-
tween 0.2 and 5.0 L min™. Unfortunately, the volume
flowrate that was stated in the design requirements was not
met, even despite removing the filter that caused an increase
in pressure resistance. It is recommended, in future refer-
ence, to apply a filter over the volume flow rate or to reduce
the signal noise in the output of the flowmeter. This noise
could be related to the influence of other appliances, such as
the pump and thermostatic bath. Another reason could be
that there is a signal noise in the connection from the flow-
meter to the DAQ module, or because the output of the con-
verter is not properly grounded.

2.4  Conclusion

Based on the data provided in this paragraph, it can be con-
cluded that the improved experimental setup satisfies the
design requirements stated in paragraph 2.1. Although the
filter was removed, the maximum volume flowrate was opti-
mized but is still limited due to the pressure resistance inside
the volume flowmeter. However, a volume flowrate of 5 L
min™ is still quantified as a high-volume flowrate for a solar
collector. Furthermore, the needle valves and the thermo-
static valve could be replaced with electronic operating valves
for acquiring an autonomous setup, which either uses the
volume flowrate or the temperature for control operation.
Finally, a new type of filter should be installed that does not
lead to increasing the pressure resistance inside the setup,
and more insulation is required in order to reach low temper-
atures (<10 °C).
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Figure 2.5 — Temperature profile at the setup for a set temperature of 10 °C (a), 30 °C (b) and 50 °C (c) over a measurement period of 5 min, and the tempera-
ture profile at the inlet of the ETSC for a set temperature of 10 °C (d), 30 °C (e) and 50 °C (f).
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Table 2.4 — Volume flowrates used in the volume flow validation. The
table shows the average volume flow rate, the deviation over the meas-
urement period, and the combined standard uncertainty. The standard
uncertainty is based on the deviation and the calibration error shown in
Appendix A.2

Volume flow [L min™] o [L min™] Zeomb [L min™]
0.0 0.0001 0.0001
1.0 0.0014 0.0015
2.0 0.0012 0.0016
5.0 0.0054 0.0060
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3| Experimental Research

As stated in chapter 1, one of the research topics of this mas-
ter thesis was to determine the influence of a continuous
volume flow and a start stop mechanism on the thermal per-
formance of the ETSC used in the CV-system. In order to find
an answer for the main research questions, four sub-
researches were formulated. The first sub-research question
is related to the different parameters that influence the ther-
mal performance of an ETSC. A theoretical model was used to
identify these parameters, which is described in paragraph
3.1. The following sub-research question was formulated:

(1) What parameters influence the thermal performance of an
ETSC and how are they related to one another?

Based on the findings from sub-research question 1, three
more sub-research questions were formulated:

(2) What is the effect of inlet temperature on the thermal per-
formance of an ETSC and what are the loss coefficients and
optical efficiency of the ETSC?

(3) What is the influence of solar radiation on the thermal
performance of an ETSC.

(4) What is the influence of the volume flow, inside the mani-
fold, on the optical performance of an ETSC?

Paragraph 3.2 describes the purpose, research method
and the results of sub-research question 2, while paragraph
3.3 discusses the same topics for sub-research question 3.
Sub-research question 3 is divided in two several methods,
which are both described in paragraph 3.4. Moreover, this
paragraph discusses the results of two different measure-
ments, and both the continuous volume flowrate measure-
ments and start stop measurements were conducted and
compared. Finally, paragraph 3.5 elaborates the sensitivity
analysis of the measurements.

3.1 Theoretical Model of an ETSC

The solar collector used in this thesis was an ETSC, which is
also called a vacuum heat pipe collector, and has a similar
working principle as a thermo flask; the tubes are evacuated
(vacuum) in order to reduce convective and thermal radiative
heat losses. A schematic overview of an ETSC and its working
mechanism is presented in Figure 3.1a. The main components
in an ETSC are the evacuated tube, heat pipe and the mani-
fold. An ETSC consists of three mechanisms, namely (i) the
absorption of solar radiation, (ii) transfer of heat in the heat
pipe, and (iii) the transfer of heat from the heat to the work-
ing fluid in the manifold. Besides this theoretical model, there
is also an approximation model for determining the thermal

performance of an ETSC based on experimental data.

Absorption of Solar Radiation

Solar radiation (lA) is absorbed inside the vacuum tube that
consists of several materials: two layers of glass separated by
a vacuum space, and a three layered absorption coating add-
ed on the inner glass layer, consisting of a copper, aluminum,
and aluminum-nitrogen layer. Often borosilicate glass layers
are used as it transmits more radiation than ordinary glass
while maintaining a similar tensile strength. A cross-section of
a vacuum tube and its working mechanism are shown in Fig-
ure 3.1b.

Solar radiation encounters the outer glass layers, where it
is absorbed (a) in the material, reflected (p) and transmitted
(t) [Riffat, 2003]. Because of the borosilicate material proper-
ties and the vacuum space, there is limited heat exchange
between the two glass layers and almost all heat is trans-
mitted through the outer layer. The inner glass layer has the
same material properties as the outer glass layer, meaning
that almost all heat is transmitted through the inner glass
layer. Therefore, an absorption coating is applied on the inner
glass layer to optimize absorbing of the transmitted heat (tg)
and minimize losses through transmission and reflection. The
absorbed heat is collected in an aluminum heat transfer fin
that transports this heat towards the heat pipe.

Heat transfer in the Heat Pipe

The heat pipe inside an ETSC is basically a hollow copper pipe
that is partially filled with water under vacuum conditions.
Due to these vacuum conditions, the water will boil at a tem-
perature of roughly 30 °C. The heat pipe is divided into two
parts, namely the evaporator and the condenser; shown in
Figure 3.1c. The part where the heat pipe is located in the
evacuated tube is referred to as the evaporator, while the
condenser is the piece of heat pipe that is present inside the
manifold.

The heat, transported through the aluminum fin, travels
through the copper layer of the evaporator by means of con-
duction [Azad, 2007]. Due to this heat, the water inside the
heat pipe is evaporated under influence of convection, there-
by turning it into hot vapor that will rise upwards to the con-
denser; assuming that the ETSC is installed under an angle.
The condenser transfers the heat from the vapor to the work-
ing fluid in the manifold, resulting in enough energy loss in
the water vapor to convert it back into the liquid state. The
water flows back to the evaporator, under influence of gravi-
ty, where the process is repeated. This water flows at the
sides of the heat pipe resulting in the creation of a condensa-

Master Thesis 15



Eindhoven University of Technology

M.A. van Duijnhoven—0715511

Manifold

Header Pipe

Manifold
1A
Evacuated Tube To
/ TolA ,
Heat Transfer Fin Po 7 / Ti Copper layer
p‘ Y,
Heat Pipe Qi
(TQ)EIA e Film layer-
pco/
w0Oco
["] Borosilicate Glass
: [] Three Layered Coating
a - b [ ] vacuum c
thp, 1 thp, 2 thp,j 2th, N
Vin = V V V V Vv \' V = Vom
HP > HP, > - Y HP > - Y Hpy
. Tin To1 =Tiz To2 Tij : Toj Tin Ton

Figure 3.1 — a) A schematic overview of main components in an ETSC [Apricus, 2018], b) the absorption of solar radiation (IA) divided into three mechanisms
per layer: transmission (t), absorption (a), and reflection (p), c) the heat transfer mechanism from the heat pipe to the working fluid in the manifold, and d) the

heat transfer of a number of N heat pipes inside the manifold, presenting a heat balance for a node j.

tion film layer (conduction layer). In the condenser, the heat
is transported through convection between the hot vapor and
the heat pipe wall, a condensation film layer, and the copper
layer of the heat pipe to the working fluid in the manifold.

Manifold

In the manifold, the heat from the heat pipe is transferred to
the working fluid in the manifold resulting in a temperature
increase of this fluid. First this heat is transferred via conduc-
tion through the copper layer of the heat pipe holder and
secondly via convection transferred to the working fluid. As
this working fluid can either be stagnant or flowing, the con-
vection coefficient (h) changes and thereby the convective
heat transfer (Q) (equation 3.1.) [Mills, 2014].

@ =2ZmrL kAT 3.1

The convective heat transfer coefficient is dependent on
the Nusselt number (Nu) and the conductive heat transfer
coefficient (k); this relation is described in equation 3.2. Ac-
cording to [Mills, 2014], the Nusselt Number is a function of
the Reynolds number (Re) and the Prandtl number (Pr), Nu = f
(Re,Pr). The Reynolds number is a dimensionless number that
characterizes the viscous flow and is therefore dependent on

the volume flowrate. The Prandtl number is a dimensionless
number that characterizes the heat transport in a fluid due to
the fluid properties.

. h L
Nu= .[r

3.2

Eventually the total heat gain of a heat pipe j is either re-
lated to the volume flow and temperature difference over
one heat pipe (equation 3.3), or the volume and temperature
increment over time over one heat pipe (equation 3.4). This
heat gain is dependent on the volume flow rate (V) or the
volume surrounding a heat pipe j in the manifold (V;), the
density of the fluid (p) and the thermal heat capacity (c,). The
convective heat transfer coefficient effects the maximum
temperature difference over one heat pipe.

Qnpj = 006p(To ;= Tig) 3.3

dr

QI-':?.I_i' :W}'pﬂpﬁ 34
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The total heat gain of an ETSC is dependent on the num-
ber of heat pipes that are connected to the manifold. Figure
3.1d shows a schematic overview of the influence of the num-
ber of N heat pipes in the manifold on the thermal perfor-
mance of an ETSC. The heat balance for an average volume
flow is described in equation 3.5 and for a stagnant flow in
equation 3.6 (T;, is equal to T;, and T,y equal to Tout).

w
Peot =ZQF:,€I_{= Fpt‘_ﬂiTD =T 3.5
J=1
,__dr
Qoo = L.‘“‘;:ld_ 3.6

Dividing the total heat gain with the original heat, ob-
tained from solar radiation, results in the thermal efficiency
of an ETSC, presented in Equation 3.7.

_ Qeor

n 3.7
7 A

Thermal Network

Figure 3.2 presents the thermal network of one heat pipe
from an ETSC, which consists of the three mechanisms de-
scribed in this paragraph. As can be seen in this figure, the
thermal network can be divided into three sections: absorp-
tion of solar radiation, heat losses to the environment, and
parameters that determine how efficient the heat pipe works
(in other words the optical efficiency). This figure also shows
that the convective heat transfer between condenser and
working fluid in the manifold is part of the optical efficiency
of the ETSC. Furthermore, the efficiency of the ETSC, based
on the parameters in thermal network, is equal to the overall
ETSC efficiency determined by equation 3.7.

Experimental Thermal Performance
Commonly used in processing experimental data is the quad-
ratic form of the Hottel-Whillier-Bliss equation, which is de-

Tog Tig Tabs

scribed in equation 3.8 [Duffie & Beckman, 2006]. This equa-
tion states that the efficiency of an ETSC is dependent on the
optical efficiency of the collector (n), a linear heat loss coeffi-
cient (a;) and a quadratic heat loss coefficient (a,). The optical
efficiency characterizes the performance of absorbing solar
energy by the solar collector, which is dependent on the ma-
terials used in the collector. The optical efficiency can be used
to compare the performance of a solar collector under influ-
ence of different parameters, such as volume flowrate. The
linear heat loss coefficient is the amount of heat lost, mostly
through to conduction, due to a temperature increment in
the collector compared to the ambient temperature. The
quadratic heat loss coefficient is similar to the linear heat loss
coefficient; however, most heat is lost due to convection and
radiation to the environment.

Ty —T, Ty —T, .
M=Ne—&— |7 =—a, A = [Ty — Ta)l 3.8

3.2 Inlet Temperature

Sub-research question 2 was used for determining whether
the inlet temperature of the ETSC had an influence on the
thermal efficiency of the ETSC. Since the ETSC (used in the
experimental research) only had a third of its original capacity
due to the limited surface area of the solar simulator, it was
unknown if this had any effect on the thermal efficiency; only
10 out of the 30 evacuated tubes were used in the ETSC. This
sub-research question was answered with a first set of meas-
urements, which are described in this paragraph. Additional-
ly, this measurement was used for determining the loss co-
efficients and optical efficiency of the ETSC.

Measurement Method
The measurements were performed using the improved ex-
perimental setup (discussed in chapter 2) in combination with
the solar simulator. During the measurements, the inlet tem-
perature was varied between 10, 30 and 50 °C. Furthermore,

Teond Tﬂ,m an Tman

Rcond Rfl,m an R man

D«

Figure 3.2 — Schematic overview of the thermal network of one heat pipe, divided in the components for three mechanisms: absorption of solar radiation (red),
heat losses to the environment (blue), and the conversion of solar radiation into heat (black). The resistance (R) are related to the topics described in this para-
graph, where Rq, man is related to the convective heat transfer between the heat pipe holder and the working fluid in the manifold.
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Figure 3.3 — Inlet temperature profiles at the ETSC for three different
measurements at a set temperature of 30 °C. It shows that the measure-
ments are well between the minimum and maximum stability boundary
conditions for a measurement period of 5 min.

the temperature of the environment was dependent on the
temperature fluctuations inside the test facility, and as a re-
sult, the temperature of the environment could not be con-
trolled. Additionally, the solar simulator was set on the PV800
solar radiation setting and the volume flowrate through the
ETSC had a value of 2 L min™ for each measurement. The so-
lar simulator and ETSC were given time to stabilize the tem-
perature output (approximately 1 hour), which was followed
by a measurement period of 5 minutes. Each measurement
was repeated three times and will further be referred to as a
measurement group in this paragraph; a total of 9 measure-
ments were performed.

The total error of each parameter (Z) is dependent on the
combined error described in chapter 2, and the standard de-
viation over the measurement time period. This total error
was determined for each parameter using equation 3.9.

i= ,&!!zrn-mi': + Tz rr.: 3.9
Validation

According to [NEN-EN-ISO, 2013], there are guidelines for
conducting experiments and comparing experimental data,
which are described in chapter 2. One of these guidelines
states that the temperature stability of measurements, using
the same inlet temperature setting, should be between +1 °C
of the average temperature; in this research, each measure-
ment group should be between these stability boundary con-
ditions. Figure 3.3 presents the inlet temperature profile (at
the ETSC) of each individual measurement in a measurement
group. Additionally, this figure plots the stability boundary
conditions that are based on the average temperature of this
measurement group. As can be seen, the three inlet tempera-

Table 3.1 — Average values, standard deviation and total error of the inlet
temperature at the ETSC for each measurement, and the average inlet
temperature and boundary condition for each measurement group; all
values are in °C.

Tinavgtot Tmin Tmax X Tin.avg.x Ox Zy
Tin_m1 10.32 0.06 0.14
10.6 9.6 116 Tinm: 10.63 0.05 0.13
Tin_m3 10.94 0.03 0.13
Tin_m1 29.58 0.02 0.12
29.6 286 306 Tinm 29.64 0.03 0.13
Tin_m3 29.60 0.04 0.13
Tin_m1 48.79 0.03 0.13
48.8 47.8 498 Tom 48.88 0.09 0.15
Tin_m3 48.74 0.08 0.15

ture profiles are considerably similar and fairly constant dur-
ing the measurement period. Moreover, all three profiles are
well between the two boundary conditions.

This example of inlet temperature profiles in one meas-
urement group represents each measurement group, there-
fore, the results of each measurement group are presented in
Table 3.1. Besides the inlet temperature profiles and stability
boundary conditions, this table also shows the average tem-
perature of each measurement group and each measure-
ment, and shows the deviation and total error of each meas-
urement. As can be seen, the average temperature combined
with its total error was between the stability boundary condi-
tions for each measurement. It can also be noticed from this
table, that the average temperature of each measurement
group is not similar to the temperature setting of that meas-
urement group. Despite this difference, the data was used for
determining the thermal performance, as the focus of the sub
-research question is on the difference in thermal perfor-
mance between different inlet temperature settings.

The maximum allowed deviation is 10% in volume
flowrate between two measurement cycles that uses the
same volume flowrate. The average volume flowrate during
the measurements was 2.01 L min™, meaning that the meas-
urement boundaries were between 1.81 and 2.21 L min™
During the measurements, it was observed that the minimum
volume flowrate was 1.99 L min™* and the maximum volume
flowrate was 2.03 L min'l; as described in chapter 2, the accu-
racy of the volume flowrate is negligible compared to the
measurement value. Based on the inlet temperature data and
the volume flowrate data it was concluded that the measure-
ments were performed according to the NEN—EN-ISO 9806
norm.
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Figure 3.4 — Inlet and outlet temperature profiles at ETSC for a measure-
ment at a set temperature of 30 °C, representing all measurements per-
formed in this research.

Thermal Performance

The thermal performance of the ETSC was determined (for
each measurement group) using equation 3.5, which requires
the temperature difference over the ETSC. Figure 3.4 plots
the inlet and outlet temperature of the ETSC for one meas-
urement. The figure shows that both temperature profiles
were stable (relatively small deviation of < 0.07 °C) during the
measurement. The data was used to determine both the av-
erage temperature profile over the manifold as well as the
temperature difference profile between inlet and outlet. The
average values of these profiles were used for determining
the thermal performance of the ETSC. Figure 3.4 represents
the inlet and outlet temperature profiles of each measure-
ment.

For the thermal performance, it was assumed that the
water inside the ETSC had a density of 1,000 kg m™ and a
thermal capacity of 4,190 J kg'lK'l. The solar radiation and the
ambient temperature were observed during the measure-
ments, which are presented in Table 3.2. Furthermore, this
table presents the average temperature difference, mean
temperature over the manifold, volume flowrate and thermal
efficiency (equation 3.7) for each measurement group; these
values are the average values of each individual measure-
ment in @ measurement group. As can be seen, the thermal
efficiency is higher for a lower inlet temperature than for a
higher inlet temperature that can be explained with the
difference between the mean temperature over the manifold
and the ambient temperature. The mean temperature over
the manifold is less than the ambient temperature when us-
ing an inlet temperature of approximately 10 °C, resulting in
heat gain instead of heat losses due to the environment. An
inlet temperature of approximately 50 °C results in a higher
mean temperature than the ambient temperature, resulting

Table 3.2 — Overview of the average values and total error of the inlet
temperature experiment, based on three measurements, for the: intensity
(1), volume flowrate (V), ambient temperature (T,), temperature difference
over manifold (AT), mean temperature over the manifold (Ty), and the
thermal efficiency (n)

Tin =10°C T.‘n =30°C Tin =50°C

X X Z, X Z, X Zy

| Wm? 1001 5.30 1001 4.90 1002 6.60
v (Lmin’l 2,03  0.00 1.99 0.00 2.01 0.00

T. A 31.72 0.47 28.69 0.67 29.10 0.55
AT d 510 0.06 4.92 0.07 4.63 0.07
Tw [ 13.18 0.10 32.07 0.07 51.12 0.11
n - 0.78 0.01 0.74 0.01 0.70 0.01

in heat losses. Finally, it can be seen that the total error in
thermal efficiency is approximately 0.01.

Optical Efficiency

Another aspect of this sub-question was to determine the
optical efficiency and the linear and quadratic heat loss coeffi-
cients. Figure 3.5 plots the thermal efficiency as a function of
the difference between the mean temperature over the man-
ifold and the ambient temperature; a secondary polynomial
trend line represents the Hottel-Whillier-Bliss equation
(equation 3.8). In this equation there are three unknown pa-
rameters, the optical efficiency and both heat loss coeffi-
cients, and due to the three measurement groups there are
three equations (equation 3.10—3.12). In these equations the
factor x represents (Ty-T,) and y the product of intensity and
surface area (IA).

£ £

Ny =TMg— &y —— Gz~ x| 3.10
L L
Xn Xn

r‘lzzr‘ln—ﬂlr—ﬂ:rl.rzl 3.11
3 3

ﬁ!zﬁn_ﬂlr_ﬂ:rpﬂ 3.12
¥z E

These three equations were used to determine the optical
efficiency and the heat loss coefficients, shown in Table 3.3;
the computation is described in appendix B.1. Table 3.3 also
shows the optical efficiency and heat loss coefficients deter-
mined by the SP Technical Institute of Sweden (Appendix
B.2). As can be seen, there is a difference in optical efficiency
and heat loss coefficients, which can either be related to the
difference in volume flowrate or to the difference in evacuat-
ed tubes available in the ETSC. However, for this thesis it was

Master Thesis 19



Eindhoven University of Technology

M.A. van Duijnhoven—0715511

0.79

0.78 | o
077} cr

076 ~

075} N

0.74 | pog

0731 o

0721

Thermal Efficiency [-]
/

071} <

0.7 Yo

0,69 i i i i i i i i
20 -5 10 5 0 5 10 15 20 25

Tm - Ta K]
Figure 3.5 — The thermal efficiency versus the difference between the
mean temperature over the manifold and the ambient temperature. The
second order polynomial represents the thermal efficiency curve based on
the Hottel-Whillier-Bliss equation and the measurement data.

assumed that the heat loss coefficients do not depend on the
volume flowrate. As a result, the heat loss coefficients found
in this experiment were used for processing the data found in
other experiments.

3.3  Solar Radiation Level

Another sub-research question was formulated in order to
investigate the influence of the solar radiation on the thermal
performance of an ETSC. According to the theoretical model,
the radiation influences the total heat (IA) and the tempera-
ture difference over the manifold (absorbed radiation in the
evacuated tube). This set of measurements were used to con-
duct research on the behavior of the optical efficiency under
influence of different solar radiation levels.

Measurement Method

Similar to the measurements of paragraph 3.2, the measure-
ments were performed using the improved experimental set-
up and the solar simulator. The solar simulator has four
different solar radiation settings, categorized in photovoltaic
(PV) and solar thermal (ST): PV200, PV800, PV1000, and
ST1000. During the measurements, the PV200, PV800 and
PV1000 settings were used as they use the same solar spec-
trum at different radiation rates, while the ST1000 setting
uses a different solar spectrum [Eternal Sun B.V., 2015]. Fur-
thermore, the temperature of the environment was set to be
variable for the same reason as discussed in paragraph 3.2.
For these measurements, the inlet temperature was fixed on
30 °C and a volume flowrate of 2.0 L min™* was used. Identical
to the previous measurements, after the solar simulator and
ETSC reached a stabilized a measurement was performed
over a time period of 5 min. Each measurement was also re-
peated three times and will further be referred to as a meas-
urement group in this paragraph.

Table 3.3 — The optical efficiency and heat loss coefficients (a; and a;)
from this experiment and found in the Solar Keymark (Appendix B.2). The
experiment results were found and a volume flowrate of 2.0 L min'l, while
the Solar Keymark uses a volume flowrate of approximately 3.3 L min™

Parameter Experiment Solar Keymark

Mo [ 0.743 0.761

a (W m ] 1.236 2.299

a (W m ] 0.029 0.010
Validation

For this set of measurements, a validation was required in
order to verify that the measurements were performed ac-
cording to the guidelines set in chapter 2. As the average
temperature of all measurements was 29.51 °C, the tempera-
ture boundary was between 28.51 and 30.51 °C. The mini-
mum value observed in the measurements had a value of
29.24 °C, while the maximum value was 29.65 °C; both with a
maximum total error of 0.13 °C. The average volume flowrate
was 2.00 L min™, resulting in the maximum boundaries of
1.80 and 2.20 L min™ During the measurements, the mini-
mum volume flowrate was 1.99 L min™ and the maximum
volume flowrate was 2.01 L min™. Based on these data it was
concluded that the measurements were performed according
to the NEN-EN-ISO 9806 norm.

Since the solar simulator operates with radiation settings
(in case of this set of measurements PV200, PV800 and
PV1000), the emitted radiation rates were determined using
a pyranometer. Figure 3.6 presents the radiation level for
each solar simulator setting per measurement. As can be
seen in this figure, there is an insignificantly small difference
in radiation level between the measurements in each meas-
urement group. Also, the radiation level was 365 W m™ ra-
ther than 200 W m™ while using the PV200 setting; similar
results were obtained for the PV800 and PV1000 setting. This
difference in radiation rate could be related to a spectral mis-
match between the output of the solar simulator and the
distance between the simulator and the ETSC [Eternal Sun
B.V., 2018]; however, this difference was unimportant, since
the solar radiation rates were measured and used in the data
analysis.
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Figure 3.6 — The relation between the solar simulator setting and the
radiation level measured by a pyranometer.

The radiation profile of a measurement using the PV800
setting is plotted in Figure 3.7. This figure shows that the radi-
ation output of the solar simulator is not consistent, which
could have an influence on the thermal performance. Howev-
er, the average value of the radiation profile for each meas-
urement was used as the average solar radiation is required
for data analysis (equation 3.5 — 3.8). Therefore, it was as-
sumed for data processing that the average radiation level
was a good approximation for the thermal performance of
the ETSC.

Optical Efficiency

The thermal efficiency, for each measurement group, was
determined using a similar approach as discussed in para-
graph 3.2. Also, the inlet and outlet temperature of the ETSC
were comparable to Figure 3.4, resulting in obtaining con-
stant temperature profiles during each measurement. This
data was used to acquire the average temperature over the
manifold and the average temperature difference between
the inlet and outlet of the ETSC, which are presented in Table
3.4. This table also shows the average solar radiation level,
the average ambient temperature, and the average volume
flowrate for each measurement group. The thermal efficiency
was determined using equation 3.5 and 3.6, combined with
the assumptions made in paragraph 3.2 regarding the density
and thermal capacity of water.

The optical efficiency was determined using the heat loss
coefficients from the first set of measurements (paragraph
3.1) combined with the thermal efficiency from these meas-
urements; the results are shown in Table 3.4. It can be seen
from this table that the optical efficiency decreases when the
solar radiation decreases, which might be related to the inac-
curacy in solar radiation. However, according to [Liu, 2015]
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Figure 3.7 — Radiation output profile of the solar simulator (PV800) meas-
ured with a pyranometer.

the efficiency of a solar collector decreases with decreasing
solar radiation level. Thus, it could be that the optical efficien-
cy slightly changes when the solar radiation level changes.

3.4 Volume Flowrate

The last sub-research question is related to the main research
question of this experimental research, namely to investigate
the influence of volume flow on the thermal performance of
the ETSC. This sub-research question was divided into two
sets of measurements: (i) using different continuous volume
flowrates, and (ii) start-stop measurements. The first section
describes the first set of measurements, while the second
section describes the second set of measurements. Both set
of measurements are compared to one another in a third
section. During the measurements, the improved experi-
mental setup (chapter 2) was used in combination with the
solar simulator.

3.4.1 Constant Volume Flowrate

As described in the theoretical model, the volume flowrate
has an influence on both the convective heat transfer be-
tween the working fluid inside the manifold and the heat pipe
holder, thus on the thermal efficiency. Therefore, this set of
measurements was used for conduction research on the in-
fluence of different constant volume flowrates on the optical
efficiency of the ETSC.

Measurement Method
In this set of measurements there were two variables, one of
these variables was the ambient temperature (paragraph 3.2)
and the other variable was the volume flowrate, which was
varied between 0.2, 0.5, 1.0, 1.5, 2.0 and 5.0 L min™. Further-
more, a constant solar radiation level was achieved by using
the PV200 setting on the solar simulator, and a temperature
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Table 3.4 — Overview of the average values and total error of the radia-
tion level experiment, based on three measurements, for the: intensity (1),
volume flowrate (V), ambient temperature (T,), temperature difference
over manifold (AT), mean temperature over the manifold (Ty), the thermal
efficiency (n), and the optical efficiency (no)

PV200 PV800 PV1000

X X Zy X Zy X Z,

| (W m?] 365 3.10 1001 4.90 1176 4.00
v (Lmin] 2,00  0.00 1.99 0.00 2.00 0.00
T, rd 28.74 0.21 28.69 0.67 32.92 0.73
AT 4 1.76  0.08 4.92 0.07 5.82 0.07
LIRSS 30.20 0.06  32.07 0.07 32.52 0.05
n y 0.73 0.01 0.74 0.01 0.74 0.01
no [l 0.72 0.01 0.73 0.01 0.75 0.01
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Figure 3.8 — Temperature profile inside the manifold under influence of
radiation (PV200 setting). The x-axis represents the location in the mani-
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fold, in example: number 1 is TC1.

Table 3.5 — Average values and total error of the volume flowrate through the ETSC for each measurement, and the average volume flowrate and boundary
condition for each measurement group; all values are in L min™,

Vinavgtot  Vmin  Vmax X Vin.ave.x Z,(x107) Vinavgtot  Vmin  Vmax X Vin.ave.x Z,(x10°)
Vin_m1 0.20 1.32 Vin_m1 1.50 1.56
0.2 0.18 022 Vinm 0.20 1.34 1.50 1.35 1.65  Vin m2 1.50 0.87
Vin_m3 0.20 1.96 Vin_m3 1.50 1.58
Vin_m1 0.50 1.20 Vin_m1 2.00 1.14
0.50 0.45 0.55 Vi m2 0.50 1.02 2.00 1.80 220 Vipm 2.00 1.56
Vin_m3 0.50 0.74 Vin_m3 2.00 1.74
Vin_m1 1.01 1.48 Vin_m1 5.07 5.97
1.01 0.91 111 Vip m2 1.01 0.63 5.08 4.57 559 Vinm 5.08 5.93
Vin_m3 1.01 0.94 Vin_m3 5.09 3.99

Table 3.6 — Overview of the average values and total error of the constant volume flow experiment, based on three measurements, for the: intensity (1), vol-
ume flowrate (v), ambient temperature (T,), temperature difference over manifold (AT), mean temperature over the manifold (T\;), the thermal efficiency (n),

and the optical efficiency (no)

0.2 0.5 1.0 1.5 2.0 5.0

X X Z, X Z, X Z, X Z, X Zy X Z,

| (W m?] 365 2.9 365 3.1 365 33 365 6.9 370 3.1 363 3.1
T, [°c 24.69 0.22 27.70 0.52 27.68 0.56 28.29 0.35 28.74 0.21 29.29 0.21
AT [°c 15.40 0.09 6.53 0.11 3.38 0.07 2.29 0.06 1.76 0.07 0.69 0.05
Twm ra 36.48 0.06 32.64 0.06 31.06 0.08 30.59 0.05 30.20 0.06 29.73 0.05
n L] 0.68 0.01 0.72 0.01 0.73 0.01 0.74 0.01 0.75 0.01 0.76 0.02
No [l 0.68 0.01 0.70 0.01 0.72 0.01 0.72 0.01 0.72 0.01 0.72 0.02
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of 30 °C was used at the inlet of the ETSC. Similar to previous
sets of measurements, after the solar simulator and ETSC
reached a stabilized outlet temperature, a measurement was
performed over a period of 5 minutes. This process was re-
peated three times per measurement (further referred to as a
measurement group).

Validation

For this set of measurements, a analysis was required in or-
der to verify that the measurements were performed accord-
ing to the guidelines set in chapter 2. Since the average tem-
perature of all measurements was 29.28 °C, the temperature
boundaries were 28.28 and 30.28 °C according to the NEN-EN
-ISO 9806 norm. During the measurements, the minimum
temperature was 28.75 °C and the maximum temperature
was 29.46 °C with a maximum total error of 0.13 °C. There-
fore, the inlet temperatures at the ETSC were between the
temperature boundaries and it was concluded that the tem-
perature measurements were performed according to the
NEN-EN-ISO 9806 norm.

Table 3.5 presents the average volume flowrate and the
minimum and maximum volume flowrate according to the
NEN-EN-ISO 9806 guidelines for each measurement group.
Additionally, this table presents the average volume flowrate
and total error of each individual measurement. As can be
seen, the volume flowrates of each measurement are rela-
tively similar to the average volume flowrate, and as a result
were between the minimum and maximum values. Thus, it
was concluded that the measurements were performed ac-
cording to the guidelines.

Optical Efficiency

The thermal efficiency for each measurement group was ob-
tained using a similar approach as discussed in paragraph 3.2,
also, a similar result was observed for the inlet and outlet
temperature as shown in Figure 3.4. Furthermore, the optical
efficiency was determined using equation 3.8 in combination
with the heat loss coefficients found in the first set of meas-
urements (paragraph 3.2). Table 3.6 presents the average
values for the temperature difference over the inlet and out-
let of the ETSC, the mean temperature over the manifold,
solar radiation level, the thermal efficiency and the optical
efficiency. This table shows that the optical efficiency de-
creases with a decrease in volume flowrate, which could be
related to the lower convective heat transfer rate at lower
volume flowrates.

3.4.2 Start Stop Mechanism

In contrast to using a continuous flow, the temperature out-
put cannot be measured while using only a stagnant flow.
Therefore, a second set of measurements was required in
order to find the influence of a start-stop mechanism on the

thermal performance of an ETSC.

Measurement Method
Each measurement consisted of two parts (called a cycle), the
stagnant flow time period (stagnant period) and the continu-
ous flow time period (volume flow period). During the stag-
nant period, the working fluid in the manifold was heated
under influence of solar radiation emitted by the solar simula-
tor; the PV200 setting was used. Also, the temperature was
approximately 30 °C at the inlet of the ETSC for each start of
the measurement. Furthermore, three different stagnant
periods were used, namely 2, 5 and 10 minutes; a stagnant
period of 10 minutes is common among solar collector start
stop operation mechanism. In the volume flow period, a vol-
ume flowrate of 5.0 L min™ was used for transporting the
working fluid inside the manifold to the outlet of the ETSC, to
acquire an outlet temperature profile. This cycle of two peri-
ods was repeated four times for each measurement (referred
to as measurement group), from which the first cycle was
intended for stabilizing the temperature increase in the ETSC.

Temperature Profile

During the measurements, the temperature was measured at
eight different locations throughout the manifold, which are
plotted in Figure 3.8; an overview of the thermocouple loca-
tions is shown in chapter 2. As can be seen in this figure,
there were 2 thermocouples that showed deviant tempera-
ture profiles: thermocouple 3 (TC3) and especially thermo-
couple 8 (TC8), where TC8 showed a constant temperature
profile that was similar to the temperature of the environ-
ment. Therefore, it was concluded that these thermocouples
were incorrectly installed or shifted during the installation of
the insulation layer and were neglected in the analysis. Also,
it can be seen that the temperatures in the middle of the
manifold (TC4 and TC5) were higher than at the side (TC1)
thereby creating a parabolic temperature distribution over
the length of the manifold. The reason for this phenomenon
is that heat is lost at the side of the ETSC due to the fluid in-
side the connections towards the ETSC.

Optical Efficiency

Due to the volume flow period of the measurement, the tem-
perature profile inside the manifold is transported to the out-
let of the ETSC. Figure 3.9 plots the temperature profile ob-
served at the outlet of the ETSC for one cycle and shows that
there is a clear distinction between the stagnant period and
the volume flow period. The peak in this temperature profile
represents the heat absorbed during the first time period
inside the manifold. The figure also plots the initial tempera-
ture (Ty) of the measurement, and it can also be seen that the
outlet temperature decreases during the stagnant period due
to heat losses.
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The temperature difference between this peak and the
initial temperature was multiplied with the volume flowrate
profile, density of the fluid, and the thermal capacity of the
fluid, to acquire the absorbed heat profile, which is presented
in Figure 3.10; the density and thermal capacity were as-
sumed to be constant (paragraph 3.1). Integration of this
profile results in the absorbed energy (Ei) during the stag-
nant time period, which is shown in Table 3.7 for each meas-
urement group. Consequently, this total amount of energy
was divided by the total time of one cycle to obtain the aver-
age heat absorption (Qay). It has to be noted that the volume
flow period is the time needed for the entire volume inside
the manifold to pass the outlet of the ETSC, while in reality
this is a fixed value (for example 2 minutes). Therefore, this
measurement determines the maximum value for the aver-
age heat absorption, which in reality would be lower.

Determining the average thermal efficiency was based on
a similar method as described in paragraph 3.2, which was
used to determine the optical efficiency based on the heat
loss coefficients found in the first set of measurements; both
efficiencies can be found in Table 3.7. Also, the average vol-
ume flowrates are shown in this table that were based on the
volume flow profile, acquired during the volume flow period,
and the total cycle time, resulting in low volume flowrates.
From the data in this table, it seems that there is an optimal
stagnant period for acquiring the optimal optical efficiency.

3.4.3 Comparison
The optical efficiencies are plotted versus their volume

flowrate using both set of measurements, which are shown in
Figure 3.11. From this figure it can clearly be seen that there
is a slight decrease in optical efficiency for using different
volume flowrates. Additionally, it highlights that there might
be an optimal stagnant period for acquiring an optimum opti-
cal efficiency while using a start stop mechanism. Also, from
this figure it seems that using a continuous volume flowrate
will result in a higher optical efficiency than using a start stop
mechanism. It could be that using a stagnant flow will result
in an even lower convective heat transfer rate between the
heat pipe holder and the working fluid in the manifold. Unfor-
tunately, the geometry of the manifold does not allow for
theoretical determination of the convective heat transfer
coefficient, which means that more conclusive research is
required to verify this hypothesis. Moreover, the difference
between stagnant flow and continuous volume flowrate
could also be related to heat losses to adjacent fluid volumes
(parabolic temperature profile inside the manifold), which
results in lower heat absorption rates.

It has to be noted that in reality the solar radiation chang-
es during the day, which might lead to a quick change in oper-
ation mechanism in the CV-system from start-stop operation

to continuous operation. Since a stagnant flow results in a
higher outlet temperature, compared to a continuous flow
using the same inlet temperature, it could be that warm wa-
ter is transported to the storage tank sooner (due to the TDV)
while using a start-stop mechanism. When the start-stop
mechanism is used for a short period of time, it could be that
this mechanism is more beneficial than a continuous volume
flowrate, despite its lower optical efficiency.

3.5  Sensitivity Analysis

A sensitivity analysis was conducted in order to characterize
the accuracy in which the optical efficiency was determined.
This sensitivity analysis was divided into three topics: (i) the
influence of several important parameters on the optical effi-
ciency, (ii) the assumption of constant heat loss coefficients,
and (iii) the influence of value decision of several parameters
during the start stop data analysis.

Parameter Influence

Several experimentally determined parameters were used in
the determination of the optical efficiency in this experi-
mental research. Therefore, research was conducted on find-
ing the absolute error of these parameters using three differ-
ent scenarios. The absolute error is defined, in this section, as
the absolute deviation of a parameter in order to increase the
optical efficiency with 0.01. The first scenario uses a solar
radiation level of 1000 W m'z, an inlet temperature of 30 °C at
the ETSC, and a volume flowrate of 2.0 L min™. This results in
a temperature difference over the manifold of approximately
5 °C and an optical efficiency of 0.76 (according to the meas-
urement data). In a second scenario, the solar radiation level
was decreased to 365 W m™~, thereby decreasing the temper-
ature difference to around 1.76 °C and the optical efficiency
to 0.73. A third scenario also decreases the volume flow to
0.2 L min™, which resulted in a temperature difference of
approximately 15.4 °C and an optical efficiency of 0.70.

Table 3.8 presents the absolute error for each parameter
that was used in the optical efficiency calculation and high-
lights the absolute errors that were less than the total error
of the measurements. As can be seen, the radiation level has
the highest influence on the optical efficiency during this ex-
perimental research, since most measurements were per-
formed using the PV200 setting. Though, the absolute error is
relatively close to the total error of the measurements. Addi-
tionally, the temperature difference had a higher total error
during the measurements than the absolute error in scenario
2. All other parameters had significantly smaller total errors
during the measurements than the absolute errors, thus it
can be concluded that the maximum deviation in optical effi-
ciency was related to the solar radiation level.
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Figure 3.9 — Temperature profile measured at the outlet of the ETSC.
Furthermore, the temperature at the start of the measurement (T,) is
plotted.
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Figure 3.10 — Heat profile acquired during the volume flow period of a
measurement. This profile is based on the temperature profile, volume
flow profile, and the properties of water. Integration of this profile results
in the energy absorbed during the stagnant period inside the manifold.
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Figure 3.11 — The optical efficiencies of both the constant volume flow
and start stop (stagnant) measurements.

Table 3.7 — Overview of the average values and total error of the start
stop experiment, based on three measurements, for the: stagnant period
(tstag), volume flow period (t.s), volume flowrate during the peak (Vg.i) and
averaged over the cycle (V,,), absorbed energy (E..), average heat over
one cycle (Q.), efficiency (n), and the optical efficiency (no).

2 minutes 5 minutes 10 minutes
X X Z X 2 X Zy
tsag ] 120 120 120
o (sl 38.2 38.2 38.2

Vpeak [Lmin’] 475  0.00 4.73 0.00 4.75 0.00
Vavg [Lmin’] 1,15  0.00 0.53 0.00 0.28 0.00

Bt (W] 23 0.97 53 237 89 3.77
Qayg W] 145 6.14 157 7.01 139 4.98
n [ 0.43  0.02 0.46 0.02 0.39 0.02
No [ 0.46 0.02 0.53 0.02 0.37 0.01

Table 3.8 — Absolute errors that result in an increase of 0.01 in optical
efficiency, defined per parameter. The highlighted areas indicate a higher
total error (measurements) than an absolute error.

Parameter Scenario 1 Scenario 2 Scenario 3
[ (W m?] 14.00 511 511
v [L min"] 0.03 0.03 0.00
Ta recl 4.93 1.74 1.73
AT [l 0.07 0.02 0.20
Twm [’ 0.21 0.20 0.24

Table 3.9 — The optical efficiency and loss coefficients found during meas-
urements at different volume flowrates

Parameter 0.2Lmin*  1.0Lmin™ 2.0 Lmin™
No y 0.692 0.714 0.722
a Wm*" 1306 0.149 1.236
a; Wm*?  .0,035 0.122 0.029

Table 3.10 — Heat loss coefficient terms under influence of the mean tem-
. . . -2
perature over the manifold. The values have to be multiplied with x 10 .

Coefficient term Tm=30°C Tw=40 °C Tm=50°C
Linear heat loss 0.73 4.37 8.01
Quadratic heat loss 0.03 1.23 4.13
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Heat Loss Coefficients

One of the major assumptions in this experimental research
was that the heat loss coefficients were assumed to be con-
stant. These heat loss coefficients were based on three meas-
urement groups, which is the precise number of datapoints
needed to determine these coefficients. Thus, a slight devia-
tion in thermal efficiency could have an enormous influence
on this determination, which could be solved by acquiring
more datapoints. Unfortunately, the number of measure-
ments was restricted in this master thesis.

In paragraph 3.2 it was stated that a difference in the heat
loss coefficients between the measurement and the Solar
Keymark values could be related to the difference in volume
flowrate. Therefore, a similar research was conducted as de-
scribed in paragraph 3.2 for a volume flowrate of 0.2 and 1.0
L min™". Table 3.9 presents the optical efficiency and heat loss
coefficients that were found in this research, and as can be
seen, there is a difference between these coefficients. How-
ever, the optical efficiency found in this research was relative-
ly similar to the results found in paragraph 3.4, namely 0.692
instead of 0.681 (0.2 L min™") and 0.714 instead of 0.716 (1.0 L
min). As a result, it was concluded that despite the differ-
ence in heat loss coefficients, the results found in this experi-
mental research are representable for the analysis of the
thermal performance of an ETSC.

Influence Parameters in Stagnant Measurement
Several parameters were used in the process of determining
the optical efficiency, which had to be chosen based on ex-
perimental data and/or estimated. This sensitivity analysis
describes and discuses three important parameters: (i) the
mean temperature over the manifold, (ii) the initial tempera-
ture, and (iii) the radiation during the volume flow period.

The mean temperature over the manifold varies during
the stagnant period as the temperature inside the collector
increases due to radiation emitted by the solar simulator.
According to paragraph 3.2, the heat loss coefficients are con-
stant over the difference between the mean temperature
over the manifold and the ambient temperature. As a result,
the heat loss coefficient terms changes over time in the
Hottel-Whillier-Bliss equation. Additionally, this equation also
uses the thermal efficiency, which in this experimental re-
search was based on the average heat absorption rate
(paragraph 3.4).

Table 3.10 shows the difference in heat loss coefficients
terms when the mean temperature over the manifold varies
between 30, 40 and 50 °C; these values represent the tem-
perature data found in the measurement. As can be seen in
this table, the mean temperature over the manifold has an
enormous effect on the heat loss coefficient terms; the linear
coefficient term varies between 0.007 and 0.08, while the
quadratic coefficient term varies between almost 0 and 0.04.
Since the optical efficiency is a function of the thermal effi-
ciency and both these coefficient terms (equation 3.8), the
optical efficiency has even higher deviations when using
different mean temperatures over the manifold. Therefore, it
can be concluded that this parameter has a great impact on
the data processing discussed in paragraph 3.4, which uses a
constant value for this parameter.

Another parameter is the initial temperature that influ-
ences the determination of energy absorbed in the stagnant
period. This parameter had a value based on the starting val-
ues for both the inlet and outlet temperature at the ETSC.
However, a change in this value directly influences the tem-
perature difference obtained with the peak profile and as a
result the total absorbed energy changes. Consequently, the
average heat absorption rate changes and with it the thermal
efficiency and optical efficiency. Nonetheless, only a small
fraction of energy is either added or extracted due to this
difference in value that will minimize the influence on the
average heat absorption rate, thus the values obtained in
paragraph 3.4 most likely will represent the energy absorp-
tion using a start stop mechanism. A more conclusive re-
search is needed in order to verify the negligible effect of
initial temperature on the heat absorption rate.

Finally, during the volume flow period there was still solar
radiation available due to the solar simulator. Unfortunately,
the solar simulator could not be turned off during the volume
flow period as the start-up time of this simulator is at least 15
minutes, which resulted in an incorrect radiation profile dur-
ing the stagnant period of the next cycle. As a volume
flowrate of 5.0 L min™ was used, the influence of the solar
radiation on the temperature output profile was minimized.
Paragraph 3.4 shows that the temperature difference was
0.69 °C between the inlet and outlet of the ETSC using a vol-
ume flowrate of 5.0 L min™, while the maximum temperature
difference during the stagnant period was 15 °C. Therefore, it
was concluded that the influence of a continuous solar radia-
tion is negligible.
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Part 2 — Numerical Research
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4| System Layout

The secondary part of this master thesis was to investigate
the possibility of simulating the CV system in TRNSYS18. TRN-
SYS18 is a software package that is able to simulate transient
behavior of a system, for instance a solar combisystem, using
individual component models, such as pumps, pipes and solar
collectors; these components are called types [TRNSYS, Vol-
ume 1, 2017]. Each type is described by a series of equations
to determine the desired output. The TRNSYS software pack-
age includes a library of types that can be expanded by (i)
extra paid libraries provided by TRNSYS, for example the TESS
library, or (ii) by creating a type in the Fortran environment.
In TRNSYS, the types used in a system are connected to each
other using the output of one type to another type or multi-
ple types; the program is able to connect components in a
closed loop. TRNSYS calculates the types in order of appear-
ance in the input file for each simulation time step.

During the numerical research, only one simulation model
was developed: the CV-system (Chapter 1). Figure 4.1 pre-
sents a schematic overview of this system and shows the
types that were used in TRNSYS18 for simulating this system.
Additionally, the figure also indicates at which location the
temperatures and mass flowrates () were determined. As
can be seen, the CV simulation model only consists of a heat
generation profile and neglects the energy demand profiles of
possible inhabitants that uses this system. The heat genera-
tion profile consists of the ETSC, pipes, a pump, the TDV, and
a thermal storage tank.

This chapter firstly describes each of these components
used in the simulation model with their design parameters, in
which most of these parameters were based on the reference
model from TASK54, described in Appendix C.1. The numeri-
cal models from each of these components are briefly dis-
cussed, while detailed models can be found in the documen-
tation of TRNSYS. Subsequently, a numerical analysis research
was conducted for several components in order to verify that
the output of the component was realistic.

TSI,
CLLLLLZ L)

Type709- Pipe

Typelld - Pump

4.1  System Components

For some of the components, used in the CV model, there
were multiple types that could be used for the simulation due
to the standard library and TESS library of TRNSYS18. In this
section, a brief explanation of each component is given com-
bined with the design parameters required by TRNSYS.

4.1.1 Evacuated Tube Solar Collector

The reference model from TASK54 used a flat plate solar col-
lector, which was simulated with TRNSYS-typel32. Unfortu-
nately, there was no documentation available of this TRNSYS-
type component, thus it was unclear how this component
computes the simulation and whether this component could
be used for simulating an ETSC. There are several other TRN-
SYS-types in the standard library and extended TESS library
that can be used for simulating a solar collector; however,
TRNSYS-type538 was used as it is the most suitable for simu-
lating an ETSC. This type models an ETSC or any other collec-
tor that uses a linear or quadratic efficiency curve and uses
incidence angle modifiers (IAMs) to account for off-normal
radiation effects. Also, this model is capable of including the
capacitance (mass) of the collector [Tess, Volume 10, 2012].

Numerical Model
The numerical model of the TRNSYS simulation is similar to
the theoretical model described in Chapter 3. In the numeri-
cal model, there are four different factors that influence the
thermal performance of the ETSC. The first factor is related to
the energy stored in the working fluid inside the manifold
when there is a stagnant flow (Qs,,), which is described in
equation 3.3 for a number of N heat pipes. Another factor is
the energy transferred to the working fluid under influence of
a volume flowrate (Qg;), which is described in equation 3.4
for a number of N heat pipes. It has to be noted that the TRN-
SYS model does not use a number of N heat pipes but a num-
ber of j nodes. Furthermore, the numerical model accounts
for the solar irradiation (Qsolar,j) and the heat losses (Quost,),
resulting in expression 4.1. The heat losses of the ETSC are in

Titov
| OV Me,Tiz
— ! Trov |
Mpp, Tt :
ik Me, Tzt

TypelS8 - Thermal Storage

< <
Tsupply

Figure 4.1 — Schematic overview of the CV-system showing the types used in TRNSYS. Furthermore, it shows an overview of the temperature and mass flow

datapoints used in the verification and system modeling.
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the numerical model also dependent on the linear loss coeffi-
cient and quadratic loss coefficient as described in Chapter 3.

an:-_i' + Q_,l"l'_i' = anicr_i' + Qimrj 4.1

The heat from solar irradiation in the numerical model,
equation 4.2, incorporates the efficiency of the ETSC using
the collector fin efficiency (F’) and the transmission and ab-
sorption coefficients at normal solar incidence (ta),, and also
accounts for the incident angle modifier (IAM); therefore, it
differs from the theoretical model from Chapter 3. Expression
4.3 is used in the numerical model that is based on all these
individual heat balances.

Quoiar,j= F'(Ta)y IAM [A=F'S 4.2

System Parameters

TRNSYS-type538 requires the ETSC specifications used in the
CV-system, which are described in the Solar Keymark
(Appendix B.2). As the numerical research was conducted
simultaneously with the experimental research, the data pro-
vided in chapter 3 could not be used. The product of mass,
density and thermal capacitance of the ETSC is denoted in the
TRNSYS-type as the capacitance of the collector (C). Also, the
CV-system was designed to use water as working fluid, thus
the properties of water were used. Table 4.1 shows an over-
view of the design parameters used in the simulation model.

Incidence Angle Modlifier

During the day the sun changes position in relation to the
surface of a solar collector, which can be defined by the inci-
dence angle. This incidence angle consists of two angles: (i)
the solar zenith angle, and (ii) the solar azimuth angle. The
zenith angle is the angle between the solar collector and the
center of the sun, which influences the longitudinal IAM; a
zenith angle of 0° means that the sun is perpendicular to the
surface. The azimuth angle is the horizontal angle of the sun’s
position compared to the solar collector, which influences the
transversal IAM; an azimuth angle of 90° means that the sun
is positioned west of the solar collector. Figure 4.2 plots the
longitudinal and transversal IAM for the ETSC used in the CV-
system, while Appendix C.2 discusses the procedure in which
these profiles were determined.

4.1.2 Thermo-Differential Valve

Since the TDV is a component that is designed by Conico
Valves Bv, there does not exist a TRNSYS-type in the standard
library and TESS library. Therefore, the TDV was modelled in
TRNSYS using four components: a flow diverter, a tee-piece, a
delay input, and a calculator. Figure 4.3 shows an overview of
these components in TRNSYS and their connections to each
other. The temperature and mass flow from the piping after
the ETSC output (T, and rmersc) are connected to the input of
TRNSYS-typellf, which simulates a flow diverter with one
input and two outputs. This type uses a control signal to de-
termine the mass flowrates for the two outputs via function
4.4, As a result, either the mass flow flows towards the stor-
age tank (m;) or bypasses the tank (ry,). It has to be men-

. - dri" - " r -
(Vocp) o, + 99Ca(T; —Tij_) = F'(5; - Aiay (T — T ) — 4;a. (T — T (T — T)|) 43

Table 4.1 — Design parameters of both the ETSC (Solar Keymark proper-
ties) and water used in the CV-system simulation.

—®— Transversal
—&— Longitudinal

Parameter Value
Number of collectors [l 1 14 ————
T

Azperture (m’) 2.78 - G

1 = \
C (kI K7 19.662 < \\
No [l 0.761 05t \
a (W m?k] 2.299 \
a (W m?k] 0.010 \

\

44 0 10 20 30 40 50 60 70 80 20
Cp U ke K] 4190 Angle [7]
0 kg m?] 1000 Figu're .4.2 — Transversal and longitudinal IAM profile of the ETSC at differ-

ent incidence angles.
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Figure 4.3 — Overview of simulation components of the TDV, and the input
and output of each component.

tioned that the temperature output is independent of mass
flowrate, which means that the output temperature is equal
to the inlet temperature even if there is no mass flowrate.

. m 1=l l—y)

Mouelpossamritny 4

TRNSYS-typellh was used to combine the mass flow rate

from the storage tank (m,s) and bypass. As there is only a
mass flowrate from the storage tank when the bypass has no
mass flowrate (and vice versa), the temperature going to the
piping at the ETSC inlet (T;,) either has the temperature of
the storage tank (T, ) or the bypass temperature (Ty,).

A calculator was used for comparing the pipe outlet tem-
perature with the storage tank temperature at the same
height as the inlet temperature of the TDV (T;s), called the
signal controller. This controller determines the control signal
(y) using function 4.5, in which LT stands for lower than (this
is the code used in TRNSYS). This LT-function compares T,

with Ti&, and produces a value of 1if To, < Tie 0r 0if Top > Tigt
As a result the control signal is 1 if the pipe outlet tempera-
ture is lower than the storage tank temperature, resulting in
a mass flow output towards the bypass. The control signal is 0
when the pipe outlet temperature is higher, and as a result
the mass flow output is towards the storage tank.

Y=LT(TopTig) 1+ (1 —LT(Top Ty ))- 0 45

TRNSYS-typel50 was used for delaying this control signal
in case that the TDV needed a certain reaction time for
switching position. This type can hold a value for a number of
time steps and as a result is dependable on the calculation
time step.

4.1.3 Piping

Because it was unknown which TRNSYS-type was used for the
hydraulic piping in the reference model from TASK54, a com-
parison was made between three different TRNSYS-types that
are available in the standard TRNSYS library and the extended
TESS library. From this comparison, discussed in Appendix
C.3, it was concluded that TRNSYS-type709 would be used for
the CV-system simulation model. TRNSYS-type709 simulates
the thermal behavior of a fluid that flows through a pipe or
duct [TESS, Volume 07, 2012].

TRNSYS-type709 is a so-called plug-flow model, which
means that the pipe is divided in segments that shift position
when a mass flow enters the pipe (a new segment). The size
of this new segment is a function of the simulation time step
and mass flow rate, which has the temperature of the incom-
ing fluid. The output of the pipe is the segment(s) and/or frac-
tion of a segment equal to the mass of the incoming fluid.
Additionally, this model excludes mixing and conduction be-
havior of adjacent segments. In case that the number of max-
imum allowed segments is reached, two adjacent segments
with a minimum temperature difference will be combined for
creating a single segment.

Figure 4.4 shows an example of a pipe divided into three
segments, in which each segment has their own temperature
(T4, Ty, and T3) and length (L3, L, and Ls). In a single time step,
a fluid mass with a temperature T; enters the pipe that dis-
places the same amount of mass at the outlet of the pipe; in
this example, segment 3 and a fraction of segment 2. As a
result, the average weighted mass of these segments deter-
mines the average outlet temperature (Ty). Equation 4.6
shows the average outlet temperature as function of segment
j and a fraction (a) of segment k. In this example segment j is
equal to segment 3 and segment k to segment 2. In the simu-
lation, there are two conditions that must be met, namely 0 <
a <1, and condition 4.7.
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Figure 4.4 — Schematic overview of the pipe displacement principle from
TRNSYS-type709 [TESS, Volume07, 2012]
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Additionally, there are heat losses from the fluid inside
the pipe to the environment in each segment; this relation is
described in the differential equation 4.8. The total resistance
of the pipe (UA) is dependent on four resistances: (i) convec-
tion between the liquid flowing in the pipe and the pipe wall,
(ii) conduction through the pipe wall, (iii) conduction through
the insulation material, and (iv) convection to the environ-
ment.

. i’ I YT T
Mjcy—t = ~(UA); (T; = T) 4.8

Table 4.2 presents the design parameters used in the sim-
ulation for the piping. These values are based on the values
used in the reference model and material properties: copper
tube with a glass-wool insulation layer.

4.1.4 Thermal Storage

TRNSYS-type340 was used for simulating the storage tank in
the reference model from TASK54, unfortunately, this type
was not compatible with TRNSYS18, and thus an alternative
type was used: TRNSYS-typel58. This type simulates a cylin-
drical storage tank with a constant volume, in a vertical con-
figuration, that has two possible inlet and outlet combina-
tions, an auxiliary heat input per node, and a thermostat. The
main difference between TRNSYS-type340 and TRNSYS-

Table 4.2 — Design parameters of the piping used in the CV-system simula-
tion. The parameters are based on the reference model from TASK54 and
material properties.

Parameter Value
D; (m] 0.02
Do [m] 0.022
L [m] 10
Lins [m] 0.013
ko (W mK] 401
Kin (W mK’] 0.04
ke W m™K?] 0.606
Ha tkem?s™] 0.00089

typel58 is the limited number of inlets and outlets [TRNSYS,
Volume 4, 2017].

The numerical model of TRNSYS-typel58 is divided into
nodes to acquire an appropriate level of stratification. Figure
4.5 shows a schematic overview of the storage tank and a
nodal energy balance for a node j. As can be seen in this fig-
ure, there are several heat transfer mechanisms: storage loss
to the environment (Qyss,), conduction between fluid nodes
(Qconj1 @nd Qeonj+1), and addition of thermal heat through a
fluid stream (Qgq;). The net balance of these mechanisms re-
sults in the stored heat in one node (Qq.,), equation 4.9. Also
can be seen that the environmental heat loss is via conduc-
tion and convection to the top, bottom and edges of the tank.

Deto; = Qg+ Qrossj + Qeong 4.9

The heat loss to the environment is dependent on the
overall energy loss rate (UA) and the ambient temperature,
equation 4.10. Furthermore, equation 4.11 describes the con-
duction between fluid nodes, where A; is the available surface
area for conduction and L; the height of a node j.

Qim_i' = lLr"l.sr_i' ':Tsrj' -y 4.10
T.—Tiyy T, — T,

an_i' = 'I".j"q'_i' JL — + 'I"_i'—L"l_i'—J. E . 4.11
com, j con,j—-1

Similar to the piping, the design parameters for the ther-
mal storage were based on the values used in the reference
model from TASK54; these values are shown in Table 4.3.
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Figure 4.5 — Schematic overview of the storage tank and the nodal energy
balance of TRNSYS-type158

415 Pump

TRNSYS-typell4 was chosen for simulating the pump in the
CV-system, because it was unknown which TRNSYS-type was
used in the reference model from TASK54. TRNSYS-typel14 is
a single (constant) stage pump that is able to contain a con-
stant mass flow output. Also, this type neglects the startup
and stop characteristics of the pump and the effects due to
pressure drop. Neglecting these parameters was not im-
portant for the numerical research, as these characteristics
were unknown. Besides, the numerical research focusses
rather on the implementation of the TDV in TRNSYS than the
pump characteristics.

In TRNSYS-typel14 a mass balance check is performed by
comparing the mass flow output with the mass flow input;
the mass flow input value is further ignored. The user speci-
fies a single mass flow output, however, a controller can be
used that give different mass flow rates based on a parame-
ter, such as the temperature output of the ETSC. Further-
more, the pump on and off status can be controlled using a
control signal (y); if y < 0.5, then the pump is turned off and if
y 2 0.5, then the pump is turned on. Additionally, the model
component uses the pump efficiency to determine the tem-
perature change of the fluid inside the pump. In the CV-
system this change in temperature was neglected, which
means that the temperature at the outlet is always equal to
the temperature at the inlet.

4.2  Analysis of the Components

Even though all the simulation types described in paragraph
4.1 were made and tested by the manufacturer TRNSYS, it
was not a guarantee for accurately simulating the CV-system.
Therefore, an analysis of performance was conducted for
several of these types, which are discussed in this paragraph.
As the storage tank was only used for storing heat that is ac-

Table 4.3 — Design parameters of the thermal storage used in the CV-
system simulation. The parameters are based on the reference model from
TASK54.

Parameter Value
Vgt (L] 800
D; (ml] 0.79
UA (W K] 4.4
k; (W mK] 1.2
T, rcl 15

quired in the ETSC, which is controlled by the TDV, its valida-
tion was less of importance and for this reason it can be
found in Appendix C.4.

4.2.1 Evacuated Tube Solar Collector

Several research topics were conducted in order to validate
the TRNSYS-type538. These topics are (i) the temperature
and useful energy gain using a constant volume flowrate, (ii)
stagnation temperature, (iii) capacity of the ETSC, (iv) dynam-
ic behavior, and (v) the influence of the simulation time step.

Constant Volume Flowrate

The temperature output and useful energy gain were deter-
mined using the test conditions described in the Solar
Keymark (Appendix B.2.), as the optical efficiency is depend-
ent on the volume flowrate. Additionally, a normal incidence
angle was used for the beam irradiation (IAM = 1), and an
inlet temperature and ambient temperature of 30 °C. Subse-
quently, the theoretical temperature output was determined
using equation 3.5, 3.7 and 3.8.

Figure 4.6 shows the error in percentage between the
output temperature of the simulation and theory, while Fig-
ure 4.7 plots the useful energy gain. As can be seen in Figure
4.6, the error was relatively constant using 100 nodes or high-
er (1,000 nodes is the maximum allowed nodes). Also, there
is an error of approximately 0.08%, which is an insignificant
error according to Figure 4.7. This figure shows that there is a
negligible difference between the simulation data and the
test data while using 50 nodes.

Stagnation Temperature
Another aspect of an ETSC is its stagnation temperature,
which is the temperature at which equilibrium occurs be-
tween the absorbed solar radiation and its heat losses. Be-
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Figure 4.6 — Error of simulation result in comparison to the prediction of
outlet temperature using the Solar Keymark test conditions: | = 1,000 W m”
2 T,=30°C, Tiersc = 30°C and rh = 0.0898 kg s™.

Figure 4.7 — Useful energy gain, due to solar irradiation, compared to mean
temperature over the manifold and ambient temperature difference using the
Solar Keymark test conditions: n = 50, | = 1,000 W m?, T, = 30 °C, Tiersc = 30°C
and a rh = 0.0898 kg s™.
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Figure 4.8 — Stagnation temperature profile of the TRNSYS-type538 simu-

Figure 4.9 — Temperature profiles for a stagnant flow of 600 s (t,), followed
lation using 1 = 1,000 W m? T,=30°Cand IAM = 1.

by a volume flow of 100 kg hr* and | = 1,000 W m™.
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Figure 4.10 — Outlet temperature for different numbers of nodes, after a
change in input temperature from 10 °C to 40 °C. The simulation used | =
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Figure 4.11 — Transient behavior of ETSC temperature output for different
time steps. The simulation used I = 1,000 W m?, T, = 30 °C and a rh = 0.0898
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cause the radiation is dependent on meteorological condi-
tions, the ETSC can have different stagnation temperatures
[Helden, 2015]. The theoretical stagnation temperature was
determined using equation 3.8 for an irradiation level of
1,000 W m and ambient temperature of 30 °C. As a result,
the theoretical stagnation temperature was 213.9 °C.

The data acquired from the stagnation temperature simu-
lation is plotted in Figure 4.8, and as can be seen, the maxi-
mum temperature for equilibrium was 213.9 °C. Unfortunate-
ly, the stagnation temperature described in the Solar
Keymark was 228.5 °C under similar meteorological condi-
tions. Though, it could be that the certificate used additional
diffuse radiation (IAM #1) that will increase the amount of
absorbed heat, thus the stagnation temperature. If the azi-
muth angle is adjusted from 0° to 45° in the simulation mod-
el, than the diffuse radiation increases and the beam radia-
tion remains the same, as a result the stagnation tempera-
ture increases to 228.5 °C.

Capacitance of the ETSC

The capacitance of an ETSC is the amount of heat that is
needed to increase the temperature of the working fluid
(inside the manifold) with 1 K. Therefore, this parameter has
an enormous influence on the performance of the ETSC dur-
ing start stop operation and dynamic behavior of the ETSC.
TRNSYS-type538 uses this capacitance (19.7 kJ K™) to deter-
mine the mass of the working fluid inside the manifold, by
multiplying this capacity with the thermal capacity. Unfortu-
nately, this calculation is incorrect as part of the capacitance
of the ETSC is related to its construction materials instead of
entirely for the working fluid. Consequently, the working fluid
mass determined by TRNSYS is approximately 4.96 kg, while
the real mass is less than 1.96 kg (C = 8.2 kJ K).

Figure 4.9 presents the temperature output profile for
both an ETSC capacitance of 8.2 and 19.7 kJ K™, using a stag-
nant flow for At = t;, that is followed by a mass flowrate of
100 kg hrt, Meanwhile, an radiation level of 1,000 W m~ was
used during stagnant flow that after t; returned to an irradia-
tion level of 0 W m™. Also, a (inlet) temperature of 10 °C was
used for the initial temperature of the simulation and the
temperature when the mass flowrate was applied. Since the
mass inside the manifold increases its temperature (> 10°C)
till t,, the temperature output > 10 °C after t, represents this
mass: (t,-t;) for a capacitance of 8.2 kJ K* and (ts-t) for a ca-
pacitance of 19.7 kJ K. Furthermore, it can be seen that the
slope in which the temperature increases during stagnant
flow is steeper for a capacitance of 8.2 kJ K™ than for a capac-
itance of 19.7 kJ K™, resulting in a difference in output tem-
perature during the same time period. Unfortunately, the
capacitance of the ETSC in the Solar Keymark was determined
for acquiring the appropriate value for the outlet tempera-

ture, and is not a measure for the mass of the working fluid
inside the manifold. Because TRNSYS-type538 does not distin-
guish the capacitance of the entire ETSC from the capacitance
of the working fluid inside the manifold, this type is not able
to accurately simulate the mass inside the manifold; thus also
not capable of simulating a start stop mechanism.

Dynamic Behavior

Due to the TDV, the CV-system is highly dependent on dy-
namic behavior; thus also the ETSC. As the theoretical model
from chapter 3 describes, an ETSC is dependent on a number
of N heat pipes that transfer heat throughout the entire man-
ifold, which means that when the input temperature changes
it will take time to be noticed at the outlet of the ETSC. When
the manifold is divided into 1 node in the simulation model,
the input temperature immediately mixes with the entire
volume inside the manifold, thereby creating an output tem-
perature that is not realistic. Increasing the number of nodes
will result in a more realistic output; however, also increase
the simulation calculation time. Figure 4.10 plots the input
temperature profile used in the validation (10°C to 40°C) and
the outlet temperature profile for different numbers of
nodes. This figure shows that there is a negligible tempera-
ture difference between using 50 nodes or higher, which
means that at least 50 nodes should be used in order to
achieve a realistic temperature output.

Simulation Time Step

Lastly, the influence of the simulation time step on the dy-
namic behavior of the output temperature was investigated.
A to large simulation time step (such as 60 s) will result in
shorter simulation calculation time, however, will decrease
the accuracy of the outlet temperature profile, compared to a
short simulation time step (in example 1 s). Figure 4.11 shows
the dynamic behavior of the output temperature for different
simulation time steps. As can be seen, using a time step of 10
s or less will result in a significantly small temperature differ-
ence, thus the time step should be maximal 10 s.

Conclusion

TRNSYS-type538 is suitable for simulating the dynamic behav-
ior of the ETSC, as demonstrated in this section; however, this
type cannot accurately simulate the start stop operation. The
numerical model behind this type does not distinguish the
capacitance of the entire solar collector with the capacitance
of the working fluid in the manifold, as a result this type cal-
culates an incorrect mass output during start stop operation.
Unfortunately, there was no alternative solar collector model
found in the standard library and TESS library that does dis-
tinguish between these capacitance rates at the moment of
conducting this numerical research. Therefore, more research
is required to find an alternative type outside these libraries
or a new type has to be developed.
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4.2.2 Thermo-Differential Valve

A verification of the TDV simulation model was required in
order to observe whether the model functioned as it was
supposed to. An input temperature profile was used in com-
bination with a constant mass flowrate of 300 kg hr and a
storage tank temperature of 65 °C to verify this TDV model.
Figure 4.12 shows both the TDV inlet and storage tank inlet
temperature profile and the mass flow rates at the outlet
towards the storage tank and bypass. As can be seen, the
temperature profile starts with a temperature lower than the
tank temperature, which results in a mass flow in the bypass;
the mass flow towards the tank remains 0. At the moment
that the input temperature becomes higher than the storage
tank, there is an immediate change in mass flow output.

The previous evaluation was conducted without using a
delay; however, due to TRNSYS-typel50 this is possible. Fig-
ure 4.13 plots the mass flowrate at the outlet towards the
storage tank and bypass, while using the same conditions as
used in the previous evaluation, with and without a delay of 5
times the simulation time step. As can be seen in this figure,
the first change in position without a delay is approximately
at t = 625 s, while the same change is around t = 1000 s for
the simulation with a delay.

As mentioned before, the TDV is highly dependent on dy-
namic behavior and with it dependent on the simulation time
step. The influence of the simulation time step on the reac-
tion of the TDV is indicated in Figure 4.14. This figure shows
that the TDV changes position with a faster response when
using a small simulation time step (15 s) rather than a large
time step (60 s). The advantage of a faster response is that
the model has a higher accuracy of simulating the real re-
sponse (less than a second), resulting in more realistic heat
gain in the storage tank. Lastly, it can also be seen that the
moment of changing position by the TDV occurs at different
times, which is related to the temperature input file to the
TDV; this file is correlated to the time step in TRNSYS.

Based on the data provided in this section, it can be con-
cluded that the TDV behavior can accurately be simulated in
TRNSYS. However, the simulation time step has an enormous
influence on the temperature and mass output, and with it
the thermal performance of the CV-system.

4.2.3 Piping

Several research topics were conducted in order to validate
the TRNSYS-type709: (i) dynamic behavior, (ii) stagnant be-
havior, (iii) number of nodes, and (iv) simulation time step.
The simulation results from TRNSYS were compared to a the-
oretical model that is described in Appendix C.3.
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Figure 4.12 — Temperature input profile and storage tank temperature for
validating the mass flow output of the TDV simulation. And the mass flow
output of the TDV towards the storage tank and bypass.
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Dynamic Behavior

Similar to the ETSC, the piping is highly dependent on dynam-
ic fluctuations due to the TDV in the CV-system. Due to this
dynamic fluctuation, a sudden increase in temperature might
be noticed at the pipe inlet that influences the pipe outlet
temperature. The theoretical model in Appendix C.3 shows
that a sudden increase in inlet temperature influences the
heat losses to the environment and the heat storage in the
pipe wall for a certain mass flowrate. Because of the influ-
ence of these parameters, four different scenarios were de-
veloped in order to validate the simulation model.

The first scenario describes the parameters that represent
the start stop operation, in which a high temperature differ-
ence is acquired (in example 10 to 60 °C) at a high mass
flowrate (283 kg hr''). The second scenario represents a con-
tinuous mass flowrate (113 kg hr'!) with a pipe inlet tempera-
ture increase at a low temperature (10 to 30 °C), while anoth-
er scenario uses a similar mass flowrate at a high tempera-
ture (60 to 70°C). A last scenario characterizes a continuous
mass flowrate in which a low temperature increase (30 to 32°
C) is noticed, which is often the case during continuous oper-
ation. For each scenario, the error was observed between the
pipe outlet temperature of the simulation and the according
theoretical values for t = 100 s, Figure 4.15.

As can be seen in Figure 4.15, the highest error in temper-
ature output is acquired in the start stop scenario. The outlet
temperature error deviates between 19 and 10 % for this
scenario, as the mass inside the solar collector needs approxi-
mately 23 s to reach the outlet (m = 1.96 kg). Furthermore,
this figure shows that the continuous flow has a lower error
when using high temperatures than using low temperatures.
This difference might be related to the high influence of heat
losses to the environment compared to the storage rate in
the pipe wall, while using high temperatures. However, the
smallest error (approximately 2.5%) was observed when us-
ing a low temperature increase, which represents the contin-
uous flow operation. In conclusion, the dynamic behavior
might be feasible for simulating a continuous operation, while
it simulates incorrect values using the start stop operation.

Stagnant Behavior
Besides the dynamic behavior of the CV-system, the pipe ex-
periences a stagnant flow because of the start stop opera-
tion. This flow results in continuous heat losses to the envi-
ronment and heat storage in the pipe wall of the entire mass
in the piping (Appendix C.3). For the validation, the error in
temperature inside the manifold between theory and simula-
tion was determined using four different initial temperatures,
plotted in Figure 4.16. As this figure shows, the error increas-
es over time and since the stagnant period in operation mode
is 600 s, the error eventually deviates between 3.8 and 7.4 %
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depending on the initial temperature. Consequently, when a
volume flow is applied after this period, a volume with an
incorrect temperature is transported further throughout the
CV-system resulting in an unrealistic profile. It has to be not-
ed that the closer the initial temperature is to the ambient
temperature, the smaller the error becomes.

Simulation Time Step
Similar to the validation used in the solar collector, the simu-
lation time step has the highest accuracy when it is chosen as
small as possible, thereby increasing the simulation calcula-
tion time. The influence of this time step on the temperature
output of the pipe was investigated by suddenly increasing
the inlet temperature from 10 to 30 °C, which is shown in
Figure 4.17. Because a mass flow rate of 100 kg hr™ was used,
it takes approximately 113 s before a temperature rise is visi-
ble at the outlet of the pipe. It can be seen in Figure 4.17 that
when a time step of 5 s or higher is used it results in a change
in outlet temperature before 113 s, which is not realistic. Ad-

ditionally, there is a negligible difference in the temperature
outlet profile for a time step of 1 s and 0.1 s. For realistically
simulating the pipe outlet temperature it is recommended to
use a time step as close as possible to 1 s.

Conclusion

The data discussed in this section shows that the inaccuracy
in dynamic behavior is around 2.5 % between the theory and
simulation when using a continuous mass flowrate and a
small temperature difference. Despite this inaccuracy, it was
concluded that this TRNSYS-type can be used for simulating
the continuous operation of the CV-system. However, there is
a significant outlet temperature difference in both the dy-
namic and stagnant behavior when a start stop operation is
used, which results in an inaccurate temperature response
compared to reality. As there was no better alternative
found, more research is required in order to find a more suit-
able piping simulation model.
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5| Case Study

In order to investigate the feasibility of simulating the CV-
system described in Chapter 4 in TRNSYS, two cases were
developed that are based on the CV-system control opera-
tion: continuous operation and start stop operation. Despite
the results found for each component in the system compo-
nent analysis, Paragraph 4.2, these components were used in
these cases. As a result, the values found in this chapter do
not represent the reality and cannot be accurately compared
to the measurement conducted by [Kratz, 2018]. Additionally,
only the temperature profiles were available throughout the
system during the measurement, but it was unknown what
the other parameters were; for example the solar radiation
profile. Though, this research was conducted in order to veri-
fy that a similar pattern can be reached in temperature pro-
files throughout the system in comparison to these measure-
ments.

Three different node configurations were examined dur-
ing the simulations, namely configuration 1 representing a
minimum number of nodes per component (yet still realistic),
configuration 2 consisting of the minimum number of nodes
determined during the system component analysis, and con-
figuration 3 using the maximum allowed nodes for each com-
ponent. Table 5.1 presents the values for each of these con-
figurations per component.

Table 5.1 — Three different node configurations used during the analysis of
determining the influence of the number of nodes

Table 5.2 — Simulation parameters used during the continuous operation
analysis

Parameter Value

I (W m?) 800
To rcl 30
Ta.ETSC recl 30
Tap [al 15
mh kg hr) 120
Simulation time step [s] 1
Simulation run time [s] 3600

Configuration ETSC Piping Storage Tank
1: Minimum nodes 10 10 10
2: Analysis Chapter 4 50 50 25
3: Maximum nodes 1000 100 50

5.1 Case 1 - Continuous Operation

The continuous operation research was divided into two top-
ics, for analyzing the thermal performance of the CV-system.
The first topic investigates the performance using node con-
figuration 3, the design parameters described in Chapter 4,
no delay in TDV, and the simulation parameters which are
defined in Table 5.2. The second topic investigates the influ-
ence of using a delay in the TDV, node configuration, and
simulation time step on the thermal performance.

5.1.1 Simulation Data

The measurement data during continuous operation from
[Kratz, 2018] is plotted in Figure 5.1, which shows the tem-
perature profile at the outlet of the ETSC (T, 1sc), the temper-
ature at the inlet of the TDV (T;pv), the temperature towards
the inlet of the ETSC close to the storage tank (Tsyppy), and the

temperature inside the storage tank at the same height as
the TDV (T+py); Figure 4.1 shows the location of these temper-
ature profiles in the CV-system. As can be seen in Figure 5.1,
there is a delay between the T,grsc and Timpy temperature
profile, which is related to the piping between the ETSC and
the TDV, and as a result , a parabolic temperature profile is
acquired at T;py that is higher than Trpy. At the moment that
Titov > Troy, the mass flow is directed from the TDV through
the storage tank, resulting in a displacement of mass from the
bottom of the storage tank towards the inlet of the ETSC.
Since this mass has a lower temperature than the top of the
storage tank, the Ty, Signal decreases directly.

Figure 5.2 presents the simulation data that was acquired
for the same temperature profiles by TRNSYS, which shows a
comparable pattern as plotted in Figure 5.1. However, there
are differences noticeable between temperature profiles,
such as the temperature decrease in Ty, that could be re-
lated to the location of piping in the system. The TRNSYS
model assumes that there is 10 m piping between the ETSC
and the TDV and 10 m between the pump and the ETSC,
while in reality all components are connected with a certain
length of piping, and according to Chapter 4, this has an influ-
ence on the temperature profiles. Additionally, the parame-
ters in the measurement are not constant, such as the radia-
tion level and incidence angle, while the TRNSYS model as-
sumes these parameters to be constant, which could also
result in deviations between temperature profiles. The main
conclusion of the simulation data was that similar tempera-
ture profiles can be simulated in TRNSYS for a continuous
operation, though the location and length of the piping in the
system need to be accurately defined.

The mass flowrate through the storage tank was com-
pared to the temperature profile of the node in the storage
tank at the same height of the TDV, Figure 5.3. As can be
seen, the temperature only increases when there is a mass
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Figure 5.1 — Measurement data from the CV-system during continuous
operation [Kratz, 2018] .
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Figure 5.3 — Mass flow profile through the storage tank and the tempera-
ture profile in the storage tank at height of the TDV inlet, during the con-

tinuous operation simulation in TRNSYS.
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Figure 5.5 — Temperature profile in the storage tank at height of the TDV
inlet, during the continuous operation simulation in TRNSYS, for the three
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Figure 5.2 — Temperature profiles of the continuous operation simulation
in TRNSYS using the parameters specified in Table 5.2 with no delay in
changing position between TDV outlets.
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Figure 5.4 — Temperature profile in the storage tank at height of the TDV
inlet, during the continuous operation simulation in TRNSYS, with and
without a delay of 10 s in changing position between TDV outlets.
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flow rate to the storage tank, which visualizes the tempera-
ture input coming from the TDV, and decreases in tempera-
ture in absence of a mass flow rate, due to heat losses to the
environment and conduction between storage tank nodes.
Even though the temperature profile in the storage tank
could be realistic, TRNSYS-typel58 is not able to determine
the heat storage rate in the storage tank as heat can be gen-
erated during multiple cycles through the ETSC.

5.1.2 Configuration Analysis

As explained in Chapter 4, the TDV can be simulated either
with or without a delay that is based on the simulation time
step. Figure 5.4 plots the temperature profile of the node in
the storage tank at height of the TDV with and without a de-
lay of 10 times the simulation time step (= 10 s). From this
figure it can be noticed that up until approximately 23 min
both temperature profiles were equal, which is the start of
the simulation until the first input from the TDV, and shows
different results afterwards. In absence of a delay in the TDV,
only flows with a higher temperature than the node tempera-
ture entered the storage tank, which resulted in an increase
in temperature followed by a decrease in temperature due to
heat losses (Figure 5.3). When a delay is applied in the TDV,
the mass flow will continue to flow towards the storage tank,
for 10s, even when the temperature in the TDV became low-
er than the node temperature. At this moment the node tem-
perature decreased resulting in lower node temperatures in
comparison to when no delay was applied.

Node configuration 3 was used in the analysis of Para-
graph 5.1.1 in order to acquire the most realistic results,
while different node configuration could have been used.
Figure 5.5 shows the node temperature profile for these con-
figurations during the same simulation time. As can be seen
in this figure, the initial node temperature differs in each con-
figuration due to the stratification level inside the tank, which
is dependent on number of nodes (Appendix C.4), as the TDV
is located at 80 % of the storage tank height. This difference
in temperature has an enormous impact on the node temper-
ature gain as the TDV switches position later if the node tem-
perature is higher. Furthermore, the heat losses in the stor-
age tank were higher when a larger number of nodes was
used, which could be related to the heat loss rate due to con-
duction between nodes (equation 4.4); a larger number of
nodes results in a smaller L., compared to a smaller number
of nodes, thus the heat loss rate due to conduction becomes
higher. Also mixing of nodes might occur when using a large
number of nodes as the initial temperature difference be-
tween nodes is relatively small compared to using a smaller
number of nodes. Eventually, the heat gain between configu-
ration 2 and 3 becomes fairly similar, and thus it was conclud-
ed that (especially) the number of nodes in the storage tank
influences the thermal performance of the CV-system.

A last parameter that was analyzed was the influence of
the simulation time step on the node temperature profile,
Figure 5.6. This figure shows that there is a difference in both
the pattern of the temperature profile between different sim-
ulation time steps, heat gain and heat loss pattern, and in
thermal performance of the CV-system, height of tempera-
ture profile. This difference could be related to the calcula-
tion made by TRNSYS, which averages all values in the system
(such as temperature) over one time step. This averaging of
values is crucial in the thermal performance as the CV-system
is highly dependent on dynamic behavior. This relation is veri-
fied in Figure 5.6, which shows that the temperature profile
was significantly lower while using large time steps (30 s)
than using small time steps (1 s).

5.1.3 Conclusion

From the data provided in this paragraph, it seems that TRN-
SYS is capable of accurately simulating the CV-system during
continuous operation, despite the incorrect data output from
several TRNSYS-types. However, it has to be noted that the
simulation data is highly dependent on design parameters,
such as the location and length of the piping, and on the pa-
rameters of the simulation configuration, mainly the number
of nodes used in the storage tank and simulation time step.
Therefore, extra care needs to be taken when defining these
parameters before running an entire simulation as a yearly
simulation will take a long simulation calculation time.

Since this research was conducted using constant parame-
ters, it is recommended to also run a simulation with variable
parameters that would represent a daily cycle. During a daily
cycle, the ambient temperature, the solar radiation and the
solar path (incidence angle) changes, thereby influencing the
thermal performance of the ETSC and heat losses to the envi-
ronment, and with it the overall thermal performance.

5.2  Case 2 - Start Stop Operation

The analysis of the start stop operation in TRNSYS consist of a
comparison of the temperature and mass profiles obtained
from TRNSYS and the measurement that was performed by
[Kratz, 2018]. In contrast to the continuous operation, an
analysis on the influence of a delay in TDV, node configura-
tion and time step on the thermal performance are not dis-
cussed in this paragraph, as similar results were found as in
paragraph 5.1.

The design parameters, discussed in chapter 4, were used
in the simulation in combination with the simulation parame-
ters shown in Table 5.3, which were chosen to acquire a rep-
resentative temperature profile compared to the measure-
ment. Additionally, a delay of 6 times the simulation time
step was used for changing position between the TDV outlets,
and the start stop operation of the pump was divided into a
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Table 5.3 — Simulation parameters used during the start stop operation

analysis

Parameter Value

[ wm? 350
To ra 32
Taersc [°c 30
Top ral 15
Mcontinuous (kg hr”] 600
Simulation time step [s] 1
Simulation run time sl 3600
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Figure 5.7 — Measurement data from the CV-system during start stop

operation [Kratz, 2018] .
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Figure 5.8 — Temperature profiles of the start stop operation simulation in
TRNSYS using the parameters specified in Table 5.2 with 6 s delay in chang-

ing position between TDV outlets.

stagnant period of 600 s followed by a volume flow period of
60 s. These time periods were also chosen to acquire similar
temperature profiles as in the measurement, though these
periods are not the values used during the measurement.

Figure 5.7 presents the temperature profiles throughout
the CV-system observed by the measurement that was per-
formed by [Kratz, 2018]. As can be seen in this figure, the
temperature increases gradually in the ETSC between t =2 hr
and approximately t = 2.5 hr. Tyersc shows the temperature
profile of the outlet of the ETSC, however, this temperature is
equal to the temperature in the ETSC during the stagnant
period. The start of the volume flow period can be observed
by a sudden increase in T, grsc, Which is related to a fluid tem-
perature increase under continuous operation conditions,
followed by a sudden decrease in temperature, which is the
result of cold water entering the ETSC (Tsuppiy)-

During the stagnant period, Titpy and Tgppy lose heat to
the environment, resulting in a decrease in its temperature.
Though, Figure 5.7 shows that Tty and Tgpe, Were almost
constant during the stagnant period, meaning that the heat
losses to the environment were minimal. During the volume
flow period, the volume inside the piping before the ETSC is
displaced towards the ETSC, which has a temperature equal
to Tsuppiy- Additionally, there is a delay visible between T, grsc
and T;ypy that is related to the time needed for the water to
travel through the piping. Furthermore, T;1py < Trpy after one
cycle of these periods, thus no heat is transported to the stor-
age tank, and the process is repeated. At the moment that
T.rov > Trov, the water is directed to the storage tank with a
delay in switching position between TDV outputs.

The same temperature profiles were determined using
TRSNSYS, from which the results are plotted in Figure 5.8.
This figure shows similar temperature patterns as described
in the previous section; firstly, a gradual increase in tempera-
ture during stagnant period in the ETSC, followed by a sudden
increase in temperature, and almost immediately afterwards
a rapid decrease. Secondly, there was a gradual temperature
decrease in the piping (Tsuppy and Titpy) during the stagnant
period and, in the volume flow period, a high peak of a warm
volume. As the start stop mechanism operates mainly during
morning and evening periods, when the radiation level is in-
sufficient for continuous operation, both the ambient tem-
perature and solar radiation changes rapidly. As a result, the
thermal gain in the ETSC changes during the time, which can
be observed in the measurement data, Figure 5.7. Since the
simulation uses constant parameters, there is a difference in
temperature profiles between measurement and simulation.
In spite of this difference, it seems that TRNSYS is able to sim-
ulate the start stop operation, however, conclusive research
is required in order to verify this hypothesis.
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6| Conclusions and Recommendations

The aim of this master thesis was divided into two separate
research topics, in which the first research, the experimental
research, aimed on investigating the difference in thermal
performance of the ETSC between using a continuous and
start stop operation. The focus of this research was to im-
prove the experimental setup and defining the influence of
several parameters on the thermal performance of the ETSC
that is used in the CV-system. These parameters were based
on a theoretical model of an ETSC. The second research topic,
the numerical research, aimed to determine whether it was
possible to simulate the CV-system in TRNSYS. This research
focusses on the accuracy of individual TRNSYS-types used in
the CV-system and on similarities between the simulation,
that uses constant parameters, and a measurement per-
formed by Conico Valves bv.

6.1 Conclusions

Experimental Setup

The data provided in this report shows that the improved
experimental setup was designed according to the design
requirements, which were based on the NEN-EN-ISO 9806
norm for solar thermal testing. Firstly, the standard uncer-
tainties of the thermocouples (0.12 and 0.13 °C) used in the
setup were higher than the allowed uncertainty (0.1 °C); how-
ever, this was the result of assuming an uncertainty in the
thermal bath of 0.10 °C. When this value is halved, which is
more realistic, than the standard uncertainty reduces to ap-
proximately 0.8 °C, which is less than the allowed uncertainty.
Additionally, the allowed deviation of AT / Ty, (0.4 °C) was also
lower than the design requirement (0.05 °C).

Secondly, the thermocouple in the setup, located at the
temperature sensor of the thermostatic valve, which experi-
enced higher heat losses to the environment that could be
related to incorrect installment of this thermocouple. Howev-
er, as the thermocouple at the inlet of the ETSC showed accu-
rate readings, this thermocouple was used for determining
the stability and temperature range of the setup. It was found
in the verification that the inlet temperature profile at the
ETSC was stable for at least a time period of 5 min, and had a
temperature range of 10 to 50 °C.

Furthermore, it was found that the original signal of the
volume flowmeter acquired a noise signal, which was re-
duced using a Savitzky-Golay filter; there was a deviation in
volume flowrate during a stagnant flow. As a result of this
filter, the deviation in volume flowrate was reduced to signifi-
cantly low values compared to the allowed deviation from
the NEN-EN-ISO 9806 norm. Additionally, the volume flow

ranges between 0.2 and 5.0 L min™ in the experimental setup,
which is lower than the design requirement (6 L min™).
Though, a volume flowrate of 5 L minis still sufficient for the
experimental research.

Lastly, in the experimental research it was observed that
the measurements were performed according to the design
requirements. The deviation was less than the boundaries of
these requirements, temperature (+1 °C) and volume
flowrate (2 %), for measurements groups that uses the same
set inlet temperature at the ETSC or set volume flowrate.

Experimental Research

From the theoretical model it was concluded that there are
three main parameters that influences the thermal perfor-
mance of an ETSC besides its construction material and ge-
ometry: solar radiation, inlet temperature, and volume
flowrate. Especially, the volume flowrate has an important
influence on the optical efficiency, because it changes the
convective heat transfer rate between the evacuated tube
and the working fluid in the manifold.

From the experiment results it was found that the optical
efficiency slightly decreases when the volume flowrate de-
creases. Although, it seems that using a constant volume
flowrate achieves higher optical efficiencies than using a start
stop operation. This might be related to the influence of low-
er convective heat transfer rates at lower volume flowrates,
or because heat is lost to adjacent fluid volumes at the inlet
and outlet of the ETSC during a stagnant flow .

In the experimental research, it was also observed that
the emitted radiation of the solar simulator is different than
its radiation setting, which could be related to the distance
between the solar simulator and the ETSC resulting in a spec-
tral mismatch. Furthermore, it was noticed that there is a
deviation in the emitted radiation profile that, according to
the sensitivity analysis, could have an influence on the ther-
mal performance of the ETSC throughout a measurement.

In the analysis of investigating the optical efficiency be-
tween start stop and continuous operation, it was assumed
that there was a constant linear and quadratic heat loss co-
efficient. However, the sensitivity analysis shows that these
loss coefficients change with the volume flowrate, thereby
influencing the optical efficiency. Additional experiments
were performed from which it was concluded that there is a
small difference in optical efficiency between these experi-
ments and the ones used in the comparison between start
stop and continuous operation.
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Finally, it was also concluded in the sensitivity analysis
that several parameters influence the thermal performance
during start stop operation: the mean temperature over the
collector, initial temperature, and emitted radiation during
the continuous period. Both temperatures had to be estimat-
ed based on the experimental data and are therefore suscep-
tible for deviation in calculated thermal performance, while
the solar radiation was measured. Since the mean tempera-
ture over the collector changes throughout the measure-
ment, the heat loss coefficients also change and with it the
optical efficiency. Furthermore, the influence of the initial
temperature and radiation level were concluded to have a
negligible effect on the thermal performance.

Numerical Research

Firstly, the individual components were investigated that
were used in the CV-system layout in TRNSYS. There was no
TRNSYS component available for the TDV, as it is a novel
concept, which had to be created using standard TRNSYS-
types and was proven to work as it should be during a
verification analysis. Furthermore, the TRNSYS-type538 was
used for simulating the ETSC, which is suitable for simulating
the ETSC during continuous operation. However, this TRNSYS-
type is incapable of distinguishing the difference between
the capacity of the fluid inside the manifold from the entire
capacity, and as a result this type calculates an incorrect mass
output during start stop operation. Unfortunately, there was
no alternative found for replacing this TRNSYS-type.

Similar to the ETSC simulation component, the pipe simu-
lation component also showed deviations between the theo-
retically determined and simulated temperature output. Dur-
ing the dynamic behavior analysis, a deviation of 2.5% was
observed while simulating the continuous operation, which
was assumed to be an acceptable deviation; this deviation
occurs occasionally during continuous operation. On the con-
trary, when a start stop operation was simulated, both the
dynamic and stagnant behavior showed inaccurate tempera-
ture responses. Also for the pipe simulation model, there was
no other suitable alternative found.

Secondly, the entire CV-system in TRNSYS was compared
to measurements, performed by Conico Valves bv, using two
cases: the continuous operation and start stop operation. As
some of the parameters from the measurements were un-
known (such as solar radiation level and solar path) and the
temperature output of the system layout was inaccurate, the
simulation data could only be compared to the measurement
data on the shape of the temperature profiles. It was con-
cluded during both these analyses that TRNSYS is capable of
accurately simulating the CV-system during continuous and

start stop operation. Though, this accuracy is highly depend-
ent on the design parameters, for instance the location and
length of piping, and the simulation parameters, such as time
step and node configurations.

6.2 Recommendations

Experimental setup

During the verification of the experimental setup, several
aspects were found that could be improved. First of all, the
filter had to be removed in order to acquire higher volume
flowrates, since the filter caused high pressure resistance. A
filter has to be placed in order to fully fulfill the design re-
guirements. Secondly, the needle valves and the thermostatic
valves could be replaced with electronic operating valves for
acquiring an autonomous setup. Lastly, the setup requires
more insulation in order to reach lower temperatures or to
acquire a more stable temperature signal during measure-
ments at low temperatures (<10°C).

Experimental research

The characteristics of the volume flow influences the convec-
tive heat transfer rate between the working fluid inside the
manifold and the evacuated tube, thus the optical efficiency.
As the geometry of the manifold did not allow to determine
this characteristic (Reynolds number), this influence during
the measurements could not be verified. In order to find a
more conclusive result of this influence, more research is re-
quired to analyze the development of convective heat trans-
fer rate through the manifold at different volume flowrates.

The results found during the start stop operation used an
approximation based on a continuous volume flowrate, main-
ly the heat loss coefficients. However, the start stop opera-
tion deviates in working principle from a continuous opera-
tion, which could mean that another analysis of data is re-
quired in order to find the appropriate optical efficiencies.

Numerical Research

It is recommended to conduct more research on either find-
ing or creating a more appropriate TRNSYS-type for simu-
lating the ETSC and piping. Both these simulation types have
an enormous influence, especially during start stop opera-
tion, on the thermal performance of the CV-system. During
the master thesis it was decided that it was not useful to con-
duct research using weather data, as the simulation model
did not represent the reality. Therefore, when more appropri-
ate simulation models are found, they can be used for con-
ducting a more detailed research on comparing the measure-
ment data with the simulation data.
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Appendix A| Design of Experimental Setup

Appendix A.1 Design of Components

The thermal circuit discussed in paragraph 2.2 consists of 5
major components, namely the thermostatic bath, thermo-
static valve, plate heat exchanger, centrifugal pump and flow-
meter. This paragraph discusses each of these components
on its design procedure and specifications.

Thermostatic Bath

The cooling power (Q) needed for the setup is based on three
factors, namely the solar irradiation (), surface area (A), and
collector efficiency (n); Equation A.1 shows the relation be-
tween these factors [Mills, 2014][Welty, 2015]. There are two
values that can be used as surface area, namely the surface
area of the solar simulator and the aperture area of the solar
collector.

Fe=1-4 Ty Al

The maximum required cooling power was determined
using the test area of the solar simulator, which is 1100 x
2000 mm [Eternal Sun B.V., 2015]; this results in an area of
2.2 m% The highest solar irradiation setting of the solar simu-
lator is 1,000 W m and the collector efficiency was assumed
at 0.60, which results in a power output of 1.3 kW. However,
the area of a solar collector is normally less than the area of
the solar simulator, thus it was assumed that the maximum
output is lower than 1.3 kW. For instance, an average solar
collector has a surface area of 2 mz, which results in a power
output of 1.2 kW.

A similar result was found in a previous experiment [Klerk,
2018]. In this experiment, a PVT panel with a continuous flow
of 42 L hr'' was used that resulted in a temperature differ-
ence of 25 °C. The heat gain in the PVT-panel was determined
using equation A.2, using the density and thermal heat capac-
ity of water; this resulted in a heat gain of 1.2 kW.

Qr:ﬂ-p-cp-ﬁT A.2

The thermostatic bath used in the experimental setup of
[Balkom, 2015] was the Unichiller 015-H-MPC of manufactur-
er Huber, which has a cooling capacity of 1.5 kW at a temper-
ature of 15 °C [Huber, 2015]. However, at a temperature of
7.5 °C the cooling power is reduced to 1.2 kW. Based on an
average collector area of 2.0 m?, the minimum temperature
of 10 °Ciis feasible.

Thermostatic Valve

A thermostatic water valve is used for mechanical flow regu-
lation based on a desired temperature setting; figure A.1
shows an overview an overview of the Danfoss AVTA thermo-
static valve. This valve consists of three components: (1) a
component for controlling the temperature input, (2) a com-
ponent for autonomic regulation of the flow, and (3) a tem-
perature sensor. The temperature sensor is installed at the
location where the temperature is to be controlled. If there is
a change in temperature noticed at the sensor, the internal
pressure of the sensor changes, causing a force to exert on
the bellows of the valve. A counterforce is created through a
spring when a temperature setting is given in component 1. If
there is a balance between the pressure force and the coun-
terforce, the valve spindle remains in position; otherwise the
spindle moves until a new balance is found or the valve is
fully open or closed. Imbalance of forces occurs when the
temperature changes at the sensor or if another temperature
input is given.

The Danfoss AVTA 15 with adsorption charge was chosen as
thermostatic valve in the experimental setup. In an adsorp-
tion charge thermostatic valve, when the temperature chang-
es at the temperature sensor, the adsorption of active carbon

Figure A.1 — Schematic overview of the Danfoss AVTA thermostatic valve
[Danfoss, 2018]. 1) setting knob, reference spring and setting scale, 2)
valve body with orifice, closing cone and setting elements, and 3) hermeti-
cally sealed thermostatic element with sensor, bellow and charge

Master Thesis 49



Eindhoven University of Technology

M.A. van Duijnhoven—0715511

es at the temperature sensor, the adsorption of active car-
bon and CO, changes, resulting in a pressure difference in
component 3. This thermostatic valve has a regulation tem-
perature range of 10 to 80 °C, while the maximum tempera-
ture of the sensor is 130 °C. Furthermore, the maximum al-
lowed volume flow velocity through the valve is 1.9 m® hr!
and the maximum pressure on the sensor is 25 bar.

Plate Heat Exchanger

A counter flow plate heat exchanger was used in the design
of the improved setup. The design of this heat exchanger is
dependent on the temperatures of the hot and cold stream
as well as the maximum heat for exchange. Figure A.2 shows
the temperature profile of the hot and cold stream along the
length of the heat exchange surface in a counter flow heat
exchanger. As can be seen, the temperature difference at x =
L (AT,) is dissimilar to the difference at x = 0 (AT,), because
the energy capacity is also dependent on the volume flow of
the cold and hot stream, equation A.2.

As mentioned in before, it was assumed that the maxi-
mum heat gain was approximately 1.2 kW. The lowest solar
collector input temperature is 10 °C (hot stream) and the cold
stream inlet is assumed at 7.5 °C. The volume flow of the so-
lar collector cycle is between 20 and 360 liters per hour, ac-
cording to paragraph 2.1, and the volume flow of the cooling
cycle was assumed at 600 liters per hour. The temperature
outlet of the hot and cold flow was determined using Equa-
tion A.2, in combination with the density and heat capacity
of water, and had a value of respectively 62.6 °C and 9.2 °C.

The design of a heat exchanger is defined by the heat con-
duction coefficient (k) of its material, wall thickness (L), and
heat exchange surface. The heat exchanger in the setup is
made of stainless steel (AISI 304), which has a heat coefficient
of 16.2 W m™'K™. The wall thickness of the heat exchanger is
between 0.5 and 1.2 mm. The relation between these param-
eters is shown in Equation A.3 [Kemenade, 2015].

7
A=z A3
ATy

=] &

The definition of the logarithmic mean temperature
difference (AT,y) is described in Equation A.4 [Kemenade,
2015]; temperatures are defined at length x =Land x = 0.

P L b Tely — Ty =Ty
L= n (H‘H —Telz ] A4
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A value of 16.61 for AT, was found using the values for
the temperature input and output of both streams as de-
scribed above. As a result, the required heat transfer surface
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Figure A.2 — Temperature profile of the cold and hot stream versus the
length of the heat exchange surface in a counter flow heat exchanger [ME
Mechanical Team, 2018]

Table A.1 — Specifications of the plate heat exchanger [Wiltec, 2018]

Parameter Value
Effective heat exchange surface  [m’] 0.12
Maximum Power tkw] 22
Maximum pressure [bar] 20
Maximum volume flowrate [m® h] 4
Plate number ] 10
Temperature range [°c -195 to 225
Volume it 0.18

is between 2.2 and 5.35 10 m” and these values are signifi-
cantly smaller than the surface area of the plate heat ex-
changer used in the experimental setup, which is 0.12 m%;
more specifications of the plate heat exchanger are shown in
Table A.1.

Pump

Finding an appropriate continuous pump for low volume
flows is challenging as most circulation pumps are designed
for high flows. The pump should have enough capacity to
overcome pressure losses that are present in this setup and
close to the required maximum volume flow required of 360
liter per hour is required. There are two forms of pressure
losses in the experimental setup, namely losses through fric-
tion in the piping, and difference in height. The pressure loss-
es (Ap) in the piping was determined using the Darcy-
Weisbach equation: Equation A.5.

L .
.El.p ZIEE'I:' A5

The friction factor (f) is dependent whether there is a tur-
bulent or laminar flow in the piping. Therefore, the Reynolds
number (Re) is determined using Reynolds definition

50 Solar Combisystem with Thermo-Differential Valve



Eindhoven University of Technology

M.A. van Duijnhoven—0715511

(Equation A.6). A volume flow of 6 L min™ was pumped
through the pipe-network that consists of both copper piping
and PVC tubing, having inner diameters of respectively 10
mm and 13 mm, resulting in velocity (v) of 1.27 m s™* and 0.75
m s™. When using the density and dynamic viscosity of water
(1000 kg m™, 0.00089 kg m™ s™), the Reynolds number was
calculated for each of these pipes: an Re of 12,712 for the
copper pipes and an Re of 9,779 for the PVC pipes. Both num-
bers are significantly higher than 2300, meaning that a turbu-
lent flow is present in the complete pipe-network.

_pvD
T

Due to the fact that a turbulent flow is present in the pip-
ing, the friction factor was determined using the Colebrook
interpolation equation: Equation A.7. This friction factor is
related to the Reynolds number, the inner diameter and the
roughness of the material (e); the roughness of copper is 2
pm and of PVC 7 um [Engineering Toolbox, 2003]. As a result,
the friction factor of the copper piping is 0.029 and of the PVC
tubing 0.031.

Re A.6

A.7

Assuming lengths of 4 m and 6 m for the copper and PVC
piping result in pressure losses of 0.095 and 0.042 bar, re-
spectively, using Equation A.5. In addition, a height difference
of 1.5 m, resulting in a pressure loss of 0.15 bar, leaving the
total pressure to be 0.287 bar. As the pipe bends were not
included in the calculation, a safety margin of 10% was used
as compensation, thus, a total of 0.316 bar. Based on this
knowledge the Grundfos Alpha 2 25-40 Auto Adapt Circula-
tion pump was used, because this pump has a higher capacity
(approximately 0.42 bar) than needed in the experimental
setup, Figure A.3. Table 2.3 shows an overview of the specifi-
cations of this pump.

Flowmeter

A magnetic flowmeter was used in the experimental setup
because of its high accuracy, absence of moving parts and
flow obstructions in the measurement unit [Almond, 2018].
This type of flowmeter uses Faraday’s law of electromagnetic
induction for determining the volume flow [Krohne, 2016],
Equation A.8, in which the relation between the voltage (U)
and the mean flow velocity (v), magnetic field strength (B),
and inner diameter of the flowmeter (D) is described. A cor-
rection factor (k) is needed to correct for the geometry of the
flowmeter.

U=¥vxBD A.8

Table A.2 — Specifications of the Grundfos Alpha 2 25-40 Auto Adapt Cir-
culation pump [Grundfos, 2018]

Parameter Value
Vimax (Lhr] 2400
TAuid, range ra 2-110
Ta, range ra 0-40
P g 230V, 50/60 Hz
Prmax [bar] 10

H [bar] Taeez)]

0.02 4

0.02 0.2 0.5 1 2 5 10 20 v[min]

Figure A.3 — Pump curves bar from the Grundfos Alpha 2 25-40 Auto
Adapt Circulation pump [Grundfos, 2018]

Figure A.4 — Schematic overview of the measuring principle of a magnetic
flowmeter. It shows the location of the field coils (1), magnetic field (2),
electrodes (3), and the induced voltage, which is proportional to the flow
velocity (4) [Krohne, 2016]
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A pair of field coils produces a current for inducing a mag-
netic field through which an electrically conductive fluid
flows. Because the pipe is electrically insulated, a voltage
signal is generated inside the fluid and subsequently trans-
ported to electrodes at the side of the pipe. According to Far-
aday’s law, this signal is related to the mean velocity and thus
the flow rate through the pipe. This principle and location of
the components is shown in Figure A.4. A signal converter is
installed for increasing the voltage signal, filtering and con-
verting it into a signal for data analysis.

The experimental setup contains the magnetic flowmeter
Optiflux4000 connected to an IFC100 signal converter from
the manufacturer Krohne. This flowmeter has a measuring
range of -12 to 12 m s? and a nominal diameter of 6 mm,
which results in a volume flow measuring range of 0 to 6 L
min™. The process temperature range spans from -40 to 120 °
C, while the ambient temperature ranges from -40 to 65 °C.
The measuring accuracy is 0.4% of the measurement value;
the calibration report of the flowmeter and datasheet of the
converter are provided in Appendix A.2.

52 Solar Combisystem with Thermo-Differential Valve



Eindhoven University of Technology

M.A. van Duijnhoven—0715511

Appendix A.2

Datasheet Flowmeter

KROHNE | I

Calibration Certificate - Kalibrierzertifikat - Certificat d'étalonnage

DIN 55 350-18-4.2.2

Customer / Kunde / Client :  Technische Universiteit Eindhoven
Customer Order / Bestellnummer / Commande Client : 30042413-353220

Product / Produkt / Produit

Type / Typ / Type :  OPTIFLUX 4000 DN 6 mm/ 1/4 inch
Sales Order / VK-Auftrag / Commande de vente 1 240018504 10 1

Serial Number / Seriennummer / Numéro de série : A18020643

Tag Number / Tagnummer / Repére

Calibration Method / Kalibriermethode / Méthode d'étalonnage

The flow sensor has been calibrated against a piston-prover. The calibration certificate of this prover registers the traceability to
national standards, which establishes the physical units of measurements according to the International System of Units (SI).

Die Prufung des Durchflussmessgerats erfolgt im Vergleich zu einem Piston-Prover. Die Kalibrierung des Provers ist rickfuhrbar auf

Nationale Standards. Die physikalischen Einheiten sind nach dem SI-System definiert.

Le capteur de mesure a été étalonné avec un piston étalon. Le certificat d'étalonnage de cet étalon prouve la tragabilité aux étalons

nationaux qui utilisent des unités de mesures physiques selon le Systéme International (SI).

Test Equipment Data / Kalibrierstanddaten / Données du banc d'étalonnage

Serial Number / Seriennummer / Numéro de série : PST A09
Calibration fluid / Kalibrierflissigkeit / Fluide d'étalonnage : Water / Wasser/ Eau  21.37 oG
Uncertainty / Unsicherheit / Incertitude 1 0.02 %
Calibration Results / Kalibrier Resultats / Résultats d'étalonnage
Flow Rate Set Flow rate Deviation
Durchflussmenge Gewahlte Durchfluss Abweichung
Débit Débit réglé Ecart
(%) (m3/h) (%)
97.71 0.1989 -0.05
49.06 0.0999 +0.05
Calibration Data / Kalibrierdaten / Données d'étalonnage
GK : 0.0000 GKh 1 (8
GKI: 8.8104 GKO070 : 0.0000 L2
L3
Date / Datum / Date : 2018-02-26 Signature / Unterschrift / Signature :

KROHNE Altometer, 3313LC12 Dordrecht, Nederland, Tel.:+31 (0)78 6306 300, Fax.:+31 (0)78 6306 390, www.KROHNE.com
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Converter parameter datasheet

Converter type : IFC 100

S/N : A18020643

C1.1 calibration
C1.11 zero calibration -0.00388 m/s
C1.1.2 size 6 mm 1/4inch
C1.1.5 GKL 8.8104
C1.1.7 coil resistance Rsp 35.45 Ohm
C1.1.8.1 calib. coil temp. +20.0°C
C1.1.8.2 calib. coil temp. 35.45 Ohm
C1.1.9 density 1.000 kg/L
C1.1.10 target conduct. 400 puS/cm
C1.1.1 EF electr. factor 0.97 mm
C1.1.13 field frequency 1/6*line frequentie
C1.1.14 select settling Standard
C1.1.16 line frequentie 50Hz

C21 hardware
C2.11 terminals A current output
C21.3 terminals C status output
C21.4 terminals D pulse output

c2.2 current out A
C2.2.1 range 0% ... 100% 4.0..20.0 mA
C2.2.2 extended range 3.8..20.5mA
c2.2.3 error current 21.5mA
C2.24 error condition error in device
Cc2.25 measurement volume flow
C2.2.6 range +0 ... +6 L/min
c2.2.7 polarity absolute value
Cc2.2.8 limitation -120..+120%
C2.2.9 low flow cutoff 2.0+1.0%
C2.2.10 time constant 3.0s
C2.2.11 special function off
C2.2.15 4mA trimming 4.0000 mA
C2.2.16 20mA trimming 20.000 mA

Cc2.5 pulse output D
C2.5.1 pulse shape Symmetric
C2.53 max. pulse rate 100 Hz
C2.54 measurement volume flow
C255 pulse value unit L
C2.5.6 value p. pulse 1L
C257 polarity absolute value
C2.5.8 low flow cutoff 0 +0 L/min
C2.5.9 time constant 0.0s
C2.5.10 Invert signal off

C5.1 device info
C5.1.1 Tag 18020643
C5.1.2 C number CG10041100
C5.1.3 device serial no. A18020643
C5.1.4 electronic serial no. 104622349
C5.1.6 Electronic Revision ER ER3.1.5_
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Appendix B| Experimental Research

Appendix B.1 Determining the Optical Efficiency and the Heat Loss Coefficients

Due to the three measurement datapoints in the inlet temperature analysis, there are three efficiency equations according to the
theoretical model discussed in Chapter 3, equation B.1 - B.3.
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The process of determining the heat loss coefficients and the optical efficiency using these equations is determined in this Ap-
pendix. First equation B.1 is rewritten as function of optical efficiency, equation B.4.
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Equation B.4 is used in equation B.2 to acquire equation B.5, from which the quadratic heat loss coefficient can rewritten as
function of the linear heat loss coefficient, equation B.6.
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Afterwards, equation B.4 and B.6 were used to rewrite equation B.3 as a function of the linear heat loss coefficient, equation
B.7. X x: Cxl x:

1
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Lastly, equation B.7 may be rewritten as function of the linear heat loss coefficient, equation B.8. This function is only depend-
ent on measurement values obtained in Chapter 3.
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Appendix B.2 Solar Keymark Certificate
"Y' "
! AEDTICIVAT
Solar Keymark Certificate
No. SP SC0175-15
Holder/Issued to
Company: TWL Technologie GmbH
Address:  Im Gewerbegebiet 8-12, 92271 Freihung, Germany
Product name and description
Vacuum tube thermal solar collectors for water heating. For technical information see Appendix (2
pages).
Models: =~ TWL HLK20, TWL HLK30
Certificate
The product mentioned above is found to comply with requirements in EN 12975-1:2006+A1:2010
and the Specific CEN Keymark Scheme Rules for Solar Thermal Products, and are based on test
results according to ISO 9806:2013.
Marking
Products conforming to this certificate shall be marked in accordance with the requirements in the
Specific CEN Keymark Scheme Rules for Solar Thermal Products. The marking shall, together
with the Keymark logo, show the identification code of the empowered certification body (SP
Technical Research Institute of Sweden, No. 012), also see CEN-CENELEC Internal Regulations
Part 4 Certification, Annex A.
Validity
This certificate is valid until 2020-01-28 provided that the conditions in the Solar Keymark Rules are
fulfilled and the standard or rules are not modified significantly. The validity of the certificate can be
checked in the database, see Solar Keymark website http://www.solarkeymark.org
Miscellaneous
The manufacturer's factory production control procedures are under surveillance by the
responsibility of SP. This is the first version of this certificate.
Boras, Sweden 2015-04-21
P )
SP Techlﬁcal Research Institute of Sweden
Certification i
~/ ( / Y~ ;
A u( Hrl_ Igg;/.y,uzw
bfrman Aronsson ["‘ Susanne Hansfof 7 FHEDA,
sduct Certification Manager Certification Offi “ '-!s—-'wé
'P‘ DITE
1002
EN45011 45
SP Technical Research Institute of Sweden Certificate page 1 (1)
Postal address Phone /Fax Reg number E-mail / Infernat Empowered Certification Body No. 012 SP Cenrﬁcaton Sweden
SP, Box 857 +4610 516 50 00 556464-6874 info@sp.se For more inf on of Solar Keymark visit: www.solark .0rg
SE-501 15 Boras  +4633 135502 WWW.Sp.58 This certificate may not be reproduced other than in IuII exoepl with the: prior written
SWEDEN approval by SP. 5P02115
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SP 302

W W
by
= Intertek
SP % Annex to Solar Keymark Certificate -
[T
oo o Page 1/2
', Tence & s
TS Licence Number SP SC0175-15
Summary of 1SO 9806 Test Results Issued 2015-04-21
Company holding the TWL Technologie GmbH Country|Germany
Brand (optional) HLK20 Website|www.twl-technologie.de
Street, street number Im Gewerbegebiet 8-12 E-mail |vertrieb@twl-technologie.de
Postal Code / City, province [D-92271  [Freihung Tel/Fax +49[04351-75 17 00
Collector Type (flat plate glazed/un-glazed; evacuate tubular) Evacuated tubular collector
Thermal / photo voltaic hybid collector? (PVT collector) No
Integration in the roof possible ? (manufacturers declaration) No
s Power output per collector module
g 0] z 3
E1 I I e e G lTOO‘OTW/m
P85 | 8283 ULl
< [T O 3 [T [T 0K 10K 30K 50K 70K
Collector name m? mm mm mm m? W W w W W
TWL HLK20 1.86| 1953| 1550 151.5 3.03 1415) 1371| 1270| 1155| 1025
TWL HLK30 2.78 | 1953 | 2300]| 151.5 4.49 2116 2049) 1899 1727| 1532
Performance test method Glazed liquid heating collector - steady state - outdoor
Performance parameters related to aperture no al a2
Units - W/(m2K) | W/(m3K?)
Test results - Flow rate and fluid see note 1 0.761] 2.299| 0.010
Bi-directional incidence angle modifiers? |Yes K9 values are obligatory for 50°.
Incidence angle modifiers KB(6T) Angle 10° 20° 30° 40° 50° 60° 70° 80° 90°*
transversal direction K8(eT) = 1.03 — 1.19 - 1.31 = = 0.00
Incidence angle modifiers K8(6L) Angle 10° 20° 30° 40° 50° 60° 70° 80° 90°
longitudinal direction KO(6L) - - - - | 0.90 = = - 0.00
Stagnation temperature - Weather conditions see note 2 Tstg 228.5 ]‘C
Effective thermal capacity [ceff = C/Ag | 4.38 |ki/(m?K)
Max. intende operation temperature - see note 3 [Tmax,op | 120 Jc
Max. operation pressure - see note 3 |pmax,op | 700 |kpa
Pressure drop table - for a collector family, the values shall be for the module with highest AP per m® aperture area
Flow rate kg/(s m?) 0.005] 0.010] 0.015| 0.020{ 0.025| 0.030
Pressure drop, AP Pa 663 1705 3263 5257 7699| 10602
Optional weather data__ [Location | JLink |
Testing Laboratory Intertek Testing Services Shenzhen Ltd. Guangzhou Branch
Website www.intertek.com
Test report id. number 140605032GZU-001 | Date of test report [2014-12-18

During the test GDIF/GTOT was always between l 0.11 I and l 0.22 I

Comments of testing laboratory:

Aperture area, referenced to above, is according to definition in ISO 9488:2008.

Note 1 [Flow rate [ o.020fxe/ts m)[F1uia  [water ; ,

Note 2 |Irradiance, G = 1000 W/m?; Ambient temperature , Ta=30 °C pp—~—=—-

Note 3 |Given by manufacturer /
5P02115/0BL1018-14 % . Datasheet version: 4.06, 2014-01-15

Testlab: Intertek Testing Services Shenzhen Ltd. Guangzhou Branch
Block E, No.7-2 Guang Dong Software Science Park, Caipin Road, Guangzhou Science City,GETDD, Guangzhou, China.
Telephone: 86 20 82139688
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& . Annex to Solar Keymark Certificate
Nl Q’s
% ence &
nw Page 2/2
Annual collector output based on ISO 9806 Test Results, Licence Number SP SC0175-15
annex to Solar KEYMARK Certificate Issued 2015-04-21

Annual collector output kWh/module

Location and collector temperature (Tm)
Athens Davos Stockholm Wiirzburg
Collector name 25°C 50°C 75°C| 25°C 50°C 75°C| 25°C S0°C 75°C| 25°C S0°C 75°C
TWL HLK20 2468 2010 15612007 1593 1208(/1466 1124 829/1581 1213 882
TWL HLK30 3688 3004 2333(3000 2381 1805/2191 1680 1238(2363 1812 1319
ICoIIector mounting: Fixed or tracking Fixed; slope = latitude - 15° (rounded to nearest 5°) ]

Overview of locations

Gtot T
Location Latitude ° kWh‘;m’ ,2 Collector orientation or tracking mode
Athens 38 1765 185 South, 25°
Davos 47 1714 3.2 South, 30°
Stockholm 59 1166 7.5 South, 45°
Wiirzburg S0 1244 9.0 South, 35°
Gtot Annual total irradiation on collector plane kWh/m?
Ta Mean annual ambient air temperature C
Tm  Constant collector operating temperature (mean of in- and outlet temperatures) 2

The calculation of the annual collector performance is performed with the official Solar Keymark spreadsheet tool
ScenoCalc. The collector output is calculated hour by hour according to the efficiency parameters from the
Keymark test using constant collector operating temperature (Tm). A detailed description of the calculations is

available at http://www.sp.se/en/index/services/solar/ScenoCalc/Sidor/default.aspx. ,#
Cetiification Bodve Datasheet version:
. R N, O 4.06, 2014-01-15
SP Technical Research Instltufe of Sweden Box 857, 501 15 Boras, Sweden v,
www.sp.se info@sp.se tel +4610 516 5000 Ver. 4.06 (Jan, 2014)

SP 302
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Appendix C| Numerical Research

Appendix C.1

TASK54 Reference Model Datasheet

TA K354

Reference solar combi system Germany

SHC

SOLAR HEATING & COOLING PROGRAMME
INTERNATIONAL ENERGY AGENCY

INFO Sheet A09

Description: Definition of reference solar combi system, Germany

Date: 23.03.2018, revised 31.05.2018 V7: lifetime 25 y (boiler 15 y)*

Stephan Bachmann (ITW Stuttgart), Stephan Fischer (ITW Stuttgart), Bernd

Authors: Hafner (RHC-Platform)

Download possible at: http://task54.iea-shc.org/

Introduction

This document describes the reference solar combisystem for domestic hot water preparation and space
heating in Germany. The system is modelled with TRNSYS to calculate the fuel consumption and electric
energy needed to provide the required domestic hot water and space heating as well as the substituted
fuel provided by the combisystem. Using this result the levelized costs of heating (LCOH) for the substituted
fuel is calculated using eq. 1 and the reference costs for the investment of the system, installation costs,

fuel and electricity costs.

Hydraulic Scheme of the System

4

hot water

/ outlet

_@—

cold water|
inlet

Key data
Collector area 15m?
Heat store volume 8001

Location

Germany, Wirzburg

Hemispherical
irradiance on
horizontal surface

2 Ghemhor =1118.8 kWh/(m? a)

Lifetime of system

25 years
Boiler exchange after 15 years

Levelized Cost of Heat (LCoH)

LCoHs solar part without VAT 0.178 €
LCoHc conventional part without VAT 0.127 €
LCoHo complete system without VAT 0.137 €
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TA K354

Reference solar combi system Germany

Details of the System

SHC

SOLAR HEATING & COOLING PROGRAMME
INTERNATIONAL ENERGY AGENCY

INFO Sheet AO9

Location

Germany, Wiirzburg

Type of system

Combisystem

Weather data including

- hemispherical irradiance on horizontal surface
- beam irradiance on horizontal surface

- diffuse irradiance on horizontal surface

- ambient temperature

in hourly values

Test reference year (TRY Wirzburg)
2 Ghemhor =1118.8 kWh/(m” a)

> Gheampor = 550.1 kWh/(m? a)

2 Gt hor = 568.7 kWh/m? a)

Tamb,av =9.0°C

Collector orientation

- collector tilt angle to horizontal

- south deviation of collector

- ground reflectance

- resulting hemispherical irradiance on tilted
surface

45°
south=0°
0.2

2 Ghemyit =1229.8 kWh/(m” a)

Load information including

- heat demand space heating

- tapping profile

- store heat losses

- tapping temperature

- average inlet temperature of cold water

9090 kWh/a /1/

EU-tapping profile L (4254 kWh/a) /2/
2041 kWh

55°C according EU tapping profile
10°C

- cold water inlet temperature amplitude 0K

Collector information based on gross area TRNSYS-type 132
Number of collectors 6

Collector area of one collector 2.5m?
Maximum collector efficiency 0.684
Incidence angle modifier for direct irradiance by | 0.2

Incidence angle modifier for diffuse Irradiance 0.91

Linear heat loss coefficient 3.51 W/(mZ3K)
2nd order heat loss coefficient 0.011 W/(m?2K?)
Effective heat capacity 8.0 kJ/(m?K)
Heat store parameters TRNSYS-type 340
Heat store volume 800 |

Auxiliary volume for DHW preparation 424 |

Store inner diameter 0.79

Rel. height of solar inlet 0.4

Rel. height of solar outlet 0.04

Rel. height of auxiliary inlet 0.9

Rel. height of auxiliary outlet 0.47

Rel. height of space heating inlet 0.2

Rel. height of space heating outlet 0.45

Rel. height of cold water inlet 0.05
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TA K54

SOLAR HEATING & COOLING PROGRAMME
INTERNATIONAL ENERGY AGENCY

Reference solar combi system Germany

INFO Sheet A0O9

Rel. height of hot water outlet 0.95
Rel. height of sensor for aux. charging 0.6

Rel. height of sensor for space heating 0.45
preheating

Rel. height of sensor for collector loop 0.2

set temperature for DHW 62.5°C
Temperature difference space heating preheat | 4K

on

Temperature difference space heating preheat | 2K

off

Overall heat loss capacity rate of store 4.4 W/K
Effective vertical conductivity 1.2 W/(mK)

Heat transfer capacity rate of solar loop HX

(kA)wrsol = 165,9- T *#.9,,%%* [w/K]

Heat transfer capacity rate of hot water HX

(KA)wraw = 75,8 - 229, 0 [W/K]

Volume solar loop HX 11.81
Volume hot water HX 38.51
Maximum heat store temperature 90 °C
Ambient temperature of heat store 15°C
Solar thermal controller and hydraulic piping

Total pipe length of collector loop 20m
Inner diameter of collector loop pipe 20 mm
Temperature difference collector start-up 6K
Temperature difference collector shut-off 4K
Electric power of solar thermal controller 3w
Operating hours of solar thermal controller per | 8760 h
year

Electric consumption of controller per year 26.3 kWh
Electric power of solar loop pump 55W
Operating hours of solar loop pump 1073 h
Electric consumption of solar loop pump 59 kWh

Electric consumption of other el. components

Conventional system

Type of auxiliary heating

Gas condensing boiler

Boiler capacity 19 kW

Mass flow 1090 kg/h (delT = 15 K)
Efficiency factor of boiler 0.9

Electric power of controller 3W

Operating hours of controller per year 8760

Electric consumption of controller per year 26.3 kWh

Electric power of pump 55w

Operating hours of pump (aux. heating + space | 3987 h

heating)
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TA K354 SHC

INTERNATIONAL ENERGY AGENCY

Reference solar combi system Germany

INFO Sheet A09
Electric consumption of pump per year 219 kWh
Investment costs solar thermal system
Solar thermal collector, heat store, solar 8000 € /5/
thermal controller solar thermal hydraulic
components
Installation 2000 € /5/
Credit conventional heat store and share of -1000 €
installation
Overall investment costs solar thermal part Iy 9000 €
Investment costs conventional part
Boiler and heat store 4000 € /3/
Exhaust system 500 € /3/
Installation 1000 € /3/
Installation material 1000 € /3/
Boiler (exchange after 15 y) 2333 € (= 2/3 of new boiler 3500 €)
Installation new boiler 360 €
Installation material new boiler 100 €
Overall investment costs conventional part |, 9293 €
Overall investment costs complete system |, 18293 €
Operation costs conventional part per year
Auxiliary heat demand hot water 3743 kWh/a
Fuel demand hot water 4159 kWh/a
Heat demand space heating 7506 kWh/a
Fuel demand space heating 8340 kWh/a
Fuel demand hot water + space heating E; 12499 kWh/a
Cost per kWh fuel (gas) 0.066 € kWh/a /4/
Fuel costs 825 €/a
Electricity demand 246 kWh/a
Cost per kWh electric energy /4/ 0.254 €
Electricity costs 62 €/a
Maintenance costs 200 €/a /3/
Gas meter 130 €/a/3/
Yearly operation and maintenance cost 1217 €
conventional part C;
Operation costs solar part per year
Electricity demand 85 kWh/a
Cost per kWh electric energy /4/ 0.254 €
Electricity costs 22 €/a
Maintenance costs (lp * 2%) 180 €/a
Yearly operation and maintenance cost solar 202 €/a
part C,
Fractional energy savings with credit for 150I- 20.2 %

4
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TA K354 SHC

INTERNATIONAL ENERGY AGENCY

Reference solar combi system Germany

INFO Sheet A09
Store, UA=2,05 W/K
Saved final energy (year t) E; 3162 kWh
Type of incentives None
Amount of incentives 0€
Lifetime of system 25 year
Discount rate r 0%
Inflation rate 0%
Corporate tax rate TR 0%
Asset depreciation (year t) DEP, 0€
Subsidies and incentives (year t) S; (considered | 0 €
in lo)
Residual value RV 0€
Discount rate r 0%
VAT rate 19 %
Calculation of levelized cost LCOH:
IS 43T Cc(1—TR)—DEP.-TR RV
i b (A7) (A +r) @
I Eq
=1(1+7r)t
Where:
LCoH: levelized cost of heat in €/kWh DEP;: asset depreciation (year t) in €
Iy: initial investment in € RV:residual value in €
So: subsidies and incentives in € E,: saved final energy (year t) in kWh
C,: operation and maintenance costs (year t) in € r: discount rate in %
TR: corporate tax rate in % T: period of analysis in year

Annex: Comparison to Figures Published in Solar Heat Worldwide

To compare the above presented LCoHs based on the saved final energy with the LCoHsyww presented in
Solar Heat World Wide based on the collector yield the following table is presented

Collector yield (year t) E, 4541 kWh

LCOHsuww solar part without VAT 0.124 €
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TA K354 SHC

INTERNATIONAL ENERGY AGENCY

Reference solar combi system Germany
INFO Sheet A09

References

[1] EN 12977-2 (2012): “Thermal solar systems and components — Custom built systems — Part 2: Test
methods for solar water heaters and combisystems”.

[2] COMMISSION DELEGATED REGULATION (EU) No 812/2013, ANNEX VII.

[3] Hafner, B. (2016): “E-Mail“. Dated 13.06.2016.

[4] Check24 (2016): “Wiirzburg reference costs”. URL: www.check24.com (accessed in Sept. 2016).
[5] Mean values of evaluated invoices, supplied by Bafa.

[6] Louvet, Y., Fischer, S. et. al. (2017): “IEA SHC Task 54 Info Sheet A1: Guideline for levelized cost of heat
(LCoH) calculations for solar thermal applications”. URL: http://task54.iea-shc.org/.

[7] Louvet, Y., Fischer, S. et.al. (2017): “Entwicklung einer Richtlinie fiir die Wirtschaftlichkeitsberechnung
solarthermischer Anlagen: die LCoH Methode“. Symposium Thermische Solarenergie, Bad Staffelstein.

! To avoid confusion with the results of other works ([1], [8], [9]) also using the notion of LCoH for solar thermal
systems, new acronyms were introduced in this Info Sheet. As previous studies have considered different assumptions
for the definition of the terms of the LCoH equation, it does not make sense to compare the values they obtained with
the LCoHs, LCoHc and LCoHo values defined here. A detailed explanation of the differences between the approaches
chosen in the framework of IEA-SHC Task 54 and in the Solar Heat Worldwide report [9] can be found in Info Sheet
A13 [10].

64

Solar Combisystem with Thermo-Differential Valve



Eindhoven University of Technology

M.A. van Duijnhoven—0715511

Appendix C.2

Incidence Angle Modifier of ETSC

TRNSYS-type538 requires the transversal and longitudinal
IAM in order to determine the absorbed irradiation in the
ETSC. Unfortunately, the data provided in the Solar Keymark,
Appendix B.2 was insufficient for the TRSNSYS model. There-
fore assumptions had to be made in order to obtain a trans-
versal and longitudinal IAM curve versus the angle of inci-

dence.

These assumptions were based on two data sets

found in a literature research [Aucklat, 2017] [TriSolar, 2017],

which are presented in Table C.1.

The values found in the Solar Keymark were combined
with the assumptions based on Table C.1, which are plotted
for the transversal IAM and longitudinal IAM in Figure C.1 and
C.2, respectively. A sixth order polynomial fit was used to
predict the Transversal IAM and Longitudinal IAM curve. The
data required from TRNSYS is similar to the data provided in
Table C.1, thus the curves were used to acquire values to the
according angle, which are shown in Table C.2.

Table C.1 — Transversal and longitudinal IAM found in [Aucklat,2017] and [], which were used to estimate the IAMs for the ETSC used in this research. The
marked areas were the values on which assumptions were made, and used in combination with the values presented in the Solar Keymark, to acquire the IAM

curves of the ETSC used in this research.

Source Angle [°] 0 10 20 30 40 50 60 70 80 90
Transversal IAM 1.00 1.02 1.07 1.15 1.28 1.50 1.49 1.29 0.75 0.00

Aucklat Longitudinal IAM 1.00 1.00 1.00 0.99 0.97 0.93 0.85 0.71 0.46 0.00

) Transversal IAM 1.00 1.02 1.08 1.18 1.37 1.40 1.34 1.24 0.95 0.00

TriSolar Longitudinal IAM 1.00 1.00 0.99 0.98 0.96 0.93 0.87 0.74 0.38 0.00

Table C.2 — Transversal and longitudinal IAM based on Figure C.1 and C.2. The orange marked areas represent the assumptions that were made, while the
green marked areas represent the data described in the Solar Keymark.

Angle [°] 0 10 20 30 40 50 60 70 80 20
Transversal IAM 1.00 1.01 1103 1.10 1/19 1.28 1131 1.18 0.79 0.00
Longitudinal IAM 1.00 1.00 0.99 0.98 0.96 090 0.81 0.62 0.31 0.00
15 T T T T T T T 1.5 T T T T T T T T
®  Solar Keymark ®  Solar Keymark
®  Assumption ®  Assumption L
— — —Curve prediction = il Eib ~ — — —Curve prediction sl ™ i
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\
\
05T 05T v
\ \
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Figure C.1 — Predicted transversal IAM curve based on the Solar Keymark
data and assumptions based on [Aucklat, 2017] and [TriSolar, 2017]

Figure C.2 — Predicted longitudinal IAM curve based on the Solar Keymark
data and assumptions based on [Aucklat, 2017] and [TriSolar, 2017]
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Appendix C.3 System Component: Piping

Theoretical model

Whether there is a volume flow through a pipe or a stagnant
flow, the volume inside the pipe exchanges heat to the pipe
and the environment. Figure C.3 show a schematic overview
of the pipe and its heat balances. A fist heat balance that oc-
curs in the pipe when the temperature suddenly increases/
decreases is the transfer of heat through the pipe wall, via
conduction. The significance of this heat transfer can be de-
termined by the Fourier number (Fo), equation C.1 [Mills,
2014]: if Fo << 1 then there has not been time for conduction
to occur in the pipe wall; Fo is a function of the thermal diffu-
sivity (a).

s

Fo=—
o I

C1

The Fo was determined for both the pipe wall and the
fluid inside the pipe, which also experiences conduction, for
different sections in the pipe: at a length of 10, 1, and 0.01 m
from the outlet of the pipe. During the calculation, a mass
flowrate of 100 kg hr was assumed which effects the time
needed for the fluid to breach these pipe lengths. Table C.3
presents the values of the Fo, which are << 1, thus there has
not been any heat transfer via conduction during these dis-
tances. Therefore, the heat transfer via conduction through
the pipe and fluid can be neglected.

The pipe wall stores energy (Qg ), both during a volume
flow and stagnant flow, that is based on the heat acquired
from the fluid (Qq.,p) and heat losses to the ambient (Qg..,),
Figure C.3b, with the according heat balance, equation C.2.

Lo =Tppe-p+

PINDLRAARRRR i

Jiiiiiddiiddiiddiidiiiidin .
a 2 S e

Table C.3 — Fo values at different lengths from the outlet of the pipe for
both the pipe wall and the fluid inside the pipe, rh = 100 kg hr™. Olpipe = 1.17
10* m’s™ and a, = 0.155 10° m’s™.

Parameter Value
Effective heat exchange surface  [m’] 0.12
Maximum Power tkw] 22
Maximum pressure [bar] 20
Maximum volume flowrate [m*h7] 4

Plate number g 10
Temperature range ra -195 to 225
Volume it 0.18

stm = '?_,r'u'—-p - Qp—u: c.2

When the pipe is divided into a number of n nodes, the
stored heat inside the pipe per node can be determined using
equation C.3, while the heat gain from the fluid is determined
using equation C.4 and heat loss to the ambient via equation
C.5.

{'Ir } darl’
=V — c3
'-?;:lsn:-r! Plp o dt

@flapn = Uﬂ,r'.'{lr:r'.' -T n) ca
'?r.l n—a — {I:g_r.::l C5

Rl'r!s + Rmr!u

As a result, the heat balance can be analytically solved via
equation C.6.

(U5 (T — Ty -n)) — mﬂjﬂ nees —To)] dt e
Veeplp
L, . WL
gy L;Q, (G |
- {111 T
c d

Figure C.3 — Schematic overview of the pipe and the balance in heat transferred through the pipe due to a temperature increase/decrease at the inlet (a), the
heat balances in storing heat inside the pipe wall (b), nodal heat balance when a volume flow is applied ©, and the nodal heat balance when there is a stagnant

flow (d).

66 Solar Combisystem with Thermo-Differential Valve



Eindhoven University of Technology

M.A. van Duijnhoven—0715511

The heat loss of the fluid can either be under influence of
a volume flow (Qg.,), Figure C.3c, or a stagnant flow (Qs ),
Figure C.3d, which has an influence on the general heat bal-
ance, equation C.7. The heat loss to the environment (Qq.»3) is
a function of conduction through the pipe, conduction
through the insulation and convection to the environment,
equation C.8. The heat balance of the fluid under influence of
a volume flow is described in equation C.9, and under influ-
ence of a stagnant flow in equation C.10.

'?,r'u' = Qipss fisa T Q;:l sto C.7
1
Q.‘us-s'.fu‘—va = Ripet Roppe + RE{T‘F"'“_ Tu} c8
Pin = l::li.aciﬂjlfl-(rl'i’! pipe — Ip _rJl'_rJej c.9
Qfrees = 'r’n'.:ﬂﬂp]ﬁ- c.10

Again this heat balance can be solved analytically and for
this case two different equations can be found, equation C.11
and C.12.

Pipe TRNSYS-types

There are three TRNSYS-types available in the standard li-
brary and extended TESS library: type 31, 709 and 604. Since
type 31 and 709 uses the same numerical model in TRNSYS
and type709 allows for specifying the material properties of
the pipe and insulation layer, while type31 uses a general
heat loss coefficient, thus type31 was left out of the compari-
son. Figure C.4 plots the simulation results for type 709 and
604 for a sudden change in temperature from 10 to 60 °C
under influence of a mass flowrate of 100 kg hr™, as a result
the fluid needs approximately 113 s to reach the outlet of the
pipe. As can be seen, TRNSYS-type604 has an increase in tem-
perature before this time and based on the theoretical model
this cannot happen as the heat transfer through conduction
can be neglected (Fo). In conclusion, TRNSYS type is incapable
of accurately simulating a sudden increase in temperature.

1

o oy, LA Tiwe — T ) R F Rogey T8, st —Ta)
opige = 4 inpipe ::‘[_DI.",.J__I :Z'[_af',.;l“ C.11
1 T T
—UA(Tr ey~ Tor_y) Fimg F Ropny + Ry flt-1~ Ta)
I:r'rr: I_:I"l'l.‘—L+ ,r:( Fli—1 8, J.:l_ ins convy P dt c12

E”r!r-:.acp:lﬁ

E”r!r-:.ﬂcp]f,-

70
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0 50 100

150 200 250

Time [min]

Figure C.4 — Simulation results for TRNSYS-type709 and TRNSYS-type604 when the temperature suddenly increases from 10 to 60 °C, using a mass flowrate of
100 kg hr. The time needed for the volume at the inlet of the pipe to reach the outlet of the pipe is approximately 113 s, indicated by the vertical line.
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Appendix C.4 System Component: Thermal Storage
The theoretical model of the storage tank is similar to the
numerical model of the TRNSYS-type. Based on this numerical
model in combination with the neglection of conduction be-
tween nodes, the storage tank can be analytically solved for
its charge behavior, equation C.13. As a result of the similar
equation between theoretical model and numerical model,
similar temperature profiles were observed, Figure C.5 and
C.6; the difference comes from the assumption made in the
theoretical model.

The influence of number of nodes was determined by ac-
quiring the temperature difference (AT) between the top of
the storage tank and the bottom of the storage tank, present-
ed in Figure C.7, and the inlet energy profile, shown in Figure
C.8; TRNSYS-typel58 has a maximum allowed number of
nodes of 50. As can be seen in Figure C.7, the higher the num-
ber of nodes thus the more direct is the increase in AT at the
start of the simulation. This means that T, increases the
temperature in the top node at the start of the simulation,
while the temperature in the bottom node remains unaffect-
ed. Also, a higher number of nodes results in a longer period
where AT, is achieved. In contrast, using 5 nodes result in a

mcﬂ(rﬂ—Lt—L_ T r—L]
Tae=Ther t|— -

U':"‘lrn-;:l + Apge + "lpdg:'r!':'rr! t-1— 1g)

AT far below the AT,.. Furthermore, it can be seen that a
high number of nodes will eventually have a rapid decrease in
AT. Because TRNSYS-typel58 is a constant volume storage
tank, the hot fluid at the inlet displaces the volume inside the
tank and as a consequence, a colder volume at the bottom is
displaced to the outlet. Thus, the bottom node increases its
temperature with the node above. From this data can be con-
cluded that a higher number of nodes results in a higher de-
gree of stratification.

This higher degree of stratification has an influence on the
inlet energy, as can be seen in Figure C.8. As a consequence, a
high degree of stratification has a long period of maximum
inlet energy that rapidly decreases to a limited inlet energy.
For a constant mass flow and inlet temperature, such as in
this example, will not result in deviation between energy stor-
age (only in the storage profile). However, the CV- system is
dependent on highly dynamic behavior, which could result in
deviation of energy storage. Additionally, the TDV in the CV-
system is dependent on the inlet temperature to the storage
tank, thus a higher degree of stratification will result in a
more realistic representation.

at c.13
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005} Node 3| |
Node 4
Node 5
0.06 L L . L . L J
0 5 10 15 20 25 30 35

Time [x10° 5]

Figure C.5 — Error in outlet temperature of simulation compared to theo-
retical model, using Ti, st = 60 °C, m = 300 kg hr'and Tho=20°C.
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Figure C.6 — Error in inlet energy of simulation compared to theoretical

model, using Ti, < = 60 °C, m = 300 kg hr* and T, = 20 °C
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Figure C.7 — Temperature difference between top and bottom of storage Figure C.8 — Inlet energy profile for different number of nodes, using Ti, s
tank for different number of nodes, using Tin = 60 °C, m = 300 kg hr' and =60 °C, rh = 300 kg hr and Tho=20"°C.
Tpo=20°C.
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