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Abstract
This research focuses on designing, building and commissioning of a new experimental set-up to
conduct experimental research into the dynamic behaviour of the multi-pass mode of the DMP
Solar System. In this system a Thermo-Differential Valve is included, which is developed by Conico
Valves B.V.

The new experimental set-up has been commissioned successfully and is able to capture the dy-
namic behaviour of the multi-pass mode and complies with the requirements of ISO 9806:2017.

After the experimental set-up has been built, experiments were conducted to determine the
thermal- and optical efficiency of an evacuated tube collector during single- and multi-pass mode.
Also the total thermal efficiency of the entire system is evaluated for single- and multi-pass mode.

Furthermore a theoretical model is developed to give more insight in the switching behaviour of
the Thermo-Differential Valve.
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Nomenclature

Symbol Description Unit
αx The specified accuracy -
αi The convective heat transfer coefficient in the tube side W/m2K
αo The convective heat transfer coefficient at the tank side W/m2K
∆T Temperature difference °C
∆h Switching height TDV m
∆TTDV,min Minimum temperature difference TDV °C
∆tcycle Total cycle time s
∆tcharging Total charging time s
δ The tube thickness m
η0 Optical efficiency -
η Instantanious thermal efficiency -
ηth Thermal efficiency -
λ Conduction coefficient W/mK
ρ Density kg/m3

ρ2 Density at the temperature of the tank T2 kg/m3

ρw Density of the water in the thank kg/m3

τi Timeconstant of the integrator action min
τd Derivative of the derivative action min
a1 Linear heat loss coefficient collector
a2 Quadratic heat loss term collector
Aa Aperture area m2

A Area m2

Ac Cross sectional area m2

cp Specific heat J/kgK
C Effective thermal capacity of the collector J/K
c Specific heat capacity J/kgK
c Centre point of the housing of the TDV -
Di Internal diameter m
E Total energy gain J
F’ Collector efficiency factor
FR Heat removal factor [-]
Fb,float Buoyancy force experienced by the float N
Fb,tube Buoyancy force experienced by the tube N
Fm Gravitational forces N
fl Friction factor for laminar flow -
ft Friction factor for turbulent flow -
ftrans Friction factor for transitional flow -
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Chapter 1

Introduction

1.1 Direct Multi-Pass Solar system
Conico Valves B.V. developed a unique Direct Multi-Pass (DMP) Solar System for domestic hot
water preparation. Each component in this system is shortly explained in the next sections. This
DMP Solar System can be used in combination with heat pumps and biomass systems, but is also
suited for use as a pré-heater for an existing boiler.

The DMP Solar system owes his name to two specific system characteristics. The first one is that
it is a direct system, which implies that the storage tank is directly connected to the solar circuit
and no extra heat exchanger is necessary. The second characteristic is that the Heat Transfer
Fluid (HTF), in the solar circuit passes the Evacuated Tube Collector (ETC) multiple times, until
the temperature of the HTF is slightly higher than the temperature of the storage tank. At this
moment a Thermo-Differential Valve (TDV) opens and the hot water enters the upper part of
storage tank (the auxiliary zone). The HTF in this system is water.

The main advantage of this ’multi-pass’ system is that the solar circuit always provides the right
temperature to the auxiliary zone of the storage tank at high flowrates. This water can directly
be used for domestic heating, so no extra heating is necessary.

Figure 1.1 shows a schematic overview of main components of the system. More details about the
ETC, the tank and the pump can be found in chapter 3. The TDV is explained in chapter 2 and
the electrically controlled 3-way valve, including check valve at the inlet are not explained, since
it is not integrated in the experimental set-up.

Figure 1.1: Schematic overview of the DMP Solar System

Conico Valves B.V. strives for the highest collector efficiency. Therefore, they developed algorithms
for different operation modes of the DMP Solar System. Some of these modes are: anti-frost mode,
start-stop mode, single-pass mode and multi-pass mode. Especially, in the multi-pass mode the
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CHAPTER 1. INTRODUCTION

ETC tend to have a high efficiency. This is because a continuous high flow rate increases the heat
transfer coefficient in the manifold, which increases collector efficiency. The idea of the DMP Solar
System is to always maintain a high continuous flow rate and to prevent standing still.

1.1.1 Operation modes of the DMP Solar system
The working principle of the DMP Solar System can be explained best by going through one
charging cycle of the storage tank during the period between sunrise and sunset of one specific
day in the year. As explained in the previous section there are four operation modes that can be
activated during the charging process. These operation modes will be explained below [28].

1. Anti-frost mode
If there is no solar irradiation and the outside temperature is below 0°C the anti-frost mode is
activated. The system periodically by-passes some of the hot water from the storage tank over
the collector, in order to prevent that the collector and piping gets frozen.

2. Charging in start-stop mode
At sunrise, the solar irradiation is relatively low, thus in this period start-stop mode activates.
During this mode the system periodically switches between continuous flow and zero flow, to ensure
the ETC has enough time to heat up water to a high temperature. Start-stop mode, instead of
continuous flow, increases the collector efficiency during sunrise.

3. Charging in single-pass mode
When the temperature in the solar circuit becomes higher than the temperature at the bottom of
the storage tank, the three-way valve opens to the bottom, resulting in charging the storage tank
continuously. During this mode the ETC is passed one single time. This continuous operation
mode is also known as ‘conventional’ charging, since this is the same principle as a conventional
solar collector system. In general, this requires a low flowrate to obtain a outlet temperature
which is high enough to charge the tank.

3. Charging in multi-pass mode
When the solar irradiation is high enough, the pump switches to continuous flow and if the
inlet temperature of the TDV is lower than the storage tank temperature, the TDV by-passes
the storage tank and the HTF passes multiple times through the solar circuit. As a result, the
temperature of the HTF increases each cycle and when the inlet temperature of the TDV is higher
than the auxiliary zone of the storage tank the TDV opens and the hot water enters the storage
tank. Simultaneously, water from the middle of the storage tank returns to the ETC, resulting
in a lower temperature in the solar circuit. When the colder flow reaches the TDV again, the
TDV closes and the multi-pass cycle starts again. This cycle is repeated multiple times, until the
auxiliary zone of the storage tank is homogeneously at a hot temperature.

4. Again charging in single-pass mode
When the auxiliary zone and the middle of the storage tank are homogeneously at a hot temper-
ature, the auxiliary zone is heated to a target temperature in single-pass mode in order to lift the
entire auxiliary zone to a higher temperature level.

When the target temperature is reached, the 3-way valve switches and now cold water from the
bottom of the tank returns to the ETC. The lower return temperature causes also a lower supply
temperature, so the TDV switches and the flow bypasses the storage tank. However, the supply
flow now enters the storage tank in the middle instead of returning it to the collector. This results
in heating the supplementary zone of the storage tank.

1.2 Problem definition & research question
When the multi-pass system is in operation, see figure 1.1, the ETC operates under dynamic
conditions. This is caused by the working principle of the TDV, as explained in the previous
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section. Each time when the required temperature is reached the TDV opens and hot water enters
the storage tank. Simultaneously, cold water exits the storage tank and is then pumped to the
ETC. When the process temperature becomes lower than the required temperature, the TDV
closes and the water is then pumped again to the ETC. This cycle repeats itself, until the process
temperature becomes higher than the required temperature and the TDV opens again. More
information about the switching behaviour of the TDV is presented in chapter 5. Due to these
multiple cycles the system shows a dynamical behaviour. An example of this dynamical behaviour
can be seen in figure 1.2. This data is retrieved from a random logging of Conico Valves bv at a
random day, with an unknown flowrate, so this figure is only included to show an example of the
principle of the dynamical behaviour. As can be seen these temperatures show a periodic stair
shaped pattern. If the periodic step change in inlet temperature, the flow rate and the irradiation
stay constant, this pattern can be repeated infinitely long.

Figure 1.2: The in- and outlet temperatures show the dynamical behaviour of the multi-pass
system.

The most important advantage of the multi-pass system is that only water with a specific ’hot’
temperature is able to enter the storage tank. In this way, the incoming water approximately has
the same temperature as the temperature layer in the storage tank, so no mixing occurs. Another
advantage is that there is always ´hot´ water available in the top layer of the storage tank.

However, there are some phenomena that can occur during the dynamic conditions in the multi-
pass system, which may have a negative impact on the collector efficiency, as mentioned by De-
genhart. One phenomenon is the drying out of the heat pipes and the second phenomenon is the
temperature overshoot:

• According to Degenhart [9] there exists two performance limitations for heat pipes. The first
one is the entrainment limit en the second one is the dry-out limit. If one of these limits
is exceeded the heat-pipe can ’dry-out’. The entrainment limit may occur when the relative
speed between vapor and condensate in the heat pipe is so high that the vapor forces the
condensate upwards. In normal operation the function of the condensate is to transport heat,
so if the condensate can not flow down to the bottom of the heat-pipe then heat transport is
limited. This may result in increase in temperature at the middle- and bottom of the heat
pipe (in this case the lower part of the evaporator is dry). The dry-out limit can be reached
when the operating temperature is so high that there is not enough condensate available to
transfer the heat (lower part of the evaporator is dry). The drying out of heat pipes can most
likely occur when the TDV opens and the cold water from the storage tank flows through
the manifold during the first cycle (it might be possible that it also occurs at successive
cycles). At this moment the thermal power of the heat pipe QHP rises tremendously and
extra water in the heat pipes evaporate. If in this case the entrainment limit is reached, the
lower part of the evaporator may dry-out, resulting in a higher temperature of the absorber
and more heat losses to the environment.

To maintain the efficiency as high as possible, it is desired that this period of drying out is
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short as possible. This might be done by increasing the flow rate, since the total time of
this thermal power peak shortens. However, by increasing the massflow, also the thermal
power rises. It seems that a trade of has to be made and therefore experimental research is
required.

• The temperature overshoot can occur slightly before the TDV is starting to close. This
overshoot results in an increase in the average collector temperature and so has negative
influence on the collector efficiency.

Therefore, it is desirable that these phenomena occur as little as possible to achieve the highest
collector efficiency.

As described in the previous section, Degenhart determined, among other things, the collector
efficiency during steady state conditions and during start-stop mode. However, the main opera-
tion mode of the DMP Solar System is the multi-pass mode, which shows unsteady behaviour.
Especially the dynamic behaviour of the system during this mode is still unclear. Currently, Con-
ico Valves B.V. can not perform accurate performance calculations on yearly basis (yearly energy
gain), since the collector efficiency and other collector parameters during the dynamic conditions
are still unclear. Therefore, the focus of this research is to investigate the thermal efficiency of the
multi-pass system experimentally and to compare these results with single pass measurements.

As a result, the following research question can be formulated:

What is the thermal performance of the collector and the total system, during the dynamic condi-
tions of the multi-pass system, and what is the difference compared to a single-pass system?

Thermal performance ETC during dynamic conditions of a Direct Multi-Pass Solar System 5



CHAPTER 1. INTRODUCTION

1.3 Research Plan and Project Objectives
In order to answer the research question properly a research plan is presented in this chapter. Also
the experimental- en theoretical method are be presented.

As can be observed, the research question consists mainly of experimental research. Namely, the
experimental determination of the thermal performance of single- and multi-pass mode. However,
also a small part of this research will cover the switching behaviour of the TDV. All research parts
will discussed separately in the next section and the corresponding objectives are elaborated. The
objectives are presented in the form of sub-questions or as tasks and are numbered.

1.3.1 New experimental set-up
For the experimental part a new set-up need to be built. With the current set-up some slow
dynamic conditions can be simulated, but no periodic step change of the inlet temperature can
be applied. The periodic step change of the inlet temperature causes a fast transient response of
the system and especially this periodic fast response can not be simulated with the current set-
up. This means that the real dynamic behaviour of the multi-pass system can not be captured.
Therefore, it is highly important that a new set-up will be designed and built, in order to capture
the dynamic behaviour of multi-pass system. The following objective can be formulated as:

1) Designing and building an experimental set-up, which can run the multi- and single-pass mode
and can measure the dynamic behaviour of all process parameters.

When the experimental set-up is built, experiments will be conducted to determine the thermal
performance of the system. During the experiments the influence of the flowrate, the periodic step
change in inlet temperature and the solar irradiation on the thermal efficiency will be investigated.

1.3.2 Experimental Research
When the new test setup is built, measurements on this test setup should be conducted in order to
experimentally determine the thermal performance of the system, during the dynamic conditions
of the multi-pass system. A measure of the thermal performance is the thermal efficiency. It is
desirable that drying-out of the heat pipes and a temperature overshoot occur as little as possible
to achieve the highest collector efficiency. Therefore, the following objective can be proposed:

2) Measuring all process parameters in order to determine the thermal efficiency during multi-pass
mode.

For this objective it can also be investigated what the optimal operation condition is to achieve
the highest thermal efficiency. The thermal efficiency, namely, depends on a number of process
parameters, for example: the flowrate (V̇ ), the inlet temperature of the collector (Tin) and the
solar irradiation (G). During multi-pass mode Tin depends, among other things, on the low- and
high temperature zone of the tank (Tlow and Thigh respectively), which is explained in 4.1.1. The
definition of the thermal efficiency is explained in chapter 2. This research focuses on the variation
of flowrate, irradiance, and the temperature difference between Tlow and Thigh (∆Tt), which is
explained in chapter 4.

In order to make a comparison between the operation modes single- and multi-pass also single pass
measurements should be conducted. Degenhart conducted steady state measurements at different
operation conditions, but since the experimental set-up is different it is more reliable to make a
comparison with the same set-up. This rises the following objective:

3) Measuring all process parameters in order to determine the thermal efficiency during single-pass
mode.

The driving force behind the multi-pass mode is the TDV. To have a better understanding of the
working principle of this valve a theoretical model needs to be developed in order to calculate
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the switching temperatures and switching times for opening and closing the valve. With the
experimental set-up it is possible to compare the theoretical model with experimental results.
Therefore, the final objective of this research can be formulated as followed:

4) Creating a theoretical model to obtain more insight in the switching behaviour of the TDV.

The ultimate goal for Conico Valves bv is to integrate such a model in a simulation tool such
as TRNSYS to accurately predict the switching behaviour and to improve the model accuracy.
However, for the scope of this research the development of the theoretical model is only meant to
have a better understanding of the working principle and to compare these results with available
test results. The next step is to validate this model on larger scale, before it can be implemented
in a simulation tool.
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Chapter 2

Solar Collector Test Methods

2.1 Evacuated Tube Collector with heatpipe
Before the test methods will be presented a short description of the solar collector is given in this
section to have more insight in the working principle. In this research a evacuated tube collector
with heatpipes is evaluated (type Sydney). For simplicity the evacuated tube collector with heat
pipe is called ’solar collector’ in this thesis. This solar collector is equipped with heat pipes to
transfer the heat to the the HTF inside the manifold.

Figure 2.1 shows an overview of all main components of the solar collector on the left hand side
and an overview of the working principle of the heat pipe is presented on the right hand side.

Figure 2.1: General description of the components of an evacuated tube collector with heat pipes.
At the right hand side the working principle of the heat pipe is presented.

The solar collector is equipped with a cylindrical absorber, which is coated at the inner glass
of the evacuated tube. When solar irradiance enters the evacuated tube, the absorber heats up
and the heat is transported via an aluminum fin to the heat pipe. The heatpipe consists of an
evaporator and a condensor. The evaporator has close contact with the aluminum fin and the
condensor is mounted in a header pipe inside the manifold. After the heat is transported to the
evaporator, vapor is starting to form inside the evaporator, which is forced upwards due to a
thermosyphon principle. Then the vapor is cooled in the condensor and when all latent heat is
extracted, condensate starts to form. The condensate flows down due to gravity and the cycle
starts again. In the end of the cycle, the heat which is extracted from the condensor is absorbed
by the water in the heater pipe, resulting in an increase in outlet temperature of the collector.
Figure 2.2 shows a cross sectional overview of the evacuated tube and the manifold to clarify the
working principle.

The manifold is an aluminum case, which is insulated with a thick layer of glass wool to reduce
heat losses. The inner layer of the evacuated tube consist of vacuum, which also minimizes the
heat losses.
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Figure 2.2: a) A cross sectional overview of the evacuated tube. b) A cross sectional overview of
the manifold. The four red marks on the fin represent thermocouple positions and are explained
in section 3.2 (Source: Degenhart [9])

2.2 Steady State Test Method

Degenhart already conducted some experiments of the start-stop mode [9], which is dynamic
behaviour. He also conducted experiments in steady state conditions. The main goal of his
research was to find the (optical) efficiency of an ETC for different operating conditions. The
research of Degenhart was a continuation on the work of M.A. van Duijnhoven [10]. The results
of both researchers are presented below.

Van Duijnhoven investigated the efficiency of the collector, which is used in the DMP Solar Sys-
tem, under different conditions during steady-state by conducting experimental research. In this
research the optical efficiency was considered, which is a good measure of the collector perfor-
mance, assuming the collector is at ambient temperature. Van Duijnhoven concluded that three
parameters influences the (optical) efficiency, namely: massflow, inlet temperature and solar irra-
diation. He also concluded that by increasing the inlet temperature the efficiency of the collector
decreases.

Because the collector parameters had been determined incorrectly by van Duijnhoven, R.B. De-
genhart performed experiments with a constant inlet temperature again. He increased accuracy
by using a broader range of inlet temperatures.

The test setup of van Duijnhoven is improved by Degenhart with the recommendations of van
Duijnhoven. Furthermore, PID controlled valves, a new chiller, a particle filter and a by-pass are
added to the test setup. However, to determine the efficiency of the multi-pass system another
experimental set-up need to be built, including a storage tank with TDV. Degenhart also added
24 thermocouples inside one vacuum tube in order to monitor the temperature distribution during
the experiments.

The main goal of the research of Degenhart was to use the collector parameters a1 and a2 of the
Hottel-Whiller-Bliss equation, see equation (2.7), in order to determine η0. The main theory of
the Hottel-Whiller-Bliss equation will be explained shortly below.

First the thermal efficiency (ηth) of the collector is calculated by dividing the thermal power
output of the collector (Q̇c,out) by the thermal power input (Q̇c,in). Were Q̇c,out is defined by
the massflow (ṁ), specific heat (cp) and the temperature difference over the collector (∆Tc), see
equation (2.2). Q̇c,in is specified by the total incoming solar irradiance (G) an the aperture area

Thermal performance ETC during dynamic conditions of a Direct Multi-Pass Solar System 9



CHAPTER 2. SOLAR COLLECTOR TEST METHODS

of the collector (Aa), see equation (2.1).

Q̇c,in = GAa (2.1)

Q̇c,out = ṁcp∆Tc (2.2)

Finally, ηth can be calculated with equation (2.3).

ηth = Q̇c,out

Q̇c,in
= ṁcp∆Tc

GAa
(2.3)

Degenhart used the Hottel-Whillier-Bliss equation in his work, which is a reduced form of the
instantaneous thermal efficiency of conventional flat plate collectors and ETCs in the terms of
design parameters [8], see equation (2.4).

In the collector efficiency analysis described in the thesis of Degenhart [9] the model assumes that
the entire tube is at mean fluid temperature Tmean = 1

2 (Tin + Tout). This is also according the
European standards (e.g. EN 12975-2: 2006) [21].

η = F ′
(
τogαabs − UL

Tm − Ta
G

)
(2.4)

Where, the collector efficiency factor (F ′) is the ratio of the actual collector useful heat output
compared to the useful heat output if the absorber would be at mean fluid temperature. The
definition can be found in the thesis of Degenhart [9]. It is also known as the effectiveness of
a collector as a heat exchanger [8]. UL is called the collector heat loss coefficient and is often
given by the manufacturer, however, it is highly important that this parameters is not constant
for ETCs. τog and αabs are the transmittance coefficient of the outer glass of the evacuated tube
and the absorption coefficient respectively.

The first 3 parameters in equation (2.4) represent the optical efficiency, see equation (E.17), and the
product F ′UL is related to heat loss of the ETC. The latter term can be rewritten to another form
including the linear heat loss coefficient (a1) and the quadratic heat loss term (a2), see equation
(2.6) [27]. According to Degenhart [9] a1 represents mostly convection loss and a2 represents
mostly convection and radiation loss.

η0 = F ′τogαabs (2.5)

F ′UL = a1 + a2(Tmean − Tamb) (2.6)

Finally, the most practical form of the Hottel-Whillier-Bliss equation can be obtained by substi-
tuting equation (E.17) and (2.6) in equation (2.4):

η = η0 − a1(Tmean − Tamb)
G

− a2(Tmean − Tamb)2

G
(2.7)

Degenhart performed one experiment to acquire a1 and a2. During steady-state Degenhart as-
sumed that parameters a1 and a2 are constant, regardless of the chosen flow rate or irradiation.
This is a valid assumption that is covered in the book of Kalogirou [21]. According this experiment
it turned out that η0 = 0,7502, a1 = 1,908 ± 0,5686 and a2 = 0,0226 ± 0,0182. These values
were in reasonable accordance with the parameters provided by the Solar Keymark certificate of
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the collector, see figure F.1. After a1 and a2 are determined, the optical efficiency is experimen-
tally determined for different continuous flow rates. According to these experiments it can be
concluded that η0 increases when the flow rate increases. For flow rates higher than 4 L/min, the
optical efficiency seems to converge to a approximately 0.77. Also a large drop in efficiency could
is observed when the flow rate is below 0.5 L/min. These findings are also supported by the CFD
model.

Additional literature review of steady state test methods can be found in appendix A.1.

2.2.1 Drying-out heat pipes
Degenhart showed also that the decrease of η0 seemed to be proportional to the dry-out of the
heatpipes. At low tilt angles it turned out that η0 is up to 10% lower at high irradiation (PV800)
comparing to low irradiation (PV200). This is due to the extra load that is put on the heat pipes.
An important recommendation to prevent dry-out is is not using a tilt angle below 10° for a 24mm
condensor.

He also concluded that the decrease in η0 is caused by drying-out of the bottom of the heatpipe.
Drying out of the heat pipes can be observed when the thermocouples, which are mounted on the
heatpipe, show a large jump in temperature.

2.3 Dynamic Test Method

2.3.1 Quasi-dynamic test method
NEN-EN-ISO 9806-2017 also proposed a quasi-dynamic test method, but this is more intended to
capture the dynamic behaviour when the solar irradiation and solar incidence angle are varying
during a day between sunrise and sunset. This means slow variations in ambient conditions. No
method is proposed for a varying inlet temperature for instance. Therefore, it can be concluded
that this method is not suitable for multi-pass mode. However, one method is described to
determine the effective thermal capacity. In further research it might be interesting to determine
this value. However, this value cannot be used in TRNSYS since there only the thermal capacity
of the fluid is used in the thermal model. This means that a new thermal model in TRNSYS need
to be developed. More information about this quasi-dynamic method can be found in appendix
A.2. More information about TRNSYS can be found in section 2.4.

2.3.2 Dynamic test method
In appendix A.3 an overview of all available dynamic test methods presented. These are compli-
cated methods which also requires to develop a completely new thermal model (in TRNSYS). The
development of a completely new thermal model does not fall within the scope of this research.
This literature review was conducted in order to have a total overview off all available test methods
and can be used in a possible continuation of this research for further research.

The following techniques are presented:

• One-node approach
• Multi-node approach
• Filtering technique with least square method
• Laplace transform technique
• Improved Transfer function Method
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2.4 Test Method DMP Solar System
The main goal of Conico Valves is to accurately predict the yearly energy gain of DMP Solar
System. Preferably with TRNSYS, because they already conducted a lot of research into this
simulation tool. Currently, Jiang [19] already developed a model of the DMP Solar System in
TRNSYS, with a Type 538 evacuated tube collector. Currently, the collector coefficients are im-
plemented, which are obtained by steady state experiments (Either determined by Solar Keymark
or by Degenhart [9]). However, during multi-pass mode these coefficients may be different. The
input parameters of this model are for example the optical efficiency η0, a1 and a2. It is also
possible to specify the thermal capacity of the fluid inside the collector. More information about
the effective thermal capacity in TRNSYS can be found in appendix C.

Future research
In ideal situation the TRNSYS model need to be validated with experimental results of multi-pass
system. This can be realized with an extensive collector parameter analysis. After the collector
parameter analysis, it can be concluded whether or not this original TRNSYS model is capable
to accurately predict the yearly energy gain of the DMP Solar System. If it turns out that this
model can not be used for accurately prediction the yearly energy gain, for example because the
thermal capacity it a limited factor, more research need to be conducted in order to develop a
transient model with correct effective thermal capacity. Section A.3 presents all possible dynamic
test methods which are available.

Focus current research
This research focuses only on experimental research an not to validate the TRNSYS model with
experimental results. It focuses on designing and building of an experimental set-up to conduct
measurements on the single- and multi-pass mode. Then the dynamic behaviour of the multi-pass
mode is investigated. Furthermore, this research focuses on the determination of the thermal- and
optical efficiency of the collector and of the total thermal efficiency of the entire system. Also
a comparison is made between the total thermal efficiency of the entire system for single-pass
mode and multi-pass mode. Below the experimental method is described briefly. All details are
described in section 4.2.1 and 4.1.1.

Thermal efficiency collector
In single-pass mode the thermal efficiency of the collector can simply be calculated with equation
2.3, because it is a steady state condition. It is important to emphasise that this equation only
can be used during steady state conditions, since no transient term is included. For transient
conditions; therefore, equation (A.15) need to be used, which includes transient terms. However,
this is a very complicated function to determine the thermal efficiency and the effective thermal
capacity of the collector needs to be accurately known. Therefore, this is a very unpractical way
to measure the thermal efficiency of a system, which may involve high uncertainties. Therefore,
it is decided to measure the thermal efficiency of the multi-pass mode with constant Tlow and
Thigh, resulting in identical consecutive cycles over time. When identical consecutive cycles over
time can be obtained, all process temperatures at the start of the cycle are equal to the process
temperatures at the end of the cycle, resulting in a semi-steady state condition: The process within
one cycle is transient, but since this cycle can be repeated identically this can be seen as steady
state. Now, the thermal efficiency can also be calculated with equation 2.3.

Collector coefficients
As mentioned before, Degenhart determined these collector coefficients for single-pass steady state
conditions. First, he determined a1 and a2 and assumed that these coefficients are always constant.
With this assumption he determined the optical efficiency as function of flowrate.

Since the multi-pass mode can be measured in steady state condition, also the collector coefficients
might be determined as being steady state. So a similar procedure can be executed. As a result
the collector coefficients of the multi-pass mode can be seen as steady state collector coefficients
during dynamic conditions of the multi-pass mode. The main advantage is that these coefficients
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might be used in TRNSYS in order to calculate the yearly energy gain of the collector.

This research focuses on the determination of the optical efficiency and not on the determination of
the collector coefficients a1 and a2, since there is a limited amount of time to conduct experiments.
During this research it is, therefore, decided to use the same a1 and a2, which are determined by
Degenhart. This means that the optical efficiency can be obtained by rewriting equation (2.7),
see 2.8.

η0 = η + a1(Tm − Ta)
G

+ a2(Tm − Ta)2

G
(2.8)

Or written in a different form, with Tred, see equation (2.9) and (2.10):

η0 = η + a1Tred + a2GT
2
red (2.9)

Tred = Tm − Ta
G

(2.10)

For the optical efficiency it is of high importance what the definition of the mean collector tem-
perature is. In this research the mean temperature of the collector is evaluated as the mean
temperature of the in- and outlet of the collector, see (2.11).

Tm = Tc,out − Tc,in
2 (2.11)

For all measurements it is tried to let Tred as close as possible to 0 to reduce the uncertainty of
the correctness of the assumed parameters a1 and a2. In future research more experiments can be
conducted in order to determine a1 and a2 for the multi-pass mode. Then it can also be interested
to conduct research if these parameters are constant for different flowrates and irradiances.

Thermal efficiency total system
For the determination of the thermal efficiency of the total system, more information about sensor
positions is required. Therefore, this method is included in section 4.1.1.

Thermal performance ETC during dynamic conditions of a Direct Multi-Pass Solar System 13



Chapter 3

Experimental set-up
In this chapter the design strategy of the test-setup is discussed. First, the design requirements
will be presented. Then, the design of the experimental setup and the design choices of each
component will be discussed. Finally, some re-designs are presented to have more insight in the
rational behind the design choices.

3.1 Design requirements
The first step in the design process is to determine the design requirements. According to these
requirements the entire design of the test setup is realized. Together with Conico Valves bv. a list
of requirements is composed. The main requirements are presented below:

1. The test setup needs to handle the operation modes single-pass and multi-pass.
2. During multi-pass mode the system needs to generate identical consecutive cycles, in order

to achieve steady state.
3. Process parameters such as flow rate, charging temperature (Thigh) and return temperature

(Tlow) have to be set by the user of the set-up and have to be controlled automatically.
4. All process parameters such as flow rate and temperature have to be monitored accurately

to measure the dynamic behaviour of the multi-pass mode.

More detailed requirements about the process parameters can be found in table 3.1. The range
of the flowrate is partly based on ISO 9806:2017, but also based on experience of Conico Valves
bv. ISO 9806:2017 suggests a massflow of 0.02 kg/s per gross collector area (m2) for steady state
testing. The gross collector area of the test setup is 4.49/3 = 1.50 m2, which results in a flowrate
of 1.80 L/min. The gross collector area is obtained from the Solar Keymark certificate in appendix
F. Since the amount of tubes in the test setup is 10 instead of 30, the gross collector area is divided
by 3. For testing the multi-pass mode, which is at higher flowrates, it is assumed that doubling
the flowrate should be high enough. Therefore, 4 L/min is required as maximum flowrate. As can
be seen in table a maximum flowrate of 10 L/min; therefore, this requirement is met.

In table 3.2 the required accuracy or uncertainty and maximum allowed deviation during exper-
iments is presented. Also the actual realized uncertainty is presented. These requirements are
obtained from ISO 9806:2017 [1] and are meant for steady state testing. Since multi-pass experi-
ments are not the same steady state as mentioned in this norm, some parameters such as Tin and
Tout can not be met, thus these requirements are meant for single-pass measurements.

Table 3.1: Requirements of process parameters and what is actually realized.

Process
Parameters Requirements Realization

V̇ [L/min] 0.1 - 4.0 L/min 0.1 - 10.0 L/min is realized

Tlow 30 - 80 °C 10 - 80 °C is realized
Thigh 10 - 60 °C 10 - 80 °C is realized
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Table 3.2: Required accuracy or uncertainty and maximum allowed deviation during experiments.
Also the actual realized uncertainty is presented.

Process
Parameter Max deviation Required Accuracy

V̇ [L/min] ± 1% std. uncertainty
< ±1%

G ± 50 [W/m2] Class 1 pyranometer
or better; ISO 9060

Tin ± 0.1 °C see ∆T
Tout ± 0.4 °C see ∆T

∆T ± 0.5 °C Accuracy < 1%
std. uncertainty < 0.05 °C

Tamb ± 1.5 °C std. uncertainty < 0.5 °C

How these requirements are met will be explained in section 3.3 in detail. Also the design choices
of each component will be explained.

3.2 Original Experimental Set-up

3.2.1 Piping and Instrument diagram

The original experimental set-up is designed and optimised by other students for steady-state
measurements. The piping and instrument diagram of this set-up is presented in figure 3.1. The
part outlined with a red dashed line represent the original part and the rest represents the new
part (DMP set-up). The original set-up is only used to transport cold water from the chiller to
the new test set-up. To ensure that cold water from the chiller can be transported to the new
DMP set-up two extra T-pieces, 2 ball valves and 2 flexible tubes of 4 meter are added, see also
appendix I.2.

Figure 3.1: Piping and instrument diagram of the steady-state set-up.
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3.2.2 Solar simulator
The solar simulator is designed by the company Eternal Sun. It is a type LA110200 Large Area
Solar Simulator. It has 4 settings, namely: PV200, PV800, PV1000 and ST1000. The spectra of
PV200, PV800 and PV1000 are designed to supply 200 W/m2, 800 W/m2 and 1000 W/m2 in de
PV spectrum (400-1100nm). However, it also supplies irradiance at higher wavelengths; therefore,
the pyranometer measures a higher irradiance. The ST1000 setting is designed to supply 1000
W/m2 over the entire spectrum; therefore, the pyranometer measures 1000 W/m2. To make a
comparison it decided to only use the PV settings, because these settings have a variation in
irradiance and the ST setting has only 1 setting. Furthermore, it is decided not to compare the
ST1000 with the PV settings, since these spectra are built up differently.

At the bottom of the solar simulator a polymer sheet is applied to spread the light and represent
the cold sky. The solar simulator is calibrated at a distance of 10 cm from the cold sky, according
to IEC 60904-9.

3.2.3 Sensors original set-up
The ambient sensors (thermocouple type K) and the pyranometer of the original set-up are also
used for this research. The position of these sensors are presented in figure 3.2. The pyranometer
is placed at a distance of 10 cm from the solar simulator, which is the same distance as for the
evacuated tubes. Furthermore, the ambient sensors are placed in small open tubes, covered with
aluminium foil to protect them from radiation energy. The thermocouples on the left- and right
hand side are placed approximately 10 cm from the outer tubes. The upper and lower sensors are
placed on both ends of the solar simulator.

Figure 3.2: Measuring positions of the ambient temperature sensors and the pyranometer around
the solar collector

To obtain more insight in the temperature distribution inside an evacuated tube Degenhart in-
stalled 22 thermocouples on the fin and 2 thermocouples on the condensor. It is important to
emphasise that these thermocouples are installed in the first tube of the collector, which is as close
as possible to the collector inlet.

10 thermocouples are placed close to the evaporator and 10 thermocouples were places close to the
absorber (see also figure 2.2 for further explanation of the position). Thermocouple T1 is placed
at the bottom of the heat-pipe and T3 is expected to be at the same height as the top of the
liquid pool. Since the distance between the thermocouples of the absorber and the evaporator are
approximately the same, the thermal resistance for each thermocouple pair is also the same. This
also means that the temperature difference of a thermocouple pair is linearly related to the radial
heat flux in the fin.
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Figure 3.3: Thermocouple positions inside the first evacuated tube. Source: Degenhart [9]

One thermocouples is installed at the top of the condensor (Tct) and one is installed at the bottom
of the condensor (Tcb).

At position 8 two additional thermocouples (T8b and T8c) were installed, see figure 2.2. These
thermocouples were mounted in the middle and at the end of the fin respectively. Unfortunately
T8b was broken at the beginning of this research. It is decided not to replace this thermocouple
since the set-up is very fragile. These thermocouples were mounted in order to capture the gradient
along the tangential direction of the aluminum fin.

3.2.4 Dimensions evacuated tube collector
The collector consists of 10 evacuated tubes. Since the specifications are only available for a
configuration with 30 tubes, all dimensions should be divided by three, see figure F.1. This results
in an aperture area (Aa) of 2.78/3 = 1.50 m2 and a gross area of 2.78/3 = 0.93 m2.

3.2.5 Additions to original set-up
Some practical changes to the original set-up are applied to improve it. In this section 1 example
is given, the rest can be found in appendix I.

Extra insulation manifold
The manifold of the collector has space for 16 evacuated tubes; however, only 10 tubes are used for
the measurements. This means that there are 6 empty holes for potential condensors. During the
measurements of Degenhart [9], these holes were partly covered with some paper towel. However,
still some copper of the manifold was visible, which means that the collector had more heat losses
than in reality. For this research those 6 holes are filled with Rockwool and are then also covered
with and extra layer of 8 cm thick Rockwool, to ensure high quality insulation, see figure 3.4.

Figure 3.4: Insulation of the empty manifold holes

Also the piping between the manifold and the thermocouples at the in- and outlet of the collector
are properly insulated. This was not the case during the measurements of Degenhart.
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3.3 Design Experimental Set-up
Keeping in mind the requirements of section 3.1 a experimental set-up is designed to perform single-
and multi-pass measurements. The design is presented in the form of a piping and instrument
diagram (P&ID), see figure 3.5. The design of the solar circuit, the cooling circuit and the storage
tank are presented in the following sections. A multi-pass experiment can be run via TC4 and de
TDV and a single-pass experiment can be run via TC5 (the top of the tank).

TC22 is not presented in this figure, but this thermocouple can can measure the ambient tem-
perature around the set-up. Please keep in mind, that this sensor is not meant to measure the
ambient temperature around the solar collector.

Figure 3.5: Piping and instrument diagram of the set-up.

3.3.1 Design storage tank
As mentioned in the later section no storage tank is needed for single-pass mode, simply because
the Thermo-Differental Valve (TDV) is not included in the system. This valve needs to be mounted
at the inlet of a storage tank. Conico Valves develops different types of TDV’s; therefore, it is
required that all types can be tested in this set-up in the future. The length of the tube of the
float can be varied up until approximately 50 cm. For this research a TDV with tube length of
approximately 50 cm is used. Therefore, a minimum tank diameter of 0.5 m is required.

In order to achieve a steady state condition, very steady consecutive cycles needs to be generated by
the set-up. This means that the supply temperature for the collector and the injection temperature
of the tank needs to be constant during a measurement day. This can only be obtained when the
lower part of the thank remains constant, for a constant supply temperature and when the higher
part of the tank, where the TDV is inserted, remains constant to ensure a constant injection
temperature. Those parts of the tank are called the low temperature zone (Tlow) and the high
temperature zone (Thigh) of the tank. The heat from the solar collector is added at the high
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temperature zone Thigh. When hot water is being injected, at the same time, cold water from Tlow
is forced out of the tank, which lowers the thermocline inside the tank. The heat that is added to
the tank needs to be cooled in order to remain constant temperatures of Thigh and Tlow.

Helically Coiled Heat Exchangers
It is decided to use 2 helically coiled heat exchangers, that are able to control the temperature
of both zones. The tank and the helically coiled heat exchangers are delivered by the supplier
TWL, since Conico Valves has close contact with this company. TWL has a standard catalogue
and has standard helically coiled heat exchangers for certain tank diameters. To reduce the costs
of the tank and the heat exchangers it is decided to choose a standard solution rather than a
custom made design. A calculation program is developed to calculate the performance of the heat
exchangers. The performance of both heat exchangers is calculated in Appendix G. It turned
out that the lower helically coil is the most criticical one. However, it still has a design margin
(overcapacity) of 38.9% when using a Tlow of 10°C and a maximum capacity of the collector. It
can be concluded that both heat exchangers are suitable for the application.

Heaters
In normal operation the storage tank is already at a certain temperature before an experiment
is started at the beginning of the day. The tank only cooled down slightly to the environment.
In this case the heaters need to heat up just a few degrees. However, it might be possible that
the another tank temperature is needed for a certain type of experiment. It is estimated that a
charging speed of 20°C per hour is desirable. In this case it takes approximately 30-90 minutes to
heat up the top part of the tank with 10-30 degrees at the start of the day. As a result, 2 heaters
are required with a capacity of 3 kW each. The top part of the tank has a content of 214 Liter
and it is calculated that these heaters can heat this volume of water with 24.4°C per hour. In
practice it turned out that this was approximately 22.5°C per hour. The heaters are delivered by
the company TWL.

Height Storage Tank
The height of the storage tank is determined by the height of the helically coiled heat exchangers
and some minimum required distances between components. The minimum required distance
between the heaters and another component is 10-15 cm and the minimum required distance
between the TDV and another component is estimated to be 15 cm, since the float has a range
of 10 cm between open and closed position. All positions of the connections are based on these
requirements. As a result, the total dimensions can be found in figure H.2. This is a technical
drawing made by the company TWL and it also includes all specifications of the materials.

Positions Thermocouples
Temperature measurements inside the tank are important to understand the how the cooling
circuit needs to operate in order to control the temperatures of the zones in the tank. Figure
3.6 shows all positions of the thermocouples. In total 10 thermocouples (Type T, with diameter
3mm) are added to give more inside in the temperature distribution inside the tank. TC13, TC14
and TC15 can measure the temperature around the float of the TDV. TC16, TC17 and TC18 are
added to to give more insight on the thermocline inside the tank. The most important sensors
are TC14 and TC20, because those sensors are used for the PID controllers of the Electric Mixing
Valves (EMV) to control the both temperature zones of the tank. Sensors TC10, TC11, TC12
and TC19 are added to gave more information about the temperatures around the helically coiled
heat exchangers.
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Figure 3.6: Positions of the thermocouples inside the tank. On the left hand side the stainless
steel construction to mount the thermocouples is illustrated.

All sensors are inserted via the top of the tank, via a special devise developed by the company
TC-Direct. This devise can guide 10 thermocouples through one tank connection, which is also
leak tight. Because the top connection, the heaters and the TDV are placed in the centre of the
tank, a steel construction is developed to guide all thermocouples to its correct position. This
construction is presented on the left hand side of figure 3.6. This construction is inserted via a
DN250 flange, mounted on the back of the tank. This construction is mounted on the bottom of
tank with a strong magnet to hold it in place. The dimensions of the thermocouple construction
is presented in figure H.10 in the appendix.
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3.3.2 Thermo-Differential Valve
In this section the working principle of the Thermo-Differential Valve (TDV) will be explained.
Chapter 5 also includes a theoretical approach of the switching moment and the switching time
of the TDV. Furthermore, some experimental results are presented at the end of chapter 5, this
section in order to compare these with the theoretical approach.

Working Principle
Directly at the inlet port of the storage tank a TDV is installed. This is a three-way switching
valve, with 1 inlet and 2 outlets. It switches the flow direction based on the temperature difference
between the inlet of the TDV and the temperature inside the storage tank. In figure 3.7 the
working principle of the TDV is illustrated. As can be seen in this figure, the TDV consists of
an actuator which consist of two main parts: a float, which is inserted into the storage tank and
a small container, which is located inside the housing of the valve. The float and the container
are connected with a thin tube and is filled with a working fluid (partly liquid phase and partly
vapour phase). The type of working fluid and its properties are confidentially, therefore no data
about this is included in this thesis.

The upper part of figure 3.7 shows the closed position of the TDV and in this case the temperature
of the inlet of the TDV is lower than the tank temperature. In this case all liquid has been forced
inside the container and therefore the float has risen upward. In closed position the water is
by-passing the tank

The lower part in this figure shows the open position of the TDV and in this case the temperature
of the inlet of the TDV is higher than the temperature inside the storage tank. In this case all
liquid has been forced inside the float and therefore the float has sunk downwards. In open position
the storage tank will be charged with hot water.

More about the thermodynamics and mechanics of the TDV will be explained in chapter 5.

Figure 3.7: The working principle of the TDV in a cross-sectional perspective. The upper part
shows the closed position (by-passing the tank) and the lower part shows the open position (charg-
ing the tank).
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3.3.3 Design Solar Circuit
The solar circuit consists of supply- and a return line for the solar collector. Components with
a high thermal inertia, such as a flowmeter and control valve are placed in the return line of the
collector. This is desired to ensure that the cold water of the tank remains as cold as possible
during the first loop, such as in normal domestic situations were no flowmeter and control valve
are needed. So a more realistic situation is obtained.

A multi-pass experiment can be run via TC4 and the TDV and a single-pass experiment can be
run via TC5. During multi-pass mode the water can either be injected into the storage tank or
can be by-passed back to the collector. Another by-pass is added to by-pass the collector, just for
practical purposes.

Valves
A manual control valve (MCV) is mounted in order to equalize the pressure drop of the by-pass line
and the supply line. The valve is of the type STAD DN15 and has a wheel which can be manually
adjusted to set the Kv-value. The ball valves (BV) are included to close a by-pass line, to switch
between single- and multi-pass mode and to close the system when the collector is disconnected.

Furthermore a control valve (CV) is added to the solar circuit to control the flow accurately. This
valve is an electro magnetic valve (EMV) of Siemens (MXG461B15-3) with a Kv- value of 3.0. This
valve, is normally used as 3 way valve, but one side can be blocked and it can be operated like a
regular flow control valve. This valve has a fast positioning time (<2 s) and a very high resolution
stroke (1 : 1000), due to its magnetic actuator. The control signal can be varied between 0-10V.
To select a Kv-value the entire pressure drop of the set-up is calculated on fitting level. It turned
out that the control valve needs to ensure a pressure drop of 3720 Pa at 6 L/min (max desired
flowrate). With software of Bronckhorst a minimum Kv-value of 1.84 is calculated. Since the
MXG461B15 control valves can be supplied with a Kv-value of 0.6, 1.5 or 3.0 m3/h, Kv-value of
3.0 m3/h is selected for this application.

The Thermo-Differential Valve is explained in section 5.

Pump
The pump in the old set-up has a maximum head of 4m and could supply a maximum flowrate
of 4 L/min; therefore, it is decided to choose more powerfull pump. For this application a pump
of the type Wilo Yonos PARA ST15/7 PWM2 has been selected, which has a maximum head of
7m and is widely used in domestic hot water preparation system. One advantage of this pump
is that the flow can be controlled via a Pulse-width modulation (PWM) signal. This signal can
be varied between 0 and 100%, which changes the speed of the pump between 800 and 4660 rpm.
The pump curve can be found in figure J.2 in the appendix. As can be observed, the pump curve
changes lowers when increasing the PWM signal.

Sensors
Thermocouples (TC’s) are added in order to measure the process temperatures. TC5 and TC21
measures the in- and outlet temperature of the tank and TC3 and TC2 measures the in- and
outlet temperature of the collector respectively. TC4 measures the inlet temperature of the TDV
and TC1 measures the temperature right after the by-pass line.

A flowmeter is mounted to measure the flowrate accurately. More information of these sensors
can be found in section 3.4.

Piping
For all piping 22 mm copper is used in order to reduce the pressure drop in the in both circuits.
In the old test set-up the pressure drop was problematic, so 22 mm is used for practical purposes.
For the flexible tubes, tubes with a diameter of 11 mm are used. The supply line for the collector
has a length of 295 mm and the return line of the collector has a length of 120 mm.

All piping is insulation with armaflex or thermaflex with a thickness of 13mm and conduction
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coefficient of 0.04 W/mK.

Auxiliary Components
An expansion vessel is installed to compensate for the pressure variations. The size of the vessel
is calculated by software of Flamco. Also an air relief valve is installed at the top of the tank and
a water tap and drain is installed in the lowest pipeline.

3.3.4 Design Cooling Circuit
The minimum supply temperature of the chiller is 5°C. The water in the cooling circuit needs
to flow across approximately 12 meters of piping and flows across the old set-up with a lot of
components which are not insulated. This means that the water is heated up by its surroundings,
resulting in a minimum supply temperature of the tank of approximately 9°C. The lowest process
temperature of this set-up is therefore 10°C.

Hydraulic Separator
Since only one chiller is available and two different supply temperatures are required it is decided
to create 2 cooling loops in order to control the temperatures Tlow and Thigh inside the tank. The
supply water of the chiller needs to be divided over those two cooling loops. This is realised by
using an hydraulic separator. The working principle is illustrated with a cross-sectional overview
in figure 3.8. It is recommended that the flowrate of the chiller supply line is equal or higher than
the flowrate of the combined supply lines of both cooling loops.

Figure 3.8: Cross sectional overview of the hydraulic separator

Mixing Valves
In each cooling loop a electronic mixing valve (EMV) is added, which is able to control the
temperature of each cooling loop to a desired value. The valves are the same type as for the
control valve in the solar circuit, but with different Kv-value. The upper cooling loop has a
MXG461B15-0.6 type mixing valve with a Kv-value 0.6 m3/h and the bottom cooling loop has a
MXG461B15-1.5 with a Kv-value of 1.5 m3/h. Since the cold water supply of the upper cooling
loop is very low, the lowest Kv-value is selected. With a Kv-value of 0.6 m3/h a maximum flowrate
of 7.5 L/min is calculated. For the bottom cooling loop a flowrate of 10 L/min might be necessary;
therefore, it is decided to choose a Kv-value of 1.5 m3/h, resulting in a maximum flowrate of 16.8
L/min.

Sensors
For each heat exchanger a sensor is placed to monitor the in- and outlet temperature. Also a flow
indictor is used in each cooling loop to monitor the flowrate. More information of these sensors
can be found in section 3.4

Auxiliary Components
No expansion vessel is needed in the cooling loops, since the old set-up already consists of an
expansion vessel. The extra liquid content of the new set-up will not be a problem. An air relief
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valve is installed at the highest point of the hydraulic separator, so air is able to collect there. A
water drain is installed at the lowest pipeline. Water can be filled via the old set-up.

3.3.5 Layout of the set-up
When all components were selected a layout of the set-up is made on scale, which is presented in
figure 3.10 and figure 3.11. The frame is built with standard 40 mm Hepco profiles, see figure H.6.
With this type of profile a maximum deflection of 1.3 mm is realised in the critical beams below
the storage tank, see figure H.7. All dimensions can be found in figure H.1. The back panels,
were all component are mounted on, are made of Trespa panels. The dimensions of the panels are
presented in figure H.11.

The total set-up is mounted on wheels. The wheels are supplied by Hepco, but unfortunately
the wheels could not be mounted directly on the frame; therefore, 8 base plates are designed and
manufactured in the workshop, see figure H.3 and H.4.

To mount the piping on the Trespa panels, spacers are designed out of thick PVC plates. In
total 30 spacers are machined in the workshop, see figure H.9 for the dimensions. The hydraulic
separator is mounted with 2 L shaped profiles and 2 clamping straps, see figure H.8.

The flanges for the flowmeters are manufactured in the workshop, see figure H.5 for the dimensions.

Furthermore an electric spacial is designed together with Theo de Groot, the position of this
electric spacial is on the right hand side of the set-up, see figure H.1. The layout of the electric
spacial is illustrated in figure 3.9.

Finally, the total bill of materials is presented in figure M.1, M.2 and M.3 in the appendix. In
total approximately 800 components are used in this set-up.

Figure 3.9: Layout of the electric spacial.
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Figure 3.10: Layout of the set-up. All components are illustrated on scale.

Figure 3.11: Layout of the realized set-up.

Thermal performance ETC during dynamic conditions of a Direct Multi-Pass Solar System 25



CHAPTER 3. EXPERIMENTAL SET-UP

3.4 Measurement Equipment new set-up

3.4.1 Thermocouples
In order to capture the dynamic behaviour it is of crucial importance to use thermocouples with
a very fast reaction time. For TC1-TC5 and TC21 it is; therefore, decided to use class 1, type-T
thermocouples with a 0.5 mm tip. The shaft of this thermocouple is still 3 mm, for practical
purposes, but a potseal is used to create a 0.5mm tip. The tip also has a grounded junction to
halve the reaction time. The reaction time is defined as the time it takes for the thermocouple to
reach 62.3% of the end value, if the thermocouple is submerged from air into boiling water. The
supplier TC-Direct specifies a reaction time of 0.03 seconds. For safety this value is multiplied by
5 to be 100% sure that a thermocouple reaches its final value within a certain amount of time. As
a result it is expected that these thermocouple reach its final value within 0.15 seconds.

Thermocouples TC1-TC5 and TC21 are inserted in a channel-to-channel isolated thermocouple
input module, the NI 9212. The temperature input module has 4 modes, each with a certain tem-
perature measurement accuracy. This measurement accuracy is also specified as the measurement
sensitivity according to the datasheet of the NI9212 module [16]. In general, the measurement
sensitivity is a function of noise and it represents the smallest change in temperature that the
sensor can detect:

• High-resolution: 0.01°C (1.8 Hz)
• Best 50 rejection: 0.02°C (7.1 Hz)
• Best 60 rejection: 0.02°C (8.3 Hz)
• High-speed: 0.05°C (95 Hz)

A trade-off has been made between sampling rate and accuracy. For this set-up there is a high
requirement regarding the accuracy. Therefore, it is decided to use the high resolution mode,
which result in a measurement accuracy of 0.01°C and a maximum sampling rate of 1.8 Hz for the
thermocouple input module.

For TC6-TC20, standard type-T thermocouples are used and are inserted in a temperature input
module NI9214.

Currently one complex problem exists in the labVIEW programmation. It is only possible to log
all compact DAQ’s with the same sampling frequency of 1 HZ. Martin Huijzer knows to solve this
problem, but this will take a few working days solve. This could be implemented in the future if
a higher sampling frequency is desirable. For now a sampling frequency of 1 second is assumed to
be fast enough.

3.4.2 Flowmeters
Solar Circuit
The required accuracy for measuring the flowrate is ±1 %. It is decided to choose a flowmeter of
the supplier KROHNE, since they produce flowmeters with very high accuracies in combination
with a large flow range.

The measuring principle is based on measuring a Voltage which is proportional to the flow velocity
in the measuring tube. The water can be seen as a electrically conductive fluid and it flows through
an electrically insulated pipe through a magnetic field. This magnetic field is generated by a pair
coils [23]. Then inside the fluid, a voltage U is generated and this signal voltage is picked off by
electrodes and is proportional to the mean flow velocity.

In general it holds that the higher the accuracy the higher the price; therefore, a trade-off between
accuracy an costs has been made. The selection of the flowmeter in the solar circuit is done based
on the minimum and maximum flow of the setup. For multi-pass measurements this is 1-4 L/min,
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which is based on the experience of Conico Valves b.v. and for single-pass measurements this is
approximately >0.3 L/min. Thus, the accuracy need to be <1% between 0.3-4 L/min.

First, the selection has been done manually, by conduction research in all available datasheets of
KROHNE. Out of this research it can be concluded that the OPTIFLUX4000 with signal converter
IFC100 (i.e. OPTIFLUX4100) is the cheapest flowmeter that satisfies the requirements. Later
this selection is confirmed by KROHNE itself, which uses advanced selection software. The output
of the software can be found in appendix J.1 and the datasheet of the OPTIFLUX4000 and the
IFC100 signal converter can be downloaded from the website of KROHNE [23] [22]. The general
specifications are provided in table 3.3.

Also selections of the cheaper variant OPTIFLUX1000 have been made, but in this series the
minimum diameter is DN10 instead of DN6. As a result, this type is more suitable for higher
flowrates. According to the selections from the software of KROHNE, it turned out that the
accuracy is 1.3% at 0.5 L/min, which does not meet the requirements.

Table 3.3: Specifications of the flowmeters in the solar circuit

Flowmeter Type Nominal Size Range Typical accuracy
[-] [-] [-] [L/min] [%]

FM1 OPTIFLUX4100 DN6 0,1-10 0,4
FM2 OPTIFLUX4100 DN6 0,1-10 0,4

Furthermore, it is highly important to emphasise that the flowmeter is currently programmed for
flowrates between 0.1 and 10 L/min; however, this might be changed in the settings to 0 and 20
L/min if this is necessary in the future. It is recommended to contact KROHNE if this need to
be adjusted.

Currently one flowmeter (FM1) is installed in the solar circuit to measure the flowrate. However,
a second flowmeter was installed in the by-pass line of the tank to observe the switching moment
of the TDV. Because of three main reasons this flowmeter is removed for the main experiments
on the multi-pass system. The first reason is that the pressure drop caused by the flowmeter,
influences the switching behaviour of the TDV. The second reason is that the measuring tube
and the flanges of the flowmeter have a very large thermal inertia, which causes more damping
in the temperature response during multi-pass mode. More damping results in flattening out the
characteristic ’stair form’ of the multi-pass system, which is not desired.

Cooling circuit
The accuracy of the flowmeters in the cooling circuit are not important, since these flowrates are
not necessary in the calculations and the flowrate is not needed for the PID controller to control
the temperature. However, it can be useful for the user to have an indication of the flow inside
the circuit.

The only requirement for this flowmeter was that it gives a current as output signal, since it
needs to fit in the input module NI9203. This module was freely available at the TU/e, so this
reduces the costs. Flowmeters of the type LVB-XX-A from supplier Bronckhorst meet this only
requirement; therefore, it is decided to purchase these flowmeters at Bronckhorst.

Table 3.4: Specifications of the flowmeters in the cooling circuit

Flowmeter Type Nominal Size Range Accuracy
(<0,5V̇max)

Accuracy
(≥0,5V̇max)

[-] [-] [-] [L/min] [L/min] [%]
FM3 LVB-06-A DN6 0,5-10 0,1 < 2
FM4 LVB-10-A DN10 2-40 0,4 < 2
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3.4.3 Instrument Control and Data Acquisition
The pumps and the heaters are inserted in a digital out module NI9472, the control valve and the
electric mixing valves are inserted in a voltage out module NI9263 and all flowmeters are inserted
in a analog in module NI9203.

The temperature input module NI9214 is connected to 1 slot NI CompactDAQ and the rest of the
input modules are is inserted in a 4 slots NI CompactDAQ. A CompactDAQ is a data acquisition
platform and can be connected to a PC with LabVIEW. LabVIEW is a data acquisition program
and with this program it is possible to analyze, visualize and log the measurement data. In
LabVIEW there is also the possibility to control process parameters with a PID controller. Figure
L.1 shows the front panel, which is designed in LabVIEW. The block diagram (back-panel) is not
included.

3.5 Stability Testing Process Parameters
In this section the stability of the flowrate, irradiance and process temperatures are presented.
Since the process temperatures are not constant, this stability is checked with consecutive steady
state cycles. The stability of the flowrate and the irradiance are compared with the max deviation
according to ISO 9806:2017. For the flowrate a maximum deviation of 1 % is required and for
the irradiance a maximum deviation of 50 W/m2 is required. Figure 3.12 shows the stability of
flowrate, with the red solid lines as 1% lower and upper bound. For each flowrate and irradiance
600 samples over a period of 10 minutes is taken; however, these signals can be hold for the entire
measuring day.
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Figure 3.12: Stability flowrates of single- and multi-pass mode.

As can be observed, the flowrate falls within the limits. At lower flowrates some peaks cross the
bounds, but this effect is assumed to be negligible.

Figure 3.13 shows the stability of the irradiance. As can be observed, the signal never exceeds the
limits, so this requirement is also met.
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Figure 3.13: Stability irradiance of all PV settings

Finally, the stability of the consecutive steady state cycles is shown in figure 3.14. A total period
of 1 hour is used. As can be seen all cycles are identical, so it can be concluded that this set-up
is able to handle consecutive steady state cycles.

Figure 3.14: Stability consecutive steady state cycles during 1 hour
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3.6 Calibration
When performing temperature measurements it is important to take into account the uncertainties
of the total set-up. The total uncertainty of the set-up is composed by different errors, as explained
in section 3.7. A large amount of the total uncertainty is caused by systematic errors in the set-
up. This error can rise significantly in one measurement chain, because all uncertainties of each
component in the measuring chain needs to be added. Each component has its own accuracy that
contributes to the total systematic error.

To reduce the total uncertainty, it is necessary to minimize the systematic errors. This can be
realized by proper calibration. After calibration the total systematic error is reduced to the
systematic error of the calibration set-up.

3.6.1 Calibration thermocouples new set-up
For the calibration of all thermocouples a thermostatic bath is used. The thermostatic bath can
control the average temperature inside the bath very accurately in the range between ambient
temperature and 90°C. Is also used a pump to circulate the water, to ensure that the bath is at a
homogeneous temperature. According to Van Duijnhoven [10] and Degenhart [9] the homogeneity
of thermal bath is 0.1°C. The thermostatic bath is filled such that the heating element is submerged
entirely and that the pump doesn’t pump air bubbles.

All thermocouples are bundled together as close as possible and are subsequently submerged in the
water approximately 5cm deep. As mentioned in section 3.4.1 TC1-TC5 and TC21 are connected
to a NI9212 module and TC6-TC20 are connected to a NI9214 module. In addition, a calibrated
thermocouple (Type-K) is added to the thermocouple bundle and is used as reference temperature.
This calibrated thermocouple is connected to a readout device (Memocal 2000).

The program that is used for the calibration is NI MAX. This is a software tool that provides access
to the NI hardware and is connected to LabVIEW. So after the calibration is performed and the
calibration is enabled, LabVIEW uses the calibrated values automatically, so no additional data
manipulation is necessary. A standard calibration procedure of NI MAX is used corresponding to
the settings of the input module. This means that a standard sampling frequency of 1.8 Hz, with
a total amount of samples of 9 is used. NI MAX uses linear interpolation instead of using a linear
trendline of all datapoints.

The calibration points that are used can be found in table X D.2, D.3 D.4 and D.5. In these tables,
the coefficients for the linear trendline and the R2 are also given. For 0°C a thermos bottle with
ice water is used. And for the other temperatures, the temperature of the thermostatic bath is set
to the desired value. Each time 15 minutes have to we waited in order to stabilize the thermostatic
bath.

The in-homogeneity of the thermostatic bath is assumed to be 0.05°C, see section 3.7 for further
explanation. Therefore, some calibration points can be deviate slightly from the linear trendline.
For all cases the R2 is higher or equal to 0.999, which means that reliability of each fit is very
high.

However, the influence of the in-homogeneity of the thermostatic bath can be observed better
when subtracting 2 thermocouple. In figure 3.15 the uncalibrated in- outlet temperatures of the
collector are subtracted from each other. Subtracting 2 linear lines, should also result in a linear
line. This trend can clearly be observed in figure 3.15. However, at 0°C, 80°C and 90°C the
temperature difference’s of the uncalibrated thermocouples deviate more from the linear trendline
then the other measuring points. It can be concluded that the in-homogeniety of the thermal
bath is higher at these temperatures. Still it is in the same order of magnitude as an expected
inhomogenity of 0.05°C.
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Figure 3.15: Calibration data of temperature difference of the in- (TC3) and outlet (TC2) collector

Recommendation
During the calibration procedure it turned out that the thermocouples with 0.5mm tip are very
sensitive to temperature fluctuations. Therefore, it is highly important to close the lid of the bath
and to seal the gaps with aluminum tape in order to maintain a very constant temperature and to
reduce the heat losses to the environment. Finally, to reduce the homogeneity it is recommended
to place the thermocouple bundle as deep as possible, far away from the heater.

Also the water mixed with ice tend to have a larger inhomogeneity then the thermostatic bath.
This is also recently observed by a lab technician Theo the Groot. His findings are not yet
published, but he observed that the temperature near the ice fluctuates. He recommends to use a
large amount cold water from the fridge at approximately 1°C.

3.6.2 Calibration remaining sensors
Thermocouples old set-up
The thermocouples which were already present in the current set-up are calibrated by Degen-
hart [9]. These sensors are the ambient temperature sensors and the thermocouples inside one
evacuated tube. The calibration procedure is performed with the same thermostatic bath, but
in this time there was no calibrated thermocouple available; therefore, the internal sensor of the
thermostatic bath was used.

Flowmeters
The flowmeters in the solar circuit (FM1 and FM2) are calibrated by the supplier (KROHNE).
The accuracy of the flowmeters are function of flow velocity and is specified in table J.1 in the
appendix. The calibration certificates are stored in the Lab at a safe place.

The calibration procedure is based on direct volume comparison. The accuracy limits of electro-
magnetic flowmeters are typically the result of the combined effect of linearity, zero point stability
and calibration uncertainty.

The flowmeters in the cooling circuit (FM3 and FM4) are also calibrated by the supplier (Bron-
ckhorst). As mentioned in section 3.4.2, the accuracy of these flowmeters is irrelevant and thus
no calibration report is available.

Pyranometer
The calibration report of the pyranometer can be found in figure J.2 in the appendix and is based
upon indoor side by side comparison.
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3.7 Uncertainty Measuring Equipment
In this uncertainty analysis the uncertainties of the measuring equipment of the experimental set-
up are analysed. The analysis is done by taking into account Type A and Type B uncertainties. A
Type A uncertainty is also known as the random error and can be determined statistically. A type
B uncertainty is also known as a systematic error and is characterised by the measuring instru-
ments. The latter can be determined according the specifications of the measuring instruments.
The calculation method of type A and Type B uncertainties are presented in section E.1 and E.2
of appendix E.

In addition, there are uncertainties which can not be quantified in most cases. Such uncertainties
depend on the quality of the testing method. For example, the measurement of the ambient
temperature. This temperature is determined by taking the average of 4 sensors at different
locations. It is assumed that these 4 sensors represent the true ambient temperature around the
collector, but it might be that is not entirely correct. These uncertainties are not incorporated
in the uncertainty analysis, unless it is stated specifically. In cases this type of uncertainty is
excluded, it is assumed that the testing method, which is based on ISO 9806, is reliable enough.

It is highly important to define which confidence interval is needed for a certain type of uncer-
tainty. In general there exists a standard combined uncertainty, which has a confidence interval of
68.3% and an expanded combined uncertainty, which has a confidence interval of 95.5%. In some
research these two types of uncertainties are being confused with one another. Even the ISO 9806
does not explicitly state which confidence interval is required. However, in research concerning
measurements to solar collectors the expanded combined uncertainty is almost always used. This is
among other things confirmed by Kratzenberg et al. (2006) [5], Mathioulakis et al. (1999) [3] and
Van den Heuvel (2018) [15]. Based on these findings it is decided to use the expanded uncertainty
in this research. Degenhart (2020) [9] also states that a confidence interval of 95.5% is required;
however, he only uses a this confidence interval for the random error and the uncertainty of the
pyranometer, for all other uncertainties he uses the standard combined uncertainty with 68.3%
confidence interval. Therefore, it might be that some uncertainties in this research are higher.

The total uncertainty of all derived quantities, for example the thermal efficiency, are analysed in
section 4.1.6 and 4.2.5; the calculation method of the derived quantities are presented in appendix
E.

3.7.1 Pyranometer
For measuring the irradiance of the solar simulator a pyranometer of the type Kipp & Zonen
CM11 is used. The pyranometer is provided with a thermal detector which responds to the total
amount of incoming radiant energy. First, the radiant energy is absorbed by a black painted
disk. Second, the heat which is generated flows through a thermal resistance to the body of
the pyranometer, which acts as heat sink. Then, the temperature difference across the thermal
resistance is converted into a voltage (U in µV). Finally, this voltage is sent to a voltage input
module NI9212. This module is normally used to read a voltage of a thermocouple, but can also be
used to read a voltage from other measurement instruments. In NI MAX the voltage is translated
into an irradiance (G) using a sensitivity (S) of 4.99 µV/W/m2, see equation (3.1):

G = U

S
(3.1)

All contributing uncertainties of the pyranometer will be explained briefly and are presented
in table 3.5. The standard combined uncertainty and the expanded combined uncertainty are
calculated by using equation (E.4) and (E.7) respectively.

In the calibration certificate of the pyranometer it is stated that the expanded uncertainty due to
random effects and the systematic error of the calibration set-up is ± 1.29%. These systematic
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errors are for example: directional response, tilt response, offset due to long wave radiation, offset
due to changes in ambient temperature, non linearity and spectral selectivity [34]. It is also stated
that expanded uncertainty of the calibration procedure (calibration by comparison with a reference
pyranometer) is equal to ± 0.5%.

In the manual of the pyranometer it is stated that the transducer of the pyranometer is drifting
over time, which means that the sensitivity of the pyranometer may change ± 0.5% per year.
Therefore, it is highly recommended that the pyranometer will be calibrated each year. Since
the pyranometer is calibrated 1.5 year ago, this uncertainty is assumed to be 1.5 times higher,
resulting in an accuracy of ± 0.75%.

The accuracy of the input module is only specified in degree Celsius and not in voltage, since this
module normally is being used for thermocouples. In order to determine the accuracy in W/m2,
the accuracy is converted back into a voltage [V] en then again converted into W/m2 with equation
3.1. This method is used in accordance with lab technicians. The measurement accuracy of this
input module is typical ± 0.39°C for a type T thermocouple. According to the reference table of
this type thermocouple [30] the sensitivity is · 10−3 V/°C at 20°C. By using both sensitivities,
the accuracy in W/m2 can be calculated, resulting in an accuracy of ± 3.13 W/m2. The same
procedure is done for the resolution of the input module, which specified as 0.01°C and can be
converted into 0.08 W/m2.

The pyranometer is placed on one position next to the solar collector at 10cm distance of the
solar simulator. The solar simulator does not give a perfect uniform irradiance; therefore, one
measuring position of the irradiance does not perfectly represent the actual irradiance. Therefore,
an extra uncertainty regarding the non-uniformity is included. In the calibration report of the
solar simulator the the non-uniformity is given for each setting: 4.36% for the PV200 setting is,
1.51% for the PV800 setting and 1.81% for the PV1000 setting.

Table 3.5: Uncertainties of the pyranomator at settings PV200 (407 W/m2), PV800 (1186 W/m2)
and PV800 (1365 W/m2)

Type uncertainty Accuracy Divisor
u
PV200
[W/m2]

u
PV800
[W/m2]

u
PV1000
[W/m2]

Random effects and
systematic error 1,29 % 2 2,63 7,65 8,80

Calibration by
comparison 0,5 % 2 1,02 2,97 3,41

Long term drift 0,75 %
√

3 1,76 5,14 5,91
Voltage input module 3,13 W/m2 √

3 1,80 1,80 1,80
Resolution 0,08 W/m2 1 0,08 0,08 0,08
Non-uniformity 4,36 / 1,51 / 1,81%

√
3 10,25 10,34 14,26

Standard
combined uncertainty 10,92 14,28 18,19

Expanded
combined uncertainty 21,84 28,56 36,38

3.7.2 Flowmeters
The accuracy of flowmeters FM1 and FM2 are specified by KROHNE. In section J.1 an overview
of all specifications for the total flow range is presented. Table 3.6 shows the uncertainties for the
main operating flow rates.

Flowmeters FM1 and FM2 are inserted in an NI9203 analog input module. The systematic error
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of this input module is eliminated by translating the output signal. This is done by monitoring
the flowrate when there was no flow. The output signal should be 0 L/min in this case; however,
it is observed that there was a minimum offset of -1.33 · 10−3 L/min. Therefore, the output signal
was translated with 1.33 · 10−3 L/min in positive direction in order to eliminate the offset.

The repeatability of the flowmeters FM1 en FM2 is ± 0.1%.

Table 3.6: Standard combined uncertainties and expanded combined uncertainties of the flowrate.

Flowrate Accuracy Divisor ustd uexp
[L/min] [%] [-] [L/min] [L/min]
0,3 0,97

√
3 1.68 · 10−3 3.36 · 10−3

1 0,57
√

3 3.29 · 10−3 6.58 · 10−3

2 0,48
√

3 5.54 · 10−3 1.11 · 10−2

4 0,44
√

3 1.02 · 10−2 2.03 · 10−2

The calculation of the uncertainty of flowmeters FM3 and FM4 are not included in this section,
because the accuracy is irrelevant, as mentioned in section 3.4.2.

3.7.3 Thermocouples
In table 3.7 an overview of all contributing uncertainties are presented for a type T thermocouple.
It includes all uncertainties in the calibration chain and the resolution of the NI9212 temperature
input module of the set-up, which is 0.01°C.

During calibration it turned out that the random error was almost negligible, because it was never
higher than ± 1·10−3 in each measurement set. Therefore, it is decided not to show all different
random errors for each thermocouple. Instead the maximum random error of ± 1·10−3 is used for
all thermocouples.

The inhomogenity of the thermostatic bath is assumed to be 0.05°C, which is stated by Van
den Heuvel [15] and Degenhart [9]. The reference thermocouple, has an accuracy of ± 0.36°C.
Furthermore, the input module of the calibrator has some inacurracies. According to the the
manual of the Memocal 2000 the total uncertainty of this device can be specified by 2 accuracy,
namely: the accuracy of the cold junction and the accuracy of the internal thermocouple readout
electronics. The final uncertainty regarding the calibrator is the resolution of the display, which
is 0.05°C.

Table 3.7: Uncertainties of the thermocouples in the new set-up

Type uncertainty Accuracy Divisor u
[°C] [-] [°C]

Random error calibration 1 · 10−3

Inhomogeneity thermostatic bath 0,05 1 0,05
Resolution temperature input module 0,01 1 0,01
Reference thermocouple calibrator 0,36

√
3 0,21

Cold junction calibrator 0,4
√

3 0,23
Internal readout electronics calibrator 0,3

√
3 0,17

Resolution calibrator 0,05 1 0,05

Standard combined uncertainty 0,36
Expanded combined uncertainty 0,73
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3.7.4 Temperature difference
As can be seen in table 3.7 the expanded combined uncertainty is quite high. However, for the
calculation of the uncertainties of temperature differences all systematic errors of the calibration
setup can be cancelled out, because these errors are the same (and in the same direction) for both
thermocouples. This increases the accuracy of temperature differences significantly. In table 3.8
the uncertainties are presented regarding temperature differences of the thermocouples in the new
set-up. Since 2 thermocouples are involved to calculate a temperature differences, all uncertainties
are included twice to calculate the standard combined uncertainty. For this calculation the law of
error propagation is used, see equation (E.5).

Table 3.8: Uncertainties regarding a temperature difference of type T thermocouples.

Type uncertainty Accuracy Divisor u
[°C] [-] [°C]

Random error calibration (2x) 1 · 10−3

Inhomogenity thermostatic bath (2x) 0,05 1 0,05
Resolution temperature input module (2x) 0,01 1 0,01

Standard combined uncertainty 0,072
Expanded combined uncertainty 0,14

3.7.5 Comparison with ISO 9806
Table 3.9 shows the comparison with the ISO 9806 norm. It can be concluded that all requirements
are met, except of the requirement for the temperature difference. The uncertainty regarding the
temperature difference is determined by the quality of the calibration set-up. So if it is required
to lower this uncertainty in the future another calibration set-up need to be used, such as a high
quality calibration oven. Lab Technicians are currently conducting some research to realize this
in the future.

The sensors regarding the ambient temperature are calibrated by Degenhart and the uncertainty
was ± 0.04°C. Since Degenhart used the standard combined uncertainty instead of the expanded
combined uncertainty an uncertainty of ± 0.08°C is used.

Table 3.9: Required accuracy or uncertainty and the actual realized uncertainty.

Process
Parameter Required Accuracy Realized

Uncertainty/Accuracy

V̇ [L/min] std. uncertainty
< ±1% ± 0.97-0.44%

G Class 1 pyranometer
or better; ISO 9060 < ±36.4 W/m2

Tin see ∆T ± 0,73°C
Tout see ∆T ± 0,73°C

∆T Accuracy < 1%
std. uncertainty < 0.05 °C ± 0.14°C

Tamb std. uncertainty < 0.5 °C ± 0,08°C
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Experimental Research
All measurements for single- and multi-pass mode are carried out with a tilt angle of 45°.

4.1 Multi-pass

4.1.1 Method
In table 4.1 an overview of the measurement plan of the multi-pass mode is presented. The
information in this table is explained in depth in this section.

As explained briefly in chapter 1, there are four parameters which influences the dynamical re-
sponse of the multi-pass system, namely: flowrate, irradiance and both temperature zones of the
tank Tlow and Thigh. This temperature difference is called the tank temperature difference (∆Tt).

Table 4.1: Measurement (M.) plan multi-pass mode in order to determine the optical efficiency.

M. Irradiance Tlow ∆Tt Flowrate
[nr.] [W/m2K] [°C] [°C] [L/min]
1

PV200 = ± 400 10 35
1

2 2
3 4
4

PV800 = ± 1200 10 35
1

5 2
6 4
7

PV1000 = ± 1400 10 35
1

8 2
9 4
10

PV800 = ± 1200 20 20
1

11 2
12 4

According to the solar Keymark certificate F.2 and ISO 9806:2017 the normal operation condition
of the collector is 0.02 kg/s per gross collector area, which is 1.8 L/min. Degenhart [9] rounded
this value to 2 L/min to determine the collector coefficients. Therefore, it is decided to include
this flowrate in the measuring range. According to Conico Valves bv. flowrates below 1 L/min
are not recommended for the multi-pass mode, therefore the minimum value of 1 L/min is also
used. The maximum flowrate that is used in the measuring range is 4 L/min, simply be obtained
by taking the double value of the normal operation. 2 L/min can be considered as a relative high
flowrate and 4 L/min can be considered as a high flowrate. Higher flowrates are not recommended
with this set-up, because then the temperature difference across the collector becomes too low,
causing high uncertainty.

For the irradiance, 3 settings of the solar simulator with different irradiance are used, namely
PV200 (±400 W/m2m), PV800 (±1200 W/m2) and PV1000 (±1400 W/m2). Although ISO
9806:2017 recommends a minimum irradiance of 700 W/m2, the PV200 setting is still included in
the measuring range in order to study the temperature response inside the evacuated tubes. Ac-
cording to Degenhart [9] the efficiency slightly decreases if the irradiance decreases. He compared
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his theoretical approach with experimental results of Apricus [13]. They concluded that the effi-
ciency decreases with 2% if the irradiance was lowered from 900 W/m2 to 200 W/m2. According
to this research the decrease in efficiency was due the presence of non-condensable gases at lower
heat transfer rates.

These measurements were conducted at fully steady states conditions. However, during multi-
pass mode the process temperature are clearly not steady state. The irradiance has influence on
the dynamic temperature response of the heatpipes and thus also indirectly on the outlet and
inlet temperature, since there exists multiple loops during multi-pass mode. For a low irradiance
the periodically temperature increase is expected to be lower since the thermal power is lower.
Therefore, the total amount of loops the HTF needs to run is higher, which increases the total
cycle time. The total cycle time might have influence on the total thermal efficiency of the system;
therefore, it is decided to also study the effect off different irradiances PV200, PV800 and PV1000.

For ∆Tt it is decided to take one high temperature difference and one low temperature difference.
In consultation with Conico Valves a temperature difference of 30-40°C is considered as high
operation temperature difference and 20°C is considered as a relative low operation temperature
difference; therefore, the temperature differences of 20°C and 35°C are included in the measurement
plan.

For ∆Tt = 35°C the minimum possible value of 10°C is chosen for Tlow in order to ensure that Tm
is as close as possible to Ta and Tred is almost 0. The closer Tred is to zero, the closer the thermal
efficiency is to the optical efficiency, see chapter 2. The expected Tm is around 30°C; therefore,
a Tlow of 20°C for a ∆Tt of 20°C is chosen to approach a Tm of 30°C as close as possible (rough
estimation of (Tlow + Thigh)/2).

In general it is desired to compare thermal efficiencies at the same temperature difference between
Tm and Ta, to make a fair comparison. However, in practice this is not possible because Tm is
different for different flowrates and the ambient temperature is not always the same. Therefore,
in order to compare the thermal efficiencies of different operation conditions, the optical efficiency
will be calculated. With the optical efficiency it is possible to compare thermal efficiencies at Tred
= 0. The definition of Tred is described in section 2.2.

Calculation method thermal efficiency total system
The thermal- and optical efficiency of the collector can be calculated with equation 2.3 and 2.9.
However, the calculation of the thermal efficiency for the total system (or the tank) in multi-pass
mode should be determined slightly different, since the tank is charged periodically instead of
constant. Therefore, two variables are introduced, namely: the total cycle time (∆tcycle) and the
total charging time (∆tcharging). ∆tcycle is defined by the start of the cycle (t1) and the end of the
cycle (t3), see equation 4.1. ∆tcharging is defined by t1 and the end of charging (t2), see equation
(4.2). t1 and t3 are determined with sensor TC21, because this sensor is able to detect a cold flow,
coming from the tank, very accurately (This is the moment when the TDV opens and the tank
will be charged). t2 is determined with sensor TC1, since this gradient is higher and therefore
easier to capture during post processing. During charging the tank, still hot water is present in
the by-pass line. When the TDV closes again, sensor TC1 is able to detect when the hot water
from the by-pass is starting to flow again. TC1 is mounted on a 1 cm distance from the by-pass
and the time it takes for the fluid to travel this distance in neglected. TC21 is placed directly at
the outlet of the tank.

∆tcycle = t3 − t1 (4.1)

∆tcharging = t2 − t1 (4.2)
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Figure 4.1: Definition of the start of the cycle (t1), end of charging (t2) and the end of the cycle
(t3)

Then the total energy gain of the tank can be calculated with (4.3)

Et = Q̇t∆tcharging (4.3)

Where the thermal power of the tank Q̇t is defined by equation (4.4).

Q̇t = ṁcp∆Tt (4.4)

Furthermore, the total amount of incoming energy Ec,in is calculated with equation (4.5).

Ec,in = Q̇c,in∆tcycle (4.5)

Where Q̇c,in can be calculated with equation (2.1).

Finally, the thermal efficiency of the total system can be calculated with equation (4.6).

ηth,tot = Et
Ec,in

(4.6)

Calculation method heat loss piping

The heat loss of the piping during single-pass mode can simply be calculated equation 4.1.1.

Q̇loss = Q̇c,out − Q̇t (4.7)
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However, the heat loss of the multi-pass mode can not be simply calculated with , since the tank
is charged periodically instead of constant. Therefore, the heat loss is calculated with the total
energy gain of the tank (Et) and the collector (Ec,out) during one cycle.

Ec,out = Q̇c,out∆tcycle (4.8)

Q̇loss = Ec,out − Et
∆tcycle

(4.9)

4.1.2 Measuring procedure
The first step is to make sure that no air is trapped in the manifold of the collector. This is highly
important, because the collector needs sometimes to be disconnected from the set-up and during
the dismounting- and mounting process air enters the system. The air can be removed by pumping
the water with maximum flowrate (10 L/min) trough the collector and to ensure that the water
enters the tank via TC5. For safety it is recommended to hold this flowrate for 5 minutes to make
sure all the air can collect at the top op the tank an can be released by the air relieve valve. When
doing this, Tlow and Thigh mixes up; therefore, it is highly recommended to do this in the first
place!

Then the high temperature zone (Thigh) needs to heat up to the desired temperature. Both heaters
of 3 kW each are able to heat up this part of the tank with 22.5°C per hour. At the same time
the cooling circuit can cool the low temperature zone (Tlow) of the tank. When a temperature of
10°C is required this may take a couple of hours, since the minimum supply temperature of the
cooling circuit is around 9°C. At higher temperatures this will be considerably faster.

Approximately 30 minutes before Tlow and Thigh are expected to reach the desired temperature
the solar simulator can be turned on the right setting. It takes approximately 20 minutes before
the irradiance is stabilized. In the meantime the flowrate control can be set on "valve control" with
the desired setpoint, which means that the flow will be controlled by CV instead of the PWM
signal of the pump. Then a minimum of 45-60 minutes need to be waited in order to achieve
a periodically steady state condition. This is normally after a couple of cycles, see 3.14. When
periodically steady state is achieved a number of samples is taken with 1 HZ sampling rate. The
number of samples depends of the total cycle time.

After the measurements are being logged and saved a new flowrate can be set manually. It is
possible to conduct approximately 3 different flowrates per day. All measuring days are started
with 1 L/min, followed by 2- and 4 L/min. At one measuring day it is possible to measure 3 or 4
flowrates in total. Furthermore, it is recommended to only change the flowrate of the irradiance
at one day, because changing Tlow or Thigh takes to long.

Due to the low required thermal power of the top spiral heat exchanger it is recommended to use
the lowest PWM setting of 2 for PMP2. In some cases the heat exchanger still extracts more
heat than desired; therefore, the heater is set to automatic control with setpoint 45°C. Then, the
temperature of Thigh can be controlled steady.

The settings of the PID parameters can be found in table 4.2 for EMV1, EMV2 and CV. All PID
parameters are determined by trial and error. During multi-pass experiments the manual control
valve MCV is always fully open (position 5.0). Furtermore, the settings for the pumps and the
manual control valve are given in table 4.3.
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Table 4.2: Settings of PID parameters for multi-pass mode

PID
Parameters EMV1 EMV2 CV Unit

Kc 0,025 0,025 0,025 [-]
τi 0,02 0,02 0,02 [min]
τd 0,02 0,02 0,02 [min]

Table 4.3: Settings for all three pumps and the MCV for multi-pass mode. The flowrate in this
table corresponds to the flowrate of the solar circuit, thus the settings of PMP2 and PMP3 are
independent of that flowrate.

Flowrate PMP1
PWM

PMP2
PWM

PMP3
PWM MCV

[L/min] [-] [-] [-] [-]
1 2 2 10 5.0
2 5 2 10 5.0
4 20 2 10 5.0

4.1.3 Results Process Temperatures
The top three sub-figures in figure 4.2 show an overview of all process temperatures in the multi-
pass system during 1 cycle for 1, 2 and 4 L/min respectively for PV1000. The results of PV200
and PV800 are presented in appendix B.2. The bottom three sub-figures show an overview of
all temperatures inside the first evacuated tube, where the solid lines represent the absorber
temperatures and dashed lines represent the evaporator temperatures. At t = 0, the TDV has
been opened and the tank is being charged. The charge time is 249s, 112s and 56s for the flowrates
1, 2 and 4 L/min respectively. The cycle time is 718, 596 and 554 s respectively.

Evaluation process temperatures collector loop
In all three cases it can be observed that the first time, the cold stream flows through the collector,
the temperature increase is the highest. This is due to the high effective thermal capacity of the
collector. At flowrates of 2 L/min and higher it can be observed that the temperature response
dampens out after approximately 3 collector loops (at t = 400s for 2 L/min and at t = 200s for
4 L/min), which is caused by the thermal capacity of the piping and components. If the thermal
capacity of the piping and the components has been lower, this dampening would have been less.

Evaluation temperature overshoot
Although Thigh is 45°C it can be observed that TC2 (outlet temperature of the collector) and
TC4 (inlet temperature of the TDV) becomes higher during charging the tank. This temperature
overshoot is clearly higher at lower flowrates, which is due to the higher temperature difference
over the collector and the higher loop time (the time that 1 fluid particle need to travel 1 collector
loop). This can be explained as followed: when the TDV opens, the last particle in the fluid loop
increases more before it enters the tank, due to the higher temperature difference over the collector.
The higher the temperature overshoot, the higher the average temperature of the collector, which
might result in a lower thermal efficiency of the collector. Therefore, it is recommended to prevent
high temperature overshoots.
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Figure 4.2: Top: Process temperatures Solar Circuit. Bottom: Temperatures inside first evacu-
ated tube, solid lines are absorber temperatures and dashed lines are evaporator temperatures.
Conditions: PV1000, Tlow = 10°C, Thigh = 45°C
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Evaluation temperatures inside evacuated tube
The temperature overshoot also influences the temperature in the evacuated tubes. At lower
flowrates it can clearly be observed that the temperature increase between t = 0 and the maximum
temperature of the temperature of the condensor (Tc) is higher than at higher flowrates. It can
also be observed that temperature line lies slightly lower for higher flowrates, which indicates
that also the average temperature of the absorber might be is slightly lower, causing in a higher
efficiency for higher flowrates. This can also be observed in figure 4.7. This figure shows the
average temperature over the entire cycle. The average temperature difference between 1 and 4
L/min is approximately 1-2°C over the entire length of the evacuated tube. The difference between
the minimum temperatures of the condensor between 1 and 4 L/min is 2.25°C.

Global comparison with TRNSYS
When comparing the temperature response of TC2 and TC3 with an arbitrary output of TRNSYS,
see figure C.1 it can be concluded that the these two thermal capacities causes the difference
between the temperature response of the set-up and the model. So this has to be kept in mind
when using TRNSYS.
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4.1.4 Thermal Efficiency Total System
As mentioned before, the thermal efficiency of the total system also includes the heat losses of the
piping to the environment

In figure 4.3 four plots are presented with the thermal efficiency of the the total system versus the
flowrate. Also the error bars (expanded combined uncertainty) are included. The error bars are
approximately equivalent for all types of efficiencies; therefore, the error bars are only explained
for 1 type (the optical efficiency), see section 4.1.6. In each sub-plot an overview of the measuring
days (MD) are presented.
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Figure 4.3: Thermal efficiency total system vs. flowrate for multi-pass mode. For ∆Tt = 35°C a
Tlow of 10°C is used and for ∆Tt = 20°C a Tlow of 20°C is used.

In general it can be observed that the total thermal efficiency increases in all cases when increasing
the flowrate, which was already expected for single pass mode, according to literature and steady
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state experiments of Degenhart. This is now also confirmed for multi-pass mode.

As can be observed for PV1000, at MD1 the total thermal efficiency of the system is lower, which
is caused by the lower ambient temperatures of the collector and the set-up and thus higher heat
losses, see table B.2 in the appendix.

The average heat loss of the piping for PV800 and PV1000 are equivalent; however, the heat loss
of the piping during PV200 is approximately twice as much compared to PV800 or PV1000, which
is due to the much higher average temperature of the system. Therefore, the thermal efficiency of
the total system is considerably lower for PV200.

4.1.5 Optical Efficiency Collector
The optical efficiency is derived from the thermal efficiency of the collector. The graphs of the
thermal efficiency can be found in appendix B.3 an are used to support the findings for the optical
efficiency.

In figure 4.4 four plots are presented with the optical efficiency versus the flowrate. Also the error
bars (expanded combined uncertainty) for the optical efficiency are included. The error bars are
further explained in the next section. In each sub-plot an overview of the measuring days (MD)
are presented.

When you compare the thermal efficiency and the optical efficiency, the following can be concluded:
The shape of all curves and the position with respect to each other are similar. The values for
the optical efficiency are only corrected with Tred. Since Tred is higher for PV200 comparing to
PV800 and PV1000, the optical efficiency for PV200 is corrected with an higher amount.

For PV800 and PV1000 almost each flowrate is measured 3 times, to increase the reliability.
Unfortunately, there was not enough time left to do this for all cases. As can be observed the
optical efficiency increases in all cases when increasing the flowrate, which was already expected
for single pass mode, according to literature and steady state experiments of Degenhart, see 2.2.
This is now also confirmed for multi-pass mode. For PV800 and PV1000 the optical efficiency
increases with 3% when increasing the flowrate from 1 to 4 L/min. For PV200 this is 9%, which
is surprisingly unexpected. This can also be observed in the thermal efficiency of the collector, see
figure B.3. For more explanation of this phenomenon, see section 4.1.6.

In each sub-plot it can also be observed that the last measuring day has a slightly lower optical
efficiency, namely approximately -2.2%, -2.9% and -1.3% for PV200, PV800 and PV1000 respec-
tively. However, the irradiance G, Tm,c, Ta,c, Ta,setup (see table B.1) are approximately identical
for each measurement, which indicates that there might be some mechanical issues. All uncertain-
ties regarding the flowrate, irradiance, fluid properties and temperature differences are pointing in
the same direction for all measurements, so that is probably not causing the slightly lower optical
efficiency. This slightly lower optical efficiency might probably due to some of the effects below:

• The position of the collector with respect to the solar simulator might slightly deviate
• Each time, when the collector has been displaced each condensor was inspected in order to

check if the condensor was not slid down into the evacuated tube. It might be possible that
the thermal contact between the manifold and the condensor is not exactly the same. More
information about this phenomenon is presented in appendix K.1.

• The solar simulator is operating for more than 8000 hours after this research. The lifetime
of the lamps are approximately 8000 hours, and during this research 2 of them broke down,
see appendix K.2 for the position of those lamps. Initially, it was assumed that this had
minimum to zero effect on the thermal efficiency of the collector, because these lamps are
not placed in the region of the solar collector. It might also be possible that other lamps are
almost at the end their lifetime and irradiate less then normally. If this is the case, some
evacuated tubes receive less irradiance then the pyranometer measures, causing a slightly
efficiency drop.
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Figure 4.4: Optical efficiency vs. flowrate for multi-pass mode. For ∆Tt = 35°C a Tlow of 10°C is
used and for ∆Tt = 20°C a Tlow of 20°C is used.

Table 4.4: An overview of the periods in which each measurement took place. (MD =Measurement
Day)

M. Period PV200
∆Tt = 35°C

PV800
∆Tt = 35°C

PV1000
∆Tt = 35°C

PV800
∆Tt = 20°C

mid-December MD1 MD1, MD2 MD1, MD2, MD3 MD1
mid-January MD2 MD3
end-January MD4
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Total overview ∆Tt = 35°C
Figure 4.6 shows all multi-pass measurements for ∆Tt = 35°C in one graph to compare the influence
of the irradiance. As can be observed the optical efficiency is slightly higher for PV1000 compared
to PV800. The actual increase is 1.4 % on average. This value is calculated by taking the average
of all measurements and interpolating 1 value of 2 L/min at PV800.

The most remarkable observation is that the optical efficiencies for PV200 are higher than for
PV800 and for PV1000. It was expected that the optical efficiency decreases slightly when lowering
the irradiance, as explained in section 4.1.1; however, these results show clearly the opposite. This
is probably due to the much higher uncertainty, see section 4.1.6 for further explaination.
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Figure 4.5: Optical efficiency vs. flowrate for multi-pass mode with ∆Tt = 35°C and Tlow of 10°C
(all measurements).
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Optical efficiency comparison ∆Tt = 20°C vs. ∆Tt = 35°C at PV800 and 2 L/min
Figure 4.6 shows a comparison between the optical efficiency of ∆Tt = 20°C and ∆Tt = 35°C.
As can be observed the optical efficiency is almost identical for each flowrate. According these
measurements it can be concluded that the optical efficiency does not change significantly when
changing ∆Tt. However, only 1 measurement series has been conducted for ∆Tt = 20°C, so to
confirm this conclusion it is recommended to conduct 1 or 2 extra measurement series in the future.
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Figure 4.6: Optical efficiency vs. flowrate for multi-pass mode to compare ∆Tt = 20°C vs. ∆Tt
= 35°C at PV800 and 2 L/min. Tlow = 20°C for ∆Tt = 20°C and Tlow = 10°C for ∆Tt = 35°C.

4.1.6 Uncertainty Analysis Optical Efficciency
The calculation of the expanded combined uncertainties of all parameters are presented in appendix
E. For all PV800 and PV1000 measurements the expanded combined uncertainty for 1, 2 and 4
L/min are approximately ±0.024, ±0.028 and ±0.041 respectively. For PV200 this the expanded
combined uncertainty is 0.06, 0.08 and 0.12 respectively, which is almost 3 times higher. This
effect is mainly caused due to the uncertainty in ∆Tc. Table 4.5 shows the average ∆Tc for
different irradiances and flowrates in column 2-4 and the last three columns show the expanded
uncertainty expressed in percentage of the average value. The expanded combined uncertainty
of ∆Tc is 0.14°C, see also table 3.8. As can be observed the relative uncertainty for PV800 is
slightly higher than PV1000, because ∆Tc is also slightly higher. The highest uncertainty is lower
than 5%. A higher effect can be observed when comparing PV800 or PV1000 with PV200. In
this case the uncertainty can rise up to 14.4%, which is clearly not desired. This is, among other
things, also the reason why the ISO norm suggests that, for indoor collector testing, the irradiance
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must be higher than 700 W/m2. The steep gradient of PV200 might be explained due to the high
uncertainty, this uncertainty namely also increases sharply when increasing the flowrate. The
same error in ∆Tc might results in an overestimation of the thermal- and optical efficiency when
∆Tc is significantly low.

The uncertainty of the flowrate and the irradiance have more effect at lower measured values, since
the expanded combined uncertainty (expressed in percentage of the measured value) is relative
higher. Uncertainties in cp and ρ are negligible: 0.28 J/(kgK) and 0.16 kg/m3 respectively, see
section 3.7.

Also the random errors that occur during the measurements are negligible, because the amount of
samples is high enough and the process parameters are very stable. Examples of the random error
for the flowrate, irradiance and ambient temperature are: 0.001 L/min, 0.7 W/m2 and 0.009°C
respectively. The number of samples for each measurement depends on the total cycle time, but
the average number of samples for PV800 and PV1000 are 626 and for PV200 2253.

The horizontal error bars are excluded from figures 4.4 and 4.6, because these are to small to
visualize. The expanded combined uncertainty for 1, 2 and 4 L/min are ±0.006, ±0.012 and
±0.02 L/min in all cases.

Finally, the conversion from ηth to η0 adds and extra uncertainty which is in almost all cases less
than ± 0.001 (Tred is approximately 0.005 m2K/W). However, for PV200 this can rise up to ±
0.01, since Tred is approximately 0.03 m2K/W, due to a higher Tm and lower Ta.

Table 4.5: Average ∆Tc for each flowrate and irradiance. The last three columns represent the
expanded uncertainty expressed in percentage of the average value. The unit L/min is abbreviated
as L/m. to save space.

Irradiance
Average ∆Tc Expanded uncertainty (0,14°C)
@ 1 L/m. @ 2 L/m. @ 4 L/m. @ 1 L/m. @ 2 L/m. @ 4 L/m.
[°C] [°C] [°C] [%] [%] [%]

PV200 3,8 2,0 1,0 3,8 7,2 14,4
PV800 11,7 6,0 3,0 1,2 2,4 4,8
PV1000 13,5 7,0 3,5 1,1 2,1 4,1

At one day the pyranometer gave a very low signal, for example 50 W/m2. This is a problem
that was also observed sometimes a few years ago, but this year this problem never occurred,
except for 1 day. The signal came back after ticking on the pyranometer housing; therefore, a
small defect in the cable or cable connection is likely the case. Currently, lab technicians are
trying to solve this problem. This problem occurred on the 29th of January, which is MD4 for
PV1000. Therefore, an average value of 1369 is used for these measurements. This average value
is based on 37527 samples, with a minimum and maximum bound of 22 W/m2. Since 100% of the
samples are within these bounds, a minimum confidence interval of 95% can be assumed (expanded
uncertainty); therefore, a divisor of 2 is used to calculate the expanded combined uncertainty. Also
a maximum random error of 0.4 W/m2 is used for calculating the expanded combined uncertainty.
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4.1.7 Results temperature distribution in evacuated tubes
Figure 4.7 shows the average temperature difference inside the first evacuated tube during multi-
pass mode. It can be observed that the average temperature inside the evacuated tubes lowers
slightly when increasing the flowrate, which was also expected, because the lower the average
temperature inside the evacuated tube, the higher the efficiency of the collector.
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Multi-Pass PV800: Average temperatures inside evacuated tube
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Multi-Pass PV1000: Average temperatures inside evacuated tube
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Figure 4.7: Average temperature difference inside one evacuated tube during multi-pass mode.
Conditions: PV800, PV1000, ∆Tt = 35°C and Tlow = 10°C.
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4.2 Single-pass

4.2.1 Method
In order to make a comparison between single- and multi-pass mode it is desired to compare
the efficiency of both when having the same supply temperature of the tank. Only then, a fair
comparison is possible, because comparing with the same flowrate would result in lower supply
temperature for the tank, causing mixing of cold and hot water in the top of the tank.

The goal is to determine the thermal- and optical efficiency and to compare the temperatures in
the evacuated tubes to the measurements of the multi-pass mode at the same irradiance, Tlow and
∆Tt, resulting in a certain flowrate.

An overview of the measurement plan is given in table 4.6. Unfortunately, there was not enough
time left to conduct measurement 4. It also turned out that the flowrate becomes lower than 0.1
L/min for the setting PV200. Such a low flowrate is definitely not recommended, since thermal
stratification start to form at flowrates lower than 0.2 L/min, according to CFD results of Degen-
hart [9]. Furthermore, the flowmeters are internally limited to 0.1 L/min, which generally can be
adjusted by a service mechanic from KROHNE, but for this research it is decided not to measure
below 0.1 L/min to prevent thermal stratification in the manifold. Therefore, both measurements
1 and 4 are marked with a grey colour and are not conducted.

Table 4.6: Measurement (M.) plan single-pass mode in order to determine the optical efficiency

M. Irradiance Tlow ∆Tt
[nr.] [W/m2K] [°C] [°C]
1 PV200 = ± 400 10 35
2 PV800 = ± 1200 10 35
3 PV1000 = ± 1400 10 35
4 PV800 = ± 1200 20 20

4.2.2 Measuring procedure
The biggest difference in the measuring procedure between single-pass and multi-pass is that water
from the collector need to enter the tank via TC5 (the tank inlet at the top of the tank), instead
of via TC4 and the TDV. It is recommended to cool down the entire tank to the desired Tlow,
preferably during the night, since this takes very long to achieve 10°C for the entire tank.

Then almost the same procedure as for multi-pass is used, but now the flow is adjusted manually
in order to achieve the right supply temperature for the tank. However, this method is very time
consuming for the first time, because it is required to wait 30-60 minutes before a steady state
is reached. Therefore, a PID controller is developed in LabVIEW to automatically adjust the
flowrate. However, the settings of this controller still need to be optimised. Because the time was
limited to optimise the PID settings, the measurements in this research are conducted with the
manual operation, but in the future it is possible to automate this measurement.

The automatic control valve (CV) is able to control very low flowrates with high precision; however,
during the first tests it turned out that the flowrate becomes unstable when CV is operating at
an open position lower than 8% (typical flowrate < 0.5 L/min). This is thoroughly investigated
by turning of all automatic PID controller and operating CV manually. By trial and error, after
many testing days, it could be concluded that the pump caused these oscillations. The solution to
prevent this phenomenon is to also throttle the pump suction line, by setting the manual control
valve between 0.6-0.8 in stead of fully open (5.0). Then the flowrate becomes very stable, also
for flowrates lower than 0.5 L/min. It seems that the pressure of the supply- and suction line of
the pump is more balanced in this case, preventing the pump to become unstable. A theoretical
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substantiation has not yet be found, but this is very practical method to solve the problem of the
oscillating flowrate.

When steady state is achieved, after waiting approximately 60 minutes, a total of 900 samples will
be taken over a measuring range of 15 minutes.

The settings of the PID parameters can be found in table 4.7 for EMV1, EMV2 and CV. Again,
all PID parameters are determined by trial and error. One important difference is that the gain
(Kc) is higher for single-pass. With a higher gain a new constant flowrate can be faster obtained,
which is an advantage in this experiment. The single-pass mode is also more stable than the
multi-pass mode, so higher gain values still result in a steady signal. For multi-pass experiments
the system may become unstable when using such a high gain, because temperature variations
and TDV influences causes small disturbances in the flowrate.

Furthermore, the settings for the pumps and the manual control valve are given in table 4.8.

Table 4.7: Settings of PID parameters for single-pass mode

PID
Parameters EMV1 EMV2 CV Unit

Kc 0,025 0,025 0,1 [-]
τi 0,02 0,02 0,02 [min]
τi 0,02 0,02 0,02 [min]

Table 4.8: PWM signals for all three pumps for single-pass mode. The flowrate in this table corre-
sponds to the flowrate of the solar circuit, thus the settings of PMP2 and PMP3 are independent
of that flowrate.

Flowrate PMP1
PWM

PMP2
PWM

PMP3
PWM

[L/min] [-] [-] [-]
≤1 2 0 10
>1 ≥5 0 10

Temperature measurements inside one evacuated tube
All temperatures inside the the first evacuated tubes are measured in order to compare these
results with multi-pass mode. It is highly important that the comparison is done with exactly the
same fin orientation. This will be further explained in the next section.

The temperature measurements are also conducted to investigate whether or not thermal strat-
ification occurs at lower flowrates inside the manifold. Degenhart [9] concluded that thermal
stratification occurs at flowrates lower than 0.2 L/min; however, I expect that this already occurs
at slightly higher flowrates. To investigate this phenomenon, each single-pass measurement is
conducted twice. The first experiment is conducted in normal operation, which means that the
temperature measurements take place in the first tube after the inlet of the collector. In the second
experiment the in- and outlet of the collector are reversed, which is possible due to the flexible
tubes. During this experiment the temperature measurements take place in the 10th tube (last
tube). By comparing both condensor temperatures it can be concluded whether or not thermal
stratification occurs.
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4.2.3 Additional experiment temperature distribution in evacuated tubes
The measured temperature distribution inside the evacuated tubes highly depends on the axial
position and the rotation of the aluminum fin. A small change in position might result in different
temperatures. During this research 3 thermocouples went loose of the aluminum fin; therefore, the
fin has been dismounted and the thermocouples are attached with new aluminum tape. In order
to check how significant this effect is, one measurement is conducted with PV800 and 2 L/min
(Single-pass) to compare the results with Degenhart, see figure 4.9 for the results.

4.2.4 Results Optical efficiency
Figure 4.8 shows the optical efficiencies for single-pass mode with ∆Tt = 35°C and Tlow = 10°C.
Measurement day 1 took place on the 15th of January and measurement day 2 took place on the
27th of January. In order to obtain an inlet temperature of the tank of 45°C, a flowrate of 0.34
L/min is required for PV800 and 0.39 L/min for PV1000. It can also be observed that the average
optical efficiency is 0.74 and 0.73 for PV800 and PV1000 respectively, which is approximately the
same if the uncertainty is taken into account. In the next section this will be further explained in
the uncertainty analysis.
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Figure 4.8: Optical efficiency vs. flowrate for single-pass mode. Conditions: ∆Tt = 35°C and Tlow
= 10°C.
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4.2.5 Uncertainty analysis
Also for single-pass measurements, the calculation of the expanded combined uncertainties of
all parameters are presented in appendix E. It can be observed that for single-pass mode the
expanded uncertainty of the optical efficiency has the same order of magnitude as for multi-pass
mode at 1 L/min. At lower flowrates, the uncertainty of the irradiance, flowrate and temperature
difference have an almost equal contribution to the total combined uncertainty. The expanded
uncertainty of ∆Tc, flowrate and irradiance relative to its measured value are approximately 0.4%
1.1% and 1.2% respectively. So, the uncertainty of the flowrate and the irradiance has two times
more contribution to the total expanded combined uncertainty than the uncertainty of ∆Tc for
single-pass mode.

Also here the random errors that occur during the measurements are negligible, because the
amount of samples is high enough and the process parameters are very stable.

In this case the horizontal error bars are included, since the relative uncertainty of the flowrate
becomes higher for lower flowrates, see chapter E. The order of magnitude of this error is ± 0.004
L/min.

Finally, the extra uncertainty regarding the conversion from ηth to η0 is negligible, since Tred is
approximately zero, namely -0.001 m2K/W.

4.2.6 Results temperature distribution in evacuated tubes
Reference measurement
As mentioned in section 4.2.2 the measured temperature distribution inside the evacuated tubes
highly depends on the axial position and the rotation of the aluminum fin. Therefore, one reference
measurement is conducted with PV800 and 2 L/min to compare the results with the results of
Degenhart [9]. Figure 4.9 shows the results of the temperature distribution of the current position
of the fin and the results of Degenhart. The blue solid lines represent the actual measurements
and the orange solid lines represent the measurements of Degenhart. The solid lines represent the
measurements close to the absorber and the dashed lines represent the measurements close to the
evaporator (heatpipe). Also the temperature differences between the absorber and the evaporator
are shown. This temperature difference is a measure for the transferred heat trough one fin ’arm’.
As can be seen in 2.2, the fin consist of two arms. The heat of the absorber is transfered via those
arms to the evaporator.

As can be observed, the water- (heat transfer fluid) and the condensor temperature are approx-
imately the same, which was also expected, since all conditions are equal. This means also that
the transferred heat of the evacuated tube to water is approximately the same. However, there is
a relative large difference in the temperature distribution of the absorber and evaporator. From
position 850mm to 1800mm the temperature matches quite well, but at lower positions the tem-
perature deviate considerably.

It can also be observed that the temperature difference deviates approximately 5°C. Out of these
observations it can be concluded that, in the actual measurements, the evacuated tube supplies
approximately the same amount of heat to the water in the manifold and that a larger part of
the transferred heat is transported via the other arm of the fin instead of via the arm were the
thermocouples are mounted. This is probably due to the fact that the fin is positioned in a slightly
different way than before.
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Figure 4.9: Reference measurement: Temperature distribution inside one evacuated tube. Current
Position Fin vs. Position Degenhart at PV800 and 2 L/min.

Single-Pass with ∆Tt = 35°C
Figure 4.10 shows the temperature distribution inside the evacuated tube for PV800 and PV1000
during single-pas mode. Position 0mm corresponds to the bottom of the heatpipe (evaporator)
and position 1700mm corresponds to the condensor. The temperature of the heat transfer fluid is
the inlet temperature of the collector. In each sub figure the upper two lines (coloured in orange)
correspond to a temperature measurement in the last tube (tube 10) and the two lower lines
correspond to a temperature measurement in the first tube (tube 1). In all cases the temperature
rises between the condensor and position 1150mm, then the temperatures remains approximately
the same until position 250mm en then the temperature rises again. As can be observed for PV800
and PV1000 the temperature difference between tube 1 and tube 10 is mainly determined by the
difference in condensor temperature, which is 20.8°C and 21.3°C respectively. These temperature
differences are relative low, because the temperature difference over the collector (∆Tc) is 34.9°C
for PV800 and 34.8°C for PV1000. This might possibly be due to some thermal stratification inside
the manifold. It is expected that no thermal stratification occurs when the difference of condensor
temperature between tube 1 and tube 10 is almost equal to ∆Tc. Furthermore, it can be observed
that the temperatures inside the evacuated tubes are higher for PV1000 than for PV800, which
due to the higher irradiation. Also the average temperature difference between the condensor and
evaporator are approximately constant over the heatpipe length, this also a measure for the total
heat that is transported in radial direction. The heat flux in radial direction (from absorber to
evaporator/heatpipe) is defined as Q̇ = ∆T/R, where R is the same accross the fin.

The increase in temperature at the bottom of the heatpipe is probably due to the fact that the
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heatpipe is shorter than the aluminum fin and the absorber tube. This means that the heatpipe
collects more heat at the bottom of the tube. However, the temperature difference between
the absorber and the evaporator is not higher in this region, probably because this heat is also
transported in axial direction via the aluminum fin and not only in radial direction (the sensors
can only detect a temperature difference in radial direction). Degenhart [9] concluded that no
dry-out takes place during single-pass measurements at tilt angles of 45°C, so the temperature
increase at the bottom of the heat pipe is not due to dry-out.
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Figure 4.10: Temperature distribution inside one evacuated tube during single-pass mode with
conditions: PV800 (0.34 L/min), PV1000 (0.39 L/min), ∆Tt = 35°C, Tlow = 10°C.
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4.3 Single-Pass vs Multi-Pass

4.3.1 Thermal efficiency of the total system
Figure 4.11 shows an overview of the comparison of the thermal efficiency of the total system
between single- and multi-pass mode. In the legend MP stands for ’Multi-Pass’, SP stands for
’Single-Pass’ and MD stands for ’Measurement Day’.

For single-pass measurements the total thermal efficiency of the system is approximately 0,73 on
average, for both PV settings PV800 and PV1000. The heatloss of the piping is 9 Watt on average.
And other conditions for PV800 and PV1000 are: Tm,col = 29,1°C for both PV settings, Ta,col =
29,5°C and 29,8°C respectively and Ta,setup is equal to 25.1°C in all cases.
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Figure 4.11: Comparison between single- and multi-pass mode: Thermal efficiency total system
vs. flowrate. For ∆Tt = 35°C a Tlow of 10°C is used.

All specific process values of the multi-pass mode are presented in table B.1 and B.2. One im-
portant thing to emphasise is that the mean temperature of the collector Tm,col during multi-pass
mode is in all cases higher than 35.5°C, which is 6°C higher than single-pass. The ambient temper-
ature of the collector Ta,col during multi-pass is approximately 28.9°C, which is almost the same
as during single-pass mode. Ta,setup was 24°C on average, which is 1.1°C lower than single-pass.
Finally, the average heat losses of the piping were 31 Which is approximately 3 times higher than
single-pass.

Conclusion
It can be concluded that the multi-pass mode operates at higher average temperatures. Due to the
higher Tm,col and thus also an higher average fluid temperature in the entire loop of the system,
the multi-pass mode has more heat losses in the piping. Although the multi-pass mode has more
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heat losses in the piping the total efficiency is still higher than single-pass mode at flowrates higher
than approximately 1.5 L/min for PV1000 and 3 L/min for PV800.

4.3.2 Optical Efficiency
On collector level it is more convenient to compare the optical efficiencies, since the mean tem-
perature of the collector is approximately 6°C higher during multi-pass operation.

When comparing the optical efficiency with the multi-pass mode it might be more realistic to
compare the values with the measurements in the same period, since it turned out that the optical
efficiency was slightly lower in this period. However, it might also be interesting to compare the
single-pass results with the multi-pass results in December. In figure 4.12 both comparisons are
presented. The top figure is a comparison with measurements in January (worst case scenario)
and the bottom one is a comparison with measurements in December (best case scenario).

It can be concluded that the multi-pass mode is 0,4 to 1,7% more efficient for PV800 and 1,6 to
4,7% for PV1000 in worst case scenario. For best the best case scenario these percentages are
slightly higher, namely: 2,3 to 5,8% more efficient for PV800 and 2,8 to 6,1% for PV1000
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Figure 4.12: Single-pass vs Multi-pass at PV800, PV1000, ∆Tt = 35°C and Tlow = 10°C.
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4.3.3 Temperature distribution in evacuated tubes
Figure 4.13 shows a comparison of the temperature distribution inside the evacuated tube between
single-pass (SP) and multi-pass (MP) mode.

As can be observed the temperatures of the multi-pass mode lies between the single-pass measure-
ments in tube 1 and tube 10. These lines are proportional to the temperatures heat transfer fluid
and the condensor.
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Figure 4.13: Temperature distribution in evacuated tube: Single-Pass (SP) vs Multi-pass (MP) at
PV800, ∆Tt = 35°C and Tlow = 10°C.

Analysis Dry-ing out heatpipes
As mentioned before, Degenhart [9] concluded that no dry-out takes place for single-pass mode
at a tilt angle of 45°. The increase in temperature at the bottom of the heat pipe is more likely
caused by the fact that the fin is longer than the heat-pipe, resulting in more added heat due to
axial heat transport through the fin. Since the average temperatures of the multi-pass mode show
similar behaviour (only a steep increase for the lower three thermocouples), it can be concluded
that no dry-out occurs during multi-pass mode for PV800. The same holds for PV1000, because
this shows similar behaviour, see figure 4.7.
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Chapter 5

Thermo-Differential Valve

5.1 Thermo Differential Valve
In section 3.3.2 the working principle of the TDV is already explained. This chapter includes a
theoretical approach of the switching moment and the switching time of the TDV. Furthermore,
some experimental results are presented at the end of this section in order to compare these with
the theoretical approach.

5.1.1 Switching moment
Now the general working principle is clear, the thermodynamics inside the actuator can be ex-
plained. The switching moment is defined as the moment when the liquid in the actuator starts
to flow into the float (in closed position) or into the container (in open position); it is highly
important to emphasise that this is not the moment when the float starts to move.

The driving force behind this principle is the difference in vapour pressure inside the container
and the float. The moment when the liquid starts to flow, depends on the required minimum
temperature difference between the inlet of the TDV and the tank temperature. When this
minimum temperature difference is reached, the actuator is in thermodynamic equilibrium and
the liquid will be forced from container to float or from float to container. This thermodynamic
equilibrium is explained in formula form below, for opening- and closing the TDV respectively.

Opening TDV
In figure 5.1 a cross-sectional view of the TDV in closed position is presented. As explained before,
in this position all liquid is stored in the container. In this figure it can be observed that the liquid
in the container needs to overcome a height (∆h) in order to flow into the float. In other words:
The vapor pressure inside the container (Pv,1) needs to be equal to the vapour pressure in the
float (Pv,2) plus the hydrostatic pressure defined by ∆h, see equation (5.1).

Figure 5.1: This figure shows the locations of the vapour pressure inside the container and the
float. It also shows the height that the liquid needs to overcome in order to flow into the float.

Pv,1(T1) = Pv,2(T2) + ρ2g∆h (5.1)

With ρ2 the density at the temperature of the tank T2. In this calculation T2 is assumed to be
constant. When equilibrium of equation (5.1) is reached, the entire tube is filled with liquid, but
there is no flow to the float.
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Equation (5.1) can be solved numerically in order to obtain the required minimum inlet temper-
ature of the TDV (T1,min). Then the minimum required temperature difference can be obtained
by equation (5.2):

∆TTDV,min = T1,min − T2 (5.2)

With ∆TTDV,min is the minimum temperature difference between the minimum required inlet
temperature of the TDV (T1,min) and the tank temperature (T2).

Closing TDV
Almost the same procedure holds for closing the TDV, but now all liquid is stored in the float and
needs to overcome a height ∆h to flow to the container. The ∆h is the same as for opening the
TDV. In this case the required minimum inlet temperature of the TDV (T1,min) can be obtained
by solving equation (5.3) numerically.

Pv,2(T2) = Pv,1(T1) + ρ2g∆h (5.3)

Then the minimum required temperature difference can be obtained by equation (5.4):

∆TTDV,min = T2 − T1,min (5.4)

Since ∆TTDV,min depends on the tank temperature it is useful to show this relationship. As a
result,∆TTDV,min is calculated as function of tank temperature and presented in figure 5.2. It can
be observed that ∆TTDV,min is slightly higher, which is due to the difference in fluid properties
around the tank temperature.
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Figure 5.2: Required temperature difference (∆TTDV,min) to obtain thermodynamic equilibrium
(switching moment) inside the actuator as function of tank temperature. For opening the TDV
holds: ∆TTDV,min = T1,min − T2; for closing the TDV holds: ∆TTDV,min = T2 − T1,min

5.1.2 Switching time
When ∆TTDV,min is reached, the entire tube is filled with liquid and the actuator is in perfect
thermodynamic equilibrium. Then, if the inlet temperature of the TDV increases slightly more,
the liquid enters the float in closed position or it enters the container in open position. At some
moment in time, there is enough liquid transferred such that the TDV opens or closes. So, first
the amount of liquid that needs to be transferred, should be calculated in order to determine the
switching time. It is assumed that the time that it takes to open or close the valve can be neglected.
Thus, the switching time can be defined as the time it takes to fill the float (or container) until
the right amount of liquid is reached, counted from the switching moment on.
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To determine the switching time, more insight into the moment balance around the pivot point of
the TDV is needed. Figure 5.3 gives an overview of all forces that apply on the actuator in closed
position. In open position all forces, except the release force (Frelease), have the same direction.
As can be seen, the direction of Frelease is counterclockwise in closed position, but in open position
the direction of Frelease is clockwise. Figure 5.3 also shows a pivot point (p), the centre point of
the housing of the TDV (c), the centre point of the tube (t) and the centre point of the float (f).
Also the corresponding moment arm lengths are given in this figure.

Figure 5.3: An overview all forces that apply on the container, the tube and the float of the TDV
in closed position. In addition, the corresponding moment arms are presented.

Where Frelease is release force of the TDV. This force can be derived from the pressure drop over
the TDV. Actually, this pressure drop consists of a few terms, for example the in- and outflow
effects, the blockage effect of the top of the container and the resistance of the sidewall of the
container. It is assumed that all effects are negligible compared to the resistance of the sidewall
of the container; therefore, the entire pressure drop is entirely translated into one force (Frelease),
see equation (5.5). This force applies on the sidewall of the container.

Ffr, valve = ∆Pfr,valve ·Ac,ring (5.5)

Where Ac,ring is the cross-sectional flow area of the v-ring (Ac,ring = π/4 · Dring
2). On both

outlets of the TDV a v-ring of the type va-20 is used, which has a diameter (Dring) of 26 mm.

The pressure drop in equation 5.5 is calculated by equation (5.6).

∆Pfr, valve =
(
Qv
Kvs

)2
· 100000 (5.6)

Where Qv is the flowrate in m3/h and Kvs is the flow coefficient, which is equal to 8.0 m3/h. In
open position the Kvs value might be slightly lower, because the tube of the actuator might block
some of the flow. However, this value is not entirely verified by Conico Valves bv. and therefore
the same Kvs value of 8.0 m3/h is used for open position.

In general a buoyancy force can be defined as the weight of the displaced fluid times the grav-
itational constant (g), which acts in the opposite direction of gravity. Both tube and float are
submerged in water; therefore, they experience a buoyancy force. These buoyancy forces can be
calculated using equation (5.7) and (5.8) respectively.

Fb, float = ρw · Vfloat · g (5.7)

Fb, tube = ρw · Vtube · g (5.8)

With ρw represents the density of the water in the thank, Vfloat the volume of the float and Vtube
the volume of the tube.
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All gravitational forces are obtained by multiplying the mass of the object times g, see equation
(5.9), (5.10) and (5.11) . In this calculation it is assumed that both gravitational- and buoyancy
forces apply on the centre of the object. Furthermore, the mass of vapour in the float is assumed
to be negligible.

Fm, tube = mtube · g (5.9)

Fm,liq tube = mliq, tube · g (5.10)

Fm, float = mfloat · g (5.11)

After calculating all constant forces, the required amount of transferred liquid can be calculated.
This can be realized by taking the moment balance around pivot point p, followed by calculating
the required gravitational force on the float. This force can be calculated if the sum of the moments
around pivot point p is zero. Because the moment balance for opening and closing the TDV slightly
differs, both will be presented below.

Moment balance when TDV opens
When opening the TDV, the moment balance can be directly extracted from figure 5.3, resulting
in equation (5.12). In this equation is the clockwise direction the positive direction.

∑
Mp = (Fm, tube + Fm, liq tube − Fb, tube) · rtube

+ (Fm, float + Fm, liq float(t)− Fb, float) · rfloat − Ffr, valve · rc = 0
(5.12)

Next, the required gravitational force due to the liquid inside the float (Fm, liq float(t)) can be
calculated, see equation (5.13).

Fm, liq float(t) = (Fb, tube − Fm, tube − Fm, liq tube) ·
rtube
rfloat

+ Fb, float − Fm, float

+ Ffr, valve ·
rc

rfloat
= 0

(5.13)

Finally, the required mass that needs to be transferred (mliq, trans(tend)) can be determined by:

mliq, trans(tend) = Fm, liq float(tend)
g

(5.14)

Moment balance when TDV closes
When closing the TDV, the moment balance can not be directly extracted from figure 5.3, because
in this case the friction force (Frelease) applies in clockwise direction instead of counterclockwise
direction. Therefore, a new moment balance need to be used. By rearranging the new moment
balance, equation (5.15) can be obtained.

Fm, liq float(t) = (Fb, tube − Fm, tube − Fm, liq tube) ·
rtube
rfloat

+ Fb, float − Fm, float

− Ffr, valve ·
rc

rfloat
= 0

(5.15)
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Subsequently, mliq, trans(tend) can be calculated by equation (5.16). Note that, the fluid flows
from the float to the container in this case.

mliq, trans(tend) = mliq, tot −
Fm, liq float(tend)

g
(5.16)

Where mliq,tot is the total mass of liquid inside the actuator.

In figure 5.4 the required mass-fractions that need to be transferred to open or close the TDV at
different flowrates are presented. In this figure the calculated mliq, trans(tend) is normalized with
mliq,tot. As can be seen, more mass need to be transferred in order to close the TDV. Furthermore,
it can be observed that slightly more mass needs to be transferred for higher flowrates.
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Switching Time when TDV Opens
Since the required amount of mass that needs to be transferred is determined, the time that it
takes to transfer this amount of liquid can be calculated. Therefore, the velocity in the tube of
the actuator needs to be determined first. If liquid is flowing through the tube an extra pressure
drop term needs to be added to equation (5.1), resulting in equation (5.17).

Pv1(T1) = Pv2(T2) + ρ2g∆h+ ∆Pfriction(vtube) (5.17)

If the inlet temperature of the TDV remains constant, also the pressure drop inside the tube as
well as the velocity remains constant. The pressure drop inside the tube is defined as followed:

∆Pfriction(vtube) = f
Ltube
Di,tube

ρmvtube
2

2 (5.18)

The corresponding friction factor is obtained from VDI Heat Atlas [7]. In this handbook the
Hagen-Poiseuille law is used for the friction factor for laminar flow and is described by equation
(5.19). This equation applies very accurately to smooth tubes with a maximum absolute roughness
of 0.07 ·10−3. According to the producer (Sandvik) the absolute roughness is lower than 0.4 ·10−6;
therefore, equation (5.19) is valid and can be used for Re < 2320.

fl = 64
Re

(5.19)

According to Blasius [7], the friction factor between 3000 < Re < 100.000 can be determined by
equation (5.20). This equation holds for tubes with a maximum absolute roughness of 0.001-0.002
·10−3.

ft = 0.3164
Re0.25 (5.20)

In the region between Re = 2320 and Re = 3000 an interpolation between fl and ft is used:

ftrans = f2320 + f3000 − f2320

3000− 2320 · (Re− 2320) (5.21)

By rewriting equation (5.18), the velocity inside the tube can be obtained:

vtube =

√
2Di,tube∆Pfriction(vtube)

fLtubeρm
(5.22)

Finally, the corresponding flowrate (V̇ in m3/h) and the switching time can be calculated with
equation (5.23) and (5.24) respectively. This is an iterative process since a velocity needs to be
guessed in the first iteration. In the calculation of equation 5.23 it is assumed that the pressure
drop in the tube is the determining factor of the flowrate in the tube and not the speed of the
formation of vapour (m3/s) in the container or float.

V̇ = Acvtube (5.23)

ts = Vl

V̇
(5.24)
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Where Ac is the cross sectional flow area of the tube and Vl is the volume of liquid that needs to
be transferred. This volume is retrieved by dividing mliq, trans(tend) by the density of the liquid.

Figure 5.5 gives an overview of the switching times for opening and closing the TDV. As mentioned
before, the the switching time also depends on the flowrate and the inlet temperature of the TDV.
Therefore, the switching times are calculated for different inlet temperatures and presented in each
subplot. The switching times are also given for a low flowrate (1 L/min) and a high flowrate (4
L/min), see the top and bottom figures respectively.

Conclusion
It can be concluded that the switching time is higher for closing the TDV, which is caused by
the fact that more liquid needs to be transferred. It can also be observed that the switching
time decreases for higher inlet temperatures, which is caused by a higher driven force between
the container and the float. The difference in switching time between a low and high flowrate is
not significant according figure 5.5. Furthermore, it is important to notice that the shape of the
curves is due to the friction factor of the tube of the actuator, see figure 5.6.
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Figure 5.5: Switching times for opening and closing the TDV for flowrates of 1 L/min and 4
L/min. In each sub figure the switching times of different inlet temperatures are presented.
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Figure 5.6: Friction factor of the tube of the actuator in laminar, transition and turbulent region.

5.2 Experimental results
In table 5.1 the experimental results of the actual temperature difference are presented. Also the
number of cycles (samples) and the standard deviation is given in this figure. In these experiments
the lower tank temperature was 10°C and the higher tank temperature was 45°C.

As can be observed, all temperature differences for PV800 and PV1000 are significantly higher
than the calculated theoretical values at the switching moment of figure 5.2. However, for PV200
the theoretical model very accurately predicts the temperature difference when opening the TDV.

This is probably caused by the fact that during operation of the multi-pass system the inlet tem-
perature of the TDV is never constant. Each time the TDV opens or closes there is a temperature
gradient present at the inlet of the TDV. The higher this temperature gradient, the higher these
differences can be, because the container of the TDV needs time to heat up. According these ex-
perimental results it can be concluded that the thermal inertia of the container (including fluid) is
of importance. Therefore, the theoretical static value may deviate from the experimental results.
This can also be observed when closing the TDV, since there the gradient is much steeper als the
temperature differences are higher.

In figure 5.7 an overview of all process temperatures of the solar circuit of one cycle are presented.
The blue dot represents the temperature at which the TDV opens and the blue dot represents the
temperature at which the TDV closes. In addition, the presence of a temperature gradient before
opening and closing can be clearly observed. It can also be observed that the gradient right before
closing the TDV is higher than right before opening the TDV.
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Table 5.1: Temperature differences between the inlet of the TDV and the tank temperature during
multi-pass. In these experiments Tlow = 10°C and Thigh = 45°C.

Setting Flowrate ∆T Opening TDV ∆T Closing TDV
[-] [L/min] [°C] [°C]

PV200
1 0,40 4,17
2 0,34 6,49
4 0,36 10,68

PV800
1 1,74 4,55
2 1,34 7,13
4 1,25 11,14

PV1000
1 1,77 4,84
2 1,55 7,16
4 1,43 11,03
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Figure 5.7: Temperatures of the solar circuit during one cycle; PV800; 2 L/min; Tlow = 10°C;
Thigh = 45°C

Limitations of the model
The thermal inertia of the container and the fluid inside the container are not included in this
model. In future research this thermal inertia can be included.
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Chapter 6

Conclusions and Recommendations
The main goal of this research was to design and built an experimental set-up in order to conduct
measurements on the single- and multi-pass mode of the DMP Solar System of Conico Valves.

6.1 Conclusions
In this research experiments are conducted in order to determine the thermal- and optical efficiency
of an evacuated tube collector during single- and multi-pass mode of the DMP Solar System. Also
the total thermal efficiency of the entire system is evaluated for single- and multi-pass mode.

In order to do so, a new experimental set-up has been designed and built in order to run the
single- and multi-pass mode of the DMP-Solar system. The set-up is able to capture the dynamic
behaviour and complies with the requirements of ISO 9806 norm in all cases except for one. The
only requirement which is not met is the requirement regarding the temperature difference. The
actual expanded uncertainty is ± 0.14°C, while ± 0.05°C is required. So if it is required to lower
this uncertainty in the future, another calibration set-up need to be used, such as a high quality
calibration oven. Lab Technicians are currently conducting some research to realize this in the
future. The stability of all process parameters during multi-pass experiments also comply with
the ISO 9806 norm.

After the experimental set-up has been built, experiments were conducted to determine the thermal
performance of the system. It turned out that there are four parameters which influences the
dynamical response of the multi-pass system, namely: flowrate, irradiance and both temperature
zones of the tank Tlow and Thigh. This temperature difference is called the tank temperature
difference (∆Tt). Experiments are conducted with varying flowrate, irradiance and ∆Tt. This
research does not include variations in Tlow. Most of the experiments are conducted with ∆Tt =
35°C.

Below conclusions are presented regarding different research subjects.

Temperature distribution in evacuated tubes
Degenhart showed that no dry-out takes place for single-pass mode at a tilt angle of 45°. Since it is
shown in this research that the average temperatures inside the evacuated tubes of the multi-pass
mode show similar behaviour as for single-pass mode, it can be concluded that no dry-out occurs
during multi-pass mode.

By evaluating the temperatures in the evacuates tubes during single-pass mode, it was observed
that thermal stratification may play a role. Although Degenhart showed in his CFD model that
thermal stratification only starts to occur at flowrates lower than 0.2 L/min, it is observed that
during single-pass mode, with a flowrate of approximately 0.3 L/min, thermal stratification already
starts to occur. This is probably due to some simplifications in the CFD model. The in- and
outflow effects of the collector were not incorporated.

The average temperature difference inside the first evacuated tube during multi-pass mode slightly
decreases when increasing the flowrate, resulting in an increase in collector efficiency.
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Thermal efficiency of total system
It can be concluded that the multi-pass mode operates at higher average temperatures. Due to
a higher mean temperature of the collector and thus also a higher average fluid temperature in
the entire loop of the system, the multi-pass mode has more heat losses in the piping. Although
the multi-pass mode has more heat losses in the piping the total efficiency is still higher than
single-pass mode at flowrates higher than approximately 1.5 L/min for PV1000 and 3 L/min for
PV800.

Optical Efficiency
For ∆Tt = 35°C it can be concluded that by increasing the irradiance from 1200 to 1400 W/m2

this results in a an increase of 1.4% in optical efficiency. However, for an irradiance of 400 W/m2

the opposite was observed. This is probably due to fact that the temperature difference over the
collector is to small, causing high uncertainties (up to 14.4% of the measured value). Therefore,
measurements on the multi-pass system with the PV200 setting are not recommended for the
multi-pass mode.

In all experiments the thermal- and optical efficiency increases when increasing the flowrate during
multi-pass mode.

When analysing the optical efficiency, it can be concluded that the multi-pass mode is 0,4% to
1,7% more efficient for PV800 and 1,6% to 4,7% for PV1000 in worst case scenario. For best the
best case scenario these percentages are slightly higher, namely: 2,3% to 5,8% more efficient for
PV800 and 2,8% to 6,1% for PV1000.

One experiment is conducted with a lower ∆Tt (∆Tt = 20°C) concluded to compare low tem-
perature difference between the low- and the high temperatur zone of the tankthat the optical
efficiency does not change significantly whenchanging DeltaTt. However, only 1 measurement
series has been conducted for DeltaTt = 20°C, so toconfirm this conclusion it is recommended to
conduct 1 or 2 extra measurement series in the future.

TDV
Furthermore, a solid basis for a model of the TDV has been developed. This model needs to be
improved in the future by adding the thermal inertia of the container and the fluid.

6.2 Recommendations for future research
Experimental set-up
There are some practical recommendations regarding the new test set-up. These can be listed as
follows:

• The current settings of all PID controllers are tuned by trial and error to perform the first
experiments. Although , the process parameters were very steady during the experiments it
would really help to automate the experiments.

• The uncertainties of the efficiencies might be reduced slightly in the future by calibrating the
ambient sensors together with the rest of the sensors in the new experimental set-up. Now, 2
different calibration procedures are used (current procedure, and procedere by Degenhart),
which causes a slightly higher uncertainty.

• Measurements on the multi-pass system with the PV200 setting are not recommended, since
the temperature difference over the collector is to small in this case, causing high uncertain-
ties. It can only be used at very low flowrates. If it is desirable in the future to conduct
experiments with PV200, it might be possible to add some extra evacuated tubes to the
collector to increase the temperature difference over the collector.

• It is also recommended to use a more powerfull pump in the old experimental set-up to
increase the flowrate in the primary flow of the hydraulic separator in the cooling circuit.

• It is highly recommended to use a tube stopper for the evacuated tubes in the future, to
prevent the heatpipes from sliding down into the evacuated tubes.
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• Replacement of the thermocouple in the evacuated tube which measures the absorber tem-
pereatures in tangential direction of the fin.

TRNSYS
This research does not include variations in Tlow. However, more of these type of experiments
might be conducted in the future to determine the collector coefficients a1 and a2. In this research
the parameters a1 and a2 of Degenhart are used for the determination of the optical efficiency,
but it might be that these coefficients are different during multi-pass mode.

When comparing the temperature response of the in- and outlet temperature of the collector with
TRNSYS it can be concluded that thermal capacity of the collector and the piping causes signif-
icant differences. These two thermal capacities are not modeled correctly. For future research it
might be interesting to conduct research in the possibilities of integrating other dynamic meth-
ods proposed in this research into TRNSYS. In this research some methods such as Multi-node
approach, Filtering technique with least square method and Improved Transfer function Method
are proposed. However, when applying such models it need to be kept in mind that a tremen-
dously amount of experiments need to be conducted in order to validate these models. However,
if Conico Valves prefers to use the current model, with some limitations regarding the thermal
effective capacity of the collector and the piping more research need to be conduction in how to
validate this model with the experimental results. One important issue is the definition of the
mean temperature of the collector. The TRNYS model which is developed by Jiang can be further
developed in order to validate this model with the new experimental set-up
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Additional Literature Review

A.1 Additional literature review regarding steady-state test-
ing

Degenhart [9] also conducted research on stagnant operation with periodic flow. This is determined
by conducting experiments and by using a CFD model. It was also concluded that the highest
efficiency is gained for the highest possible flow rate, using the 24mm diameter condenser with
pure water as the working fluid.

The developed Thermal Resistance Network (TRN) model gave a good insight of the thermal
processes inside the solar collector and what kind of parameters influence the thermal processes.
However, the comparison with experimental results showed that the TRN did not accurately
predict the thermal resistances. This is probably due to some simplifications and unknown ther-
modynamic conditions inside the heat pipe. Also resistances of the heat pipe and manifold could
not be accurately calculated.

Degenhart also conducted experiments on start-stop mode, which is a periodic dynamic condition.
The goal was to find the optical efficiency of the stagnant period of the start-stop mode. Therefore,
the start-stop cycles were repeated until a steady condition was reached. In these experiments the
thermal efficiency is calculated by taking the difference in heat output between 24 and 16 minutes
during stagnant operation. However, it is unlikely that the system had reached a steady-stagnant
situation by that time. The thermal efficiency is used to determine η0. It turned out that η0,stag
= 0,572 ± 0,10. The used method has a high uncertainty.

Steady state test method external research
As mentioned before, the experiments of Degenhart to determine the collector parameters and the
optical efficiency are conducted during steady-state conditions (except for the start-stop experi-
ments). The collector parameters are determined with the Hottel-Whiller Bliss equation, which is
thoroughly explained by D. Chwieduk (2014) [8] and A. Kalogirou (2014) [21]. They also clearly
indicate that this equation can be applied for ETCs.

Jafarkazemi et al. [14] investigated an evacuated solar heat pipe collector theoretically and ex-
perimentally at a tilt angle of 45° during steady-state. The theoretical model is based on energy
balance equations and a TRN. The test method is adopted from ISO 9806-1 to compare the the-
oretical model with the experimental results. This research shows that the theoretical model is
in good agreement with the experimental results and is capable of predicting the efficiency, useful
energy gain, and working fluid outlet temperature of an evacuated heat pipe collector with good
accuracy.

In general, solar collectors can be tested by two basic methods: by using a steady-state test method
and by using a dynamic test method. The former method is widely used and the test procedures
are well documented in the European standards (NEN-EN-ISO 9806-2017) [1]. For steady-state
testing, the environmental conditions and collector operation conditions must be constant during
the testing period. For indoor and outdoor experiments with stable weather conditions the required
steady conditions are easily satisfied and the testing period requires only a few days. However,
in many outdoor locations in the world, steady conditions may be difficult to achieve. For this
reason, transient or dynamic test methods have been developed.
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A.2 Additional literature review Quasi-dynamic test method
An ETC can in general be considered as a combination of masses at different temperatures. When
an ETC is operating, each component of the ETC responds differently to a change in operating
conditions. Therefore, it is useful to consider an effective thermal capacity for the entire ETC.
However, according to the NEN-EN-ISO 9806-2017 norm it is evident that the effective thermal
capacity and the overall time constant may depend on the operating conditions and are not
always simple collector parameters with a unique value. Therefore one of the methods including
the indicated reference conditions need to be chosen. The measurement of the heat capacity and
the time constant need to be conducted using a flow rate similar to that for collector efficiency
testing. So it may be that the heat capacity and time constant are a function of flow rate. In the
procedure to determine the effective thermal capacity the inlet fluid temperature is kept constant
at ambient temperature, while there is no solar irradiation (the collector is covered by a shield).
When a steady state is reached the shield is removed and the collector heats up due to the solar
irradiation until a second steady state is reached. The transient behaviour of the collector between
the two steady-states 1 and 2 is described by equation (A.1).

C
dTm
dt

= Aη0,hemG− ṁcp∆T −AGU(Tm − Ta) (A.1)

Then, the effective thermal capacity of the collector can be obtained by integrating over the period
of time between the two steady-states conditions, see equation (A.2)

C =
Aη0,hem

∫ t2
t1 Gdt− ṁcp

∫ t2
t1 ∆Tdt−AGU

[∫ t2
t1 (Ti − Ta)dt+ 1

2
∫ t2
t1 ∆Tdt

]
Tm2 − Tm1

(A.2)

Kalogirou [21] described a ’dynamic test method’, which is adopted by EN 12975-2 standard.
The EN 12975-2 standard is the predecessor of the NEN-EN-ISO 9806-2017 standard. In this
standard it is called a quasi-dynamic test method and is meant for locations that do not have
steady environmental conditions for long periods of time. After the experiments, the collected
data (over a wide range of operating conditions) are fitted to a transient mathematical model
of the collector performance. The useful thermal power in transient conditions is proposed by
Morrison (2001), see equation (A.3):

Qu = η0G− a0(Tm − Ta)− a1(Tm − Ta)2 − C dTm
dt

(A.3)

Equation (A.3) is a time-dependent mathematical model and can be used to identify the collector
performance parameters from the transient data. In addition, this equation is similar to the
second-order equations used for steady-state testing, but with the addition of a transient term.
This equation is proposed by Morrison because a lot of outdoor test setups are located somewhere
in the world where steady state conditions may be difficult to achieve. The solar irradiation in
these cases may change over time. During these transient tests the collector performance need
to be monitored for a range of irradiation. An advantage of this transient method is that it can
be applied to determine a wider range of collector performance parameters than the steady state
method.

The primary difference between the steady state method and the dynamic method is that, in the
dynamic method, the data are recorded on a continuous basis over a day and averaged over 5–10
min. It is likely that this dynamic method may displace the steady-state testing method, even for
locations that have clear and stable climatic conditions. That is due to the wider range of collector
parameters that can be determined with the dynamic method. S. A. Kalogirou also presents a
method to determine the time constant of the system, which is a measure for the effective thermal
capacity of the collector.
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Facão et al. [17] analysed a plate heat pipe collector numerically and experimentally. The nu-
merical model is based on energy balance equations assuming a quasi-steady state condition. In
the numerical model the major simplification is that the temperature in the heat pipe was con-
sidered to be uniform and equal to the saturation temperature. Two types of experiments are
conducted: the first experiment is the determination of the instantaneous efficiency curve and the
second experiment is the determination of the collector time constant, which is a measure of its
thermal inertia. Results showed a collector optical efficiency of 0.64 and a time constant of 410
seconds. According to J. Facão et al. this time constant is assumed to be low enough to confirm
a quasi-steady state condition. There was a good agreement between numerical and experimental
results.

Fisher et al. [6] made a comparison between experimental determination of the collector parame-
ters of the quasi-dynamic test method and the steady state method. The methods can be applied
for ETCs and all other thermal collectors on the market except for integral collector storage (ICS)
collectors. In both cases the yearly gain is calculated with the simulation tool TRNSYS by im-
plementing the experimentally determined collector parameters. It turned out that the yearly
energy is approximately 2% higher with the quasi-dynamic method, but this is basically due to
the missing handling of the diffuse irradiation in the steady-state method. S. Fisher et al. used
Multi Linear Regression (MLR) for the identification of the collector parameters.

Mahmoud Elsheniti et al. [25] developed a mathematical model of an ETC with heat pipe and
validated it experimentally under weather conditions of Alexandria, Egypt. The model is also
upgraded by adding a transient term and by considering the effect of the effective thermal capac-
ity of the system. Mahmoud B. Elsheniti et al. concluded that the relative error between the
experimental and theoretical results were reduces from 12.5% to 4.4% by considering this effective
thermal capacity. The time dependent mathematical model is based on energy balance equations
and a TRN model.

A.3 Dynamic test method

A.3.1 Dynamic test method: one-node approach
Duffie and Beckman [20] state that the operation of most solar energy systems is inherently
transient. In practice there does not exist steady-state operation when considering the transient
nature of the driving forces. Therefore, they studied the effects of the thermal capacity in transient
conditions, with a one-node approach. Wijeysundera (1978) compared this one-node approach
with a two-node approach. The effect of the thermal capacity can be estimated by solving the
transient energy balance equations for various parts of the collector. To illustrate this method,
they considered a flat-plate collector with a single-cover. In this one-node approach it is assumed
that the absorber plate, the water in the tubes, and one-half of the back insulation are all at the
same temperature (Tp). It is also assumed that the cover is at a uniform temperature (Tc) that is
different from Tp. Two transient energy balances are combined into equation (A.4).

[
(mC)p + UL

Uc−a
(mC)c

]
dTp
dt

= Ac [S − UL(Tp − Ta)] (A.4)

The term at the left hand side of the equation in square brackets represents the effective thermal
capacity of the collector. This term can be extended if more components, with its own transient
energy balance, are taken into consideration, see equation (A.5). In this case a collector with n
covers can be considered.

(mC)e = (mC)p +
n∑
i=1

ai(mC)c,i (A.5)
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A.3.2 Dynamic test method: multi-node approach
In the quasi-dynamic test method described in the EN 12975-2 standard and the NEN-EN-ISO
9806-2017 standard a typical one-node approach is used, which means that the collector including
working fluid can be seen as one unit. In this case the effective collector thermal capacity is lumped
and is referenced by the collector mean fluid temperature (Tm).

Filtering technique with least square method
However, also multi-node test methods exists. One example is the method of J. Muschaweck and
W. Spirkl (1990) [29] [18]. They developed a dynamic test method using a combination of filtering
theory and the least square method. In this method the solar collector is divided into several
units with its own energy conservation equation. One important advantage is that this method
has no requirements on the variations of the fluid flow rate, fluid inlet temperature, surrounding
air temperature and solar irradiance. A second advantage is that this method is more accurate
than the lumped method. However, the digital filtering method is complicated. Nayak and Amer
(2000) [11] showed, by performing experiments, that this method can accurately predict the fluid
outlet temperature. However, it cannot determine the collector parameters.

Laplace transform technique
Amer et al. (1999) [12] introduced a new dynamic test method that uses the Laplace transform
technique to get an analytical solution for the fluid temperature. The main assumption of this
method is that the effective thermal capacity is uniformly distributed over the collector. This test
method only requires a constant flow rate during the test. An advantage is that the results of
the parameter estimation can be compared with steady state test results. The predicted outlet
temperature is quite accurate. However, this test method requires complex math calculations and
many experiments.

Improved Transfer function Method
One dynamic method for solar thermal collectors with the most advantages for this research is
the improved transfer function method. It is proved that this method can handle a varying
inlet tempearture, resulting in dynamic behaviour. This method was first presented by Hou
(2004). He combined two energy conservation equations to eliminate the absorber temperature
into a second-order differential equation. Then Wang (2008) improved this method by using the
arithmetic mean value of the in- and outlet temperatures instead of just the fluid temperature and
he derived the same second-order differential equation, but with less model parameters. Finally, Xu
(2009) derived a transfer function model using Hou’s method, but with more precise mathematical
method. To determine the transient collector parameters a Multiple Linear Regression (MLR)
technique is used, which is much easier to use than the filter method with the least square method
and the Laplace transform technique. The following papers that are described below are based on
the improved transfer function method.

W. Kong and Z. Wang et al. (2012) [32] presented the results of a series of experiments to illus-
trate the improved transfer function method. The experiments are compared with the numerical
solutions of the mathematical transfer function model. An analysis of the errors between the
numerical predicted- and measured fluid outlet temperatures is made. Considering various test
conditions show that the improved transfer function method can accurately predict the fluid outlet
temperature. It is concluded that the average error is less than 1°C for unsteady test conditions.
In addition, the transfer function method model does not need to assume a particular kind of solar
collector. Thus, it can be applied for flat-plate and ETCS. Finally, the transfer function method
is evaluated to provide improvements in future designs.

L. Xu, Z. Wang et al. (2012) [24] used the improved transfer function method for an all-glass
ETC with air as heat HTF under dynamic conditions. To achieve dynamic cases they varied the
inlet temperature sharply by controlling the heater and they also periodically used a shield to
block the solar irradiation. The massflow should be constant during the experiments. During all
tests the data is acquired on a 10 seconds interval to capture the transient conditions. In the
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first test the measured data is used to identify the model parameters. This is done by regressing
the standardized form of the linear differential equation, see equation (A.8). Then two other
test are conducted to check if the model with the regressed collector parameters match with
other experimental results. It can be concluded that the improved transfer function method can
accurately determine the collector parameters in order to calculate the outlet temperature of
the collector. It can also give information about the thermal performance of the collector. The
maximum error between the model and the experiments was 2.39%.

W. Kong and Z. Wang. et al. [31] compared the improved transfer function method with the
quasi-dynamic method proposed in NEN-EN-ISO 9806-2017. This is done for a flat plate collector
and an ETC. Because lacking of experimental data of ETC’s some artificial experiments are
carried out with TRNSYS (the validated Type 832 model under real wheather conditions). It can
be concluded that the improved transfer function method can accurately determine the collector
parameters for flat plate collectors and investigations indicate that this method is also suitalbe for
ETC’s. However, real experiments with ETC’s need to be conducted in the future instead of the
artifical experiments in TRNSYS.

The improved transfer function method is based on a two-node method, because the collector is
divided into two main parts: the solid part (the collector) and the fluid part. Both parts are
described by the transient energy balance. The collector part is described by equation (A.6) and
the fluid part is described by equation (A.7).

mbcb
dTb
dt

= FR(τα)enAaG−AfUbf (Tb − Tf )−AamUba(Tb − Ta) (A.6)

mfcf
dTf
dt

= AfUbf (Tb − Tf )− ṁcf (To − Ti) (A.7)

With subscript b = collector, f = fluid, a = ambient, o and i = out- and inlet temperature of the
collector. And with Aa = aperture area [m2], FR = the heat removal factor [-], m = mass [kg], c
= specific heat capacity [J/(kgK)], Uxy = overal heat loss coefficient from x to y [W/(m2K)], T
= temperature [◦C].

By adding equation (A.6) and (A.7) and eliminating Tb, a second order linear differential equation
can be obtained:

d2To
dt2

+A
dTo
dt

+B(To − Ti) = C
dTi
dt

+ EG− F (Ti − Ta) (A.8)

With its coefficients expressed in equation (A.9), (A.10), (A.11), (A.12), (A.13) and (A.14).

A = 1 + ṁcfRbf
CfRbf

+ Rbf +Rba
CbRbfRba

(A.9)

B = 1 + (Rbf +Rba)ṁcf
CbCfRbfRba

(A.10)

C = ṁcf
Cf

(A.11)

D = (Rbf +Rba)ṁcf
CbCfRbfRba

(A.12)
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E = FR(τα)enAa
CbCfRbf

(A.13)

F = 1
CbCfRbfRba

(A.14)

with Rba = 1/(AamUba) and Rbf = 1/(AfUbf ).

By rewriting equation (A.8), the instantaneous thermal efficiency can be obtained:

η = − ṁcf
BGAa

(
d2To
dt2

+A
dTo
dt
− C dTi

dt

)
+ Eṁcf

BAa
− Fṁcf

BAa
T ∗ (A.15)

With T ∗ = (To − Ti)/G = the reduced temperature difference

This instantaneous thermal efficiency proves that there is a close relationship between the transient
model and the first order model if the transient terms are eliminated from equation (A.15):

η = η0 − a1T
∗ (A.16)

With η0 = Eṁcf/(BAa) and a1 = Fṁcf/(BAa).
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Additional Results

B.1 Additional Results Multi-Pass Mode

Table B.1: Multi-Pass results part 1

Settings MD G V̇ Tm,c Ta,c Ta,setup Tred
[-] [-] [W/m2] [L/min] [°C] [°C] [°C] [m2K/W]

PV200
Tlow = 10°C
Thigh = 45°C

2 410 1,00 37,59 25,19 23,11 0,030
2 409 2,00 37,67 25,25 23,16 0,030
2 410 4,00 37,53 24,97 22,88 0,031
1 406 1,00 37,64 24,91 23,15 0,031
1 406 2,00 37,61 25,01 23,19 0,031

PV800
Tlow = 10°C
Thigh = 45°C

3 1206 1,00 35,90 29,52 25,04 0,0053
3 1239 4,00 35,86 30,21 25,18 0,0046
2 1177 1,00 35,86 28,28 23,82 0,0064
2 1176 2,00 35,97 28,69 24,09 0,0062
2 1212 4,00 35,86 29,19 24,59 0,0055
1 1193 1,00 36,01 28,53 23,78 0,0063
1 1179 2,00 35,98 28,36 23,60 0,0065
1 1180 4,00 35,84 28,04 23,42 0,0066

PV1000
Tlow = 10°C
Thigh = 45°C

4 1369 1,00 36,16 30,07 24,81 0,0044
4 1369 2,00 35,80 30,38 25,03 0,0040
4 1369 4,00 35,71 30,35 24,90 0,0039
3 1366 1,00 35,96 28,52 23,72 0,0054
3 1355 2,00 35,81 28,91 23,89 0,0051
3 1379 4,00 35,75 29,09 24,04 0,0048
2 1359 4,00 35,71 28,35 23,37 0,0054
1 1361 1,00 36,27 27,16 22,08 0,0067
1 1381 2,00 36,12 27,51 22,40 0,0062

PV800
Tlow = 20°C
Thigh = 40°C

1 1190 1,00 34,40 28,14 23,56 0,0053
1 1191 2,00 34,59 28,49 23,78 0,0051
1 1180 4,00 34,52 28,52 23,88 0,0051
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Table B.2: Multi-Pass results part 2

PV Setting MD V̇ Q̇c,i Q̇c,o Q̇t Q̇loss ηth ηth,tot ηo
[-] [-] [L/min] [W] [W] [W] [W] [-] [-] [-]

PV200
Tlow = 10°C
Thigh = 45°C

2 1,00 380 262 213 49 0,69 0,56 0,76
2 2,00 379 272 216 56 0,71 0,57 0,78
2 4,00 380 287 225 62 0,76 0,59 0,82
1 1,00 377 263 212 51 0,70 0,56 0,77
1 2,00 376 276 218 59 0,73 0,58 0,80

PV800
Tlow = 10°C
Thigh = 45°C

3 1,00 1118 820 800 21 0,73 0,72 0,74
3 4,00 1148 855 835 19 0,74 0,73 0,75
2 1,00 1091 811 778 34 0,74 0,71 0,76
2 2,00 1090 820 782 38 0,75 0,72 0,76
2 4,00 1123 861 823 37 0,77 0,73 0,78
1 1,00 1106 826 795 31 0,75 0,72 0,76
1 2,00 1093 824 790 34 0,75 0,72 0,77
1 4,00 1093 848 815 34 0,77 0,74 0,79

PV1000
Tlow = 10°C
Thigh = 45°C

4 1,00 1269 943 923 20 0,74 0,73 0,75
4 2,00 1269 955 932 23 0,75 0,73 0,76
4 4,00 1269 974 951 22 0,77 0,75 0,78
3 1,00 1265 944 914 30 0,75 0,72 0,76
3 2,00 1256 956 928 28 0,76 0,74 0,77
3 4,00 1278 988 952 35 0,77 0,75 0,78
2 4,00 1260 980 947 33 0,78 0,75 0,79
1 1,00 1261 947 905 42 0,75 0,72 0,77
1 2,00 1280 972 931 41 0,76 0,73 0,77

PV800
Tlow = 20°C
Thigh = 40°C

1 1,00 1103 824 797 27 0,75 0,72 0,76
1 2,00 1104 832 805 27 0,75 0,73 0,77
1 4,00 1094 837 818 19 0,77 0,75 0,78
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B.2 Results Process Parameters

Figure B.1: Top: Process temperatures Solar Circuit. Bottom: Temperatures inside first evac-
uated tube, solid lines are absorber temperatures and dashed lines are evaporator temperatures.
Conditions: PV200, Tlow = 10°C, Thigh = 45°C
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Figure B.2: Top: Process temperatures Solar Circuit. Bottom: Temperatures inside first evac-
uated tube, solid lines are absorber temperatures and dashed lines are evaporator temperatures.
Conditions: PV800, Tlow = 10°C, Thigh = 45°C

B.3 Thermal efficiency collector
The shape of all curves and the position with respect to each other are similar to the curves of the
optical efficiency. The values for the optical efficiency are only corrected with Tred. Since Tred is
higher for PV200 comparing to PV800 and PV1000, the optical efficiency for PV200 is corrected
with an higher amount.

Also here it can clearly be observed that at the measurement days which are conducted in January
(MD2, MD3 and MD4 for PV200, PV800 and PV1000 respectively) a lower thermal efficiency of the
collector exists. However, the irradiance G, Tm,c, Ta,c, Ta,setup (see table B.1) are approximately
identical for each measurement, which indicates that there are some mechanical issues. The reason
behind this phenomenon is explained in section 4.1.5.

In figure B.4 a steep gradient can be observed for PV200, which is definitely not expected. Even
the thermal efficiency at 4 L/min is higher at PV200 than at PV800. According to literature
and research by Degenhart [9] it was expected that the thermal efficiency for lower irradiance are
always lower than higher irradiances. The rational behind this phenomenon is explained in section
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Figure B.3: Thermal efficiency collector vs. flowrate for multi-pass mode. For ∆Tt = 35°C a Tlow
of 10°C is used and for ∆Tt = 20°C a Tlow of 20°C is used.
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4.1.5.
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Figure B.4: Thermal efficiency collector vs. flowrate for multi-pass mode (all measurement com-
bined in one figure. For ∆Tt = 35°C a Tlow of 10°C is used and for ∆Tt = 20°C a Tlow of 20°C is
used.
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TRNSYS Output
Figure C.1 shows a simulation result of the DMP Solar System operating in a typical spring day.
This model is developed by Jiang [19]. During 1 cycle it can be observed that an equal stair
shape pattern occurs. This is due to the fact that the effective thermal capacity of the collector
is modelled as the thermal capacity of the fluid and not as a combined thermal capacity of the
fluid and collector material. It can also clearly be observed that the stair shape patterns do not
dampens out during the cycle, which is can be caused by the fact that the thermal capacity of the
piping is not included in the model.

It can also be observed that the mean temperature of the collector Tm is approximately the average
of Tlow and Thigh, see equation (C.1).

Tm ≈
Tlow + Thigh

2 (C.1)

Figure C.1: Simulation result of the DMP Solar System in TRNSYS. The model is based on a
Type 538 Evacuated tube collector and is developed by Jiang [19]

Validation TRNSYS with experimentel results
The work of Jiang can be adopted to have a solid basis for a reference system. The TRNSYS model
of Jiang may be further developed in the future in order to validate the model with experimental
results.

As explained in chapter ?? there are some experimental methods to determine the thermal per-
formance of an ETC during dynamic conditions, namely:

• Quasi-dynamic test method
• One-node approach
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• Multi-node approach
• Filtering technique with least square method
• Laplace transform technique
• Improved Transfer function Method

For future research it might be interesting to conduct research in the possibilities of the methods
described above. To validate such models a tremendously amount of experiments need to be
conducted in order to validate these models and for the scope of this research this is not possible.
Designing, building and commissioning the new test-setup already took approximately 75% of
the time. Also due to the Corona measures and a shortage of lab technicians there was no help
available to built and commission the set-up, therefore, this process took longer than initially
expected.
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Calibration Results
The linear fit is realised by using equation (D.1).

TMeasured,Uncalibrated = aTCalibrated + b (D.1)

Table D.1: Calibration results of thermocouples TC1-TC5. Also the coefficients a and b for the
linear fit are presented. The goodness of the fit is characterised by R2.

Reference Uncalibrated
TC TC1 TC2 TC3 TC4 TC5 Units
0,54 0,42 0,39 0,36 0,37 0,37 °C
23,12 23,45 23,33 23,32 23,31 23,33 °C
29,97 30,29 30,14 30,15 30,13 30,17 °C
39,87 40,2 39,95 40 39,93 40,02 °C
49,8 50,12 49,77 49,87 49,73 49,88 °C
59,82 60,06 59,62 59,75 59,58 59,78 °C
69,83 69,97 69,47 69,65 69,46 69,64 °C
79,85 79,81 79,25 79,5 79,28 79,43 °C
89,97 89,8 89,37 89,58 89,4 89,43 °C

a 0,9979 0,9918 0,9951 0,9923 0,9937 -
b 0,2552 0,239 0,1742 0,2008 0,2274 °C
R2 1 1 1 1 0,9999 -

Table D.2: Calibration results of thermocouples TC1-TC5. Also the coefficients a and b for the
linear fit are presented. The goodness of the fit is characterised by R2.

Reference Uncalibrated
TC TC1 TC2 TC3 TC4 TC5 Units
0,5 0,4 0,4 0,4 0,4 0,4 °C
23,1 23,4 23,3 23,3 23,3 23,3 °C
30,0 30,3 30,1 30,1 30,1 30,2 °C
39,9 40,2 40,0 40,0 39,9 40,0 °C
49,8 50,1 49,8 49,9 49,7 49,9 °C
59,8 60,1 59,6 59,8 59,6 59,8 °C
69,8 70,0 69,5 69,6 69,5 69,6 °C
79,9 79,8 79,2 79,5 79,3 79,4 °C
90,0 89,8 89,4 89,6 89,4 89,4 °C

a 0,9979 0,9918 0,9951 0,9923 0,9937 -
b 0,2552 0,2390 0,1742 0,2008 0,2274 °C
R2 1,0000 1,0000 1,0000 1,0000 0,9999 -
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Table D.3: Calibration results of thermocouples TC6-TC13. Also the coefficients a and b for the
linear fit are presented. The goodness of the fit is characterised by R2.

Ref. Uncalibrated UnitTC TC6 TC7 TC8 TC9 TC10 TC11 TC12 TC13
0,54 0,15 0,13 0,45 0,42 0,35 0,14 0,13 0,42 °C
21,49 21,43 21,42 21,72 21,66 21,70 21,49 21,48 21,77 °C
29,97 29,99 29,98 30,27 30,21 30,27 30,06 30,04 30,33 °C
39,89 39,93 39,92 40,20 40,15 40,21 40,00 39,99 40,26 °C
49,80 49,86 49,85 50,12 50,07 50,12 49,93 49,91 50,18 °C
59,82 59,78 59,78 60,04 60,00 60,05 59,86 59,84 60,10 °C
69,83 69,66 69,64 69,89 69,86 69,92 69,74 69,71 69,97 °C
79,85 79,51 79,51 79,74 79,71 79,77 79,60 79,56 79,82 °C
89,87 89,36 89,37 89,59 89,54 89,63 89,45 89,42 89,66 °C

a 0,9976 0,9978 0,9968 0,9969 0,9981 0,9986 0,9983 0,9977 -
b -0,0382 -0,0563 0,262 0,213 0,1984 -0,0176 -0,0268 0,2717 °C
R2 1 1 1 1 0,9999 0,9999 0,9999 0,9999 -

Table D.4: Calibration results of thermocouples TC14-TC20. Also the coefficients a and b for the
linear fit are presented. The goodness of the fit is characterised by R2.

Reference Uncalibrated UnitTC TC14 TC15 TC16 TC17 TC18 TC19 TC20
0,54 0,39 0,37 0,42 0,39 0,37 0,43 0,39 °C
21,49 21,75 21,72 21,77 21,76 21,73 21,79 21,75 °C
29,97 30,31 30,28 30,34 30,32 30,30 30,35 30,32 °C
39,89 40,25 40,22 40,27 40,26 40,25 40,29 40,26 °C
49,80 50,17 50,13 50,19 50,18 50,17 50,21 50,18 °C
59,82 60,09 60,05 60,11 60,11 60,11 60,14 60,11 °C
69,83 69,97 69,91 69,97 69,98 69,98 70,00 69,98 °C
79,85 79,82 79,76 79,82 79,83 79,85 79,87 79,83 °C
89,87 89,67 89,63 89,70 89,69 89,73 89,73 89,72 °C

a 0,9981 0,9978 0,9979 0,9983 0,9989 0,9983 0,9985 -
b 0,2428 0,2231 0,2715 0,2468 0,2148 0,2773 0,2377 °C
R2 0,9999 0,9999 0,9999 0,9999 0,9999 0,9999 0,9999 -
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Table D.5: Calibration results of thermocouples TC21-TC22. Also the coefficients a and b for the
linear fit are presented. The goodness of the fit is characterised by R2.

Reference Uncalibrated
TC TC21 TC22 Units
0,54 0,27 0,48 °C
18,63 18,83 18,90 °C
29,97 30,29 30,24 °C
39,89 40,22 40,04 °C
49,90 50,14 49,80 °C
59,92 60,07 59,55 °C
69,94 69,97 69,32 °C
79,95 79,82 79,25 °C
90,07 89,72 89,24 °C

a 0,9974 0,9877 -
b 0,1832 0,3768 °C
R2 0,9999 0,9999 -

Thermocouple Calibration by Degenhart
Remark: Degenhart defined the a and b coefficient differently, see equation (D.2).

The A1-A4 for sensors represent the ambient temperatures and the rest are the thermocouples
inside one evacuated tube.

TCalibrated = aTMeasured,Uncalibrated + b (D.2)

Table D.6: Thermocouple calibration results of Degenhart

TC a b urandom TC a b urandom
A1 -0.0060 -0.1100 0.0024 T5a -0.0024 -0.3100 0.0010
A2 -0.0020 -0.2167 0.0028 T5e -0.0039 -0.2250 0.0012
A3 -0.0044 -0.1800 0.0027 T6a -0.0039 -0.2683 0.0014
A4 -0.0058 -0.1833 0.0018 T6e -0.0021 -0.4283 0.0014
cb 0.0043 -0.1027 0.0012 T7a -0.0051 -0.2267 0.0016
ct -0.0012 0.0215 0.0021 T7e -0.0036 -0.3600 0.0018
T1a -0.0017 -0.2250 0.0012 T8a -0.0026 -0.1983 0.0020
T1e -0.0032 -0.1417 0.0022 T8e -0.0026 -0.1550 0.0020
T2a -0.0022 -0.2600 0.0013 T8b -0.0004 0.0321 0.0010
T2e -0.0021 -0.3150 0.0008 T8c -0.0021 0.0021 0.0021
T3a -0.0024 -0.3100 0.0010 T9a -0.0018 -0.0967 0.0016
T3e -0.0039 -0.2250 0.0012 T9e 0.0019 -0.2550 0.0011
T4a -0.0039 -0.2683 0.0014 T10e -0.0030 0.1983 0.0006
T4e -0.0021 -0.4283 0.0014 T10a -0.0026 0.2250 0.0017
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Uncertainty analysis

E.1 Type A uncertainty (Random error)
Standard uncertainties of type A can be obtained for steady-state measurements, by statistical
analysis. During one measurement, 900 samples over 15 minutes are taken. The best estimate of
a quantity x is determined by taking the arithmetic mean x̄ of n samples (xi), see equation (E.1).

x̄ =

n∑
i=1

xi

n
(E.1)

Furthermore, the uncertainty is characterised by its standard deviation, because all samples are
normally distributed around the mean. The standard deviation can be calculated with equation
(E.2), giving a 68% level of confidence. However, in this research a level of confidence of 95% is
required [9], but this will achieved by calculating the expanded combined uncertainty as mentioned
in the introduction of this section. see equation (??).

urandom = σx =
( n∑
i=1

(xi − x̄)2

n(n− 1)

)0.5

(E.2)

With σx is the standard deviation of the mean of quantity x.

The random error can only be determined for quantities which are constant over time (steady-
state), since an arithmetic mean and a standard deviation is used. However, for multi-pass ex-
periments the process temperatures are not constant and show dynamic behaviour over time.
According to ISO-9806, the random error for (quasi) dynamic measurements can be set to 0.
Therefore, the random error for temperature measurements in the multi-pass experiments are
neglected. For other quantities, such as flowrate and irradiance, the random error is determined
with statistical analysis described above.

The random error of temperature measurements are in the order of magnitude of 10−3. Therefore,
it is assumed to be acceptable to neglect the random error for the temperature measurements
during multi-pass experiments.

E.2 Type B uncertainty (Systematic error)
Standard uncertainties of type B can be obtained by using specified accuracies. According to
ISO/IEC guide 98-3:2008 [33] it can be assumed that these specified accuracies are priori dis-
tributed with a rectangular shape, which means that the stated accuracy has symmetric bounds
and there is an equal probability that a measurement point lies between these bounds. In general,
this means that the standard uncertainty of type-B, which is specified by an accuracy, can be
calculated by dividing the stated accuracy by

√
3. However, if the supplier explicitly specifies that

the accuracy is based on another distribution, then the accuracy should be divided by another
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factor. For convenience this factor is called the divisor, see equation E.3. Below an overview of
different divisors is given:

• Divisor =
√

3, when a priori distribution with a rectangular shape is stated in the specifica-
tions (Standard).

• Divisor = 2, when the expanded combined uncertainty is stated in the specifications.
• Divisor =

√
6, when a priori distribution with a triangular shape is stated in the specifica-

tions.

uB,x = αx
Divisor

(E.3)

Where αx is the specified accuracy.

E.3 Combined standard uncertainty of measured values
As explained in previous sections the total error consist of a random error and a systematic error.
In section 3.7 the systematic errors of the measuring quantities flowrate, irradiance, temperatures
and temperature difference are presented, which also includes random errors during calibration.
However, during the measurements of the experiments also a random error occurs. Therefore, the
random error during experiments is added to the systematic error by using equation (E.4). This
is the general rule to combine errors.

ustd =

√√√√ n∑
i=1

u2
i (E.4)

E.4 Error propagation
Most quantities can not be directly measured and need to be calculated with other quantities. In
this case, the corresponding error can be calculated by using the law of error propagation [26]. In
this section only the cases of adding, subtracting, multiplication and division is explained. In the
examples the standard combined uncertainty of quantity x (ustd) is calculated, where x± ustd is
a function of y ± uy and z ± uz. The law of error propagation is used for all derived quantities in
this section.

For adding and subtracting (x = y + z or x = y - z), ux can be calculated with (E.5).

ustd =
√
u2
y + u2

z (E.5)

For multiplication and division (x = yz or x = y/z), ux can be calculated with (E.6).

ustd =

√(
∂x

∂y
uy

)2
+
(
∂x

∂z
uz

)2
(E.6)

E.5 Expanded uncertainty
The expanded uncertainty is calculated from the standard combined uncertainty by multiplying
it with a coverage factor, k. For a 95.5% confidence interval the coverage factor k equals 2.

uexp = k · ustd (E.7)
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E.6 Standard combined uncertainty of derived quantities
In this section the standard combined uncertainties of all derived quantities are presented, which
are calculated by using equation (E.5) and (E.6).

E.6.1 Fluid properties
No uncertainties of the fluid properties are specified in ISO 9806:2017 [1]. However, Van den
Heuvel [15] reported an expanded uncertainty in cp of ± 1.60 J/(kgK) and ± 0.25. Since he
did not report an uncertainty for the density is assumed. The uncertainty of cp is approximately
0.04% of the actual value; therefore, the same accuracy of 0.04% is used for the density, which
result in an uncertainty of ±0.4 kg/m3.

E.6.2 Massflow

ṁ = V̇ ρ

1000 · 60 (E.8)

With V̇ in L/min.

uṁ =

√(
∂ṁ

∂V̇
uV̇

)2
+
(
∂ṁ

∂ρ
uρ

)2

=

√(
ρ

1000 · 60uV̇
)2

+
(

V̇

1000 · 60uρ
)2

(E.9)

E.6.3 Aperture area
The uncertainty in the aperture area Aa is assumed to be ±0.005 m2, since its area is reported
with 2 decimals in the certificate in appendix F.

E.6.4 Thermal efficiency collector

uη =

√(
∂η

∂ṁ
uṁ

)2
+
(
∂η

∂cp
ucp

)2
+
(

∂η

∂∆T u∆T

)2
+
(
∂η

∂G
uG

)2
+
(
∂η

∂Aa
uAa

)2

=

√(
cp∆T
GAa

uṁ

)2
+
(
ṁ∆T
GAa

ucp

)2
+
(
ṁcp
GAa

u∆T

)2
+
(
− ṁcp∆T

G2Aa
uG

)2
+
(
− ṁcp∆T

GA2
a

uAa

)2

(E.10)

E.6.5 Ambient temperature

Ta = TA1 + TA2 + TA3 + TA4

4 (E.11)

uTa
=

√(
∂Ta
∂TA1

uTA1

)2
+
(
∂Ta
∂TA2

uTA2

)2
+
(
∂Ta
∂TA3

uTA3

)2
+
(
∂Ta
∂TA4

uTA4

)2

=

√(
1
4uTA1

)2
+
(

1
4uTA2

)2
+
(

1
4uTA3

)2
+
(

1
4uTA4

)2
(E.12)
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E.6.6 Mean temperature

Tm = Tin + Tout
2 (E.13)

uTm =

√(
∂Tm
∂Tin

uTin

)2
+
(
∂Tm
∂Tout

uTout

)2

=

√(
1
2uTin

)2
+
(

1
2uTout

)2
(E.14)

E.6.7 Reduced temperature

Tred = Tm − Ta
G

= ∆Tm−a
G

(E.15)

uTred
=

√(
∂Tred

∂∆Tm−a
u∆Tm−a

)2
+
(
∂Tred
∂G

uG

)2

=

√(
1
G
u∆Tm−a

)2
+
(
−∆Tm−a

G2 uG

)2
(E.16)

E.6.8 Optical efficiency
Since the optical efficiency consists of 3 parts, first the uncertainty of the parts are calculated
separately en are then combined.

η0 = η + a1Tred + a2GT
2
red = η0,p1 + η0,p2 + η0,p3 (E.17)

With η0,p1 = η, η0,p2 = a1Tred and η0,p3 = a2GT
2
red.

uη0 =

√
η2 +

(
∂η0,p2

∂a1
ua1

)2
+
(
∂η0,p2

∂Tred
uTred

)2
+
(
∂η0,p3

∂a2
ua2

)2
+
(
∂η0,p3

∂G
uG

)2
+
(
∂η0,p3

∂Tred
uTred

)2

=
√
η2 +

(
Tredua1

)2 +
(
a1uTred

)2 +
(
GT 2

redua2

)2 +
(
a2T 2

reduG
)2 +

(
2a2GTreduTred

)2
(E.18)
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Appendix F

Solar Keymark Certificate

Figure F.1: Solar Keymark certificate part 1
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Figure F.2: Solar Keymark certificate part 2
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Figure F.3: Solar Keymark certificate part 3
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Appendix G

Heat Exchanger Performance
The heat exchanger performance check is based on the maximum thermal power that the collector
can supply, which is approximately 1125 W (assuming a maximum irradiance 1400 W/m2 with a
maximum efficiency of 0.8). It is also assumed that the bottom coil does have to cool 8 times more
then the top coil, which is a rough estimation. However, it is better to overestimate the required
thermal power of the bottom coil, since this one needs to operate at the lowest temperature. The
top coil only operates at temperatures higher than 30°C or 40°C and the chiller can supply a
temperature of approximately 9°C, which means that there is a very high ∆T available to cool if
this is necessary. Therefore, the bottom coil is the most critical heat exchanger.

The entire calculation is based on the logarithmic mean temperature difference method and the
UA value is based on the external surface area, see equation (G.2). The ∆Tln is based on the
in- and outlet temperature of the heat exchanger and the average tank temperature, see equation
(G.3). This method is commonly used in the heat exchanger industry to evaluate the performance
of a heat exchanger, for example at VDL Klima. The results of this calculation program are
presented in figure G.1 to G.4. The yellow fields are possible input fields and the blue fields are
the final results of the last iteration.

First the heat balance will be calculated, with Q̇req = 1000 W/m2 (8/9 times 1125 W/m2), ṁ
= 0.17 kg/s (=10 L/min) and Tin = 9°C, resulting in an outlet temperature Tout, see equation
(G.2). Then the ∆Tln can be calculated.

This program is able to calculate the thermal performance of the heat exchanger, which is an
iterative process. Since the dimensions of the coil are given by the supplier it is only necessary to
check if the coil reaches the required thermal power. It calculates the required surface area and
compares this with the actual surface area. As a result, a design margin can be calculated, see
equation (G.4). The design margin is a measure for the over capacity of the heat exchanger. If a
design margin is higher than 0%, the performance of the coil is acceptable, while a lower design
margin means that the coil is not suitable for the application. It can be concluded that with an
inlet temperature of 9°C a design margin of 38.9% can be obtained, which means that the design
of the coil is approved. The top coil can be operated with a temperature difference of 1°C and
still has a design margin of 14.2%.

Q̇req = ṁcp(Tout − Tin) (G.1)

Q̇ = UoAo∆Tln (G.2)

∆Tln = (Tin − Tav,tank)− (Tout − Tav,tank)

ln

(
Tin−Tav,tank

Tout−Tav,tank

) (G.3)

With Tav,tank is the average temperature of the low temperature zone Tlow. For the calculation of
Tav,tank and example will be given with Tlow = 10°C and Thigh 45°C. At the start of an experiment
Tav,tank is equal to Tlow = 10°C and it is assumed that the position of thermocline is exactly at the
top of the helically coil. After 1 hot water injection the thermocline lowers slightly and the coil can
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start to cool this part. This actually has influence on Tav,tank. At some point an equilibrium starts
to form, where the position and the thickness of the thermocline remains constant. It is estimated
that this equilibrium starts to form around 5 cycles, which is a rough estimation. However, if an
extra design margin of 25% is taken into account, this method is assumed to be valid. Table G.1
shows an overview of the calculation of Tav,tank. In this table the height of the hot water column
is equivalent to 20L of injected hot water.

Table G.1: Calculation of the average temperature of the low temperature zone of the tank.

Parameter Value Unit
Internal diameter tank 0,545 m
Injection volume per cycle 4 L
Number of cycles 5 -
Total injected volume 20 L

Height helically coil 0,47 m
Height hot water column 0,09 m
Height cold water column 0,38 m

Temperature hot water column 45 °C
Temperature cold water column 10 °C
Average temperature tank 16,4 °C

Design Margin = (Qact
Qreq

− 1) ∗ 100 (G.4)

The overall heat transfer coefficient Uo is calculated by using equation (G.5), with αi the convective
heat transfer coefficient in the tube side and αo the convective heat transfer coefficient at the tank
side. αi is calculated with standard Nusselt relations for helically coil heat exchangers from the
VDI Heat Atlas [7]. All equations that are used can be found in figure G.1 to G.4. After each
calculated variable it is mentioned which equation from the VDI heat atlas is used. αo is calculated
with natural convection correlations for helically coils. Two different correlations of Fernández-
Seara J. et al [4] and Devanahalli G. Prabhanjan et al. [2] are used and the one with the lowest
Nusselt number is used for safety purposes. Both correlations are optimised for domestic hot water
storage tanks, see equation G.6 and G.7.

1
Uo

= 1
αi

Ao
Am

+ δ

λ

Ao
Am

+ 1
αo

(G.5)

With δ is the tube thickness and λ is the conduction coefficient.

Nusselt number correlation according to Fernández-Seara J. et al:

Nu = 0.0749Ra0.3421 (G.6)

Nusselt number correlation according to Devanahalli G. Prabhanjan et al:

Nu = 0.818Ra0.2633 (G.7)

With Ra is the Rayleigh number.
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The convective heat transfer coefficient αo is then calculated by equation (G.8).

αo = Nu
λ

H
(G.8)

With H is the height of the coil.

Figure G.1: Results of the heat exchanger calculation program for the first and the last iteration
for the helically coil for Tlow and Thigh (Part 1).
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Figure G.2: Results of the heat exchanger calculation program for the first and the last iteration
for the helically coil for Tlow and Thigh (Part 2).
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Figure G.3: Results of the heat exchanger calculation program for the first and the last iteration
for the helically coil for Tlow and Thigh (Part 3).
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Figure G.4: Results of the heat exchanger calculation program for the first and the last iteration
for the helically coil for Tlow and Thigh (Part 4).
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Mechanical Construction Details

Figure H.1: Total layout of the set-up including the dimensions. All components are illustrated
on scale.
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Figure H.2: Technical drawing of the storage tank, made by the supplier TWL.
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Figure H.3: Dimensions of the base Plates for mounting the wheels (middle and right diagonal).
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Figure H.4: Dimensions of the base plates for mounting the wheels (left diagonal) and dimensions
of the wheels.
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Figure H.5: Dimensions of the flanges of the flowmeters (4 in total).
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Figure H.6: Technical data of the 40x40 Hepco profiles.

106 Thermal performance ETC during dynamic conditions of a Direct Multi-Pass Solar System



APPENDIX H. MECHANICAL CONSTRUCTION DETAILS

Figure H.7: Manual determination and theoretical calculation of the deflection of the critical
beams.

Figure H.8
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Figure H.9: Dimensions of the spacers between the wall and the piping.

Figure H.10: Thermocouple construction inside the tank.
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Figure H.11: The dimensions of Trespa panels used in the set-up are coloured in red. In total 3
panels were delivered by the supplier
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Additions to original set-up

I.1 Extra by-pass line to determine thermal effective capac-
ity

An extra by-pass line is added to the original set-up, see figure I.1.

With this addition it might be possible to determine the effective thermal capacity in different
operation conditions, in the future. This extra by-pass is currently dismounted to reduce distur-
bances from outside, but this can simply be added in the future. It is also not presented in the
piping and instrument diagram in figure 3.5. With this by-pass it is possible to use determine
the thermal effective capacity according to the procedure of equation (A.2). The measurement
procedure can be briefly described as followed: First the entire tank should be heated to a certain
condition tm2. Then a constant inlet temperature of steady state condition 1 tm1 can be supplied
to the collector by the old set-up and when steady- state is achieved, 2 ball valves can be switched
in order to supply tm2 to the collector.

(a) By-pass line dismounted (b) By-pass line mounted

Figure I.1: Extra by-pass line to determine thermal effective capacity
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I.2 Connection with original set-up

Figure I.2: Connection to original set-up
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Instrumentation specifications

J.1 Specifications OPTIFLUX 4100 - DN6

Table J.1: Specifications of the flowmeter: OPTIFLUX 4100 - DN6. These specifications are
generated by software of KROHNE. The selection is performed at standard conditions: fluid
temperature of 20°C at 3 bar.

Flowrate Velocity Accuracy Pressure drop Reynolds
[L/min] [m/s] [%] [mbar] [-]
0,0017 0,00 100,4 0,0 6
0,1263 0,07 1,74 0,1 446,6
0,2508 0,15 1,08 0,2 887,2
0,3 0,18 0,97 0,2 1061

0,3754 0,22 0,85 0,3 1328
0,5 0,29 0,74 0,4 1768
0,75 0,44 0,63 1 2653
1 0,59 0,57 2 3537
2 1,18 0,48 6 7074
4 2,36 0,44 20 14147
7 4,13 0,42 54 24757
10 5,90 0,42 100 35368
13 7,66 0,41 159 45978
16 9,43 0,41 228 56588
19 11,20 0,41 308 67199

20,35 12,00 0,41 348 72000
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J.2 Calibration Certificate Pyranometer

Figure J.1: Calibration certificate of the pyranometer

Thermal performance ETC during dynamic conditions of a Direct Multi-Pass Solar System 113



APPENDIX J. INSTRUMENTATION SPECIFICATIONS

J.3 Pump Curve

Figure J.2: Pump curve Wilo Yonos PARA ST15/7 PWM2
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Difficulties experimental set-up

K.1 Thermal efficiency vs. reduced temperature Multi-
pass mode (Not Correct)

Figure K.1 shows the thermal efficiency vs. reduced temperature curve with 2 L/min, PV800, ∆Tt
= 35°C and Tlow of 10°C, 20°C, 30°c and 40°C respectively. However, during these measurements
it turned out that 3 condensors were slid down out of the manifold, which means that these 3
condensors had minimum heat transfer to the manifold. This also explains why the measured
efficiencies were considerably lower than expected.

After this was observed the condensors are placed in the manifold again, but now teflon tape is
used in order to prevent that the condensor slides down into the evacuated tube. It is assumed
that the teflon tape causes enough resistance to hold the condensor at its place. Figure K.2 shows
how this is realized.
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Figure K.1: Thermal efficiency vs. reduced temperature with 2 L/min, PV800, ∆Tt = 35°C and
Tlow of 10°C, 20°C, 30°c and 40°C respectively.
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Figure K.2: Solution to prevent that the condensor slides down into the evacuated tube: teflon
tape around cork.

It is highly recommended to use a tube stopper in the future, see figure K.3.

Figure K.3: Example of a tube stopper.
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K.2 End of lifetime lamps solar simulator
The solar simulator is operating for more than 8000 hours after this research. The lifetime of the
lamps are approximately 8000 hours, and during this research 2 of them broke down, see appendix
K.4 for the position of those lamps. Initially, it was assumed that this had minimum to zero effect
on the thermal efficiency of the collector, because these lamps are not placed in the region of the
solar collector.

The company Eternal Sun is already approached to do some maintenance and to calibrate the
solar simulator on short term.

Figure K.4: Position of two lamps that broke down during this research
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Data Acquisition with LabVIEW

Figure L.1: Layout LabVIEW, data acquisition program. Process parameters can be monitored,
controlled an logged. On the North-West side PID parameters can be set, in the middle all process
parameters can be set and on the right hand side all process parameters can be monitored.
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Bill of Materials

Figure M.1: Bill of materials (Part 1)
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Figure M.2: Bill of materials (Part 2)
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Figure M.3: Bill of materials (Part 3)
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