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Abstract
Drainback solar thermal systems (DBS) provide a simple protection against overheating
and freezing of the heat transfer fluid and the system as a whole. Fewer components in
the solar collector loop in comparison to pressurised solar thermal systems reduce an
initial investment as well as maintenance of DBS. Despite a number of advantages, DBS
have been scarcely investigated in the past.
In this PhD thesis, the research focuses on functioning fundamentals of water operated
drainback solar thermal systems. In addition to a literature review, an analysis has been
undertaken of about 50 identified drainback systems on the global market, in order to
find out the constructional peculiarities and operational distinctiveness of drainback
technology. An experimental setup has been constructed for further experimental
investigation of the operation principles. The operation of DBS has been split into three
repeating stages comprising filling, operation and draining. Each operation stage is
evaluated separately for different hydraulic configurations with various draining
mechanisms. Air entrainment and removal processes during the filling, plunging jet
while operating, as well as a siphon effect and the water solidification events respectively
during and after draining are considered. Observation of the filling process shows that
choking and hydraulic jump/impinging jet entrainment are the main relevant phenomena.
The minimal filling flow rate threshold that enables the siphonic or non-siphonic regimes
of DBS are obtained for different piping materials and diameters, their arrangement and
water temperatures. Plunging jets are investigated in the next step for determination of
the depth of air entrainment into the drainback tank. Furthermore, the minimal flow rates
are determined for different vertical outlet piping materials and diameters that guarantee
the jet stability and eliminate an undesired draining. Finally, a siphon effect and water
solidification processes are considered in the scope of the draining process.
Based on research results, the constructional and operational recommendations for
reliable operation, optimal filling and failsafe draining processes are derived for water
operated drainback solar thermal systems with smooth and corrugated (stainless steel)
pipes. In particular, new semi-empirical correlations for establishment of siphonic or
non-siphonic regimes during the filling is proposed. Minimal flow rates are determined
that guarantee the jet stability in smooth and corrugated pipes without flow break. A
control strategy is developed that ensures a failsafe draining.
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Zusammenfassung
Selbstentleerende- bzw. Drainback-Anlagen (DBA) bieten einen einfachen Schutz vor
Stagnation und Einfrieren des Wärmeträgerfluids und des gesamten
Solarthermiesystems. Im Vergleich zu konventionell betriebenen Solaranlagen
beinhalten DBA zudem weniger hydraulische Komponenten im Solarkreis. Dies führt
zur Reduzierung sowohl der Investitions- als auch der Wartungskosten. Trotz der vielen
Vorteile sind DBA bisher nur selten wissenschaftlich untersucht.
Im Fokus der vorliegenden Dissertation liegen die grundlegenden Funktionsprinzipien
von wasserbetriebenen DBA. Zusätzlich zur Literatur- wurde eine globale
Marktrecherche durchgeführt, in der 50 Drainback-Hydrauliken identifiziert und
analysiert wurden, um die konstruktiven Besonderheiten und die Betriebsunterschiede
zu erfassen. Für weitere Untersuchungen des Betriebsmodus wurde ein Prüfstand für
Drainback-Anlagen aufgebaut. Der Betrieb einer Drainback-Anlage wurde auf drei sich
wiederholende Abläufen aufgeteilt: Befüll-, Betriebs- und Entleerungsvorgang. Jeder
dieser Abläufe wurde für unterschiedliche Hydraulikkonfigurationen und verschiedene
Entleerungsmechanismen einzeln untersucht. Mehrere Phänomene wurden hierbei
genauer betrachtet: Luftmitführung und -entfernung beim Befüllvorgang, eintauchender
Freistrahl während des Betriebs sowie der Siphoneffekt und mögliches Einfrieren
während und nach dem Entleerungsvorgang. Die Untersuchung des Befüllvorgangs
zeigte, dass Zuschlagen und Wechselsprung die wesentlichen relevanten Phänomene
sind. Hierzu wurden minimale Befüllvolumenstromgrenzen für siphonische und nichtsiphonische Regime in DBA experimentiell ermittelt. Dabei wurden verschiedene
Einflussparameter wie Verrohrungsmaterial, Durchflussmesser, hydraulische
Verschaltung und Wassertemperatur berücksichtigt. Darüber hinaus wurde der
eintauchende Freistrahl untersucht, um die Eindringtiefe von Luftblasen im DrainbackAuffangbehälter zu ermitteln. Zudem wurden der siphonische Effekt und
Gefriervorgänge nach dem Entleerungsvorgang untersucht.
Für wasserbetriebene Drainback-Anlagen mit Glatt- und Wellrohren wurden
Konstruktions- und Betriebsempfehlungen für einen sicheren Betriebs-, optimalen
Befüll- und zuverlässigen Entleerungsvorgang abgeleitet. Im Besonderen wurden neue
semi-empirischen Korrelationen für die Ausprägung von siphonischen und nichtsiphonischen Strömungsregimen entwickelt. Minimale Volumenstromgrenzen wurden
ermittelt, die die Freistrahlstabilität in Glatt- und Wellrohren garantieren. Darüber hinaus
wurde eine Regelungsstrategie entwickelt, die eine zuverlässige Entleerung sicherstellt.
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1. Introduction
1.1. Background and motivation
Solar thermal systems (STS) offer a good opportunity to benefit from clean,
environmental friendly energy source. Nowadays, there are plenty of different
hydraulics of STS mounted around the world for domestic hot water, space heating
and industrial heat applications. The simplest hydraulics might be referring to
thermosiphon solar heaters consisting only of a collector and a heat storage above it.
The forced circulation systems are referred to as conventional, representing more
complex hydraulics with regulation unit and additional components such as
expansion vessel, air vent, check valve, safety valve etc. Besides hydraulics
complexity, pressurised solar thermal systems usually use an antifreeze mixture (e.g.
propylene glycol-water) as heat transfer carrier within the solar collector loop.
There is another type of solar thermal systems which is known as a drainback system.
Drainback systems (DBS) operate differently from pressurised forced circulation
systems. A unique attribute of DBS is draining of the heat carrier from the upper part
of hydraulics, including collector, anytime when the pump is switched off. The
draining ensures a simple, but reliable protection against overheating and freezing, as
air can neither be evaporated (no pressure increase) nor frozen (no burst of the pipe).
Furthermore, the hydraulics requires fewer components and does not need a heat
exchanger (for water filled DBS), check valve, expansion vessel, air vent, safety
valve, etc. in the solar collector loop. Due to unpressurised operation conditions,
plastic components can be suitable for DBS (Ehrenwirth et al., 2015). Literature
sources count a number of further advantages as not susceptibility to failure due to
air (Thiesen, 2009; Botpaev and Vajen, 2014a; Vögelin, 2014) lower and easier
maintenance (Jorgensen, 1984; Kutscher, 1984; ESTIF, 2003; Suter et al., 2003;
Mugnier et al., 2011) improvement of the thermal performance (Goumaz and
Duff, 1981; Leibfried and Strok, 2005; Haberl et al., 2008a). However, there are also
some drawbacks with DBS, that represent an obstacle of their universal penetration.
The main drawback is the necessity of a careful hydraulics design and proper
installation through educated assemblers/installation staff. Insignificant mistakes
during the installation may not only disturb the operation, but even cause a fatal
damage of the system.
An important breakthrough of drainback systems happened in the Netherlands in the
1980’s. Governmental regulation towards drinking water safety caused a prompt
development of the drainback technology (Visser and Peter, 2003). According to this
regulation, additives in circulating heat transfer mediums were allowed in the solar
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collector loop once a double walls heat exchanger was installed or a second additional
heat exchanger connected in series was applied (Duff, 1996). These preconditions
fostered the development of the solar thermal branch in this country towards
drainback systems, because potable water as circulation fluid without double walls
heat exchanger in the solar collector loop was an economically feasible way
(Furbo, 2003). Simple hydraulics of DBS, low maintenance, water as heat transfer
fluid drew attention of many manufactures around the world. For instance, Solar
Diamant Systemtechnick GmbH launched in 1996 a drainback system with a positive
displacement pump on the German market. The innovative system, which allowed
the drainback installation regardless of the building height, was promising for the
German market. But this technology faced technical barriers, which interrupted a
distribution of the DBS. Moreover, unreliability of proposed system compelled the
manufacture later to uninstall already mounted DBS. Later, a number of attempts
have been undertaken by different manufactures believing in advantages of the
system, in particular Consolar Solare Energiesysteme GmbH (Consolar, 2006) and
Rotex (ROTEX Heating Systems, 2012) presented new drainback systems with
plastic heat storages, Wagner Solar developed a compact drainback system with
oversized heat exchanger (Wagner & Co, 2005), STI developed a drainback tank,
which is located directly under collectors (STI, 2016), Vaillant (Pott et al., 2013) and
PAW GmbH (PAW GmbH & Co. KG, 2014) built DBS with a hidden drainback tank
in the pump station. Despite great technological success of some companies, DBS are
still not popular in Germany.
Furthermore, there is a lack of scientific publications dedicated to the drainback
technology. Only couple of publications on drainback specific questions have been
found in scientific journals such as Solar Energy or Solar Energy Engineering, which
are modern databases of the accumulated knowledge on different branches of solar
energy. Thus, there is a knowledge gap on different aspects, including design and
operation in spite of many drainback manufactures have been distributing these
systems already for decades.

1.2 Objective scope and outline of the thesis
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1.2. Objective scope and outline of the thesis
The main objective of this thesis is to comprehensively understand the functioning
fundamentals of drainback solar thermal systems and to develop constructional and
operational recommendations for reliable operation, optimal filling and failsafe
draining processes.
In order to meet the objective, a number of research questions addressing the
knowledge gap have been formulated:
•
What kind of hydraulic phenomena have to be considered in order to
enhance the 3-stage (filling, operation and draining) operation reliability of
drainback systems?
•
Which construction and operation recommendations are relevant for the
reliable functioning of DBS?
There are different hydraulic configurations of drainback systems, but only a couple
of them are considered in the framework of this thesis. The first hydraulics is a
drainback system with an additional drainback tank on the flow side (Figure 1-1a).
The second one corresponds to the system,
where a heat storage is simultaneously used as
a drainback tank (Figure 1-1b). As the
drainback system is filled simultaneously with
a heat transfer fluid (coloured red) and air
(white), a two-phase flow can be observed in
boarder areas. Hydraulic phenomena such as
Figure 1-1: Drainback hydraulics.
choking, plunging jet, siphon effect and water
solidification are identified as relevant
phenomena within DBS, and are investigated further in this work. The investigation
proceeds on the empirical basis, therefore an experimental indoor setup is constructed
for this purpose. This setup can reproduce almost all hydraulic attributes of a real
drainback system. The focus of this thesis is restricted to water filled drainback
systems, therefore tap water is used as the circulating fluid. The impact of the water
temperature is also taken into account, and is maintained either at 20 or 65 ºC during
the experiments. Both smooth (polymethylmethacrylate, polyvinylchloride, crosslinked polyethylene, copper) and corrugated pipes (corrugated stainless steel) with
diameters between DN 10 and DN 36 are applied to find out their impact on the
operation.
This thesis has been split into nine chapters. In chapter 2, a review of accumulated
knowledge on drainback systems is summarised, inclusive of journal papers, books,
patents and maintenance manuals of available DBS. Chapter 3 describes the

4

Introduction

peculiarities of drainback systems on component level, based on the analysis of fifty
identified drainback systems available on the global market. The hydraulic
components, such as collectors, pumps, heat transfer fluids, etc. are evaluated in order
to understand their constructional requirements. An experimental setup is introduced
in chapter 4, providing a description of applied hydraulic components and
measurement acquisition systems. Moreover, the evaluated hydraulic configurations
of DBS are revealed. The operation of DBS is divided into three repeating stages
(filling, operation and draining), that are subsequently investigated. Chapter 5 is
dedicated to the filling process. Choking - a sudden transition from two-phase flow
into pressurised single flow is described. The minimal choking velocities are
experimentally determined for hydraulics with both smooth and corrugated stainless
steel pipes. A parametric study is undertaken in order to quantify the impact of the
following parameters on choking process: hydraulic configuration, pipe fittings and
slopes, vertical pipe length, and the temperature of the HTF. The influences of
integrated hydraulic components such as an air vent, a check valve, a three way valve,
and a balancing valve is also evaluated. Operation peculiarities of DBS are
summarised in chapter 6. Different hydraulic configurations are analysed, focusing
on air entrainment due to a plunging jet. The penetration depth of air bubbles in the
tank/heat storage is measured at different boundary conditions (tank water level, flow
rate, temperature of the HTF). Moreover, minimal flow rate thresholds that promote
either a transition from single flow to two-phase flow or an unplanned draining
process are experimentally determined. Chapter 7 presents an analysis regarding the
draining process in DBS. A siphon effect is a driving force of the draining process,
which is discussed and experimentally analysed. Moreover, the results of a burst test,
show if any remaining water after draining induce stresses during freezing are
summarised. Different approaches to initiate the draining process are investigated and
evaluated. In chapter 8, the constructional and operational principles towards reliable
operation, optimal filling and failsafe draining processes are presented based on
experimental results from previous chapters. Semi-empirical correlations for
achieving either two-phase (air-water mix in the flow pipe) or single (only water)
phase flow during the filling process are proposed for the water filled DBS with both
smooth and corrugated stainless steel pipes. In addition, a correlation for the minimal
flow rate threshold for unplanned draining is obtained for DBS, that discharge the
HTF as a water jet. Furthermore, a control strategy is presented that ensures a failsafe
draining. The thesis concludes with chapter 9, providing a summary of the main
results and outlook towards future work.

2. Literature review
This chapter summarises publications on DBS in order to present the current
knowledge and experiences on drainback technology with respect to the research
questions from previous chapter. The operation of DBS has been split into three
repeating stages comprising filling, operation and draining processes, and separately
considered in this review. The content of this chapter is based mainly on the previous
publications in Solar Energy journal (Botpaev et al., 2016a) and in the Proceedings
of 26th Symposium Thermische Solarenergie OTTI (Botpaev et al., 2016c).

2.1. Drainback Systems
A drainback system corresponds to a “solar thermal system in which, as part of the
normal working cycle, the heat transfer fluid is drained from the solar collector into
a storage device when the pump is turned off, and refills the collector when the pump
is turned on again” (ISO, 1999). Three repeating operation stages of DBS are
introduced in this section. Moreover, advantages and drawbacks of drainback
technology are discussed. Finally, different classifications of DBS are summarised.
Figure 2-1 shows the operation states of DBS with a heat storage as a drainback tank,

Figure 2-1: Operation stages of drainback systems: (a) not in operation, (b) filling process,
(c) operation mode, (d) draining process.

but these states also valid for other drainback hydraulics. The main components of
the solar collector loop are signed, simultaneously the heat transfer fluid coloured red
and air white. When the drainback system is not in operation, the fluid is collected on
the bottom of hydraulics and the upper part is filled with air (Figure 2-1a). Once a
solar regulation unit activates the pump a filling process is commenced (Figure 2-1b).
The fluid fills the solar collector loop and the air from the upper part of hydraulics is
simultaneously pushed to the top of the heat storage. A two-phase flow (air-fluid) is
observed in the flow pipe, where the air is continuously reduced during the filling
process. After a while the air will be completely removed from the pipes and gathered
in the heat storage. This moment has to be considered as the end of the filling process,
and afterwards an operation mode begins.
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The operation of DBS has the same function as for pressurised solar thermal systems,
namely to transform the solar radiation into the heat in collectors and then to deliver
this heat by circulating fluid into the heat storage. The only difference is an air
entrainment that might be observed if the heat transfer fluid discharges into the heat
storage/drainback tank through the air (Figure 2-1c). When the pump is turned off,
the draining process occurs automatically emptying collectors and all piping above
the heat storage/drainback tank (Figure 2-1d). This operation stage ensures a simple,
but reliable protection for both overheating and freezing of the circulating fluid.
These cycling operation processes: filling, operation mode and draining are
constantly repeated in the same order.
This key feature of DBS, the three stage operation, provides numerous advantages,
but unfortunately also drawbacks for drainback technology. Both mentioned in
literature are summarised in Table 2-1 in alphabetical order (Botpaev et al., 2016a).
The most common ones such as a simple freezing protection or requirement for a
careful installation of the piping, are given by most of the sources, while some more
specific ones are more rarely discussed. It has to be emphasised that different sources
can provide opposite statements for the same subject, e.g. cost consideration.
Table 2-1: Summary of advantages and drawbacks of DBS (Botpaev et al., 2016a).

Advantages

Type

Short description

Cost
consideration

Due to several advantages mentioned below (no overpressure, water as heat
transfer fluid (HTF), less components, option for use of plastic materials),
lower system costs can be achieved (Burch et al., 2005; Haberl et al., 2008a).
This assertion has to be carefully considered, as economic comparisons
(Kutscher et al., 1984; ESTIF, 2003; Burch et al., 2005), show that existing
DBS are not necessarily the cheapest ones. Jack et al. (2014) even described
DBS as an expensive solution, without further explanation.

Less
components

Depending on the type of DBS some components such as pressurised
expansion vessel, safety valve, check valve, pressure meter, and heat
exchanger can be removed in the primary loop (Thiesen, 2009;
Mugnier et al., 2011; Frank et al., 2014).

Lower and
easier
maintenance

No overheating, less components and water as HTF cause less maintenance.
Moreover maintenance is facilitated, as the system is already drained when
not active (Jorgensen, 1984; Kutscher, 1984; ESTIF, 2003; Suter et al., 2003;
Mugnier et al., 2011).

No
overpressure

For unpressurised DBS only. Ensures a better system safety and create good
preconditions for polymer application (Suter et al., 2003).

Not
Air in the solar collector loop is even mandatory for DBS, whereas it might
susceptible to be a typical problem for conventional solar thermal systems
failure due to (Botpaev and Vajen, 2014b; Vögelin, 2014).
air

2.1 Drainback Systems
Performance
improvement

The thermal performance of DBS is improved in comparison with
conventional ones due to application of water as HTF (increased heat
exchange capacity rate) and direct connection of the collectors with the
storage without the heat exchanger (increased collector efficiency) (Goumaz
and Duff, 1981; Qin, 1998; Leibfried and Strok, 2005; Haberl et al., 2008a)

Plastic
materials
compatible

This is a direct consequence of an unpressurised system and automatic
overheat protection; plastic materials can be used in the solar collector loop
(Kutscher et al., 1984; Burch et al., 2005).

Protection
against
freezing

DBS are inherently freeze protected as the HTF drains from the collector and
outside piping when the pump is switched off (most sources).

Protection
against
overheating

As for protection against freezing, DBS are intrinsically protected against
overheating, the collectors being drained when the temperature in the primary
loop reaches a critical limit (e.g. the tank is fully charged). The protection is
also guaranteed in case of power failure (Suter et al., 2003; Kusyy and
Vajen, 2011; Mugnier et al., 2011).

Specific use

DBS are well suited for applications with discontinuous load (such as
schools, centres, industries, etc.) (Mugnier et al., 2011; Pott et al., 2013).

Start after
stagnation

In case of stagnation, DBS might be started again later during the day if
conditions are reached, which is not the case for conventional systems
(Pott et al., 2013).

Water as HTF

Present several advantages:
- favourable physical properties (a high specific heat capacity, a high thermal
conductivity and low viscosity) (Eisenmann et al., 2003; Suter et al., 2003);
- no HTF property changes which could lead to corrosion in the solar
collector loop (Goumaz and Duff, 1981; Suter et al., 2003; Frank et al., 2014);
- water is cheaper than other HTF, easily available and non-toxic
(ESTIF, 2003; Suter et al., 2003).

Careful
installation

Drawbacks

7

All components (collectors, piping, valves, etc.) located in the freeze-prone
zone have to be installed in a way that no water remains after draining, which
could damage the system in case of freezing. This might be compensated
using an HTF with antifreeze, thus losing some advantages of DBS (most
sources).

Choice of
components

Not all components (especially solar collectors and pumps) are always
suitable for DB purpose as their hydraulic design might prevent the system
to be drained (Suter et al., 2003).

Cavitation

Open DBS are unpressurised; the net positive suction head (NPSH) of the
pump(s) must be respected to avoid cavitation (Tully, 1981;
Mugnier et al., 2011).
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Corrosion

In open systems, corrosion resistant components are required to avoid
oxidization from ambient air. A closed solar circuit might be chosen, in this
case building an air tight system is an issue, as underpressure at the top of the
hydraulics favours ambient air to be sucked in (Helgesson et al., 2000;
Bokhoven et al., 2001; Mugnier et al., 2011).

Flow
balancing

The presence of air in the solar collector loop might complicate the balancing
of the flow rate in the case of parallel collector arrays with different pressure
drop characteristics (Kratz and Van Dam, 1999; Mugnier et al., 2011).

Noise level

The splashing of water from the flow pipe in the DB vessel might result in
undesirable noises. The design of the downcomer must take this issue into
consideration (Andersen, 1988; Boye-Hansen and Furbo, 1995;
Menicucci, 2011).

Organic
matter
formation

Open loop design can foster the growth of organic matter in the solar collector
loop (Norbäck et al., 1984).

There are different approaches to classifying drainback solar thermal systems. For
instance, DBS can be distinguished between open and closed solar loops
(Kutscher, 1985; Suter et al., 2003). Open DBS, which vent to atmosphere, are rarely
used and should be protected from corrosion. Closed DBS are widely spread and
represent in contrast to conventional solar thermal systems unpressurised solar
collector loop. Concerning the applied heat transfer fluid, DBS are subdivided into
water and anti-freeze mixture (e.g. propylene glycol) operated systems. If the water
delivered to the end user is directly circulated in the collectors, then DBS refer to
direct system, otherwise to indirect (Kutscher et al., 1984).
Once the pump is switched off, DBS can gather the drained circulating fluid in a
special hydraulic component such as a drainback reservoir, a heat storage, or an
oversized heat exchanger. Thus, in accordance with the location of the drained heat
carrier three hydraulic types can be suggested, as presented in Figure 2-2
(Botpaev and Vajen, 2014a). DBS with additional drainback reservoir (Figure 2-2a)
is one of the hydraulic configurations. The considerable advantage of this hydraulics
is a low lift head (the height between the water level in drainback tank and the highest
point of the hydraulics), which has to be overcome by the pump during the filling.
Another concept of DBS consists of using the heat storage both as heat energy
accumulator and as volume for the draining fluid (Figure 2-2b). Such heat storages
are usually welded from plastic materials e.g. polypropylene (PP). If these storages
are designed for unpressurised operation, they have to be permanently vented to the
atmosphere. The main advantage of this configuration is a reduction of two hydraulic
components, namely drainback tank and the heat exchanger. Furthermore, the heat
carrier drains directly into the storage, always when the pump is off.

2.2 Filling process
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Figure 2-2: DBS in accordance to the location of the volume of the drained HTF: (a) drainback
tank (b) heat storage as drainback tank (c) oversized heat exchanger (Botpaev and Vajen, 2014a).

The usage of oversized heat exchanger coil as drainback volume is the last concept
of the drainback technology presented in Figure 2-2c. This configuration was
patented and distributed by Wagner & CO Solartechnik (Thiesen, 2009) for domestic
hot water (DHW) systems. Fewer components, easier installation, and esthetic
advantages are the benefits of this approach.

2.2. Filling process
A filling process is essential for DBS. Depending on the hydraulics, it can proceed
up to 10 minutes for small scale DBS. The filling process is initiated anytime the
pump is activated e.g. when an appropriate temperature difference between the
collector and the lower part of the storage is achieved. This section presents the
knowledge on minimal filling velocity/flow rate that enables a siphon establishment
in the solar collector loop.
During the filling, the pump should overcome not only the frictional flow resistance
through the hydraulic components, but also a lift head. This lift head is one of the
decisive parameters in the choice of the pump(s). When single speed pumps are used,
they have to be oversized in order to be able to fill the loop completely. Therefore, a
high electricity consumption is expected (only for oversized single speed pumps),
which was considered as one of the drawbacks of the DB technology in the past.
One of the distinctive features of the filling process is a variable operating point of
the pump(s), hence the system curve is continuously changing (Figure 2-3). The HTF
fills at first return pipes, collectors, then reaches the highest point of the hydraulics,
which corresponds to the operation point of the pump “at siphon formation”. A siphon
is usually defined as an inverted U-conduit, which can be used to raise the water over
a crest and to discharge it at a lower level (Garrett, 1991). This feature of the conduit
is often referred to as the siphon effect, which supports the pump in DBS, as its
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Figure 2-3: Schematic of a pump curve during the filling process (Tully, 1981).

appearance cancels the lift head. A continuous replacement of the air from the flow
pipe changes the operating point of the pump to the right. Once the system is
completely filled, a constant operating point is achieved, which is designated in the
figure as “after siphon”.
Siphon establishment is, however, not always desired during the filling of drainback
systems. Tully (1981) presented advantages and drawbacks of a trickle-down design
preventing siphon formation in contrast to DB systems using the siphon. These issues
are discussed in the next section. Casalonga (1980) focused on developing an
evacuated tubular collector (ETC) with a double chamber, the overflow of the first
chamber only partially filling the second one, connected to the flow pipe, thus
ensuring a non-siphonic flow in the downcomer. Kratz and Van Dam (1999) patented
an invention, which aimed at optimising the filling process of DBS with several
parallel collector fields. As in practice some collectors are located higher than others,
it leads to a faster filling of the lower positioned collectors compared to the others.
As water passes through the “lowest” rows, a siphon starts building up in those rows,
disturbing the filling process of other collector rows that finally causes a decrease in
energy production capacity. The authors suggested, therefore, oversizing the diameter
of the flow side pipes, preventing the siphon establishment. In this case, a two-phase
(air-water) flow is continuously observed in the flow side (Figure 2-4a). The main
disadvantage of such solutions is that the pump always has to overcome the static
head, leading to increased power consumption (Goumaz and Duff, 1981).

Figure 2-4: (a) Two-phase and (b) single-phase flow (HTF coloured red, air is depicted white).

2.2 Filling process

11

One of the significant issues concerning the filling process is whether the adjusted
flow rate can completely fill the solar collector loop or not. A number of studies
devoted to this aspect have been undertaken in the last decades. Summarising these
studies, it can be concluded that air is completely removed during the filling process
and the siphon is established if the HTF velocity exceeds a certain minimal value. If
this minimal velocity threshold is not achieved, a two-phase flow will be observed in
the flow pipe.
One of the earliest attempts to experimentally determine the minimal threshold of the
flow rate (velocity) for the siphon establishment in DBS was undertaken in the 1980s.
Tully (1981) reported that, according to his own experience, a full air replacement
from the solar collector loop is expected when minimal pressure drop at the top of
0.23 kPa/m (1 psi / 100 ft.) is achieved. Applying this statement for copper pipes with
diameters of 12 and 20 mm, the minimal flow rates (velocity) are respectively
calculated as 2.4 l/min (0.35 m/s) and 9.8 l/min (0.53 m/s). Kutscher et al. (1984)
constructed an experimental setup of a drainback system from smooth pipes. The
author continuously increased the flow rate and observed the flow during the filling
process. Once a siphon was established, the flow rate was recorded. Their
experiments demonstrated the influence of the pipe diameter on the filling process.
The results confirmed a development of the siphon in the downcomer with a diameter
of 12.7 mm at a velocity of 0.21 m/s, whereas for the 19 mm tube the required
velocity was 0.23 m/s. Different hydraulics with the same piping diameters also
showed a variation of approx. 7 % of the minimal velocities, therefore they proposed
the impact of the solar collector loop design on this required minimal velocity.
However, it was not specified if the piping arrangement or the height of hydraulics
was the reason for this deviation.
Boye-Hansen and Furbo (1995) published a report on DBS, where the “critical” fluid
velocity which guarantees a single flow for straight and bended pipes was
summarised. These experimental results were taken from previous work done by
Mikkelsen (1988).
Kaiser et al. (2013) also conducted similar experiments to derive the minimal flow
rate for the “clearing” of the air in the downcomer. The hydraulics of the DBS was
constructed with transparent PMMA pipes for visual observations of the processes.
Pipes with different diameters and bends were systematically filled with different
flow rates. The minimal desired flow rate which eliminates the air from the loop was
obtained for vertical pipes alone and vertical pipes with 90 degree elbows at the
bottom. Moreover, the filling process with propylene glycol as HTF was also
investigated, which confirmed the requirement of lower velocities (approx. 16 % for
a vertical pipe DN 21) for siphon establishment in comparison with water.
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Rühling et al. (2013) presented a comparison of different filling procedures for
conventional pressurised solar heating systems. One of the investigated filling
procedures, so-called “quick rising filling” is very similar to the filling process in
DBS. The authors reported that a minimal velocity of 0.4 m/s is mandatory for a
successful termination of this filling procedure. It was also experimentally confirmed
that this filling method is more appropriate for small size solar thermal systems with
a restricted static height and small diameter of the piping.
DIN 1986-100 (Drainage systems on private ground) contains the recommendations
concerning the minimal flow rates in vertical branches for pressurised draining
(DIN 1986-100, 2008). These minimal flow rates are valid for branch pipes larger
than 50 mm in diameter, longer than 4 m and expressed as following:
𝑄𝑑 = 0.868 ∙ 𝑒 0.0188∙𝑑𝑏

(1)

𝑄𝑑 –minimal flow rate for establishment a pressurised flow in vertical branch of
rainwater drainage systems, l/s, 𝑑𝑏 – diameter of the branch pipe, mm.
Hager (2010) mentioned in his book “Wastewater hydraulics” a choking of sewer
flow based on experiments of Sauebrey (1969). A choking is defined as a sudden
transition from free surface to pressurised flow, and can also be referred to as
surcharge (Hager, 2010). He reported that choking phenomenon in the pipe “has
received scarce attention until now” (p.101), and are not completely understood.
Based on experimental data from Sauebrey (1969), Hager (1991) expressed the
choking conditition of sewers for pipe slope < 0.8 % as minimal flow rate that enables
a choking (Eq.(2)), and the maximal flow rate that allowing a two-phase flowing only
(Eq.(3)):
𝑄𝑚𝑖𝑛 > 0.7√(𝑔 ∙ 𝑑𝑖5 )

(2)

𝑄𝑚𝑎𝑥 < 0.36√(𝑔 ∙ 𝑑𝑖5 )

(3)

Figure 2-5 summarises the results of the mentioned investigations. The X-axis is a
pipe diameter, whereas Y-axes denote a minimal flow rate or a superficial water
velocity. The superficial water velocity is defined as the ratio of the actual water flow
rate to the area of the pipe cross section, where two-phase flow is observed (Faghri
and Zhang, 2006). The results from DIN 1986-100 (2008) are not on the graph, as the
considered diameters lay beyond the range of validity of the proposed empricial
correlation, therefore the calculated minimal flow rates for choking in pipes with
small diameter are extremely high (e.g. 63 l/min for 10 mm pipe).

2.2 Filling process

13

Referring to Figure 2-5, the non-homogeneity of the results should be stressed,
especially for the piping with a diameter around 20 cm. Measurement uncertainties,
methodologies of experiments, boundary conditions might be reason as they certainly
play a role, but were only partly specified in all these studies.

Figure 2-5: Required minimal flow rate/velocity for siphon establishment in DBS. The legends
indicate the author of performed experiments, characteristics of pipes, and year of publication.

The entry, transport and release of air into/from conduits are an increasingly
important area not only in the field of drainback systems, but also in other engineering
branches. The issues of air entrainment and their removal in pipelines is the focus of
numerous researchers (Lauchlan et al., 2005). Different air entrainment mechanisms
were already explored and described in literature (Falvey, 1980; Kobus, 1984;
Chanson, 1996; Eismann and Rühling, 2007; Escarameia, 2007; Hager, 2010) and
should be adopted for drainback systems. For instance, the gas entrainment through
hydraulic jumps in pipes has been experimentally investigated by many scientists
(Mortensen et al., 2011; Skartlien et al., 2012; Julshamn et al., 2014). The hydraulic
jump is a phenomenon, which appears at transition zone from supercritical flow into
subcritical. Mortensen (2009) found that the higher temperature reduces the relative
entrainment rate due to hydraulic jump, whereas the size of penetrated bubbles is
increased.
Air transport in pipelines was also investigated, leading to the appearance of new
analytical correlations and empirical results (Corcos, 2003; Gualtiere et al., 2007;
Pothof and Clemens, 2011). According to researchers, there are two different removal
mechanisms of the air pockets from a pipeline: 1) sweeping, the flowing fluid remove
the whole air pocket or 2) gradual reduction of the air pocket due to the impact of the
hydraulic jump behind the pocket (Wisner et al., 1975; Walther and Günthert, 1999).
Air pockets can be removed from the pipe, if a certain minimal flow velocity is
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achieved, which is known as clearing velocity (Lauchlan et al., 2005). The clearing
velocities for preventing air accumulation in pipelines are determined in literature
either experimentally or analytically. DVGW-Merkblattes W 334 (2007) contains
recommendations towards clearing velocity in water pipelines. Figure 2-6 shows the
clearing velocity for a pipe DN 20 based on correlations from different authors
(Eismann, 2014). Eismann (2014) reported that there are no publications concerning
clearing velocity for solar thermal systems with corrugated stainless steel pipes.

Figure 2-6: Calculated clearing velocity for a pipe DN 20 at different tilt angles based on
correlations from different authors. The legends indicate the author, year of publication and
diameter of the pipe used in experiments for deriving the correlation (Eismann, 2014).

As DBS are permanently filled with air and water, therefore two-phase flow regimes
occur. Rouhani and Sohal (1983) counted 84 different two-phase flow patterns in a
review publication; some of them are depicted in Figure 2-7. Some attempts to

Figure 2-7: Schematic of two-phase flow patterns in (a) vertical pipes (b) horizontal pipes, the list
is not complete (Cheng et al., 2008).
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characterize two-phase flow patterns for drainback systems were already undertaken
by Baumgartner (2012). His observations were linked to the theory from two-phase
flow patterns, and are only applicable for drainback systems, where the flow pipe
consists of a single vertical smooth pipe. Schwander (2015) focused in his study on
the filling process in DBS. Both smooth and corrugated stainless pipes were applied
for this experimental investigation. Criteria for the full filling of the systems were
presented for the filling at ambient temperature of the HTF.

2.3. Operation
Peculiarities of the operation mode in drainback systems are presented in the
following section. One of them is a plunging jet, which is defined as a moving water
column that passes through the air before impinging on the free surface of receiving
water pool (Roy et al., 2013). The plunging jet is observed in DBS, where the heat
transfer fluid inlets drainback tank/heat storage as a free falling jet. Air entrainment
and unplanned draining can be attributed to the consequences of plunging jet and are
discussed below.
The operation mode of all DBS is similar to the one of conventional pressurised solar
thermal systems, aiming at gaining the solar energy yield. The HTF is heated in the
collectors, afterwards the heat is delivered to the heat storage. Nevertheless,
additional nuances have to be taken into consideration due to specific operation
conditions in DBS. An unpressurised solar collector loop is one of the main
differences between DBS in comparison with conventional systems. As a
consequence, the pressure at the top of the hydraulics is often below atmospheric
pressure if a siphon is established in the loop (Tully, 1981). This vacuum pressure at
the top can be calculated using Bernoulli’s equation:
𝜌𝑣12
𝜌𝑣22
𝑃1 + 𝜌𝑔ℎ1 +
= 𝑃2 + 𝜌𝑔ℎ2 +
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
2
2

Figure 2-8: Drainback system.

𝑃1 = 𝑃2 − 𝜌𝑔(ℎ1 − ℎ2 )

(4)

P1, P2 – being the static pressure at the top and
the lowest point of the flow pipe, 𝜌𝑔ℎ – the
𝜌𝑣
⁄2 – the dynamic
hydrostatic pressure,
pressure (Figure 2-8). The dynamic pressure
is, in a normal operation mode, the same in
both parts of the equation, assuming that flow
rates and piping diameters are identical. Thus,
the static pressure at the top is:
(5)
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From equation (5) appears that the reduction of the pressure at the top is proportional
to the water head in the flow pipe, i.e. the height from the air gap at the end of the
downcomer to the upper point in the flow side. It has to be noted that this is the
theoretical maximal value of the underpressure, as the pressure drop between 1 and 2
is not taken into account.
The underpressure influences the operation of DBS. First of all, the air tightness of
piping connections at the top is not easy to detect. Water droplets do not appear at the
pipe surface, but instead air is sucked inside. Furthermore, even if the fittings are
sealed against the circulating fluid, it is hard to prevent the penetration of air
molecules from the surrounding (Mikkelsen, 1988). Another significant influence of
the underpressure is a lower boiling point of the HTF. A comprehensive example of
this physical phenomenon was presented by Kutscher et al. (1984) and is summarised
in Table 2-2. For instance, at 1500 m above sea level, with a water head of 6.4 m in
Table 2-2: Boiling point of water at various pressures (Kutscher et al., 1984).

Pressure at the top, kPa

11.7

19.9

32.7

51.8

101.3

Boiling point of water, °C

48.9

60.0

71.1

82.2

100

DBS, they state that the boiling temperature reaches 60 °C. Vaporization at low
temperatures restricts the maximal operation temperature of the collector and
increased a probability of evaporation (pressure increase). Louvet et al. (2015)
demonstrated a negative impact of underpressure for DBS, which caused a decrease
of the flow rate due to additional pressure drop after the HTF started to boil.
According to Kutscher et al. (1984) two methods can be applied against the
undepressure: a periodic pressurization of the entire collector loop or the usage of a
vacuum breaker. Positioning of the valve below the collectors allows one to eliminate
the underpressure at the top. Haberl et al. (2008a) suggested to avoid the
underpressure by means of an appropriate pump and a pressure sustaining valve at
the end of the return line. By reducing the flow pipe size and having an extra
adjustable flow resistance/throttle valve, close to the inlet of the drainback volume a
slight overpressure can be maintained in the whole solar collector loop. For a lowflow system the loop has to be designed with smaller pipe diameters and flow
restrictor.
The water level in the heat storage/DB reservoir is another important aspect of the
smooth operation condition, which has to be regularly checked. An air layer above
the water level in the tank allows compensation for the expansion of the fluid due to
temperature increase. The drainback tank should be between 3/4 and 7/8 full when
the system is off, and between 1/8 and 1/2 while in operation (ASHRAE, 1990).
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“Levels outside these ranges signify potential problems” warns the ASHRAE. The
main issue concerning the drainback tank is an air entrainment through the plunging
jet, if the HTF discharges in drainback tank through the air gap as a jet. A
phenomenon of air entrainment by water jet plunging on the free surface is an
investigation focus in many research papers. However, the mechanism of air
entrainment due to plunging jet is not fully understood till date (Roy et al., 2013). A
schematic representation of the air entrainment is depicted in Figure 2-9a, whereas
some relevant charateristics concerning plunging jet are designated in Figure 2-9b.

Figure 2-9: Bubble formation due to plunging water jet (Roy et al., 2013).

A water jet is a moving water column which passes through a gas. When the jet
plunges on the water surface, an air sheath surrounding the jet is created at the
plunging point (Lin and Donnelly, 1966). The sheath oscillates, and due to jet
momentum continously breaks up into the small bubbles. Under the water level, there
are two distinct regions where bubbles penetrate: the biphasic cone and the region of
upward rising bubbles (Ervine et al., 1980). The dispersed bubbles in the biphasic
cone are smaller and are submerged due to momentum of the underwater jet. The
bubbles may grow due to coalescence and sink until buoyancy forces counterbalance
the jet momentum. After reaching this maximum penetration depth, bubbles rise
upwards building another region, which is located around the biphasic cone.
Qu et al. (2013) reported that the penetration depth of the air bubbles depends on the
jet velocity, that is a higher velocity fosters a deeper air bubbles penetration. The
authors measured a depth of air entrainment up to 20 cm. Harby et al. (2014) pointed
out, that a wider nozzle diameter and a higher flow rate increase the penetration depth.
Furthermore, they confirmed that the gas entrainment rate is raised with increase of
the jet length, which was also mentioned by Chanson and Manasseh (2003).
El Hammoumi et al. (2002) derived a correlation for air eintrainment, and
demonstrated the impact of the temperature. Singh et al. (2011a) compared the air
entrainment depth for different water jet geometries, and confirmed that the
conventional circular jet causes the deepest bubble immersion. Zhu et al. (2000)
showed that jet surface disturbances play a significant role for air penetration.
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Callaghan et al. (2014) indicated an increase in the roughness of the water jet (surface
disturbances) with a rise of the temperature. Available empirical correlations for
assesment of maximal penetration depth of air bubbles are chronologically
summarised in Table 2-3. These empirical relationships were proposed based on
experiments for vertical water jets with relatively small nozzle diameters.
Table 2-3: Empirical correlations for assessment of air depth penetration (𝐻𝑝 ) for water jets.
№

Correlation
4
3

1
−
0.42𝑉𝑗 𝑑𝑗 𝑄𝑎 4

1

𝐻𝑝 =

2

𝐻𝑝 = 10(𝑉𝑛 𝑑𝑛 )

3

𝐻𝑝 = 2.6(𝑉𝑛 𝑑𝑛 )0.7

4

𝐿𝑗
𝐻𝑝
= 10 𝑓(𝐹𝑟) ( )−0.2
𝑑𝑛
𝑑𝑛

Experiment parameters
Nozzle diameter 3.9 to 12 mm
Nozzle diameter 1 to 4 mm,
jet length > 20𝑑𝑛
Nozzle diameter 6 to 25 mm,
jet length 0 to 6 m
Nozzle diameter 7 to 13 mm
𝑓(𝐹𝑟) = 1.76 − 0.8𝑙𝑜𝑔𝐹𝑟 + 0.64(𝑙𝑜𝑔𝐹𝑟)2

Reference
van de Sande and
Smith (1975)
Suciu and
Smigelschi (1976)
McKeogh and
Ervine (1981)
Ohkawa et al.
(1986)

𝑑𝑗 – jet diameter at plunging point with water surface, m; 𝑑𝑛 – diameter of the nozzle,
m; 𝐹𝑟 =

𝑉𝑛
√𝑔𝑑𝑛

– Froude number; 𝑔 – gravitational acceleration, m/s²; 𝐻𝑝 – penetration

depth, m; 𝑄𝑎 – volume rate of air entrainment, m³/s; 𝑉𝑗 – velocity of the jet at
plunging point with water surface, m/s; 𝑉𝑛 – velocity of water flow in nozzle, m/s;
Chirichella et al. (2002) determined experimentally the conditions for four different
air entrainment regimes: 1) no entrainment, 2) incipient entrainment 3) intermittent
entrainment 4) continous entrainment. Several researchers have focused on the
conditions to be fulfilled, so as to avoid any induce air entrainment. This velocity
threshold of the jet is defined in the literature as inception, onset or characteristic
velocity (Harbi, 2015). Qu et al. (2011) and Chanson et al. (2004) stated, that the
inception velocity is raised with increasing of the water jet length. They undertook
experiments in order to determine empirically the dependency of this length on onset
velocity.
Bin (1993) suggested an empirical correlation for the onset velocity for droplet region
– where the jets breaks into droplets in the air before impinging. This correlation is
applicable for jet lengths ranging from 0.015 to 0.4 m.
𝑉𝑒 = 5𝐿𝑗 0.534

(6)

𝑉𝑒 – onset velocity, m/s; 𝑑𝑛 – diameter of the nozzle, m; 𝐿𝑗 – jet length, which is a
distance between the edge of the nozzle and the water surface, m.
For the following continous jet region, he reported that a length of the nozzle impacts
on the jet turbulence intencity, and therefore it is not possible to derive a universal
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correlation for the onset velocity in continous jet region. However, a correlation
below can be recommended for large nozzles above 7 mm:
𝑉𝑒 = 1.4(𝐿𝑗 /𝑑𝑛 )0.164

(7)

𝑉𝑒 – onset velocity, m/s; 𝑑𝑛 – diameter of the nozzle, m; 𝐿𝑗 – jet length, which is a
distance between the edge of the nozzle and the water surface, m.
Analysing the results presented in the literature (Table 2-4), the onset velocity was
varied in a wide range from 0.73 to 3 m/s. These velocities only partly overlapp with
recommended operation velocities required in solar thermal systems in accordance to
VDI 6002 (2014). The diameters of applied nozzles are generally smaller than
conventional pipes in drainback systems.
Table 2-4: Onset velocity from different literature sources.
№

Experiment parameters

Reference

1

Onset velocity, m/s
1.7 to 3

Nozzle diameter 0.58 mm

Laura (1979)

2

1.5 to 2.5

Nozzle diameter 1.56 to 5.14 mm

Bin (1988)

3

0.73 to 1.58

Nozzle diameter 6, 12.5 and 25 mm

Chanson et al. (2004)

4

to 2.0

Nozzle diameter 6 mm, length 0.55 m

Qu et al. (2011)

5

1.2 to 1.6

Nozzle diameter 4 and 6 mm, length 0.3 m

Roy et al. (2013)

Besides air entrainment, jet instability is another phenomenon that has to be taken
into consideration. The reduction of the flow rate causes an instability of the jet,
which by further decrease of the flow rate may cause an unplanned/undesired draining
process.
Wallis et al. (1977) investigated conditions when horizontal and vertical pipes are
completely filled with water during discharging process into the space filled with gas.
Figure 2-10 shows observation results of this study. At the beginning, a falling film
is observed when the pump is activated at low speed (Figure 2-10a). An increase of

Figure 2-10: (a,b,c) Formation of the jet, (d) wobbly jet due to decrease of flow rate,
(e) bubble formation (Wallis et al., 1977).

20

Literature review

the flow rate causes a choking, as depicted in Figure 2-10b, washing out the air from
the pipe. Once a single-phase flow is achieved, a stable water jet (Figure 2-10c)
forms. The stability of the water jet is then disturbed due to reduction of the flow rate.
A slow decrease of the flow rate causes a narrowing of the jet. Further very slow flow
rate decrease leads to oscillation of the water jet (Figure 2-10d). The interface
between water and air at pipe outlet becomes not stable, and at a certain moment an
air intrusion can be observed (Figure 2-10e). The penetrating air rises up in the shape
of a Taylor bubble, filling almost the full cross section of the pipe. Rising of the
Taylor bubble in the pipe is not desired for the drainback system during operation.
Simultaneously, the water flow rate is reduced (in case of centrifugal pump), and in
a next step either the circulation ceases or operation with falling film in flow pipe will
proceed. In the first case the draining process will be launched despite the activated
pump. The flow rate threshold, which causes either flow break or depressurised flow
regime in a vertical pipe is presented in Figure 2-11. Wallis et al. (1977) determined

Figure 2-11: Minimal flow rate for bubble formation in vertical polymethylmethacrylate (PMMA)
pipes. Water discharges at ambient temperature from vertical pipe into the air as a jet.

a flow rate regime for bubble formation at one side of the jet for different pipe
diameters. These results are illustrated in Figure 2-11 with grey squares. The
experiments have been conducted with water at approximately 10 ºC, and the pipe’s
length/diameter ratio was above 15. The authors reported that the flow rate for bubble
formation also depends on the geometrical properties of the pipe end. In particular,
they pointed out that the shape of the chamfer has an impact on the flow rate.
Baumgartner (2012) also investigated a bubble formation, which caused a flow break
during the operation of DBS. One can see in Figure 2-11 a steeper threshold increase
for large pipe diameters in comparison to the results from Wallis et al. (1977).
Baumgartner (2012) highlighted that air intrusion in vertical pipes occurs at slightly
higher flow rates (approx. 4 % for polymethylmethacrylate pipe DN 21), when the
system is filled with antifreeze compared to a water filled system. An increase was
also caused by using an elbow fitting directly mounted at the end of the pipe.
Publications on bubble formation and jet instability in corrugated pipes were not
found.
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2.4. Draining process
Once the solar controller turns off the pump(s) or in case of power failure, the draining
process occurs automatically. It has a protective function for drainback systems, and
implies the draining of the HTF from the upper part of the hydraulics into the
drainback volume. Empty collectors and hydraulics prevent both overheating during
stagnation and frost damages in cold periods. There are different mechanisms
initiating the draining process that have been developed in the past and successfully
implemented in drainback systems. These draining mechanisms are presented and
discuss in this section. Besides this, the freezing process of the water in the pipe is
introduced as well, and comprehensively explained based on the literature review.
One of the earliest investigations of the draining process was conducted in the 1980s.
Some simple experiments were carried out by Kutscher et al. (1984) in order to
determine the range of pipe diameters, which would hold a water column of 1 m
within the vertical pipe with open cap at the bottom and closed at the top. From those
results they proposed to find out whether a vacuum breaker is needed for the draining
or if the water can flow downward by itself due to gravity. They demonstrated that
pipes with inner diameter (ID) equal or smaller than 10 mm will not drain, whereas
pipes with diameters of 14 and 19 mm empty easily. Further experiments and
analytical results showed that stable menisci (Figure 2-12a) can be formed in pipes

Figure 2-12: Observations of menisci at the pipe outlet (Kutscher et al., 1984).

with small diameter up to 14 mm. In order to break the menisci either the end of the
pipe can be angle cut (Figure 2-12c) or a hole drilled a few centimetres above its
outlet (Figure 2-12d).

2.4.1. Existing hydraulic configurations
Different possibilities to initiate the draining process have been proposed and are
summarised in Figure 2-13. The presented hydraulics are simplified as the heat
storage is always presented as DB volume. The HTF is coloured red and the air white.
Figure 2-13a represents the crucial “mechanism” of the draining process. The driving

22

Literature review

Figure 2-13: Conditions/mechanisms to initiate a draining process (Botpaev et al., 2016a):
(a) H is a hydrostatic pressure difference, (b) a drilled hole in the submerged downcomer,
(c) hydraulics with a motor valve, (d) air vent at the top of the hydraulics.

force of the draining process is a difference of hydrostatic pressure between the flow
and return pipes, designated with H (Botpaev et al., 2014). The draining process
occurs in the opposite direction to the circulation as mentioned in Hapgood (1976),
Seiler and Heights (1980) and Botpaev et al. (2014). The flowing down HTF in the
return side pulls up the water column in the flow side, gradually emptying the solar
collector loop. Therefore, almost the whole water amount is drained over the return
side due to the siphon effect. Despite the fact that the siphon has been known since
ancient times, the exact mechanism of siphon operation is still under discussion.
There are two competing models regarding driving forces of siphon. The first
proposes that the siphon operates through gravity and atmospheric pressure, whereas
another argues that gravity and liquid cohesion are involved (Boatwright et al., 2015).
Hughes (2010) reported that column of water acts like a chain, where “water
molecules pulling on each other via hydrogen bonds”. He claimed that the maximum
height of a siphon is dependent on the tensile strength of the water and not on
atmospheric pressure. Boatwright et al. (2015) proved that the siphon operates
through gravity and molecular cohesion, by means of experiments, where the height
of the operating siphon at sea level achieved 15 m. Richert and Binder (2011)
presented several experiments showing an important impact of atmospheric pressure
and gravity. In particular, the water in the long leg of the siphon conduit could pull
up a water in the short leg despite an air slug between them. Furthermore, disproving
the chain model they showed that the siphon is disturbed if the top is vented to the
atmosphere.
With reference to the first hydraulics (Figure 2-13a), it has to be emphasised that a
discharging of the HTF into the drainback storage as a water jet leads to splashing of
the circulating fluid during the operation mode (Beasley, 1980). Besides noise
creation, this leads to air bubbles penetration into the DB volume, which might be
damageable if bubbles further flow through the pump (Botpaev and Vajen, 2014b).
Therefore, the downward piping is sometimes submerged under the water level in the
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DB volume as shown in Figure 2-13b-c. This solution requires, however, an
additional mechanism to initiate the draining process. One possibility is a drilled hole
in the downcomer pipe (Figure 2-13b), whereas applying a motor, solenoid, or check
valve is another alternative (Figure 2-13c). Without initiator, draining might lead to
the formation of 2 air volumes – one in the DB volume and one in the collectors.
Boye-Hansen and Furbo (1995), Perers et al. (2015) pointed out that this
configuration could result in water being sucked up in outdoor hydraulics during cold
periods, thus endangering the system.
Bliss (1954) was the first to mention a hole as draining “initiator” in a patent from
the end of the 1950s (Figure 2-14a). Later, Embree and Brook (1979) considered it

Figure 2-14: Schemes of different hydraulics with hole(s) in the flow pipe indicated with a dark
arrow, adapted from (a) Bliss (1954), (b) Embree and Brook (1979), (c) Bony and Renoult (1999),
(d) Buderus Heiztechnik GmbH (2000).

as an interesting solution to initiate the draining process without moving parts
(Figure 2-14b). This hole enables a partial emptying of the downcomer from the hole
down to the water level in the storage when the pump stops. The partial emptying
creates the hydrostatic pressure difference, which initiates the siphon draining
described above. Bony and Renoult (1999) reported that several drilled holes
combined with a bypass piping parallel to the pump fasten the draining
process, reducing the draining time by a factor two (Figure 2-14c).
Buderus Heiztechnik GmbH (2000) patented a similar solution, the hole being
drilled with the shape of a vertical slot. Furthermore, the end of the piping in the DB
tank is proposed to be bent just below the hole (Figure 2-14d). This shape should
reduce the noise due to splashing and vortex in the DB tank. A comparable hydraulics
concept is also mentioned in Schalajda and Leibfried (2002). Menicucci (2011)
revealed that a few holes seem to be the most effective approach to eliminate the
problem of noise and to foster the draining of DBS.
A branched pipe - also called bleeder or vacuum breaker mounted in the downcomer
with sometimes an additional valve (Figure 2-15) is another approach to initiate the
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Figure 2-15: Schemes of different hydraulics with a branched pipe indicated with a dark arrow,
adapted from (a) Bliss (1954), (b) Embree (1978), (c) Beasley (1980), (d) Haberl et al. (2008b).

draining process in DBS. In operation mode, the motor or solenoid valve is
permanently closed, and opens once the pump is stopped. The branched pipe should
be dimensioned in a way which allows air to freely pass through anytime when the
pump is stopped but should avoid HTF circulation during operation. Bliss (1954),
Embree (1978) and Beasley (1980) proposals are based on inverted U-formed piping
without any additional mechanical or electrical devices (Figure 2-15a-c).
Bunksolar (2014) use the same shape with an additional motor valve, while a check
valve (Figure 2-15d) is utilized by Haberl et al. (2008b).
Another possibility to initiate the draining process is to utilize an air vent (or vacuum
breaker) at the top of the hydraulics (Figure 2-16). The vent can be connected either

Figure 2-16: Schemes of different hydraulics with a vacuum breaker at the top indicated with a
dark arrow, adapted from (a) Hayes and Shikasho (1975), (b) Krumpe (1976),
(c) Honikman (1977), (d) Baardman (1978).

to the ambient or through a vent line to the air volume in the DB volume.
Hayes and Shikasho (1975) applied the latter to closed DBS (Figure 2-16a). There
was at the end of the 1970s a real boom of patented inventions with vacuum breaker
at the top for the fostering of the draining process. Different devices were applied for
this purposes, such as a solenoid valve (Krumpe, 1976) (Figure 2-16b), a vacuum
relief valve (Honikman, 1977) (Figure 2-16c), a floating valve was suggested by
Baardman (1978) and Prieur (1978) (Figure 2-16d), an air pipe (Busch et al., 1977),
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an air vent (Scharf et al., 1978) or a membrane device (Oquidam, 1979) for draindown
systems. Preventing a siphon formation during the filling process by means of oversized
pipe diameter of the flow side is another approach from Kratz and Van Dam (1999).
Plenty of technical solutions towards initiation and fostering of the draining process
have been described. A lot of issues of optimal DB system design were extracted
from patents, but there is a lack of scientific publications on this topic.

2.4.2. Freezing impact on DBS hydraulics
The freezing of water in a closed volume is one of the most dangerous hydraulic
phenomena in DBS. Therefore, a failed or improper draining process may even cause
fatal failures in the hydraulics. At subfreezing temperatures, water turns into ice and
expands by approximately 9 %. The volume expansion causes a tremendous pressure
increase in a confined volume of water, which may finally lead to pipe crack. A large
amount of research on the freezing process has been conducted in the past
(Akyurt et al., 2005). However, the rupture mechanism of the pipe during the ice
formation was understood recently. Gordon (1996) disproved a commonly held view
that a pipe burst occurs because ice growth pushes against the pipe wall. The main
reason, he explained, is that the formation of an ice plug/plugs blocks water in a
closed volume, where pressure rises significantly due to suppressing of further ice
growth. As a result, pipe failure occurs; it has again to be emphasised that the rupture
comes from an increase in water pressure and not from the ice itself. Therefore, burst
events may occur even within the heated space of a building. Pfullmann (2007)
mentioned for instance the freezing failure of a water piping in a bathroom.
Furthermore, he described the typical characteristic of freezing failure in copper and
plastic pipes.
Figure 2-17 shows a typical ice formation process in a pipe filled with water
(Cruz et al., 2010). The horizontal axis represents the time, while the vertical axis

Figure 2-17: Schematic of ice formation in a pipe (Cruz et al., 2010).
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denotes the temperature. Additionally, a phase transition temperature (normally 0 °C)
is depicted with a horizontal black dotted line and the temperature of the environment
with a horizontal turquoise dashed line. The blue solid line presents the temperature
in the pipe. Once the warm pipe is exposed to a subfreezing temperature its
temperature starts to decrease. This cooling effect is referred to as the first stage of
ice formation in a pipe. Remarkably, the water temperature may fall below the phase
transition temperature without phase change. This process is known as supercooling,
where water temperature can fall down to -34.5 °C (Mossop, 1955), but usually lays
in the range between -2 to - 8 °C (Gilpin, 1978). At a certain temperature of
supercooled water, an ice nucleation process is launched, which forms the first ice
crystals. Ice grows in supercooled water not as solid ice, but as dendritic ice which
consists of thin plate-like crystals of ice interspersed in water (Knight, 1967). During
dendritic ice growth, the temperature of the pipe raises due to the heat of fusion
released from dendritic ice formation. Once the temperature reaches the phase
transition temperature, the formation of dendritic ice is completed. The second stage
- dendritic ice formation may take 10 to 100 s (Gilpin, 1978). A following freezing
stage consists in an inward growth of a solid ice structure (annular ice formation),
which takes place at the constant phase transition temperature. Annular ice formation
is finished, once the ice annulus closes the whole cross-section of the pipe. At the end
of this stage, the whole water amount turns into ice. During the last stage, ice cools
down below the phase transition temperature approaching the temperature of the
environment.
Several attempts were undertaken to measure the pressure established during ice
formation. Akyurt et al. (2005) reported that pressures of more than 1000 bar can be
developed, whereas Gordon (1996) measured copper pipe burst at a pressure level of
270 bar. Different piping materials were tested as well. Burch et al. (2006)
investigated whether cross-linked polyethylene (PEX) piping can withstand water
freezing. They found that two PEX brands out of four could withstand 450 freezethaw cycles, if the length of the sample exceeds 0.18 m (7’’). Their tests showed that
pipes with smaller sections 0.08-0.13 m (3-5’’) and metal fittings on both ends tend
to burst. Moreover, they reported that the hoop strain averaged 3.48 % after water
frost, which is situated in the quasi-linear region of the PEX stress-stain curve. It
means that PEX pipes can sustain a significant number of freeze-thaw cycles.
Cruz et al. (2010) tested the freezing phenomena with polyvinylchloride (PVC) and
chlorinated polyvinylchloride (CPVC) pipes. PVC pipe samples demonstrated a
larger bulging prior to burst in comparison with CPVC pipes. However, they pointed
out that plastic pipes possess good features to prevent the freezing failure. It need to
be stressed, that the pressure growth in water began simultaneously with the dendritic
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ice formation stage (Cruz et al., 2010), which was not the case in the experiments of
Gordon (1996).
An insulation cannot prevent the pipe failure, but can delay the freezing process
(VDI 2069, 2006). Brown (1916) reported that hot water piping in households burst
more frequently than cold water piping. He found that ice forming from boiled water
presents a clear homogeneous structure in contrast to ice from tap water, which is full
of air bubbles in the middle. Therefore, dissolved air in water may delay or even
prevent from a bursting event. Sugawara et al. (1983) developed a mathematical
model, which describes the freezing behaviour and can predict the pressure dynamic
in water. McDonald et al. (2014) developed a one-dimensional heat conduction
mathematical models, which can calculate the cooling and freezing times of water in
a pipe with an accuracy of 15 %. Based on this model, a comparison of the cooling
and freezing times for bare vs. insulated pipes were presented in their work.
Fukusako and Takahashi (1991) presented the freezing characteristics of partially
filled circular pipes. The authors measured the temperature distribution and ice
formation at different cooling rates. The cooling rate is a parameter which
characterizes how fast the water is cooled down (K/min). In accordance with
McDonald et al. (2014) and Gilpin (1977b) findings, Fukusako and Takahashi (1991)
reported no dendritic ice formation at high cooling rate of 3.87 K/min. Figure 2-18
presents the distribution of dendritic ice depending on the cooling rate for a partially
filled horizontal pipe (Fukusako and Takahashi, 1991).

Figure 2-18: Formation of dendritic ice in a partially filled horizontal pipe at different colling rate
(a) 0.1 K/min, (b) 0.8 K/min, (c) 2 K/min (Fukusako and Takahashi, 1991).

In Figure 2-18a is shown a cross-section of the pipe, where a dendritic ice spreads
into the entire water volume within 1 or 2 s, at a cooling rate of 0.1 K/min. With
reference to Figure 2-18b, “sherbet-like ice forms just below the water surface, and
the ice grows towards the bottom of the tube” noted Fukusako and Takahashi (1991),
at a cooling rate of 0.8 K/min. At the highest cooling rate (2 K/min), the dendritic ice
does not cover the whole air-water interface (Figure 2-18c). Whether a pressure rise
occurs in partially filled pipe during the freezing was not reported.
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2.5. Summary and conclusions
A literature review has been presented in this chapter with respect to the research
questions. Publications related to DBS have been scanned in a wide range of scientific
journals, reports and patents. The analyses show a lack of scientific publications
concerning drainback systems. In order to understand the functional fundamentals of
DBS, investigations on entry, transport and release of air in/from pipes have been
considered as well. The existing knowledge of two-phase flow have to be adopted for
DBS to guarantee an optimal operation.
The operation of DBS, in turn, is split into three repeating stages comprising filling,
operation and draining processes. Each operation stage has been evaluated separately.
Filling process. One of the central issues of the filling process is whether the solar
collector loop will be completely filled at certain velocity/flow rate or not. Different
experimental studies have been summarised, that demonstrated a deviation of results
among them. Furthermore, the previous experiments have been conducted for
hydraulics exclusively with smooth pipe. As corrugated stainless steel pipes recently
became a standard piping material for solar thermal systems, no investigation has
been carried out on their filling behaviour so far.
Operation. Some differences of operation in DBS have been presented in contrast to
pressurised solar thermal systems. A compilation of literature sources is undertaken
focusing on plunging jet. Different correlations for assessment of air entrainment due
to plunging jet are analysed. Moreover, the onset velocities are calculated, that are
mainly laid beyond the recommended velocity range for solar thermal systems in
accordance to VDI 6002. As these correlations on onset velocities have been derived
mainly for nozzles with small diameter, large diameter have to be tested as well. A
stability of the plunging jet is also considered, pointing out that a minimal flow rate
threshold can lead to unplanned draining process.
Draining process. Different hydraulics are introduced with respect to the draining
mechanism. Furthermore, a siphon effect is considered as an important driving force
of the draining process. Besides this, a water solidification process in the pipe is
presented. This issue is vital important for DBS, as the ice formation due to improper
draining can cause fatal damages of the system.

3. Constructional and operational features of DBS
Due to the lack of scientific publications on DBS, an evaluation of the existing
drainback systems on the global market is carried out and summarised in this chapter.
The analysis of about 50 identified drainback systems (Appendix A2) is undertaken,
in order to clarify the constructional peculiarities and operation distinctiveness of the
DB technology. Besides hydraulics itself, personal communications with
manufacturers, reports, installation and user manuals for DBS have been analysed.
This chapter is based on a previous publication (Botpaev and Vajen, 2014a) derived
from the thesis, and was presented at the International Conference on Solar Heating
and Cooling, “Gleisdorf Solar 2014” in Gleisdorf, Austria.

3.1. Hydraulic components of drainback systems
Different drainback hydraulics can be found on the global market. Referring to
Figure 2-2 (p.9), drainback systems can be classified in accordance to the location of
the volume of the drained heat carrier into: 1) systems with a drainback tank 2) heat
storage as drainback tank 3) oversized heat exchanger. The analysis shows that DBS
with additional drainback tank dominate on the market in comparison to other DB
hydraulic configurations.
Selection of suitable hydraulic components and control strategies for drainback
systems is essential, as not each hydraulic component (collector, storage, pump etc.)
is applicable. The analyses of recommended hydraulic components will be evaluated
and subsequently presented in the following sections. Almost all important
components such as collectors, drainback tanks, heat storages, pumps, piping, and
heat carriers are taken into account.

3.1.1. Collectors
Collectors in drainback systems have the same function as for conventional
pressurised systems – to convert the solar radiation into useable heat. However, not
all “solar radiation converters” are applicable for DBS due to the main requirement
to empty the collector field anytime when the pump is stopped. Therefore, the
assortment of collectors is restricted. Absorber shape and connection possibilities are
considerable features for their selection. The applied collectors of all identified
drainback configurations on the market were evaluated. The pre-assembled kits that
include just a drainback tank and the companies, which are promoting customer
specific configurations (e.g. Orkli, Morley manufacturing, Tecsol SA, Vögelin
Energie- und Solartechnik etc.) were not considered. Therefore, a total of 43
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drainback systems were taken into account. Collector types which are used for
drainback systems are shown in Figure 3-1.

Figure 3-1: Applied collector types for drainback systems from different manufacturers.

Figure 3-1 shows that 86 % of identified drainback packages available on the market
are assembled with flat plate collectors. It is clearly shown that flat plate collectors
with a harp absorber are almost as equally favoured as those with the meander
absorber. Other companies such as Agritec, Atmos, Bosswerk GmbH promote
drainback systems with heat pipe evacuated tubes (Atmos Heating Systems, 2013;
Agritec, 2016; Bosswerk, 2016). The advantage of using a heat pipe for DBS is not
to reach higher temperatures, but to benefit from the more simplistic hydraulic shape
of the header manifold. Some manifold can be considered as a pipe with distributed
connections for evacuated tubes, which has better emptying properties compared to
a flat plate collector. Another drainback configuration on the market includes a plastic
collector. At least three companies such as Fafco, Aventa and Magen Eco-Energy are
fostering plastic technologies (Fafco, 2015; Magen eco-Energy, 2015). Contrary to
Fafco, which uses an unglazed absorber, Magen Eco-Energy offers a full plastic flat
plate collector.
Some manufactures strongly recommend installing collectors vertically, sloped and
canted toward the collector inlet (Alternate Energy Technologies, 2016;
Energy Laboratories, 2016), others prohibit fitting the collector on the slope of less
than a certain amount, e.g. 20° (Atmos Heating Systems, 2013), and the third group
restricts the number of connected collectors, e.g. 2 (Alpha Therm, 2012). At least one
connection must be located at the bottom of the flat plate collector. Possible trapping
of the heat carrier must also be avoided during the installation for trouble-free and
safe operation.

3.1.2. Drainback tanks
One of the most widespread configurations of DBS is a hydraulics with a separate
drainback tank/vessel/reservoir (Figure 2-2a, p.9). The drainback vessel enables the
“drainback features” and is always filled with water and air simultaneously. The
drainback tank is usually installed in the supply line between collector outlet and heat
storage inlet. The drainback vessel is typically constructed of durable stainless steel
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or polymer materials in cylindrical form. For a safe operation, the drainback tank
must be large enough to displace the entire volume of air in the collector and upper
piping with circulating fluid. The typical volume of the vessels ranges from of couple
of liters (STI, 2016) to 100 l (Atmos Heating Systems, 2013). In the USA there exist
for instance three typical volume sizes: 37 l, 57 l, and 76 l. Drainback vessels below
37 l are widespread within the European market. Some drainback tanks are assembled
with a heat exchanger coil inside, whereas other without. Almost all reservoirs are
equipped with a sight glass for maintanence the water level inside
the tank. Drainback vessels can be mounted separately as a hydraulic component
(Catch Solar Energy EN, 2016). Some producers integrate it into a pump-station
(Eklor, 2016; Orkli, 2016a), or place them directly under the collector (STI, 2016).
There are drainback tanks that are integrated inside the heat storage
(Zen Renewables, 2012; Helvetic Energy, 2013) in order to reduce the heat losses
when the pump is stopped. Completely premounted pump-stations, for example with
a drainback tank, pump and controller, offer a simple installation and maintenance
process in comparison with a single drainback vessel. A variaty of drainback tanks
are presented in Figure 3-2 in alphabetical order.

Figure 3-2: Different drainback vessels, available on the market (Botpaev and Vajen, 2014a):
(a) Alpha Therm (2012), (b) Atmos Heating Systems (2013), (c) Catch Solar Energy EN (2016),
(d) Fafco (2015), (e) Helvetic Energy (2014), (f) Orkli (2016b), (g) PAW GmbH & Co. KG (2014),
(h) Solarhot (2016), (i) STI (2016), (j) Vaillant (2013), (k) SunEarth (2013), (l) Walter Meier (2015).

Some interesting features of the drainback tanks presented in Figure 3-2 are
summarised below:
• a) e) f) g) j) l) pre-assebled pump station with a hidden drainback tank inside;
• b) - plastic drainback tank with a volume of 100 liter weighting
approximately 16 kg;
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• d) rectangular drainback tank completely made of plastic;
• i) drainback tank is located directly under the collectors;
• k) fabricated from spun-end seamless copper tubing, cheap.

It is to be emphasised that the circulating water does not always trickle from the top
of the drainback tank through the air gap, as the falling jet may cause an air
entrainment. There are special hydraulic solutions like a manifold with a hole on it or
a special shape of the tank allowing to drip the water along the tank walls. However,
the companies always keep these details a secret, so systematic analyses of the applied
innovations were not possible.

3.1.3. Heat storages
There are almost no restrictions to heat storages for drainback systems, and thus
conventional storages such as from stainless steel, PP-plastic are used. Plastic
storages are well suited for open loop DBS, as these systems are operating under nonpressurised conditions.

3.1.4. Pumps
Pumps enable the filling and ensure circulation in drainback systems. For DBS which
vent to the atmosphere, the pumps should be corrosion resistant. Some systems
therefore are equipped with bronze instead of cast iron pumps. Other materials, for
instance, include plastic housed pumps, can be used for drainback systems. Transient
operating processes such as filling, operating, and draining create additional
requirements to the pumps, e.g. to overcome not only the frictional losses in the pipes
and other hydraulic components during the filling but also the elevation head. If a
draining process occurs in the opposite direction to the circulation, the pumps should
allow a backflow, or have a bypass. In order to fulfil these requirements and to reduce
electricity consumption, different approaches are applied:
• usage of a single variable speed pump (Alternate Energy Technologies, 2016)
• usage of two pumps connected in series (ROTEX Heating Systems, 2012)
• usage of different types of pumps, centrifugal (Bulex, 2016) or positive
displacement (ESE European Solar Engineering SA, 2015)
A variable speed pump is one of the most efficient ways to adjust pump performance
to the desirable operation conditions of the solar thermal system. During the filling
regime, the pump operates at the highest speed providing a sufficient filling process.
In operation, the fluctuating solar radiation can also be compensated by varying the
pump speed, and thus supplying heat at the desired temperature. The usage of two
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pumps connected in series is another approach towards the reduction of electricity
consumption. Both booster and circulating pumps are in operation only during filling.
Once the filling process is succesfully terminated, the booster pump is shut off. One
pump is sufficient for circulation because the elevation head is already suppressed.
Whether the flowing water causes a negative impact on the swithed off pump is not
clear.
Different pump types can be applied for DBS, optimising their operation conditions.
Besides the standard centrifugal pumps (non-self priming), a system is proposed with
a self-priming pump, e.g. Catch Solar Energy EN (2016). This pump uses a water-air
mixture to create a low pressure condition, which initiates suction of the circulating
fluid. In contrast to non-self priming centrifugal pumps, this type of pump is installed
in the flow side. Walter Meier (2015) uses a peripheral pump, which the QH-curve
(head flow curve) differs from standard centrifugal pumps. It has a near linear
downward slope and in a low flow regime, head is greatly increased. Positive
displacement pumps have almost the same characteristics of QH-curve as a peripheral
pump. Application of a positive displacement pump is offered on the market by a few
companies, e.g. ESE European Solar Engineering SA (2015) with gear pump or
PAW GmbH & Co. KG (2014) with vane cell pump. Positive displacement pumps
provide a nearly constant flow rate at fixed speed, regardless of the system pressure
or head. There are significant advantages to positive displacement pumps for
drainback systems which have a significant lift head and low-flow operation. There
is no limitation towards maximal height of DBS with positive displacement pumps,
whereas for centrifugal pumps a certain height should not be exceeded. The major
drawback is a necessity to undertake an insulation campaign due to the higher noise
level in comparison to cetrifugal pumps. Moreover, this type of pumps is susceptible
to small solid particles, which may be formed in circulating fluid. Furthermore, a
bypass is required, as positive displacement pump does not permit a backflow.
Figure 3-3 is shown a graphic illustration of pump application for drainback systems
(45 systems were evaluated).

Figure 3-3: Pump types used for drainback systems (Botpaev and Vajen, 2014a).

It has to be emphasised that a myth about high electricity consumption by pumps in
DBS is not valid any more. This statement was true a couple decades ago in the era
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of less efficient pumps with single speed. The water operated DBS may consume
even less electricity than conventional pressurised solar thermal system with
antifreeze, due to low viscosity of the water (Louvet et al., 2015).

3.1.5. Piping
The collector loop plumbing for drainback systems requires a careful design and
installation. Improper mounting of piping threatens the safe operation of DBS. Fatal
damages can occur when water remains in collector or upper part of hydraulics after
the pump has been deactivated. Therefore the most strongly recommended hydraulics
feature concerning piping is a slope towards the drainback tank and heat storage. In
Table 3-1 are summarised recommendations regarding minimal piping slope and/or
Table 3-1: Recommendations towards minimal required piping slope (Botpaev and Vajen, 2014a).
№

Tilt angle

1

0°34´

1 cm per 1 m (Bokhoven et al., 2001)

2

1°11´

1/4” inch per foot, correspond to 21 mm/m (ASHRAE, 1990)

3

0°52´ to 1°43´

1.5 to 3 cm/m (Hausner et al., 2003)

4

1°48´

2% (ROTEX Heating Systems, 2012)

5

2°17´

4 cm/m (Alpha Therm, 2012)

6

3°

5 cm/m (Orkli, 2016b)

7

5°

9 cm/m (Rheem, 2013)

Recommended/minimal piping slope

angle for all evaluated drainback systems. It is emphasised that all US drainback
systems have the same requirements: piping must be sloped downwards from the
collectors to the drainback tank/heat storage with at least 21 mm/m of pipe length.
Other sources have revealed the minimal suggested slope to be up to 5°. All vertical
and horizontal piping must be accurately supported at certain intervals depending on
piping materials, preventing the sagging of the tubes. Water pockets are not desirable
for drainback systems and must be avoided. A sufficient insulation of the piping is
also mandatory as for conventional solar thermal systems.
Concerning the material of the pipe, a copper tube is acceptable everywhere for DBS.
This type of pipe is extremely durable, corrosion–resistant, and comparatively easy
to install. The companies in Australia for instance limit comsumers to exclusively use
copper pipes for DBS. Corrugated stainless steel pipes are another alternative for
connection of hydraulic components in DBS. Transportable, flexible and relative
light-weight piping can simplify the installation process and reduce the working time
for a complex hydraulic configuration. However, corrugated shapes cause higher
pressure losses than standard copper pipes. Moreover, an impact of the wave profile
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of CSS pipe on the draining behaviour is a concern, that has to be clarified.
Application of plastic tubes is rare on the market. For instance ESE European Solar
Engineering SA (2015) uses a special polyamide piping, whereas Fafco (2015) and
ROTEX Heating Systems (2012) promote conventional cross-linked polyethylene
(PEX) tubes. Solar Rating & Certification Corporation (2012) has approved the use
of PEX piping in non-pressurised drainback systems, under specific circumstances.
One of the requirements for the usage at inlets and outlets of collectors is to have
uninsulated copper pipe with minimal length of 0.9 m. Black steel pipe is not desired,
and usually referred as inappropriate for drainback systems (NABCEP, 2012).

3.1.6. Heat transfer fluids
The heat transfer fluid (heat carrier, circulating fluid) is a fluid which transports the
heat from the solar collector to the heat storage. The desirable properties of the heat
carrier are the same as for pressurised solar thermal systems. Either water or
antifreeze mixtures (propylene glycol-water) can be used in collector loops for DBS,
similar to pressurised systems. Evaluation of the existing drainback products show
that about 50 % of the systems are recommended to be filled with antifreeze.
Specifically, all drainback systems with oversized heat exchanger for draining
purposes use antifreeze as heat carrier. The other half operates with water as the
circulating fluid within the collector loop. It has to be emphasised that some
companies suggest filling their DBS with distilled water (Energy Laboratories, 2016),
while others recommend normal tap water (Itho Daalderop, 2011). In general,
drainback systems allow the usage of water for all drainback hydraulics, however
some companies use antifreeze in order to completely eliminate the freeze failures.

3.2. Control strategies for DBS
An appropriate control strategy does not only increase the efficiency of DBS, but
ensures the failsafe operation. Many modern differential controllers offer more
possibilities than just to turn the pump “on-off”. For instance, a monitoring of current
system parameters of DBS by means of a mobile phone, is one of the advantages of
many controllers. An increased number of inputs and outputs allows one to control
e.g. heating loops and monitoring more parameters of the entire system. There are
controllers that can be freely programmed satisfying the specific customer needs or
already pre-programmed controllers (Meyer, 2013).
The control strategy of DBS is slightly different from conventional pressurised
systems, thus only controllers with implemented “drainback” function is applicable.
The first difference is an adjusted temperature difference threshold for the startup of
the system. As the thermal capacity of the collector is smaller at start (without HTF)
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than during the operation (with HTF), the threshold of temperature difference
between collector and storage should be larger than for conventional one. BoyeHansen and Furbo (1995) recommended the temperature difference of 10 K for pump
activation. Another nuance is an available filling time mode, where the duration of
the filling process can be adjusted. Within the filling process, the pump will run at
maximal speed regardless of the temperature difference between collector outlet and
the heat storage (RESOL, 2015). In contrast, Dietz (2004) suggested a control
algorithm, which determine the filling time by means of a temperature sensor in the
flow side. Adjustment of the draining time is another feature, which some controllers
have. The pump remains switched off during the draining time, afterwhat a short
startup of the pump (a few seconds) takes place. This short start supports “the draining
process and sucks the remaining heat transfer fluid out of the solar circuit”
(Steca, 2016). Van Dam (2009) suggested to have at least one startup after the
draining time, but he experimentally determined an appropriate series of startups with
different time duration each. Miller (1995) suggested to drain the collector, only when
a certain lower ambient temperature threshold is achieved. A special valve is
integrated directly behind the collector outlet. Moreover, a differential pressure
sensor was suggested for the measurement of the flow rate, maintaining the water
level in the storage and control of the draining process. Qin (1997) reported
difficulties with the air removal from the loop, therefore a control strategy consisting
in interrupting the pump power every 15 min for 20 s was applied. Another example
is a special computer algorithm for DBS, which eliminates the freezing problem at
start (Kosok, 2015). A control unit adjusts the filling process by running successively
several short filling - draining processes. The temperature of the drained fluid is
measured after each cycle. If this temperature is below a lower threshold value, the
filling process is interrupted.

3.3. Summary and conclusions
DBS with an additional drainback tank is the most widespread hydraulics among 50
identified systems on the global market. Each company in the market tries to make
their drainback product for an outstanding system. For instance Magen Eco-Energy
Ltd uses an all plastic glazed flat plate collector for its drainback system (Magen ecoEnergy, 2015). Fafco promotes its plastic technologies as well, assembling their DBS
with unglazed plastic collector, plastic drainback tank, and PEX piping (Fafco, 2015).
Some manufacturers propose using conventional centrifugal pumps (Rheem, 2013)
and other positive displacement pumps (ESE European Solar Engineering SA, 2015)
for optimal configuration in DBS. Figure 3-4 presents a showcase of applied
components in DBS. Different collector types can be used for drainback systems, but
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Figure 3-4: Showcase of applied components in drainback systems based on analysis of 50
identified DBS on the global market.

assortment of these collectors is limited. Plastic heat storages are also suitable for
drainback systems, due to unpressurised solar collector loop in DBS. The shape,
materials and size of drainback tanks vary greatly within market offerings. Referring
to piping, different slopes (between 0.3° to 5°) of the horizontal piping are
recommended for sufficient draining. Thus, it can be preliminarily concluded that the
tilt angle is mandatory, but an absolute value of the tilt angle is not important. In order
to eliminate the freezing threat, some manufactures strongly recommend to fill DBS
with antifreeze (e.g. propylene glycol-water), whereas only some manufactures offer
the system with tap water.
Only controllers with implemented “drainback function” are suitable for DBS.
Various control strategies have been summarised, that allow an efficient operation of
DBS. In contrast to pressurised solar thermal systems, there are control strategies that
developed exclusively as a protection function against freezing. These control
algorithms seem to be a good option to enhance the realibility of DBS. Therefore,
controllers with a set of two algorithms: 1) for optimisation of the operation mode in
DBS and 2) as protection function against freezing are advantagable for DBS.

4. Experimental setup
The aim of this chapter is to comprehensively describe an indoor experimental setup,
which is designed, constructed and used for the investigation of the three stage
operating mode of DBS. This chapter is divided into three sections. The first section
is dedicated to the hydraulics of the experimental setup, where the main features of
the applied components are revealed. The second section presents a measurement
acquisition system including the installed sensors. The last section aims at presenting
the advanced hydraulic configurations, that are experimentally investigated in
chapters 5, 6 and 7.

4.1. Hydraulics of the experimental setup
The drainback experimental setup is constructed to investigate the hydraulic
peculiarities of the three stage operating mode of DBS. The schematic diagram of the
setup and its embodiment are presented in Figure 4-1. Two types of drainback
systems are considered: one with the heat storage as drainback reservoir and another

Figure 4-1: (a) Hydraulic scheme of the drainback system, (b) the experimental setup.

with an additional drainback tank. Both DB configurations are connected to the
unpressurised heat storage as depicted in Figure 4-1. Most hydraulic components are
transparent for visual assessments of the processes. Red coloured tap water is used as
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the circulating fluid in the solar collector loop.
The drainback experimental setup consists of the following components:
Solar piping. Different piping materials are suitable for DBS, as it was shown in
previous section 3.1.5 (p.34). All these pipes can be categorised into two main groups:
smooth and corrugated pipes. The geometrical profiles of both groups are presented
in Figure 4-2.

Figure 4-2: Profile of pipes (a) smooth: copper, PMMA, and PVC (b) corrugated stainless steel.

The main dimensions of both pipe groups are summarised in Table 4-1. The smooth
pipes have a lineal shape with low roughness coefficient, whereas corrugated
Table 4-1: Dimensions of CSS and smooth pipes (Rala, 2012; Evonik Performance Materials, 2015;
FlexxSys, 2015; German Pipe Industrie- und Fernwärmetechnik, 2016) as presented in Figure 4-2.
A

B

C

D

d

Wall
thickness

Weight

Top surface
area

Volume

mm

mm

mm

mm

mm

mm

kg/m

m²/m

l/m

12

2.41

1.71

4.12

16.5

12.6

0.18

0.086

0.072

0.168

16

2.81

1.81

4.62

21.4

16.5

0.18

0.127

0.099

0.283

20

2.51

2.31

4.82

26.2

20.5

0.18

0.174

0.138

0.437

25

3.11

2.21

5.3

31.7

25.6

0.2

0.261

0.155

0.644

32

3.11

1.72

4.82

41.1

34.6

0.2

0.345

0.228

1.125

6

8

6

1

0.20

0.025

0.028

15

18

16

1

0.48

0.057

0.201

20

22

20

1

0.59

0.069

0.314

25

28

25

1.5

1.11

0.088

0.491

32

35

32

1.5

1.41

0.11

0.804

PVC Pipe

PMMA

Copper pipes

CSS pipes

DN

12

PMMA 1420

20

14

3

0.191

0.063

0.154

21

PMMA 2125

25

21

2

0.172

0.079

0.346

36

PMMA 3640

40

36

2

0.284

0.126

1.018

10

PVC 1014

14

10

2

0.094

0.044

0.079

14

PVC 1419

19

14

3

0.126

0.060

0.154

19

PVC 1926

26

19

4

0.248

0.082

0.284

38

PVC 3848

48

38

5

0.844

0.151

1.134
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stainless steel pipes have a wavy shape. PMMA and PVC pipes are not applicable for
drainback systems, due to their temperature limitations. These pipes can not
withstand the temperatures, which can be reached in solar thermal systems. However,
these pipes exhibit good optical properties, as transparency, allowing one to observe
single/two-phase flow behaviour. PVC is a flexible pipe, whereas PMMA is rigid.
Smooth copper and CSS are state of the art technology as piping for solar thermal
systems. CSS pipes have larger pressure drop than copper pipes due to their waveshape. Concerning other parameters, it should be emphasised that the specific weight
of CSS pipes is significantly lower, due to at least five times thinner pipe walls.
Simultaneously, CSS pipes have a slightly larger top surface area and volume in
comparison with copper pipes of identical sizes. Furtermore, CSS pipes are slightly
cheaper than conventional copper pipes.
Figure 4-3 shows other hydraulic components of the drainback experimental setup.

Figure 4-3: Hydraulic components of the experimental setup: (a) collector with meander absorber,
(b) two manifolds of the heat pipe connected in series, (c) pumps, (d) heat storage,
(e) rectangular drainback tank, (f) cylindrical drainback tank.

Solar collector (Figure 4-3a-b). Two prototypes of collector models are developed
and constructed from PVC pipes. The first collector model consists of meander
absorber pipe made of PVC pipe (Ø10 mm, PVC 1014) and fixed on a wooden plate
(Figure 4-3a). The absorber is laid based on the arrangement of a real collector
(Braun, 2009). The aperture area is approximately 1.2 m² (1.2 m x 1 m). The second
model represents a collector field consisting of two plastic pipes (Figure 4-3b), which
imitate two heat pipe manifolds connected in parallel. PVC pipe (Ø38 mm,
PVC 3848) is applied for manifold construction, and their ends are connected with
smaller PVC pipes (Ø19 mm, PVC 1926). The tilt angle is adjustable for both
collectors.
Pumps (Figure 4-3c). There are several possibilities to force the circulation in the
solar loop in the experimental setup: with one pump, two pumps connected in series
or three pumps simultaneously. The connection in series of two identical pumps
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doubles the head, allowing to overcome the vertical lift head. A set of valves allows
switching between a single powerful pump Grundfos 25-120 and two smaller
Grundfos Solar 15-80 pumps. The pumps have two adjustable speed levels: min and
max. Besides the double speed feature, a bypass enables to adjust the flow rate in the
solar collector loop to the desired value. Some important features, including the pump
performance curve can be found on the Grunfos website (Grundfos, 2016).
Heat storage (Figure 4-3d). Both drainback hydraulics are connected to the same heat
storage. The storage is welded from polypropylene homopolymer (PP-H) plastic in a
cuboid form. The inner dimensions are 320x320x1300 mm (LxWxH) with the total
volume of about 130 Liter. One cm of water column in the heat storage corresponds
to approximately one liter of water. A transparent polycarbonate plate is fastened with
bolts on the front side of the heat storage. The heat storage has five connections - two
of them connected with an internal heat exchanger coil, the other two are for direct
connection of the solar collector loop, and the last one can be used e.g. for the air
vent.
Drainback tank (Figure 4-3e-f). Two different drainback tanks are fabricated from
different plastic materials. A first drainback rectangular tank is welded from PP-H
plastic (Figure 4-3e). The dimensions of this tank are
200x200x600 mm (LxWxH), which correspond to 24
liters. The thin plastic allows observing the flow inside
the tank, despite a semi-transparence properties of PP-H.
The tank contains a wall inside, which divides its volume
into two zones (Figure 4-4). The zones are connected at
the top and at the bottom of the drainback tank. There
are two connections at the top, allowing the water to flow
Figure 4-4: Drainback tank.
to the desired tank zone, and one at the bottom of the
drainback tank. A second drainback tank with a
cylindrical form was bonded from a transparent PMMA pipe (Ø OD/ID 300/292 mm)
and PMMA plates with an adhesive. The dimensions of this tank are 300x650 mm,
which corresponds to a volume of 43 liters. There are two connections, one at the
bottom and another at the top of the tank.
Furthermore, additional hydraulic components are investigated in some experiments
in order to evaluate their impact on the three stage operating mode of DBS such as
an air vent, a three wave zone vent, a balancing valve, a check valve and the manifold
with a hole in flow side.
Air vent. An automatic air vent AE 30 (Spirax Sacro, 2015) is utilized. This float-type
automatic air vent is open allowing air to pass through the main valve, as long as the
float is located at its lower position. As soon as the circulating fluid reaches the vent
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the float is raised and a lever mechanism closes the valve. The air vent is installed on
the top of the hydraulics.
Three way valve. The three way valve is used to initiate the draining process, as it
was mentioned in section 2.4. When voltage is supplied to the motor, the first outlet
closes and the second one opens. The first outlet is connected to the air volume in the
storage/tank, and opens anytime when the voltage supply is interrupted intentionally
or due to power outage. A three way valve from Orkli (2016c) is used during the
experiment for evaluation of its impact on the three stage operating mode of DBS.
The required power is only 6 W, that makes 12 kWh/year of electricity consumption
assuming a running operation time of 2000 hours/year.
A balancing valve with flow meter. A balancing valve with integrated flow meter is
used to adjust a desired flow rate e.g. through a certain collector field. Through the
closing of the valve, the pressure drop is increased causing a change of the flow
distribution in the entire system with several parallel rows. For the experiments, two
types of the valves are applied: ball valve (Taconova, 2016) and Y-pattern globe valve
(WATTS industries, 2003).
A check valve allows fluid to flow only in one direction. For experiments, the York
check valve is applied (ITAP SpA, 2016).
A special water handling system is applied to maintain the desired temperature of the
circulating water either at 20 ºC or 65 ºC. The precise regulation of the water handling
system allows to adjust the water temperature with an accuracy of ±0.2 ºC. Moreover,
a solar filling system Vario 1200 is used for experiments, where high flow rates are
required (Solarbayer, 2013).

4.2. Data acquisition system and sensors
A data acquisition system Keysight 34970A connected to a conventional notebook
(Figure 4-5a) is used for monitoring, gathering and evaluation of the measurement

Figure 4-5: Measurement acquisition system and sensors applied for the experimental setup:
(a) data acquisition system Keysight 34970A and notebook, (b) magnetic-inductive flow meter,
(c) manometer and pressure transmitter, (d) digital electronic spirit level, (e) thermocouple Type-K.
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data (Keysight, 2014). The software BenchLink Data Logger 3 software is installed
to set the parameters for the experiments, acquire and log the measurement data
(Keysight Technologies, 2011). Depending on the experiments, a time interval
between measurements is adjusted at 0.333, 0.5 or 1 s.
Manometers, flow meters and thermocouples are the main sensors of the
experimental setup. Muntwyler (2006) reported that some flow meters can stop the
draining process, therefore magnetic-inductive flow meters (MID) are applied. The
MID - ABB Process Master 311 (Figure 4-5b) presents an accuracy of ±0.4 % of the
measured value in the flow rate range between 4 l/min and 150 l/min. Furhermore, a
MID is capable of measuring the flow rate in both directions (ABB, 2014). An
additional advantage of MID flow meters is their ability to determine the presence of
air bubbles in the flow. As long as air entrainment occurs in the stream, the sensor
delivers fluctuating measurement values of the flow rate. One flow meter is mounted
in the return pipe directly above the heat storage at a height of 2 m, the second one in
the flow pipe above the drainback tank at 4 m. Additionally a third ABB magneticinductive flow meter is used for the measurement (accuracy ±0.4 %) of the flow rate
below 4 l/min.
One pressure transmitter JUMO MIDAS C08 (JUMO, 2016) and a simple manometer
are placed at the highest point of the hydraulics (Figure 4-5c). The transmitter
(accuracy ±0.8 kPa) is designed to measure the relative pressure in a range between
-1 bar and 0.6 bar. The simple manometers (accuracy class 1.6) are placed along the
hydraulics for controlling purposes. Another pressure transmitter from JUMO is
installed behind the pumps. The transmitter (accuracy ±1.3 kPa) is capable to
measure the relative pressure in the range between 0 bar and 2.5 bar.
The slope adjustment of the piping is realised with a digital electronic spirit level
Laserliner (Laserliner, 2016). In Figure 4-5d is presented this digital sensor on the
PMMA pipe. Besides the vertical and horizontal vials, an illuminated display in the
middle allow to read the actual tilt angle. The accuracy of the measurement at 0° and
90° is ±0.1°, whereas in the range between 1° and 89° it is ± 0.2°.
Thermocouples Type-K (NiCr-Ni) are applied for the temperature measurement of
the circulating water. These sensors have an accuracy of ±1.5 °C in the temperature
range between -40 °C and 375 °C, and are calibrated in a metal block calibrator.
A conventional tape ruler was used to determine the length/distance.

4.3. Evaluated hydraulic configurations
Besides the hydraulics of the drainback systems described in section 4.1, advanced
hydraulics with additional components such as an air vent, a check valve, a manifold
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with a hole, etc. are also tested. Figure 4-6 presents the schemes of the advanced
hydraulics with the integrated hydraulic components. The measurement sensors are

Figure 4-6: Advanced drainback hydraulics: (a) with a drainback tank and the falling jet inside,
(b) balancing valve after collectors, (c) tank entry pipe with a hole, (d) branched pipe,
(e) three way valve in the flow side, (f) three way valve in the return side,
(g) air vent and air channel, (h) hydraulics with check valves.

not drawn in the graph. Figure 4-6a describes a drainback system with an additional
drainback tank. The HTF flows through the air volume in the tank as a falling jet. The
impact of the water jet is evaluated for each operating stage separately. If a collector
field consists of several differently dimensioned collector rows, the balancing valves
are usually applied (Figure 4-6b). The balancing valve is installed to adjust the desired
flow rate through each collector row. Two different types: ball valve
(Taconova, 2016) and Y-pattern globe valve (WATTS industries, 2003) have been
tested in the experiments. The solar collector loop can be also designed with a
submerged pipe in the tank in order to avoid the water jet (Figure 4-6c). Such
hydraulics requires, however, a device to vent the system during the draining process.
For instance, a drilled hole in the tank entry pipe may be applied, as proposed in
patents and realized by some manufactures. In the present study, different diameters
of the hole, the submerged depth of the pipe and the flow rate are varied in order to
find out their influence on the drainback operation. Four different holes are drilled on
PMMA 2125 pipe with different diameters of 3, 5, 8, and 10 mm. The depth of the
submerged pipe is varied at 50, 150 and 250 mm, but the holes are always positioned

46

Experimental setup

above the water level in the drainback tank. The flow rate is maintained in a way to
cover the VDI 6002 recommendations.
Besides the hole in the pipe, a branched pipe may be used to launch the draining
process. The inverted U-formed piping in the flow side is evaluated (Figure 4-6d).
Subsequently, a three way valve is integrated and its impact on three stage operation
of DBS is analysed. Two possible integration points, one in the flow (Figure 4-6e)
and one in the return (Figure 4-6f) side are evaluated. The typical integration of the
three way valve is the flow side, whereas the three way valve in the return side is a
proposed hydraulics. The idea behind the proposed system is a draining process,
which empties the solar collector loop mainly over the flow side. As the draining
occurs in the same direction as circulation, no backflow is required for the proposed
hydraulics. Moreover, the inertia of the circulating fluid is utilized for the draining in
this hydraulics.
An air vent at the top is another solution aiming at air removal through the vent during
the filling and venting the system during the draining (Figure 4-6g).
A new design of DBS is proposed (Figure 4-6h). A patent application for this
technical solution has been recently submitted to the German Patent and Trade Mark
(Botpaev et al., 2016d). The hydraulics represent a closed loop with two check valves,
one in the flow side and the other one in return side slightly above the water level in
the drainback volume. Check valves permit liquid and gases to flow only in one
direction. An arrow of the check valve symbol shows the flowing way, e.g. in the
return pipe, the valve only allows air to get inside the collector loop but water can not
flow out. The central idea is to remove air from the loop during the filling through
the check valve in the flow side, and to vent the system enabling a draining through
the return side.

4.4. Summary and conclusions
The indoor drainback experimental setup has been designed and constructed for
investigation of the three stage operating mode in drainback systems. The
experimental setup contains all attributes of a real drainback system, as each
hydraulic component of the solar collector loop is reproduced. The total height of this
system is above 6 m, that corresponds if a drainback system would be installed on the
roof of two-storey house. Most hydraulic components are transparent for visual
assessments of the processes. Therefore, personal observations are utilized in addition
to measurement data (pressure, temperature and flow rate) for exploring the
peculiarities in DBS.

5. Filling process
A filling process begins with an activation of the pump of DBS and proceeds several
minutes. The aim of the filling process is to fill the hydraulics, pushing the air to the
drainback tank/heat storage or ambient. At the end of the filling process, either a
siphon or a trickle-down regime shall be established. This chapter is subdivided into
three sections. The first section introduces the filling behaviour, demonstrating its
progress over time. In the second section, the crucial air entrainment and removal
processes are evaluated. A choking phenomenon that describes a sudden transition
from two-phase flow into single flow is presented based on experiments. A
parametric study of choking is experimentally undertaken for different pipe diameters
of smooth and CSS pipes. Impacts of the pipe arrangement, fittings and temperature
of the circulating fluid on minimal choking flow rate are quantified. In the third
section, several hydraulic configurations are analysed with respect to the air
entrainment and removal processes. The content of this chapter is based partly on the
previous scientific publications published in proceedings of ISES conferences
(Botpaev et al., 2014; Botpaev and Vajen, 2014b; Botpaev et al., 2015, 2016b) and
27th Symposium Thermische Solarenergie OTTI (Botpaev et al., 2017).

5.1. Filling behaviour
A set of simple experiments is conducted to get a first impression of the impact of
different hydraulic parameters on the filling process. Drainback hydraulics, pipe
diameters, collectors and pumps are varied and the filling course is analysed through
observation and measurements data.
Figure 5-1 shows the hydraulics of the experimental setup with an arrangement of the
measurement devices, as well as the measurement results of a filling process. The

Figure 5-1: (a) DB hydraulics with positioning of sensors, (b) measurement results of the filling.

hydraulics shown is referred to as the drainback system with heat storage as drainback
reservoir. A collector model with meander absorber is applied. PVC piping of 19 mm
is used both for the flow and return sides. The circulation of the water is forced by
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two pumps connected in series. The adjusted temperature of the circulating water is
approx. 20 °C.
In Figure 5-1b, one can see the measurement values during the filling process. The
black curves (dotted and continuous) show the values of the flow rate in l/min, which
is scaled on the left Y-axis. The right Y-axis is an absolute pressure in bar, which
applies for both blue curves (dotted and continuous). The X-axis, which reflects the
time in seconds, is additionally split into several intervals and separated with capital
letters A to C. These time intervals are discussed below:
AB (time interval 0 to 10 s) – the system is not in operation. Both flow meters
recorded zero flow rates. The absolute pressure at the top of the system (P_top) is
1 bar, while the pressure behind the pumps (P_pump) is slightly above 1 bar due to a
water column in the heat storage of about 50 cm.
BC (time interval 10 to 118 s) – the filling process. Two serially connected pumps are
started at time B. During the first seconds, the flow overcomes not only the frictional
flow resistance through the hydraulic components, but also the vertical lift head. As
it can be seen in Figure 5-1b, the absolute pressure behind the pumps increases from
1 to 2.2 bar within some seconds. The same happens with the flow rate, where the
flow in the return cycle (MID_return) rapidly changes from 0 to 11 l/min. The red
point on the graph shows the maximum flow rate reached during the filling. This
spike is typical for a drainback system at start-up. The return pipe is gradually filled
with water. The heat carrier continues to flow against gravitational forces with a
decreasing flow rate (from appr. 20 to 25 s). Visual observation shows the single
flow, without any gas entrainment in the return pipe, during the entire period BC. The
filling process looks quite different after the water flow reaches the highest point of
the hydraulics (approx. at t=25 s) and enters the flow piping. A two-phase flow is
established immediately, once the flow at the highest point changes its course towards
the heat storage. Different two-phase flow patterns are observed. Once the flow
begins to fill the flow side, the gravity starts to support the pumps. From that moment
the MID_return registers an increase of the flow rate, while the MID sensor in the
flow pipe (MID_flow) displays fluctuating values. Hence, the latter occurs due to air
in the stream, and the delivered values of the MID_flow are obviously not correct.
The absolute pressure at the top of the hydraulics also changes, from 1 bar to 0.55 bar
at the end of the filling. As the flow enters the flow piping and streams down the
piping towards the heat storage, a siphon develops when the circulating heat carrier
replaces the air in the flow pipe. The appearance of the siphon is clearly visible from
the decreasing values of the absolute pressure at the top in Figure 5-1b (from 25 s).
The established vacuum on the top at level 0.55 bar can be explained through
Bernoulli’s equation.
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The water flow pushes the air from the collector into the heat storage. At point C
(t=118 s), the process stabilizes and the collector loop is completely filled with water.
The siphon cancels out the initial “lift head”, allowing to continue the operation with
one pump. From point C starts the operation mode, which is tackled in chapter 6.
Similar experiments are conducted for DB hydraulics with different pipes, collectors
and pumps. The behaviour of the filling process is basically the same as it is described
above. It is important to note that regardless of the pipe arrangement, diameter and
flow rate the return pipe is immediately filled, as the circulating water flows against
gravity. Therefore, a single flow is observed in return pipes and collectors. The
transition from two-phase into single flow proceeds in the flow pipe during the filling.

5.2. Hydraulic phenomena of the filling process
The crucial hydraulic processes of air entrainment and removal from the piping of
DBS are considered. Choking is presented for DB hydraulics with different pipe
arrangements. Furthermore, a parametric study of choking is undertaken, where
impacts of the pipe length, fittings and the slope angle of the horizontal pipe as well
as the temperature of the water are investigated. A minimal filling flow rate threshold
is experimentally derived for each hydraulics configuration.

5.2.1. Choking in vertical and horizontal pipes
DB hydraulics with a single vertical pipe in the flow side
The drainback tank is usually installed in the flow side between the collector outlet
and the heat storage. If the drainback tank is located directly below the collectors, a
flow piping represents a single vertical pipe. A two-phase flow appears in this
downcomer, once the water passes the highest point of the hydraulics. At high flow
rates, a transition from two-phase flow into single flow occurs, establishing a siphon
in the loop. Figure 5-2 illustrates the hydraulics of the experimental setup with a

Figure 5-2: (a) Hydraulics of the DB, (b) empty pipe, (c) annular flow-ripple regime,
(d) annular flow-dual wave regime, (e) slug flow (f) growth of the water slug.
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single vertical pipe in the flow side, as well as the transition progress from empty
pipe to water slug formation while filling. For this experiment, PMMA pipes of
21 mm were applied for the construction of the flow side. Initially, the pumps of the
DB experimental setup were turned off, therefore the upper part of the hydraulics was
completely filled with air. A part of the vertical empty flow pipe is presented in
Figure 5-2b. When the pump is activated, the flow begins to fill the return side from
the bottom. The air is completely pushed upwards by the water. Only at high filling
velocities does turbulence cause a temporary air entrainment in the upper water layer,
that emerges immediately from the water due to buoyancy. As long as water flows
against gravity, there is no water –air mixture. Once the flow reaches the highest point
of the hydraulics and flows further down, a first pattern of two-phase flow appears.
The first established flow pattern is a downwards annular flow (Figure 5-2c). In
annular flow, the air occupies the central core of the vertical pipe and the water flows
as film along the inner surface of the pipe (Brennen, 2006). In drainback systems, this
special two-phase flow regime should be referred to as falling film, as the air velocity
is zero. The falling film regime is very important for the DBS, as some DBS are
designed to operate at falling film pattern, thus avoiding the siphon establishment in
the solar collector loop. The first investigations of this flow regime were undertaken
at the beginning of the 1970s (Ho and Hummel, 1970; Webb and Hewitt, 1975). In
these studies, a general regime characteristic based on measurements of film
thickness, wave velocity and frequency were presented. A good summary of
publications concerning falling film since 1970s can be found in a recent publication
of Zadrazil et al. (2014). The authors used a special optical laser-based technique for
visualization of the annular flow. A new flow regime map was developed, with a
presentation of a new discovered flow regime – disturbance wave. In Table 5-1 are
summarised the limits of different two-phase flow regimes adapted from
Webb and Hewitt (1975), Zadrazil et al. (2014). This map was derived from
experimental investigations of the two-phase flow regimes in a vertical pipe of
approx. 32 mm inner diameter.
Table 5-1: A proposed regime map for two-phase flow at zero gas velocity, adapted from
Webb and Hewitt (1975). A water density at 20 °C, ρ=998.2 kg/m³ is used for calculation.
Range

Ripple regime

Dual wave regime

Thick ripple regime

min…max, kg/hr

0…40

40…310

310…380

min…max, l/min

0…0.67

0.67…5.18

5.18…6.34

At small flow rates the falling film occurs in a ripple regime, which is presented in
Figure 5-2c. With further increase of the flow rate a transition from ripple to dualwave occurs. This regime can be characterised by a large-amplitude of the waves.
The wave frequency rises with the increase in the flow rate. Furthermore, the water
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film thickness also becomes thicker with an increase of the flow rate. If a certain flow
rate threshold is further exceeded, a thick tripple regime can be observed.
Zadrazil et al. (2014) described: “The characteristic alternation of waves and
substrate had a sinusoidal character (i.e., it was difficult to locate the beginning and
an end of a wave). Additionally, the gas phase was sporadically entrained into the
liquid film as bubbles, while rare instances of liquid entrainment into the gas core via
ligament break-up were observed” (p.92). This two-phase flow regime is shown in
Figure 5-2d. Own observation could not recognise any air entrainment into the film,
as it was experimentally identified with modern laser techniques by
Zadrazil et al. (2014).
By further increasing the water flow rate, an extreme oscillation of solitary waves
occurs, causing an increase of their amplitude (Usui, 1989). Simultaneously, the cross
section of the gas core is reduced in places with maximal amplitude of the waves.
Some waves are able to block the air core (Milan et al., 2013), filling completely a
cross section of the pipe at a certain place (Figure 5-2e). This hydraulic event
corresponds to the choking. The appearance of the water slug launches a new
transition of the two-phase flow into a slug flow. Slug flow regime appears in vertical
pipes of drainback systems in a specific flow structure. There is only one slug along
the pipe, which blocks the upper part of the air core and separates it from the rest of
the air volume in the flow side. This captured upper air core represents a large
extended bullet-shape, which is referred to in the literature as the Taylor bubble. The
water around the Taylor bubble flows down and hits the water slug. At the impinging
zone, an air entrainment into the slug occurs due to impinging jet entrainment
(Pozos et al., 2014). A number of studies have been presented in the last few decades,
but so far the air diffusion into the flow is not yet fully understood
(Chanson and Brattberg, 2000). Besides air entrainment, the water slug becomes
larger as presented in Figure 5-2f, which contains the small dispersed air bubbles
inside. Each cm of slug supports the centrifugal pump, causing an increase of the flow
rate. This effect is comparable to the snow ball effect, where higher flow rates cause
more turbulence and air entrainment and, simultaneously, further growth of the slug.
After a certain length of the slug is reached, it begins to flow and to suck the water
from the return side. The flow pipe is then filled completely in the next few seconds,
and the siphon is created in the pipe. It is important to emphasize that the processes
from slug appearance up to the single flow establishment are almost instantaneous.
Another filling scenario can be observed in DBS with a single short vertical flow
pipe, if the HTF discharges into the air in the drainback tank/heat storage as a water
jet. The cross section of the water jet just behind the outlet is smaller than the inner
diameter of the outlet pipe. This narrowing is described in literature as water jet
contraction. If the flow rate is large enough, the contraction of the jet might close the
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whole cross-section isolating the air in the pipe from the atmosphere. Choking at the
bottom of the outlet pipe initiates the filling process of the flow pipe. It is to be
emphasised that the water slug grows from the bottom gradually filling the flow pipe
of the DBS up to the top. The impinging jet induces air entrainment into the water
slug, which is in a next step removed from the pipe by the flowing HTF.
Baumgartner (2012) mentioned about this course of the filling process.
Similar experiments have been performed, in order to evaluate the choking
phenomenon. The length of the vertical pipe was varied between 0.5 and 6 m (1 m
step), and the filling of the pipe due to contraction of the jet was only observed at
pipe lengths up to 1.5 m. Furthermore, the experiments showed that choking occurs
also due to slug formation in the short vertical pipes, and less often due to jet
contraction.
DB hydraulics with a vertical downcomer - horizontal pipe in the flow side
The case considered above represents the filling process of a vertical pipe, which may
be observed only in drainback systems with drainback reservoir installed directly
below the collector field. In practice, the flow pipe of DBS represents more complex
arrangement with transitions such as vertical-to-horizontal pipe and vice versa.
Preconditions for the choking/surcharge of hydraulics with vertical-to-horizontal pipe
are different from those occurring in a single vertical pipe. Figure 5-3a depicts the
hydraulics of the drainback system with a horizontal pipe in the flow side close to the
heat storage. A part of the hydraulics, namely a transition of the flow pipe from

Figure 5-3: (a) DB hydraulics with a vertical downcomer-horizontal pipe, (b) zoomed view,
(c) choking due to hydraulic jump, (d), (e) filling of the DB hydraulics from the bottom.

vertical into horizontal arrangement, is highlighted with a red rectangle. A zoomed
view of this elbow is presented in Figure 5-3b, during the filling process at low pump
speed. The annular flow (falling film) in the vertical pipe turns into stratified flow in
the horizontal pipe. Water flows along the bottom of the horizontal pipe, whereas air
occupies the upper part due to density (stratified flow). The shear forces of the air
above the water cause ripples on the surface of the water flow
(Faghri and Zhang, 2006). Due to transition from the falling film to the stratified flow,
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a hydraulic jump appears. A height difference of the water level inside the pipe before
and after the hydraulic jump is one of the characteristics of this phenomenon. If the
water level raises enough to close the whole cross section of the horizontal pipe
choking occurs (Figure 5-3c). A choking behind the jump blocks the air volume in
the vertical pipe. Besides the rise of the water level, the hydraulic jump is responsible
for the air entrainment into the flow. In particular, the turbulence due to hydraulic
jump causes the air entrainment (impinging jet entrainment) into the circulating fluid.
Some air bubbles release behind the jump, decreasing the air volume in the vertical
pipe. This slow reduction of the air volume stimulates a growth of the water column
(designated as H) from the bottom of the vertical pipe (Figure 5-3d). The water
column in the flow side supports the centrifugal pumps. The flow rate rises, which
leads to almost complete filling of the horizontal pipe. The dispersed bubbles unite
and form a long air pocket, as presented in Figure 5-3e. The removal of air pockets
from the pipe is another involved phenomenon during the filling process in DBS. The
experiments demonstrated a slightly different removal mechanism, which was
mentioned in section 2.1. A long air pocket oscillates due to the hydraulic jump and
can be divided into two parts, where the last is washed up from the hydraulics (Figure
5-3e). In this way, there is a further filling process, where the height of the water
column with dispersed air bubbles continuously increases from the bottom.
Two different filling examples show that a choking depends on the pipe arrangement.
Therefore, different flow rates are required for transition from two-phase into single
flow in both hydraulic configurations. In the next section, measurements of the
minimal filling flow rate threshold for choking are presented for different boundary
conditions.

5.2.2. Minimal filling flow rate thresholds for choking
A certain minimal flow rate is required, in order to completely fill the solar collector
loop. Some studies on minimal filling flow rate have already been presented in
section 2.1., that reveal a strong deviation between some results. In this section, the
minimal flow rates that initiate the choking in DBS are experimentally measured both
for smooth and corrugated pipes. A parametric study is undertaken in order to identify
further impact parameters and to quantify them. Different flow pipe configurations
such as single vertical pipe vs. vertical downcomer-horizontal pipe are evaluated.
These configurations have been tested at two different temperatures of the circulating
water, namely at 20 ºC and 65 ºC. Two different lengths of the vertical pipe are
investigated as well, comparing the choking phenomenon in short flow pipe of 1 m
and long pipe >4 m. Finally, an impact of a slope of the horizontal pipe as well as 90degree elbow fitting with short vs. long radius is analysed.
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A simple methodology based on the filling of the solar collector loop at low pump
speed is applied. After adjustment of the pump speed, the filling process is launched
and the established flow regime is observed. Once the hydraulics is completely filled,
a following experiment with a slightly reduced pump speed is started. At least three
experiments are repeated at minimal pump speed, that enables a siphon establishment
in the solar collector loop. The latter measurement data are analysed for determination
of the minimal flow rate threshold for the choking. It is important to emphasize that
each experiment commenced after full draining of the system, in the following
sequence: draining, adjustment of the pump speed, filling experiment, draining etc.
Some experiments took several hours, as the main aim of experiments was to
determine whether the hydraulics at the end was completely filled or not.
Impact of pipe arrangement
Two different pipe arrangements in the flow side are considered: a single vertical pipe
(Figure 5-4a) and vertical downcomer-horizontal pipe (Figure 5-5a). Figure 5-4b
shows the filling process of the DB hydraulics, where a 5 m long PMMA pipe with a

Figure 5-4: (a) Hydraulics of the DB with a 5 m long single vertical PMMA 2125 pipe in the flow
side, (b) filling process with choking phenomenon. The water temperature is 20 ºC.

diameter of 21 mm pipe is installed in the flow side. When the flow overcomes the
highest point in hydraulics, a falling film is established in the vertical pipe. The twophase flow regime ends after about 13 minutes (780 s), due to choking as described
in section 5.2.1. The choking is designated on the graph as a red dot; this value
(5.8 l/min) is referred to minimal flow rate threshold. Similarly, the minimal flow rate
threshold for choking is determined for other diameters of vertical PMMA pipes.
In the next step, 1 meter of horizontal pipe PMMA 2125 is joined through 90-degree
elbow short radius fitting at the outlet of the 5 m long vertical pipe, and the
experiments are conducted for this hydraulic configuration. Figure 5-5 shows a
hydraulics as well as a filling process at low flow rate. The flow rate is high enough
to fill the whole cross-section of the horizontal pipe behind the hydraulic jump (red
point). Therefore, the entrained air bubbles due to impinging jet are slowly
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transported reducing the air amount in the vertical pipe. The filling process proceeds
from the bottom, where a water column in the flow side gradually rises (Figure 5-5b).
The growth of the water column causes a gradual increase of the flow rate and a
reduction of the pressure at the top. Higher flow rates, in turn, intensify the air
entrainment and removal processes accelerating the filling process. After 1 hour and
40 minutes (6000 s), the filling process is successfully terminated.

Figure 5-5: (a) Hydraulics of the DB with a vertical downcomer – horizontal PMMA 2125 pipe
(5 m and 1 m) in the flow side, (b) filling process with choking phenomenon.
The water temperature is 20 ºC.

Identical values of minimal filling flow rate for choking have been measured also for
short smooth vertical pipe (> 1 m) in the flow side. Table 5-2 summarises the results
of the experiments with different smooth pipe diameters and configurations. In
particular, the minimal flow rate and superficial velocity for choking are reported
Table 5-2: Minimal flow rate thresholds for choking in DB with smooth pipes. The lengths of the
vertical and horizontal pipe are 5 m and 1 m respectively. The water temperature is 20 ºC.
Measurement uncertainties are calculated in accordance with JCGM 100:2008 (2008), and presented
in detail for DB hydraulics with vertical PMMA pipe (14 mm) in Appendix A3, p.143.
№
1
2
3
4

Inner diameter of PMMA pipe, mm

14

21

36

1.6±0.1

5.8±0.3

30.8±1.5

Single
vertical

Minimal flow rate for choking, l/min
Superficial velocity, m/s

0.17±0.01

0.28±0.01

0.5±0.03

Verticalhorizontal

Minimal flow rate for choking, l/min

0.5±0.01

1.6 ±0.1

11.6±0.6

Superficial velocity, m/s

0.06±0.01

0.08±0.01

0.19±0.01

there. The results show that the minimal filling flow rate threshold is higher for DBS
with a large pipe diameter. This behaviour can be explained due to increased cross
section of the gas core of the annular flow in vertical pipe. For the same reason, a
minimal filling flow rate raises with an increase of the pipe diameter also if choking
takes place in a horizontal pipe. In the latter case, a cross section of the gas layer in
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stratified two-phase flow becomes larger. Moreover, one can see that the minimal
flow rate threshold is larger for hydraulics with a single vertical pipe in comparison
with vertical downcomer - horizontal pipe, which can be explained due to different
choking phenomena (increase of the waves amplitude vs. hydraulic jump).
Like experiments with smooth pipes, corrugated stainless steel pipes are integrated in
the hydraulics in the flow side only – between the collector and the heat storage
(Figure 5-6a). Two hydraulic configurations are considered: with a single vertical
CSS flow pipe and flow pipe consisting of a vertical CSS pipe bended at the bottom
into horizontal part. The length of the vertical flow CSS pipe is 3.5 m in both
hydraulics, whereas a horizontal part is 1 m (only in the second one). In order to
achieve the comparable conditions with the hydraulics from smooth pipes, CSS are
installed relatively straight and the transition parts vertical-to-horizontal and vice
versa are arranged with the small bending radius (Figure 5-6b).

Figure 5-6: (a) Experimental setup with corrugated stainless steel pipes,
(b) the view of pipe arrangement from the top and the bend radius of the CSS pipe.

Table 5-3 shows the minimal flow rate threshold for choking in corrugated stainless
steel pipes. The superficial velocity is calculated considering the minimal diameter
of the CSS pipe (see Table 4-1). One can see a comparable trend of the minimal flow
rate for choking with an increase of the pipe diameter.
Table 5-3: Minimal flow rate thresholds for choking in DB with corrugated stainless steel pipes in
flow side. The length of the vertical and horizontal pipes are 3.5 m and 1 m respectively. The water
temperature is 20 ºC.

2
3
4

Ver-hor.

1

Ver.

№

Corrugated stainless steel pipes

DN 12

DN 16

DN 20

DN 32

Minimal diameter, mm

12.6

16.5

20.5

34.6

0.9±0.1

2.2±0.1

5.5±0.3

33.1±1.7

0.12±0.01

0.17±0.01

0.28±0.01

0.6±0.03

0.5±0.1

1.9 ±0.1

4.8±0.2

20.2±1.0

0.07±0.01

0.15±0.01

0.24±0.01

0.37±0.02

Minimal flow rate for choking,
l/min
Superficial velocity, m/s
Minimal flow rate for choking,
l/min
Superficial velocity, m/s
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During the filling, vibrations of CSS pipes were observed, in particular in hydraulic
parts where the flow direction abruptly changed. The vibrations of non-insolated
corrugated stainless steel pipes were accompanied by the noise due to hitting on the
metal construction.
Figure 5-7 summarises the minimal choking flow rate both for PMMA and CSS pipes
at water temperature of 20 ºC. Black dots and triangles refer to DB hydraulics with

Figure 5-7: Minimal flow rate thresholds for choking in DB hydraulics with smooth and
corrugated stainless steel pipes in the flow side, the water temperature is 20 ºC.

single vertical and vertical-to-horizontal PMMA pipe configuration respectively.
Based on experimental results, a trend line coloured black was drawn. Similarly, blue
squares refer to the DB hydraulics with vertical and vertical-to-horizontal corrugated
stainless steel pipe in the flow side respectively. The blue lines refer to trends derived
from filling experiments with CSS pipes. This chart illustrates also the difference for
the minimal choking flow rate between DBS with smooth and CSS pipes. Depending
on the pipes arrangement, the minimal flow rate for choking varies for the same
diameter. For the vertical pipe arrangement, these values are 3 to 4 times larger than
for hydraulics with vertical-to-horizontal flow pipe. Similar trends are observed for
corrugated stainless steel pipes. The minimal flow rate threshold for choking is larger
for hydraulics with no horizontal part in the flow side. It is to be emphasised that the
“choking” curves for hydraulics with CSS pipes locate slightly above the curves of
identical hydraulics with smooth pipes, besides a case with a single vertical pipe in
the flow side smaller than 20 mm.
Impact of temperature
The temperature of the circulating water is permanently fluctuating in drainback solar
thermal systems. In turns, any change in temperature impacts other physical
properties of the circulating water. Density, viscosity and surface tension are reduced
with the rise of the water temperature. On the other hand, a thermal expansion of the
piping is expected. In order to find out the influence of the water temperature on
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choking, similar experiments have been conducted for the same hydraulics but at the
higher water temperature. The circulating water is maintained at 65 ºC by means of
the water handling system. The obtained minimal flow rate thresholds for choking in
hydraulics with PMMA pipes are presented in Table 5-4.
Table 5-4: Minimal flow rate thresholds for choking in DB with smooth pipe in flow side. The
water temperature is 65 ºC.
№
1
2
3
4

Inner diameter of PMMA pipe, mm
Vertical
Verticalhorizontal

Minimal flow rate for choking, l/min
Superficial velocity, m/s
Minimal flow rate for choking, l/min
Superficial velocity, m/s

14

21

36

2.0±0.1

6.5±0.3

35.6±1.8

0.22±0.01

0.31±0.02

0.58±0.03

0.8±0.1

2.3 ±0.1

15.8±0.8

0.09±0.01

0.11±0.01

0.26±0.01

It needs to be stressed that the minimal flow rate for choking for hydraulics with
horizontal pipe is smaller than for the single vertical pipe regardless the pipe diameter,
as it was the case at a temperature of 20 ºC. The same trend can be observed for
corrugated stainless steel pipes, as presented in Table 5-5. The choking flow rate for
CSS DN 32 could not be obtained, as it was out of the range of the pump capacity.
At maximal achievable flow rate of 40 l/min, the transition from two-phase into the
single flow could not be observed within one hour.
Table 5-5: Minimal flow rate thresholds for choking in DB with corrugated stainless steel pipes in
the flow side, at water temperature of 65 ºC.
№

1
2
3
4

Corrugated stainless steel pipes

DN 12

DN 16

DN 20

DN 32

Minimal diameter, mm

12.6

16.5

20.5

34.6

1.0±0.1

2.3±0.1

6.3±0.3

>40

0.13±0.01

0.18±0.01

0.32±0.02

>0.73

0.6±0.1

2.1 ±0.1

5.2±0.2

25.0±1.3

0.08±0.01

0.16±0.01

0.26±0.01

0.45±0.02

Ver.

Minimal flow rate for choking,
l/min
Superficial velocity, m/s

Minimal flow rate for choking,
Ver- l/min
hor.
Superficial velocity, m/s

Figure 5-8 shows a plot of experimental results from Table 5-4 and Table 5-5. The
curves have almost identical trends as minimal flow rate threshold for choking at
lower temperature of 20 ºC. The highest flow rates to initiate the choking are required
for vertical CSS pipes, whereas the lowest one for hydraulics from smooth pipe with
the horizontal pipe is on the bottom.
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Figure 5-8: Minimal flow rate thresholds for the choking in smooth and corrugated stainless steel
pipe, at water temperature 65 ºC.

It has to be emphasised that identical hydraulics needs a higher flow rate for choking
at 65 ºC than at 20 ºC. The percentage increase in minimal flow rate threshold for
hydraulics at 65 ºC in comparison to hydraulics filled at 20 ºC is presented in
Figure 5-9, and is calculated in accordance to equation below:
∆𝑉% = 100% ∗ (𝑉65𝑚𝑖𝑛 − 𝑉20𝑚𝑖𝑛 )/𝑉20𝑚𝑖𝑛

(8)

∆𝑉% − percentage increase in minimal flow rate threshold, %, 𝑉65𝑚𝑖𝑛 , 𝑉20𝑚𝑖𝑛 –
minimal choking flow rate at water temperature of 65 ºC and 20 ºC respectively.

Figure 5-9: Percentage increase of the minimal flow rate thresholds for choking in DB hydraulics
with water temperature of 65 ºC in comparison to 20 ºC.

It can be seen, that hydraulics from CSS pipes need about 8 to 28 % higher flow rates
in order to launch the choking phenomenon. In contrary, the hydraulics from smooth
pipes require an increase from 12 to 95 %. Obviously, a temperature rise has a
significant impact on the hydraulic jump, as can be seen from the results for PMMA
with horizontal pipe regardless the pipe diameter.
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Another concern is a thermal expansion of the piping. Obviously, PMMA pipes have
different physical properties than copper tubes. Moreover, a coefficient of thermal
expansion of copper tube ( 𝛼𝑐𝑢 = 16,6 ∙ 10−6 𝑚/(𝑚𝐾)) is almost 5 times larger than
of PMMA ( 𝛼𝑐𝑢 = 80 ∙ 10−6 𝑚/(𝑚𝐾)). Therefore, an experiment is carried out with
5 m long copper pipe in the flow side. Inner diameter of the pipe is 16 mm. The
minimal flow rate threshold is measured at 2.7±0.1 (l/min) at water temperature of
20 °C, whereas at water temperature of 65 °C this threshold increases up to
2.95±0.1 l/min. The percentage increase of the minimal filling flow rate threshold
accounts for 7 %, whereas for identical hydraulics with PMMA pipe is above 35 %.
One can see a same tendency for the copper pipe: a reduction of the density, viscosity
and surface tension cause an increase of the minimal filling threshold for choking.
What physical property has greater impact on the minimal filling is not pursued
further in this work.
Impact of vertical pipe length
In order to determine how does the length of the vertical flow pipe impact the minimal
filling flow rate threshold for choking, a set of experiments has been carried out. As
mentioned before, the results showed that the minimal flow rate for choking remained
at the same value for the length of vertical PMMA pipe of 1.5, 3 and 5 m. A flow
pipe of 1 m long delivers however another absolute value for the minimal filling flow
rate threshold. Therefore, the vertical pipes have been shortened to 1 m, afterwards
the hydraulics with smooth and CSS pipes have been tested again. The circulating
water is maintained at the temperature of 20 °C. Table 5-6 summarises the
experimental results on the minimal choking flow rate in hydraulics with 5 m and 1 m
of vertical flow PMMA pipes. One can see, that short pipes require significantly
larger minimal flow rate for transition from annular to single flow. This tendency can
be explained due to transient zone of the annular flow slightly below the entrance into
the vertical pipe.
Table 5-6: Minimal flow rate thresholds for choking in DB hydraulics with a single vertical
PMMA pipe of 5 m and 1 m in the flow side, at water temperature of 20 ºC.
№
1
2
3
4

Inner diameter of PMMA pipe, mm
Vertical
5m

Minimal flow rate for choking, l/min

Vertical
1m

Minimal flow rate for choking, l/min

Superficial velocity, m/s

Superficial velocity, m/s

14

21

36

1.6±0.1

5.8±0.3

30.8±1.5

0.17±0.01

0.28±0.01

0.5±0.03

4.2±0.2

11.4±0.6

63.0±3.2

0.45±0.02

0.55±0.03

1.03±0.05
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Table 5-7 contains results for choking in DBS with 1 m long CSS pipe in the flow
side. It has to be emphasised, that the values are comparable with the minimal flow
rate threshold for choking in 3.5 m long CSS pipes. The grooves of the CSS pipe
impact the choking phenomenon, therefore a completely different trend is observed.
Table 5-7: Minimal flow rate thresholds for choking in DB hydraulics with a single vertical 3.5 m
and 1 m CSS pipe.
Corrugated stainless steel pipes
Bending

Minimal diameter, mm
Minimal flow rate for
choking, l/min

Length 3.5 m

Superficial velocity, m/s
Minimal flow rate for
choking, l/min

Length 1 m

Superficial velocity, m/s

DN 12

DN 16

DN 20

DN 32

12.6

16.5

20.5

34.6

0.9±0.1

2.2±0.1

5.5±0.3

33.1±1.7

0.12±0.01
0.8±0.1
0.11±0.01

0.17±0.01 0.28±0.01
2.2±0.1

5.4±0.03

0.6±0.03
31.0±1.6

0.17±0.01 0.27±0.01 0.56±0.03

Impact of pipe slope and fittings
Literature sources recommend arranging the piping for drainback system with a
certain slope. Section 3.1.5 lists a wide variety of the recommended tilt angles
concerning the piping arrangement. In order to investigate the impact of the tilt angle
for DB hydraulics with smooth pipes, an experimental setup with a heat storage as
drainback tank is applied. A flow pipe consisting of a vertical pipe with a length of
5 m is connected at its lower end with a horizontal pipe of about 1 m by means of two
different fittings (Figure 5-10a). The first fitting is a standard PP elbow fitting, which
represents a 90-degree elbow short radius fitting (Figure 5-10b). A second fitting is a
slightly bended PVC pipe (Figure 5-10c), which imitates a 90-degree elbow long
radius fitting. The latter fitting aims to reduce an impact of the hydraulic
jump/plunging jet, which plays a crucial role for the choking phenomenon.

Figure 5-10: (a) Hydraulic scheme, pipe arrangement with (b) PE elbow fitting and
(c) slightly bended PVC pipe.
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A filling process is evaluated for both hydraulics at following angles of the horizontal
pipe: 0º, 5º, and 10º, as presented in Figure 5-10b-c. A minimal filling flow rate
threshold for choking was the target in these experiments. The results of the tests are
graphically presented in Figure 5-11, besides PMMA pipe with 36 mm at 10º. The
rigidity of this PMMA pipe enabled an adjustment of the tilt angle at 10º.

Figure 5-11: Minimal flow rate thresholds for hydraulics with (a) PMMA 14 mm,
(b) PMMA 21 mm (c) PMMA 36 mm.

One can see that the minimal choking flow rates show only moderate differences
between hydraulics with PE elbow vs. PVC fitting at horizontal position (0º). The
water is gathered in horizontal part, that facilitates choking due to the hydraulic jump.
Once the slope angle of the horizontal pipe is increased up to 5º, the difference of the
minimal choking flow rate for hydraulics with different fittings rises. Moreover, the
choking phenomenon occurs in hydraulics with the PVC fitting due to increase of the
amplitude of the falling film waves in the vertical pipe. These observations were valid
for three tested diameters of the PMMA pipe at tilt angle above 5º. On the contrary,
the filling process in hydraulics with PE fitting proceeds due to the hydraulic jump.
The choking flow rate is almost half of the required flow rate for the hydraulics with
PVC fitting. Therefore, a combination of 90-degree elbow long radius fitting with
sloped horizontal pipe may eliminate choking in horizontal section of the piping.
An impact of the bending radius at the top of the downcomer is investigated for the
DB hydraulics with vertical CSS pipes (see Table 5-8). Only corrugated stainless steel
pipes are considered, as the copper tubes are usually connected by standard elbow
fittings. In contrary, CSS pipes have a certain flexibility allowing one to arrange the
pipes with different bending radius. Table 5-8 summarises the minimal flow rate
threshold for choking in a 1 m long vertical CSS pipe at two different bending
radiuses of the pipe. The first bending radius is similar to the 90-degree elbow short
radius fitting, whereas the second one is designed as 90-degree elbow long radius
fitting (5 diameters of the pipe). One can see that a transition to single flow occurs in
1 m CSS pipe with large bending radius at higher minimal choking flow rates. The
inlet manifold to the vertical pipe forms an annular flow in vertical pipe, which is in
turn correlates with the choking. The 90-degree elbow long radius fitting causes less
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turbulence in annular flow, that can lead to increase of the minimal filling flow rate
threshold.
Table 5-8: Minimal flow rate thresholds for choking in DB hydraulics with a single 1 m vertical
CSS pipe with a different bending radius at the top, at water temperature of 20 °C.
Corrugated stainless steel pipes
Bending
Minimal diameter, mm
Minimal flow rate for
choking, l/min
Superficial velocity, m/s
Minimal flow rate for
choking, l/min
Superficial velocity, m/s

DN 12
12.6

DN 16
16.5

DN 20
20.5

DN 32
34.6

0.8±0.1

2.2±0.1

5.4±0.03

31.0±1.6

0.11±0.01
1.1±0.1
0.14±0.01

0.17±0.01 0.27±0.01 0.56±0.03
2.5±0.1

6.4±0.03

43.0±2.2

0.19±0.01 0.32±0.02 0.78±0.04

5.2.3. Impact of pump speed on filling
Minimal flow rate thresholds for choking are obtained without consideration of the
filling time. Thus, some experiments required an hour in order to accomplish the
filling process. In practice, time-consuming filling process is not acceptable as it
plays only a preparatory role for the operation. Obviously, a high pump speed
guarantees fast filling process. The impact of the pump speed on the filling process
is demonstrated below. The drainback system with a heat storage as drainback
reservoir is applied in this experiment. The flow pipe consists of 5 m long vertical
PVC pipe with a bended horizontal part of 1 m. The circulation of water in the solar
collector loop is maintained by two pumps connected in series. The filling process
under different pump speeds is monitored during these tests. The filling processes for
different flow rates are presented in Figure 5-12. Each graph has a heading, which

Figure 5-12: Filling process of the drainback system with heat storage as drainback reservoir under
variation of both pump’s speed. The diameter of flow PVC piping is 19 mm.
The water temperature is 20 °C.
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provides information on the speed adjustment of the pumps in the solar collector loop.
For instance, “1max-2min” (Figure 5-12b) means that the first pump was operated at
maximal speed, while the second one at minimal. The last graph (Figure 5-12d) shows
the filling process with only one pump “1off-2max”. The filling process is considered
to be complete, once both MID flow rates show the same value and the underpressure
at the top is stabilized. The velocity of the circulating fluid is varied in the range of
0.2 to 0.7 m/s.
AB – the system is not in operation.
BC – the filling process. Operation of two pumps on the maximal speed level “1max2max” demonstrates the shortest filling time (approx. 70 s, B=10 s, C=80 s). In case
of “1max-2min” the filling takes 88 s, whereas for “1min-2min” is 105 s. An
insignificant deviation of the filling time up to 14 s from the presented average occurs
for each adjustment of the pump speed. The deviation of the filling time is larger for
experiments with lower pump speed. The experiment with one pump on the minimal
speed level (the fluid velocity is approx. 0.2 m/s, not in Figure 5-12) showed that the
downcomer cannot be completely filled at all. The established flow rate was below
the minimal choking flow rate, therefore an annular flow regime was observed in the
flow pipe. The fluctuation of the MID_flow curve was observed here during several
hours, afterwards the experiment was terminated. The results of these experiments
are summarised in Table 5-9.
Table 5-9: Duration of the filling mode depending on the flow velocity.
Pump adjustment

1max2max

1max2min

1min2min

1off2max

1off2min

Filling time, s

70±4

88±8

105±12

362±14

-

Average flow rate, l/min

10.6

10.3

8.9

7.6

3.4

Filling time *average flow rate, l

12.4

15.1

15.7

45.9

-

As expected, the experiments show an increase of the filling time with reduction of
flow rate. In order to estimate choking, air entrainment and removal processes in DB
an integral method is applied. The idea of the integral method is to calculate the water
amount which is required to replace the air from the solar collector loop at different
pump speed. For better comprehension, an illustration of the integral method is
presented in Figure 5-13. The drainback hydraulics with heat storage as drainback
tank with a CSS DN 20 can be seen in this picture. The filling process is presented in
Figure 5-13 and is separated on time line with capital letters B and C. The area under
the MID_return curve over the duration of the filling process, coloured grey, is used
to characterize the choking, air entrainment and removal processes. Another
noticeable point on the MID_curve is highlighted with a red dot point. This value
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refers to the minimal flow rate, which is established when the water flow overcomes
the highest point of hydraulics.

Figure 5-13: (a) DB hydraulics with CSS DN20 in flow pipe, (b) filling process. The water
temperature is 20 °C.

The pump speed was varied and the filling processes were recorded. For each
experiment, the MID_curve was integrated within the filling time and the minimal
flow rate value was determined at the time point when the flow reached a zenith of
hydraulics. Figure 5-14 shows the results of about 60 experiments with CSS DN 20
pipes in the flow side. Similar to section 5.2.2, two hydraulic configurations, single
vertical pipe and vertical downcomer-horizontal pipe, are investigated. The length of
the vertical CSS pipe is 2.5 m, whereas the length of the vertical downcomerhorizontal pipe is 5 m and 1 m respectively. The circulating water is maintained at
20 °C. The results for hydraulics with the horizontal part of CSS pipe are depicted
with black triangles, whereas hydraulics with a single vertical flow pipe is shown
with black dots. A grey dot curve is specific pressure drop in the corrugated stainless
steel pipe (Figure 5-14, right vertical axis).

Figure 5-14: Evaluation of the choking, air entrainment and removal processes for DB hydraulics
with CSS DN 20 in flow pipe.

Upper X-axis is a flow rate in l/min, whereas the lower X-axis is a velocity
considering the smallest diameter of the corrugated stainless steel pipe. Two
additional grey vertical lines show the minimal choking flow rates for both hydraulic
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configurations and are designated as threshold for choking. A red triangle is an
integral value corresponding to the filling process presented in Figure 5-13. As the
length of the flow pipes between both hydraulic configurations is different, so the
integral value differs. In spite of relatively good repeatability conditions of the
experiments, there is no reproducibility of the results for experiments with adjusted
pump speed at minimal flow rate below 6 l/min for both hydraulic configurations.
The filling time for these flow rates is not predictable, as the water amount required
for the filling (integral) varies significantly. Some integral values at flow rates near
the choking threshold could not be depicted, as they locate significantly above the
presented range of Y-axis. If the values were presented, the scaling would overlap the
integral values above the flow rate 6 l/min. It is essential to note a steep decrease of
integral in the range from the choking threshold up to 6 l/min. The latter flow rate is
a bend of the trend curve of the integral and is shown with vertical dashed line. From
this flow rate, the integral value remains almost the same with a further increase of
the flow rate. It appears that a comparable amount of water should flow through the
loop in order to initiate the choking and to guarantee the air entrainment and removal
processes from the hydraulics. Without splitting these hydraulics phenomena, it can
be concluded that their complex impact on air entrainment and removal processes
with raised flow rate changes slightly, due to the comparable water amount along the
flow rate from 6 l/min. However, the specific pressure drop in pipes increased
dramatically, as depicted in Figure 5-14 with the grey dot curve. The flow rate, which
is graphically determined as the bend of the integral curve, can refer to the
recommended lower flow rate threshold for the filling. Above this threshold, a good
reproducibility of the filling time is guaranteed at certain temperature; the control unit
of the solar thermal system can therefore be precisely adjusted.
Similar to this experiment, a set of tests were carried out for other diameters of the
CSS pipes. Figure 5-15 and Figure 5-16 present the summarised experimental results
for CSS DN 16 and CSS DN 12 respectively.

Figure 5-15: Evaluation of the choking, air entrainment and removal processes for DB hydraulics
with CSS DN 16 in the flow side.

5.2 Hydraulic phenomena of the filling process

67

The integral is shown in the left Y-axis, whereas the specific pressure drop in CSS
pipe is the right Y-axis. The integral method for the CSS pipe DN 32 is not applied,
due to limitations of the pump capacity.

Figure 5-16: Evaluation of the choking, air entrainment and removal processes for DB hydraulics
with CSS DN 12 in the flow side. The first left Y-axis (inclined captions) refers to hydraulics with
vertical pipe, whereas the hydraulics with horizontal pipe is second left Y-axis.

Table 5-10 summarises the values of the lower flow rate threshold for hydraulics with
CSS pipe in the flow side. These values are obtained based on the evaluation of two
hydraulics by means of the integral method. Moreover, percentage differences with
minimal choking flow rate thresholds (see Table 5-3) for vertical pipe are presented.
Despite different choking flow rate for the hydraulics with different arrangement of
the CSS pipe, the recommended lower flow rate threshold is applicable for both
hydraulic configurations.
Table 5-10: Recommended lower flow rate threshold for the filling process.
Corrugated stainless steel pipe

DN 12

DN 16

DN 20

Smallest diameter of the CSS pipe, mm
Recommended lower flow rate threshold, l/min

12.6
0.95±0.01

16.5
3.0±0.04

20.5
6.00±0.06

Recommended minimum flow velocity, m/s

0.1·(1±1%)

0.3·(1±1%)

0.3·(1±1%)

5%

27 %

8%

Percentage difference with minimal choking flow
rate threshold in vertical pipe from Table 5-3. For
instance DN 12: 100%•(0.95-0.9)/0.95 = 5 %

Similar to experiments with CSS pipes, the filling process with smooth PMMA piping
in the flow side was evaluated by means of the integral method. Two hydraulic
configurations, single vertical pipe and vertical downcomer-horizontal pipe, are
investigated, the parameters of which are described in section 5.2.2. The length of the
vertical pipe is 5 m, whereas the length of the vertical downcomer-horizontal pipe is
5 m and 1 m respectively. The circulating water is maintained at 20 °C. The results
of experiments are summarised in Figure 5-17 and Figure 5-18 for PMMA 1420 and
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Figure 5-17: Evaluation of the choking, air entrainment and removal processes for DB hydraulics
with PMMA 2125 in the flow side.

Figure 5-18: Evaluation of the choking, air entrainment and removal processes for DB hydraulics
with PMMA 1420 in the flow side.

PMMA 2125 respectively. The hydraulics with the vertical downcomer-horizontal
pipe refers to the right Y-axis, whereas values for the hydraulics with vertical pipe
relate to the left Y-Axis. A possible bend point of both trend of integral values may
assume the value, which is marked with vertical dash line. With reference to
hydraulics with the vertical downcomer-horizontal pipe on both figures, it can be seen
a gradual decrease of the integral value from choking threshold to the bend point of
the integral trend curve. This behaviour is explained by means of an intensification
of the air entrainment and removal processes with a rise of the flow rate during the
filling from the bottom. In contrary, the hydraulic with vertical pipe has a sudden
decrease of integral value from choking threshold up to the bend point. Further
increase of the flow rate has a negligible impact on the integral value. Due to
restriction of the circulating pump the large PMMA 3640 pipe is also not evaluated.
Table 5-11 shows the values of the recommended lower flow rate threshold for
hydraulics with smooth PMMA pipe in the flow side. Moreover, percentage
differences with minimal choking flow rate thresholds (see Table 5-2) for vertical
pipe are presented.
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Table 5-11: Recommended lower flow rate thresholds for the filling process.
Inner diameter of PMMA pipe, mm
Recommended lower flow rate threshold, l/min
Recommended minimum flow velocity, m/s
Percentage difference with minimal choking flow rate threshold
in vertical pipe form Table 5-2. For instance PMMA pipe with
diameter of 14 mm: 100%•(1.8-1.6)/1.8 = 11 %

14

21

1.8±0.1

7±0.4

0.34·(1±5%)

0.2·(1±5%)

11 %

17 %

5.3. Impact of the hydraulics on filling processes
A progress of the filling process in different hydraulic configurations of DBS is
described below. The filling process is analysed with respect to the air entrainment
and removal processes.

5.3.1. Tank entry pipe with a hole
Different drainback hydraulic configurations have been presented in section 2.4.
Tank entry pipe with a hole is one of the possibilities, which is encountered in practice
(Figure 2-14). There are no publications on the impact of the hole on the operating
conditions of the DBS (Baumgartner, 2012), despite this
solution being mentioned as early as 1954 (Bliss, 1954).
Baumgartner (2012) tested the impact of different
diameters of the holes on operation conditions of DBS.
He pointed out that small holes increase the filling time.
Moreover, the hydraulics with the largest hole he tested
(12.5 mm) requires slightly larger minimal filling flow
Figure 5-19: Drainback tank. rate.
Similar experiments have been conducted in the scope of this thesis. A tank entry
pipe with a hole is investigated, focusing on entry, transport and release of air during
the filling. Four different holes are drilled on PMMA pipe 2125 with different
diameters (𝑑ℎ ) of 3, 5, 8, and 10 mm. Only one hole is opened during experiments,
whereas other are tightly closed. The depth of the submerged pipe (ℎ𝑠 ) is varied at
50, 150 and 250 mm, but the “opened” hole is always positioned above the water
surface in the drainback tank. The flow rate is maintained in a way to cover the
VDI 6002 recommendations. The results showed that the penetration of air bubbles
into the tank can not be avoided during the filling. The air is released exclusively
through the drilled hole until the flow reaches the last vertical manifold. The
appearance of an annular flow in the last manifold causes the penetration of air
bubbles into the tank due to an impinging jet entrainment. Such a filling course with
respect to air entrainment is observed for three hole diameters (above 3 mm), for all
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depths of submerged pipe, and for filling flow rates up to 24 l/min. With the drilled
hole of 3 mm, air is even released through the pipe outlet in the tank causing a
gurgling noise.
Indeed, as long as the air pressure inside the pipe during the filling is below the
hydrostatic pressure of the water (ℎ𝑠 ) in the tank, air is released through the hole.
Otherwise, the air pressure pushes the water column in the pipe at small submerged
depth, and initiates an air replacement process through both the hole and the pipe
outlet. Referring to the filling time, no impact of the hole diameter and the submerged
depth is observed, as choking always occurs in the hydraulics part located above the
hole. Less noise is heard during air bubble release through the pipe outlet in
comparison to a plunging jet, which is accompanied by disturbances on the water
surface.

5.3.2. Inverted U-formed branched pipe
This hydraulic configuration (Figure 4-6d, p.45) is mentioned in several patents
(section 2.4.1) as an appropriate technical solution to initiate and promote the
draining process. However, a filling process is scarcely ever described there. A filling
process begins anytime when the pump is switched on. The experiment showed that
air is predominantly released from the loop through the branched pipe during the
filling. Some air volume is expelled through the drainback tank/storage in the form
of dissolved air bubbles due to impinging jet entrainment. As the hydraulics is vented
to the atmosphere through the branched pipe, the air is continuously sucked into the
loop and released over the drainback tank due to underpressure. This air circulation
is continuously observed during the filling.

5.3.3. Three way valve
A three way valve may be integrated into the hydraulics if a discharge through an air
layer in drainback tank as a water jet is not desired (Figure 4-6e or f, p.45). The typical
integration of the three way valve is in the flow side, slightly above the heat storage
or the drainback tank. Another proposed possibility is to mount the three way valve
on the return side. Experiments demonstrated that the filling process can be
successfully terminated for both hydraulics regardless the temperature of the
circulating water. The air volume in the loop is pushed by the flowing fluid through
the drainback tank/heat storage, as the pipe outlet is submerged. The upwardly
flowing up air bubbles cause a gurgling sound and mix of the water in the tank. A
disturbance of the stratification in the heat storage decreases its operational
efficiency.
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5.3.4. Air vent at the top of the hydraulic loop
A proposed air vent aims at fostering a draining process, as it has been reported in
many patents. Therefore, an impact of an air vent in combination with an air channel
on the filling process is evaluated. The hydraulics of the experimental setup is
presented in Figure 5-20a. Both pumps connected in series are adjusted at maximal

Figure 5-20: Filling and draining processes of the drainback system with heat storage as drainback
reservoir and with air vent. MID_flow, MID_return (left Y-axis) - the flow rates in the flow and
return sides, P_top, P_pump (right Y-axis) the absolute pressure on the top of the hydraulics and
behind the pumps.

speed level. The diameter of the flow and return piping from PVC is 19 mm. The
flow pipe ends above the water level in the heat storage. The air vent is mounted at
the top of the hydraulics, and is coupled with the air gap in the heat storage via an air
channel. The circulating fluid is at ambient temperature, about 20 ºC. The
measurement data of the filling process are presented in Figure 5-20b. The flow rate
curves (dotted and continuous) are drawn in black colour, and the pressure in blue.
The X-axis, which reflects the time in seconds was additionally split into several
stages and designated with capital letters. Each stage will be discussed separately.
AB (approx. from t=0 to t=8 s) - the system is not in operation. Both flow meters
record zero flow rates. The absolute pressure at the top of the system (P_top) is 1 bar,
while the pressure behind the pumps (P_pump) is slightly above 1 bar due to a water
column in the heat storage of about 50 cm.
BC - the filling process. Two pumps connected in series are started at time B. The
pumps filled the solar return pipe within 10 seconds. Behind a spike (MID_return at
t=17 s) which is normal for DBS, the flow rate in the return pipe stabilizes to 10 l/min,
while the MID_flow (from 24 s) registers fluctuating values above the range of the
diagram. The main reason for such fluctuations is a permanent air entrainment
through the air vent. Even the air vent is supposed to be closed whenever the water
flow reaches it (approx. at t=22 s), the observations show opposite fact. The vent
stays open during the whole filling period. The functionality of the air vent is
disturbed due to insufficient water pressure at the top to rise the floater and close the
air vent. In order to be closed automatically, a certain minimal positive pressure

72

Filling process

difference with atmosphere is required. Instead of the desired overpressure at the top
of the hydraulics, a slight vacuum pressure is created for the moment and disappears.
The opening leads to air suction from the heat storage, via the vent line, into the solar
flow side through the vent. There is a cyclic oscillation of the pressure at the top,
which in the next time step increases again to atmospheric pressure, due to the air
sucked from the heat storage. The observation shows a full flow in the return pipe
including the collector, while in the downcomer a partially filled pipe is observed
during this test. It has to be emphasised that the observation of the operation mode
during several hours shows the same tendency of a mixed air-water flow in the
downcomer, but for better visualization purposes the duration of this mode was
reduced to 10 minutes in the figure. The proposed solution with an air vent at the top
did not facilitate the filling process at all; moreover, it prevented the formation of a
single-phase flow in the downcomer. The choking was disabled due to permanent air
suction at the top, as consequence the siphon was not established during the filling.
It is important therefore to exclude air vents, but also to keep the hydraulics properly
tightened, if a siphon establishment is desired.

5.3.5. Balancing valve
Solar thermal systems with several parallel collector fields may use balancing valves
to adjust the flow distribution in the fields. The valve has almost the same function
as a normal valve, but is often combined with a flow rate measurement device. Due
to presence of the valve in the hydraulics, an additional pressure drop occurs. A set
of experiments are conducted to evaluate the impact of the valve on the filling
process. The valve is integrated into the horizontal or the vertical part in the flow
pipe. Experiments demonstrated a formation of the water slug with dispersed air
bubbles before the valve (ball valve and Y-pattern globe), therefore the valve enabled
choking at flow rate below the minimal filling flow rate for choking. An integration
of the balancing valve in the return side does not support the filling process.

5.3.6. Check valve in the flow or return side

Figure 5-21: DB hydraulics.

A new design of DBS with check valves shows that
when the pump is activated, the water starts to fill the
return side, where the check valve closes as the
pressure in the return side is above atmospheric
pressure. The flowing water pushes the air in the
hydraulics, so the pressure in the flow side becomes
higher than the atmospheric pressure. The pressure
difference opens the check valve in the flow side
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releasing the air through the valve. Similar to the previous experiments, both basic
functioning and air entrainment were evaluated. The depth of submerged pipe (50,
150 and 250 mm) as well as the flow rate (0-24 l/min) were varied. The temperature
of the circulating water was maintained at 20 ºC. Experiments showed that air is
mainly released over the check valve in the flow side during the filling. Only a small
portion of air penetrated into the storage due to impinging jet, namely due to plunging
of the falling film. After choking, no water was released through the check valve.

5.4. Summary and conclusions
A filling process is comprehensively described in this chapter. The filling is a
preparation stage for the operation aiming at establishing either a single-phase flow
or two-phase flow in a solar collector loop. As long as the circulating water flows
against gravity, a single flow is observed in these hydraulic parts. A two-phase flow
arises in the flow side of the DB hydraulics at the first moment when the circulating
water flows downwards from an azimuth of hydraulics. If the flow rate exceeds a
certain minimal threshold, a transition to the single flow is expected in the flow side.
Choking or surcharge (“Zuschlag” in German) is one of the important hydraulic
phenomenon for the filling process in DBS, which is responsibly for the instantaneous
transition from free surface (two-phase) flow to pressurised single-phase flow. The
choking is an essential precondition enabling a siphon development in DBS and
guaranteeing single-phase flow in the flow side. Choking is a stochastic appearance,
therefore it is impossible to predict in which part of the single vertical flow pipe a
first water slug will occur. In general, several filling scenarios are experimentally
identified and presented below with respect to the choking phenomenon:
• choking in a section of the vertical pipe due to sudden increase of the
amplitude of the falling film waves
• choking at the bottom of the vertical pipe due to jet contraction (only for
short vertical pipes, where the HTF discharges as falling jet)
• choking in a section of the horizontal pipe due to hydraulic jump
A parametric study is undertaken in order to find out the impact factors on a minimal
filling flow rate threshold and to quantify them. The experiments clearly showed that
a minimal filling flow rate threshold for choking in DBS depends on a large number
of parameters:
• shape form of pipes in the flow side (smooth or corrugated)
• inner diameter of the pipes
• inlet and outlet geometry of the fitting into the vertical pipe
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• location, where choking takes place (vertical or horizontal pipe)
• temperature/physical properties of the circulating heat transfer fluid

The smallest value of minimal filling flow rate threshold for choking has been
measured for hydraulic configuration with a vertical pipe connected at the bottom to
a horizontal pipe via a 90-degree elbow short radius fitting. Choking occurs in this
hydraulics at low flow rate thanks to hydraulic jump. On the contrary, hydraulics with
a short vertical pipe (1 m) in the flow side require the highest value of minimal filling
flow rate for choking among the evaluated configurations.
The recommended minimal flow rate thresholds have been derived for hydraulic
configurations both with single vertical and vertical-to horizontal pipe in the flow
side. A proposed integral method is utilized for these estimations. A key parameter
of this method is a calculated water volume, which has to be flown through a
hydraulics in order to initiate choking and to fill the solar collector loop. The
recommended minimal flow rate threshold is a flow rate above which, a repeatable
filling process with a predictable filling time is ensured. The filling time is used for
the control strategy of the pumps.
Moreover, the filling process has been observed in different DB hydraulics. Air
release and transport processes have been described for these hydraulics during the
filling process. Hydraulic configurations that have a connection of the flow pipe with
an air (tank entry pipe with hole, inverted U-formed branched pipe, air vent at the
top) demonstrated a suction of the air through this opening. This leads to formation
of the two-phase flow which predominates in the flow side between the opening and
the water level in the drainback tank/heat storage.

6. Operation
Operation mode begins after successful termination of the filling process. There are
two different operation regimes: siphonic and non-siphonic (trickle-down), that are
presented in the first section of this chapter. The second section is dedicated to the
hydraulic phenomenon such as a plunging jet, which arises if the HTF discharges into
the tank as a water jet. A penetration depth of the air bubbles is examined at different
water levels in the drainback tank, flow rates and temperatures of the circulating
water. Moreover, a minimal flow rate threshold that causes either a transition from
siphonic to non-siphonic regime or an unplanned draining is experimentally
determined. In the last section, an impact of hydraulic configurations on
operation mode is presented. The content of this chapter is based partly on the
previous scientific publications published in proceedings of ISES conferences
(Botpaev et al., 2014; Botpaev and Vajen, 2014b; Botpaev et al., 2015).

6.1. Operational behaviour
Operation mode starts after successful termination of the filling process. Two
different operation regimes can be distinguished concerning the established flow
pattern in the flow side. If a single flow predominates in the downcomer, the operation
can be referred to the siphonic regime. Figure 6-1a illustrates a hydraulics with CSS
DN 20 in the flow pipe, as well as the behaviour of the drainback system during

Figure 6-1: Operation regimes of DBS: a) siphonic regime b) non-siphonic (trickle-down) regime.

siphonic regime. The pressure at the top is below the atmospheric pressure, and
slightly changes with each adjustment of the pump speed. A decrease of the pump
speed causes the reduction of flow rate and the pressure at the top. It is equally true,
that an increase of the pump speed leads to the rise of the flow rate and the pressure
at the top. A replacement of the entire flow pipe for larger CSS DN 32 tube leads to
establishment of a non-siphonic or trickle-down regime, if the hydraulics operates at
identical pump speeds as in the first case. An annular flow circulates through the flow
side allowing to maintain the pressure at the top at atmospheric level regardless of
the adjusted pump speed (Figure 6-1b). The water discharges in both cases into the
heat storage as water jet. The falling water jet facilitates additional hydraulic
phenomenon, that should be considered for efficient and fail-safe operation.
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6.2. Hydraulic phenomena during operation
Two types of drainback systems are considered in this section: one with a heat storage
as drainback reservoir and another with an additional drainback tank. The drainback
reservoir/heat storage is the only component which is filled with air and the HTF at
the same time during siphonic operation regime. Due to density, the air fills the upper
part of the tank/heat storage, whereas water is collected on the bottom. Some
hydraulic phenomena occur if the circulating water discharges into the drainback
tank/heat storage as water jet whether the solar collector loop of DBS open or closed.
An air entrainment into the drainback tank/heat storage is a first possible consequence
of the plunging jet. Another one is a transition to the non-siphonic regime or an
undesired draining process, which may arise at low flow rate due to the air intrusion
into the discharging pipe. Both consequences of the plunging jet phenomenon are
analysed below.

6.2.1. Impact of plunging jet
A drainback tank is always filled simultaneously with air and circulation fluid
regardless the operation regime. An air layer in the tank is vital important for a
draining process in DBS, and allows the expansion of the circulating water during
operation. Simultaneously, the air layer may cause an air entrainment into the water
on the bottom of the tank if the water jet free falls into and plunge on the water surface
in drainback tank.
Volume of entrained air bubbles
The air entrainment mechanism has been described in section 2.3, whereas onset
velocity and empirical correlation for air entrainment depth have been summarised.
Past experiments have been mostly carried out with a thin diameter nozzle, which is
usually not the case for drainback piping. Therefore, identical experiments have been
done with parameters close to real drainback systems. First of all, a volume rate of
air entrainment and onset velocity have been evaluated. For these tests, a drainback
tank made of plexiglas in a cylindrical shape with a total height of 65 cm is applied.
A single pump Grundfos 25-120, as well as both Grundfos Solar 15-80 are used. The
system is closed, without integrated air vent and other hydraulic components as
balancing valve. The diameters of flow and return PVC piping are 19 mm. The
circulating water is maintained at ambient temperature. Figure 6-2 depicts six
operation states of the drainback tank (90 % full), under different flow regimes.
Ninety percent full means that the height from the bottom of the tank up to the water
level is 58 cm. The height is measured by a conventional tape ruler (yellow line in
Figure 6-2), which is fixed on the tank. The flow rate has been adjusted at maximum
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flow rate and afterward continuously decreased. The volume of air entrainment is
simply observed and photographed. The photos of the experiments are presented in
Figure 6-2. The bottom of each drainback tank is signed with the actual velocity of
the circulating fluid. The first picture from the left shows a volume of air entrainment

Figure 6-2: Volume rate of the entrained air bubbles into the 80 % full cylindrical drainback tank
at water temperature of 20 ºC (Botpaev and Vajen, 2014b).

at flow rate of about 25 l/min (1.5 m/s). It is to be noted that almost the whole amount
of the upper part of the water volume contains primary and secondary air bubbles. A
reduction of the flow rate leads at the same time to the decrease of air entrained in the
tank. For a velocity of the circulating fluid of 0.4 m/s only a few tens of bubbles are
clearly seen in the tank. The entrained air bubbles became “countable”, as their
amount is significantly decreased. However, the depth of air penetration is nearly the
same, as for the experiment at velocity of 0.8 m/s. Further reduction of the flow rate
demonstrates the appearance of a larger amount of bubbles in the tank due to plunging
jet, but the depth of their entrainment is several centimeters less than in the one with
0.4 m/s. Similarly, a significant reduction of the volume of entrained air bubbles is
also confirmed for the 65 % filled drainback tank. Analysis of this occurrence shows
that a change of the turbulence and surface disturbance on the jet are responsible for
this trend. Indeed, a water jet at 0.4 m/s is stable, and almost without oscillation along
it. Moreover, the noise of water splashing dissapears, obviously due to low volume
of entrained air bubbles. The adjusted velocity can not be related to onset, as several
bubbles have been entrained. Further reduction of the flow rate causes a significant
oscillation of the jet, so the volume of the penetrated air bubbles rises. The onset
conditions could not be achieved even at the lowest flow rate operation. Theoretical
calculation of the onset velocity by means of equations (6) and (7) shows that the
onset conditions have to be established at flow velocities of 1.7 and 1.9 m/s
respectively. The experiments demonstrated, however, the largest volume of the
entrained air bubbles at these velocities. Whether less or more volume of entrained
air bubbles at temperature of water 65 ºC could not be visually determined, however
Callaghan et al. (2014) claimed an increase of the air entrainment with an increase of
temperature.
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Surface disturbances on the jet are caused by a complex shape of the nozzle
(Figure 6-3a). PVC pipe are connected by means of male pipe thread hose adapter,
which is screwed into PMMA plate. The PMMA plate is bonded at the top of the

Figure 6-3: Volume of entrained air bubbles: a) with surface disturbances of the jet b) without.

drainback tank. Referring to the disturbance factors of jet, one can see the bent PVC
pipe and narrowing of the cross section at transition from PVC pipe into pipe thread
hose adapter. Moreover, a water jet contacts at the outlet of the thread hose adapter
with the upper drainback tank wall. These factors contribute to the jet disturbance
that causes it to oscillate. As a result, a large amount of the air bubbles penetrated
into the drainback tank (Figure 6-3a). Another discharging concept is illustrated in
Figure 6-3b. Discharging into air volume occurred directly through a PMMA 2125
pipe, without any nozzle at the end. The results showed a significant redution of the
volume of penetrated air bubbles. A poor air entrainnment is observed at different
filling rates of the tank, at different flow rates and diameters of PMMA pipes, for
both temperatures of the water. Furthermore, the sound of splashing water is too quiet
in comparison with discharging of the circulating water over the pipe thread adapter.
Penetration depth of the air bubbles
The impact of water level in the drainback tank on penetration depth of air bubbles is
presented in this section. The filling of the tank is varied in the range between 30 and
90 %. For each investigated water level, the velocity is gradually increased from
minimal up to 30 l/min, and the penetration depth of the air bubbles is measured. The
discharging of the water occurs through the male pipe thread hose adapter, as
presented in Figure 6-3a. The results of these experiments are shown in Figure 6-4,
whereas an estimation of the measurement uncertainties is presented in
Appendix A3, p.143. In accordance with the previous publications: the higher the
flow rate cause the deeper air entrainment in the drainback tank. Such a tendency is
verified in all conducted experiments with different water levels. The depth of air
penetration for a certain flow rate is not the same at different filling levels of the
drainback tank. The less the water in the tank, the shallower the air bubbles penetrate
at a certain flow regime. For instance the difference of the height of the “air diving”
for 90 % (Figure 6-4, DBT_90 % curve) and 65 % (Figure 6-4, DBT_65 % curve)
full drainback tank is about 5 cm at a flow rate of 30 l/min. The interpolated depth of
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air penetration at flow rate of 0.7 m/s for 45% full cylindrical drainback tank is 15 cm,
whereas 16 cm is measured for the first cuboid drainback tank (Figure 6-4, red dot).

Figure 6-4: Depth of air entrainment into the drainback tank at different flow rates. The water
temperature is 20 ºC. The total height of the drainback tank is 65 cm (Botpaev and Vajen, 2014b).

The values are very similar, that shows the predominated influence of the jet velocity
on the entrainment depth. The operation state of the 45 % full drainback tank
corresponding to a water level of 30 cm demonstrates that some single bubbles are
sucked through the outlet of the tank by a maximal flow rate of 30 l/min. Further
decrease of the flow rate leads to the reduction of the air penetration depth, and thus
the air capturing problem on outlet is eliminated. The depth of air penetration in this
experiment is measured from the bottom, whereas for previous tests (drainback tank
65 %, 80 %, and 90 % filled) from the top, that is why different messurement
uncertainties have to be taken into account. This might be a reason for the curve
behaviour with a 45 % full drainback tank in Figure 6-4, coloured blue. The last series
of experiments are conducted for a 30 % filled drainback tank (20 cm water level). It
is to be emphasised that the air bubbles overcame the whole water column in the
drainback tank and circulated further down to the lowest point of the hydraulics. This
was valid for flow regimes with fluid velocities from 0.45 up to 1 m/s. Air bubbles
gathered inside horizontal pipes, pumps and heat exchanger at the lowest point.
Sometimes bubbles were visible in the return pipe, but their appearance was cyclic in
spite of a permanent capturing on outlet from drainback tank. Depth of air penetration
reaches 20 cm for the operation conditions recommended by VDI 6002 (2014).
Despite the fact that empirical correlations of the air penetration depth have been
derived for water jet with small nozzle’s diameter (see Table 2-3), a comparison with
own measurements is presented in Figure 6-5. The water level in the drainback tank
is about 58 cm, which corresponds to 90 % filled tank. It can be seen that these
correlations are not applicable for assesment of penetration depth in drainback
systems. The proposed relationship by Ohkawa et al. (1986) has a maximum
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disagreement with own epxeriments, as the correlation of the air entraintment
has been adopted for high jet velocities. The correlations from
van de Sande and Smith (1975) and McKeogh and Ervine (1981) have identical trend
but high deviation at low velocities. It needs to be stressed that the penetration depth
depends on many parameters such as the shape of the drainback tank, its level of
filling, the operation velocity of the circulating fluid, and the height of the air layer
inside. Furthermore, instead of nozzle a flow piping is connected with the drainback
tank by means of fitting, so the surface of the jet at outlet is disturbed.

Figure 6-5: Penetration depth of air bubbles by plunging jet: empirical correlations vs. own
experiments.

The penetration depth of air bubbles due to a plunging jet is measured at the water
temperature of 65 ºC. General trend demonstrated a shallower penetration depth of
air bubbles in comparison with experiments at water temperature of 20 ºC. In absolute
terms, about 2-5 cm less penetration depth is observed at higher temperature. The
physical characteristics of water such as density, viscosity, surface tension are
reduced with an increase of the water temperature (from 4 °C). Moreover, a surface
disturbance is increased as reported by Callaghan et al. (2014). However, the main
effect is related to the air bubble size. A larger bubbles respresent higher resistance
due to buoyancy.
A penetration depth of air bubbles is also measured for the discharging concept, when
the water jet flowed out of the PMMA pipe (Figure 6-3b). Despite quiet operation
and low volume of penetrated air bubbles, some single bubbles could reach the
bottom regardless of the filling rate in the tank. The penetration depth of some single
bubbles reached about 50 cm, and in next moment are sucked at outlet of the
drainback tank. A permanent incursion of some air bubbles into the hydraulic part
below the drainback system is observed.
Fullness of the drainback tank
Figure 6-6 presents some operation conditions of DBS with respect to the fullness
rate in the drainback tank. The discharging of the circulating water occurs as
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presented in Figure 6-3a. Figure 6-6a shows a full cuboid drainback reservoir when
the DB system is not in operation. The experiments with a completely full drainback
vessel does not reveal any operation disturbance. Also the filling and draining
processes occurred in a good manner. It is to be noted that experiments are carried
out for the circulating fluid at a constant tempertature of 20 °C, thus the thermal
expansion is not considered. In case of thermal expansion, an increase of water
volume may theoretically account to 3.6 % due to temperature rise from 4 °C to 90 °C
(Kohlrausch et al., 1996).

Figure 6-6: Operation conditions of the drainback system with respect to the drainback tank. Partly
adopted from Botpaev and Vajen (2014b).

In the middle (Figure 6-6b) one can see the air entrainment process due to a plunging
jet. The penetrated air bubbles raise and occupy the upper part of the drainback tank,
whereas Figure 6-6c presents an air suction at outlet of the tank due to insufficient
water level. The vortex appears if the water level in drainback tank is extremely low
(Figure 6-6d). The vortex is similar to what is usually observed by drainage of water
from a bathtub or a kitchen sink. Spinning air bubbles were observed in the flow pipe
below the rectangular drainback tank, as consequenses of the vortex effect. In order
to visualize the pure vortex effect and to eliminate the influence of the plunging jet,
an inlet and outlet in cuboid tank were connected to different zones. Therefore the
vortex effect was separated from plunging point and occurred only in the second zone.
The minimal water level in the drainback tank, causing the vortex was experimentally
measured at a level of 3 cm in the velocities range recommended by VDI 6002 (2014).

6.2.2. Jet instability and bubble formation
Section 2.3 mentions jet instability at low flow rates that can cause either a transition
to the trickle-down regime or an unplanned draining process. These cases may occur
only for DBS that discharge the HTF as a falling jet into the air volume, whenever a
certain minimal flow rate threshold is exceeded. A development of the air intrusion
is presented in Figure 6-7, based on the personal experiments. A drainback system
with heat storage as drainback tank is applied in this test (Figure 6-7a). A flow pipe
is vertically arranged with PMMA 2125. The circulating water is maintained at
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ambient temperature of 20 °C. Figure 6-7c shows the process of air entrainment into
the pipe at outlet. AB corresponds to the conventional siphonic operation condition
of DBS; the HTF discharges into the air as water jet. At time B, the the pump speed
is reduced and the flow rate set at time C at level of 2.2 l/min. The jet becomes thinner
and slightly moves to one side, due to not exact horizontal position of the vertical
pipe. At time D, air penetrates into the pipe at outlet and rapidly rises as the Taylor
bubble initiating an unplanned draining process. At time F, the hydraulics is
completely drained despite the further operation of the pump.

Figure 6-7: (a) Drainback hydraulics, (b) measurement results of the undesired draining process
due to jet instability at low pump speed, (c) visualization of the bubble formation and undesired
draining process at low pump speed.

A flow rate that leads to a transition from siphonic to the trickle-down regime or even
to unplanned draining process is experimentally determined for different pipe
diameters. An experimental setup is constructed using a smooth PMMA pipe in the
flow side. The length of the last vertical part in the flow side is 1 m, and the water
discharges as a water jet into the storage (Figure 6-7a). A simple test procedure is
applied, namely a gradual reduction of the flow rate after establishment of the
siphonic regime. At each pump speed, the falling jet is observed within five minutes.
This step-by-step flow rate reduction is undertaken until a jet instability accompanied
by a transition to the trickle-down regime or even to undesired draining process took
place.
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Table 6-1 summarises the minimal flow rate/velocity threshold for the smooth pipes
at two temperatures of the HTF, namely at 20 °C and 65 °C. Similar to the previous
researches, the jet instability arises for large diameters at significantly greater flow
rates than for smaller ones. Furthermore, a rise in temperature increases a minimal
flow rate/velocity threshold for the same diameter of the pipe.
Table 6-1: Minimal flow rate/velocity thresholds, that cause a transition to the non-siphonic regime
or an unplanned draining process while discharging from the vertical smooth pipe.
Inner diameter of PMMA pipe, mm

14

21

36

Flow rate at t=20 °C, l/min

0.33±0.02

2.2±0.1

15.1±0.8

Velocity at t=20 °C, m/s

0.04±0.01

0.1±0.01

0.25±0.01

Flow rate at t=65 °C, l/min

0.73±0.04

2.7±0.1

15.5±0.8

Velocity at t=65 °C, m/s

0.08±0.01

0.13±0.01

0.25±0.01

Table 6-2 shows the measured minimal flow rate/velocity threshold for the vertical
corrugated stainless steel pipe at which a transition to the non-siphonic regime or to
the undesired draining occurs. The results were obtained at two different temperatures
of the circulating fluid, at 20 °C and 65 °C. The length of the vertical pipe is 1 m,
from where the HTF discharges into the storage. The outlet of this pipe is cut by
means of the standard tube cutter at the thinnest cross section of the CSS tube, so the
calculated velocities in the table are presented with respect to the small diameter of
CSS pipes (see Table 4-1). A similar tendency is observed; at larger diameter and
temperature a minimal flow rate/velocity threshold is larger.
Table 6-2: Minimal flow rate/velocity thresholds, that cause a transition to the non-siphonic regime
or an unplanned draining process while discharging from the vertical CSS pipe.
Corrugated stainless steel pipes

DN 12

DN 16

Flow rate at t=20 °C, l/min

0.2±0.01

0.4±0.02

Velocity at t=20 °C, m/s

0.03±0.01 0.03±0.01 0.05±0.01 0.19±0.01

Flow rate at t=65 °C, l/min

0.3±0.02

Velocity at t=65 °C, m/s

0.04±0.01 0.05±0.01 0.09±0.01 0.21±0.01

0.7±0.04

DN 20

DN 32

1.03±0.05 10.8±0.54

1.7±0.09

11.8±0.59

The obtained minimal flow rate thresholds are valid only for cases if a flow rate is
gradually decreased up to the state of unplanned draining. After each intermediate
flow rate reduction, a system operated at adjusted flow rate for stabilization of the
flow regime. A sudden flow rate reduction from maximal to minimal causes also an
unplanned draining but even at much higher flow rates. For instance, an undesired
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draining occurs for hydraulics with a PMMA pipe of 21 mm at 5 l/min, due to sudden
reduction from 13 l/min to 5 l/min. Similar trends are observed for all other hydraulic
configurations.

6.3. Impact of hydraulics on operation mode
6.3.1. Tank entry pipe with a hole
Drainback system with a drilled hole on the tank entry pipe (Figure 5-19, p.69) is
applied in these experiments. Trickle-down and siphonic operation regimes cause an
air entrainment into the drainback tank regardless of the hole diameter and the
submerged depth of the pipe. With reference to the siphonic regime, the solar
collector loop is completely filled with water, but due to underpressure at the hole
level the air is continuously sucked through it. Two-phase flow is established in the
pipe section between the hole down to the water level. At water level, the circulating
two-phase flow strikes the surface causing an air entrainment. The velocities inside
the submerged pipe are high enough to release the air bubbles through the submerged
pipe outlet. Further path of air bubbles is either to rise up and to be released in
drainback tank or to be sucked in at its outlet. The last means a circulation of air
bubbles through the loop. An artificial pressure drop below the hole can increase
static pressure at its level, which may cause a small fountain to be exposed from the
hole. In this case, no air penetrates to the drainback tank through the hole, but can
enter at an impinging place of the flowing fountain from the hole with the water level
surface.

6.3.2. Inverted U-formed branched pipe

Figure 6-8: DB with branched pipe.

Similar air circulation processes are observed as
in the case of the tank entry pipe with the hole.
The air is permanently sucked from the
atmosphere through the branched pipe and is
released over the drainback tank/storage. In order
to avoid the air circulation, a ball valve was
installed in the flow side slightly below the
branched pipe (Figure 6-8). The pressure drop in
the valve allowed the elimination of the
undepressure at branched pipe inlet. Thus, a low
column of water appeared in the branched pipe
ceasing the air suction through it. A rise of the
pump speed increases a pressure drop in
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hydraulics. On the other hand, the height of the hydraulic grade line also becomes
larger; that increases the water column height in the branched pipe. This oscillation
of the water column depends on the pump characteristics and the total system pressure
drop of DBS. Experiments showed, that a difference of the water column height can
reach 70 cm by variation of the flow rate/velocity within VDI 6002 range (from
0.4 m/s to 1 m/s), that should be considered for the dimensioning of the branched
pipe.

6.3.3. Three way valve
The three way valve shows a good performance with no air entrainment at siphonic
regime for both location of the valve: at flow and
return side. The air entrainment was observed only
when the outlet of the submerged entry pipe was
directed towards the wall of the drainback tank.
The incoming water impulse (at flow rate
10 l/min) caused after a while a rotation of the
whole water amount in the tank, and finally a
vortex appeared. The vortex encouraged the air
suction at the tank outlet, despite the fullness
of the tank of 80 % (520 mm). A non-siphonic
Figure 6-9: Vortex in DB tank.
operation is accompanied by the permanent air
entrainment into the tank, due to the impinging jet.

6.3.4. Air vent at the top of the hydraulic loop
The air vent remains open due to insufficient pressure difference, so air penetrates
through it. The behaviour of the operating regime is the same as was described in
section 5.3.4. Air vents disrupt a siphon formation, that is why a non-siphonic regime
dominates in the flow side.

6.3.5. Balancing valve
The balancing valve represents an artificial pressure drop allowing to adjust a desired
flow rate in a certain collector row. Moreover, a balancing valve in the flow side may
eliminate the undepressure at the top, as it was mentioned by Haberl et al. (2008b).
Due to this feature, a balancing valve may be installed even at DB system with one
collector. Both the ball valve and Y-valve are applicable for this purpose. Figure 6-10
shows the operation of the system with two small Grundfos Solar 15-80 pumps
connected in series and the mounted balancing valve in the downcomer. After three
minutes of operation, the balancing valve is slightly closed after each minute. The
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graph shows that after 5 minutes an insignificant underpressure was established at the
top. Finally, the valve was completely closed and the pressure behind the pumps set
at level of two maximal head of this pump. Each valve regulation causes a change
and disturbance of the water jet. The air bubbles penetrate into the tank/storage due
to plunging jet. The installation of the balancing valve in flow side make no sense
against the undeprussure issue.

Figure 6-10: (a) Drainback hydraulics with a balancing valve in the flow side, (b) measurement
results of the operation regime during adjustment of the balancing valve.

6.3.6. Check valve in flow or return side
Figure 6-11a shows the hydraulics of the drainback system with check valves. The
check valve in the return side is positioned directly before the magnetic flow meter
(MID_return). PMMA 2125 und PVC pipes were applied in these experiments. The
circulating water is maintained at 20 °C. The behaviour of the check valves is
analysed during the typical operation conditions, where some specific appearences
are observed such as a cyclic air entrainment through the check valve in return side.

Figure 6-11: (a) Drainback hydraulics with check valves, (b) cyclic air entrainment through the
check valve in return side.

Figure 6-11b illustrates e.g. an air suction process through check valve in return side,
which occurs with a certain frequency. The pressure at the top (P_top) was recorded
at level 1 bar, which corresponds to the almost empty flow side. The flow side is
gradually filled, and the air is removed into the drainback tank. This filling process
of the flow side can be observed through the increase of the flow rate, and the decrease
of the pressure at the top within time range 330 and 390 s. At time step of 390 s, the
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pressure in the hydraulics becomes negative at the connection point of the check valve
in the return side. The pressure difference opens this check valve, and the air is sucked
until the atmospheric pressure establishes in the return side. The penetrated air flows
through the magnetic-inductive flow meter, thus the oscillating values of the flow rate
are measured within 10 s. The air reaches the flow side as bubble flow pattern, which
is continuously removed from the loop. This cycling process of sucking and removing
air in the loop is continuously observed in hydraulics. In order to avoid the air
penetration and air circulation processes, a positioning of the check valve directly
above the water level in the drainback tank is desired.
Another consideration is a regulation of the flow rate by the control unit. In particular,
the check valve opens when a sudden reduction of pump speed occurs. Indeed, the
inertia of the flowing (falling) fluid in flow side created a slight underpressure. The
pressure difference opened the check valve, so a sudden reduction of the flow rate
may cause an air entrainment through the check valve in the flow side.

6.4. Summary and conslusions
An operation mode is described in this chapter. Two different operation regimes:
siphonic and non-siphonic (trickle-down) are presented. Drainback hydraulics with
an additional drainback tank and a heat storage as a drainback reservoir are
considered. Several hydraulic phenomena are evaluated for DB configurations, where
a circulating water enters the drainback tank as a falling water jet. For instance, an
air entrainment arises due to plunging jet. A gurgling noise is accompanied, on the
one hand, and a propability of the further circulation of the air bubbles in the solar
collector loop on other. Following appearances have been observed during
experiments of the plunging jet into the drainback tank:
• onset conditions could not be achieved within desired operation conditions
• volume of entrained bubbles depend on the flow rate and surface disturbance
of the falling jet
• penetration depth of air bubbles can reach up to 20 cm
• the higher the temperature of the circulating fluid the shallower a penetration
depth of air bubbles
• vortex can appear at low water level in drainback tank, which causes the air
transport into the piping below the tank
In order to minimize a surface disturbance of the falling jet, the tank entry pipe is
desirable to design without any narrowing/widening of the cross section.
Furthermore, a discharging of the circulating water at low flow rates causes a jet
instability. A transition from the single flow to the two-phase flow or an unplanned
draining process may occur by exceeding of the certain minimal flow rate. High
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temperature of the circulating water increases this minimal flow rate threshold. These
thresholds have been experimentally determined both for smooth and CSS pipes.
Moreover, a sudden reduction of the flow rate from the maximal to the minimal value
may cause an undesired draining process even at higher flow rates above the minimal
flow rate thresholds. Therefore, it can be advantageous if a control algorithm realizes
a reduction of the flow rate from the maximal to the minimal level with several
intermediate decreasing steps.
An operation mode is evaluated for the different advanced hydraulics as well. A
vortex may arise in full cylindrical drainback tanks, if the discharging HTF creates
the rotation of the water in the tank.
Similar to the filling process, hydraulic configurations that have a connection of the
flow pipe with an air (tank entry pipe with hole, inverted U-formed branched pipe,
air vent at the top) confirmed a continuously suction of the air through this opening.
A balancing valve below the inverted U-formed branched pipe, however, can
eliminate the air suction. The length of the inverted U-formed branched pipe has to
be dimensioned in such a way as to consider the change of flow rates. Drainback
hydraulics with check valves require avoiding the underpressure at the check valve
level in the return side during the siphonic operation regime, in order to eliminate the
cyclic air penetration through this valve.

7. Draining process
Each shutdown of the pump initiates a draining process in DBS. The draining process
represents an exclusively protective function for DBS, as the empty upper parts of
hydraulics can neither freeze nor evaporate. This chapter contains characteristics of
the draining process, which are presented in three sections. The first section
introduces the draining behaviour of DBS. The emptying properties of single smooth
and CSS pipes are investigated at the beginning. Further, the draining progression of
drainback systems is demonstrated based on experiments. Some peculiarities of the
draining behaviour are described at the end of the first section. In the second section,
two hydraulic phenomena such as the siphon effect and the water solidification
process are considered. In the last section, the impact of hydraulic configurations on
the draining process is presented. The content of this chapter is based partly on the
previous scientific publications published in proceedings of ISES conferences
(Botpaev et al., 2014; Botpaev and Vajen, 2014b; Botpaev et al., 2015).

7.1. Draining behaviour
7.1.1. Draining of a single pipe
A set of simple experiments have been conducted to evaluate the draining properties
of smooth and corrugated stainless steel pipes. As presented in section 3.1.5, the
recommended slope for the piping arrangement is varied from almost horizontal
position to five degree tilt angle. This tilt angle has an impact on the filling process,
as minimal choking flow rate rises in horizontal pipes with an increase of the tilt
angle. Simultaneously one can expect better draining properties of the smooth pipes
at steeper tilt angles. Corrugated stainless steel pipes have a special wave-shape
profile, which seems to be an obstacle for draining, as the grooves inside retain water.
Therefore, a small table setup has been separately constructed for investigation of the
draining properties of a single pipe. The setup consists of the following instruments
and measuring devices (Figure 7-1): a “Sartorius” terminal connected to a weighing
platform (accuracy ±0.1 g), a digital electronic spirit level Laserliner and a standard
camera (not presented) to record the dynamic of the draining process. Six pipe
samples: CSS pipes DN 12, DN 16, DN 20, DN 32 and copper pipes DN 6 and DN 20
of one meter each have been tested. Each sample was fixed on a straight metal profile
in order to maintain their linearity, thus avoiding pipe sagging. The pipes were filled
from the top in vertical position and the air was deaerated. Further, the filled pipe
samples were adjusted to the desirable tilt angle 0° (horizontal position), 2°, 5°, 10°
and 90° (vertical position). Afterwards, the cups from both sides were removed and
the draining process launched. The dynamics of the draining process was analysed,
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Figure 7-1: Experimental setup for the draining tests of single CSS and copper pipes
(Botpaev et al., 2015).

through continuous weighing of the samples. Reduction of the sample’s weight was
recorded with a standard camera for an hour. Based on the results of this these
experiments, quantitative draining features of CSS pipes in comparison with copper
pipes were elucidated. The draining profiles of copper DN 20 (Figure 7-2a) and CSS
pipes DN 16 (Figure 7-2b) are presented in Figure 7-2. Both graphs are scaled
identically for better visual comparison of the draining dynamics of the smooth and

Figure 7-2: Draining processes of single pipes at different tilt angles (a) copper DN 20,
(b) CSS DN 16 pipe (Botpaev et al., 2015).

“wave-shape” pipes. As expected the copper pipes drains completely by tilt angles
steeper than 2°, whereas at a slope of 2° a small amount of water remains due to
surface tension. For the same reason the copper pipe placed in a horizontal position
captures a considerably larger amount of water about 54 g, that represents 18 % of
the water mass of the completely filled pipe sample. In CSS pipes as proposed a small
amount of water always remains at all slopes range due to its special shape with
grooves. It has to be emphasised that a comparable water mass remains both in
horizontal as well as in vertical pipes. Moreover, in vertical pipes after draining
remains significantly larger amount of water than at flat slopes. Obviously, in vertical
position each groove has a larger area of horizontal surface, where the water is
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distributed and retained. On the contrary, the water is collected at flat slopes mainly
at the bottom of the pipe (due to gravity), where only the lower part of grooves is
involved. This is a distinguishing feature of CSS pipes, which retain water after the
draining even in vertical position. Considering the dynamic of the draining for CSS
and copper pipes at 0°, it can be noticed that the main volume of water flows out
within 30 seconds from copper pipes, whereas about 3 minutes are required for CSS
pipes.
The draining processes of other samples show almost similar courses over time,
therefore only the measurements of remaining water after one hour are summarised
in Table 7-1. The first columns in the table provide general information on the
samples and the weighed water mass required to fill the pipes completely. This weight
is considered in the next column as 100 %, in order to calculate the relative amount
of remaining water after draining. The following columns present the remaining
water mass after 1 hour of draining in absolute values (gram/m) and in percent.
Table 7-1: Remaining water mass in copper and CSS pipes after 1 hour of draining of single pipes
at different slopes (Botpaev et al., 2015).

CSS

Cu

DN

Water content in the
fully filled pipe

Remaining water mass in the pipe after 1 hour
0°

2°

5°

10°

90°

g/m

%

g/m

%

g/m

g/m

g/m

g/m

6

33.0·(1±1%)

100

13.1±0.3

40

4.7±0.1

1.9±0.1

0.7±0.1

0±0.1

20

310.5·(1±1%)

100

54.4±1.1

18

5.3±0.1

1.7±0.1

0.2±0.1

0±0.1

12

156.8·(1±1%)

100

90.3±1.8

58

27.5±0.6

21.9±0.4

20.5±0.4

41.4±0.8

16

265.4·(1±1%)

100

64.5±1.3

24

24.0±0.5

23.0±0.5

22.0±0.4

55.6±1.1

20

412.7·(1±1%)

100

53.7±1.1

13

31.7±0.6

30.4±0.6

29.6±0.6

88.9±1.8

32

1086.6·(1±1%)

100

50.5±1.0

5

49.2±1.1

45.8±0.9

45.3±0.9

168.0±3.4

The percentage values of the remaining water, as partly presented in Table 7-1, are
illustrated in Figure 7-3. The graph shows the relative amount of remaining water one
hour after the start of the draining process. With reference to Figure 7-3, it can be
seen that the smaller the diameter, the more water (percentage values) remains inside.
Moreover, a comparable water amount remains in the pipe regardless of the tilt angle
for corrugated stainless steel pipes diameter larger than DN 16 (≥ DN 16). The latter
statement is true, except in the case of a vertically positioned CSS pipe. When
perpendicular to the horizontal, 15-26 % of the water content remains in CSS pipes
after the draining process, which should be considered during installation. On the
contrary, smooth copper pipes empty as expected completely in a vertical
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Figure 7-3: Remaining water in copper and CSS pipes after one hour of draining process
(Botpaev et al., 2015).

arrangement. The “poor” emptying properties of smooth horizontal pipes might be
caused due to an insufficient initial hydrostatic pressure, which is the driving force of
the draining. Summarising this first set of experiments, it has to be repeated that water
always remains in the CSS pipes regardless of the slope. Furthermore, it should be
noted that in vertical CSS pipes remains a significantly larger amount of water than
in sloped one.

7.1.2. Draining progression
A draining process of DBS was investigated in the next step. The configuration of the
experimented hydraulics is presented in Figure 7-4a, which is related to a drainback
system with heat storage as drainback reservoir. A collector with meander is applied.
The PVC piping 19 mm is used both for the flow and return sides. The circulation of
the water is forced by two pumps connected in series. The experiments are conducted
at temperature of circulating fluid of approx. 20 °C. The draining course is shown in
Figure 7-4b. The operation mode (CD) finishes at time step D, when the pump is

Figure 7-4: (a) Drainback hydraulics, (b) draining process of the presented drainback system.

switched off. As expected, the absolute pressure behind the pumps (P_pump) falls
down to near 1 bar in a couple of seconds after stopping the pump. The circulation
fluid flows due to inertia first 5 seconds with constantly decreasing flow rate (DE),
then stands still for a moment (point of intersection with X-axis), reverses the flow
direction and drains over the return pipe. The direction change of the flow is reflected
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on the graph by means of negative values of the flow rate. Once the direction has
changed, the further draining process occurs in such a way that almost the whole
amount of water in the flow pipe flows through the collector and drains over the return
pipe. The reason of draining reverse to circulation is a difference of hydrostatic
pressure in flow and return pipe. The initial value of hydrostatic pressure difference
equals a height of the air gap in the heat storage, which is a driving force of the
draining. The established draining process will be designated in this work as siphonic
draining, due to siphon effect. The profile of the flow rate during the siphonic
draining is similar to a parabola curve (Figure 7-4, MID_return curve from 150 to
191 s) because the flow and return side are almost symmetrically arranged. The flow
rate constantly increases at the beginning and reaches its maximum value at t=179 s.
At this time step, the manometer P_pump records the maximum pressure as well due
to water head. The flow side is almost empty and water remains only in return side.
Further, the flow rate decreases continuously due to permanent reduction of the
hydrostatic pressure in return pipe. The velocity of the draining process can be
expressed by ignoring friction and rupture of the stream as:
𝝂 ≈ √𝟐𝒈𝒉𝒉𝒚𝒅

(9)

ℎℎ𝑦𝑑 − is the difference of hydrostatic pressure in flow and return pipe, m.
Similar experiments were conducted for DB hydraulics with different pipes,
collectors and pumps. The siphonic draining has identical course as mentioned above.
During draining, a flow can be split into several water slugs, that are separated from
each other by an air gap. These flowing up water-air-water “sandwich” are the
common characteristics of the draining process within the hydraulics with large pipe
diameter (>20 mm). It has to be emphasised that insignificant water volume remained
in the hydraulics in all experiments regardless of the pipe arrangement and diameter.
The siphonic draining in the same direction as circulation occurs if the hydrostatic
pressure in the return side is lower than in the flow side. As the drainback tank is
usually installed in the flow side, an additional draining mechanism is required. The
draining mechanism should be integrated into the return side, which allows to inlet
the air during the draining. Moreover, the integrated draining mechanism (e.g. three
way valve, check valve) should be located above the air gap in the drainback tank of
the flow side. In this case, an inertia of the flowing fluid supports the draining when
the pump is switched off. Therefore, the profile of the flow rate curve (duration,
amplitude) depends on the pump speed during operation. However, there is no
drainback systems on the market, that empty their solar collector loop in circulation
direction. Following advantages can be counted for the draining process in circulation
direction in comparison with a draining in opposite direction to circulation:
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• low risk of draining failure in case of short piping length in the return side
and long flow piping
• backflow of the pump is not needed
• inertia of the flowing fluid is utilized when the pump is stopped

Another draining course establishes if a draining mechanism is located at the top of
the drainback hydraulics. This mechanism opens during the draining allowing the air
to be sucked into the solar collector loop. The incoming air from the top breaks the
whole water volume into two water columns. The first water column drains
independently from the second one over the flow side, whereas the second one over
the return side. Instead of a siphonic draining, so called two water columns (nonsiphonic) draining occurs. The latter draining process is shown in Figure 7-5b. The
hydraulics from previous experiment (Figure 7-4a) is extended through an additional
air vent and an air channel. The air vent is mounted on top of the hydraulics, and is
coupled with the air gap in the heat storage via the air channel (Figure 7-5a).

Figure 7-5: (a) Drainback hydraulics with an air vent at the top, (b) draining process of the
hydraulics with air vent.

Referring to Figure 7-5b, one can see the non-siphonic operation within time interval
CE, due to permanent suction of the air through the air vent. The pump is turned-off
at time D (approx. 82 s). The circulation continues for the next few seconds,
afterwards ceases at E. The penetrated air through the vent breaks the circulation fluid
into two water columns in the flow and return pipe as mentioned above. The water
line in the flow pipe drains into the heat storage directly. The air in the flow pipe does
not enable proper measurements by MID_flow, thus the flow rate curve lies partly
above the diagram’s range. The fluid flow in the return pipe reverses its original
direction and flows down in opposite way, due to gravity. A split of the flow into two
columns (non-siphonic draining) makes the draining easier and faster. The draining
process with air vent took approximately 18 s (from 85 s to 103 s), whereas for the
same system without air vent and air channel continued for approx. 37 s (Figure 7-4).
The presented draining approach - “two columns draining”, in contrary to siphonic
draining is better suited for DBS with large diameter (above Ø25 mm) and complex
hydraulics (a lot of horizontal pipe sections in downcomer).
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Furthermore, a failed draining process is also reproduced and analysed. There are
several reasons for a failed draining process such as failure of the motor/magnet or
check valve, air vents, in particular if they are applied to initiate the draining process.
In case of the tank entry pipe with a hole, the draining fails if the hole is submerged
under water level in drainback tank. In addition, any blockage of the reverse flow has
to be avoided (e.g. check valves, a pump allowing a backflow). There is no failure
of the draining if the hydrostatic pressure difference is achieved by means of the
interruption of a water jet. Even at extremely low difference of hydrostatic pressure
(the height of air layer is about 1 cm), a draining is initiated and can be successfully
accomplished.

7.1.3. Draining process at different operation conditions
The impact of operation conditions on the draining process is investigated below. The
hydraulics is presented in Figure 7-6a, whereas the dynamic of the flow rate during
the draining process is shown in Figure 7-6b. The hydraulics promotes a draining

Figure 7-6: (a) Drainback hydraulics with corrugated stainless steel pipes in the flow side,
(b) the impact of operation parameters and hydraulics on draining process.

process in opposite direction to circulation. Five experiments were carried out with
the same hydraulics and different pump configurations as schematically shown at the
top of the graph. For instance, in experiment 1 the draining occurs through both
parallel lines, whereas in experiment 2 only through the large single pump, and during
experiments 3, 4 and 5 it proceeds over the two pumps connected in series. The
X-axis is a timeline of the process in seconds and the Y-axis denotes the flow rate
measured by MID_return. Positive values of flow rate correspond to the circulation
direction, whereas the draining process occurs in the opposite way therefore is
depicted in a negative range. Capital letters (C-F) at the top of the graph highlight the
transitions between some characteristic operating stages of drainback systems. The
time interval between C and D is the operating mode, at time D the pump is turned
off, however due to inertia the circulation continues with a decreasing flow rate
during a couple of seconds, at time E the circulation ceases, afterwards begins the
draining process in opposite direction to circulation. Pumps represent a local pressure
loss during the draining process. The value of the pressure loss depends on the
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pump(s) type and their hydraulic connection (serial or parallel). Obviously two
parallel lines of pumps obtained the minimal pressure drop, whereas two pumps
connected in series the maximal pressure drop. This pressure drop impacts the
draining profile significantly. As presented in Figure 7-6 the maximal amplitude of
the flow rate during the draining process is two times larger in experiment 1
(21.5 l/min) than for pump configuration adjusted in experiments 3, 4 and 5
(9.3 l/min). Beside the maximal amplitude of the flow rate, this configuration ensures
a minimal draining time, which is also important. Furthermore, it has to be
emphasised that the draining process occurs in the same way for the same hydraulics
regardless of the previous operation conditions (high flow, low flow or matched
flow). It is visible that the profile of the flow rate curve (duration, amplitude) during
the draining is identical for experiments 3, 4 and 5, despite different flow rates during
the operating mode. The amplitude of the flow rate during the draining may even
exceed the flow rate during operation.

7.2. Hydraulic phenomena of the draining process
7.2.1. Siphon effect
Draining process is enabled in a DB hydraulics only when a hydrostatic pressure
difference between the flow and return sides is presented. The bottom part of the
drainback system (below the water level) can be simplified as a communicating
vessel. The upper part of DB hydraulics (from water level in DB tank) can be
considered as inverted U-pipe/siphon. A set of experiments is undertaken in order to
understand a progression of the siphon discharging. The aim is not to prove or
disprove the two presented theories in section 2.4 (p.21), but to find out additional
relevant features for the draining parameters.
Small vs. large pipe diameter. Two identical drainback hydraulics are constructed
with different pipings. The first hydraulic configuration is arranged from PVC pipe
of 10 mm inner diameter, whereas the second one from PMMA pipe of 36 mm inner
diameter. The experiments are conducted at circulating water temperature of 20 °C.
After each termination of the filling process the pump is switched off. A following
draining process is initiated and proceeds in the opposite direction to circulation.
Personal observations reveal a stability of the flow in the flow side for the small
diameter of the pipe. Despite its flowing against gravity, air can not disturb the
integrity of the flow. In contrary, a water column in the large pipe (>20 mm) is split
into several water slugs, that are separated from each other by the air gap. The
hydrostatic pressure difference moves these water slugs up. Simultaneously, gravity
forces these water slugs to transform into falling film and to flow along the pipe walls
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down. Thus, small diameters of the pipe (e.g. 10 mm) guarantee a stability of the
flowing water up under the influence of the siphon effect, whereas the flowing water
column in the large pipe is permanently broken into small columns, and the volume
between is filled with air.
Hanging water column. In accordance to the draining experiments with single pipes,
a remaining water film/mass after draining is absolutely normal appearance of the
draining process. Besides the water film, a water slug may remain after draining
blocking the whole cross section of the pipe. This appearance is referred in this work
to a hanging water column. For better comprehension, a schematic presentation of
the water hanging column is shown in Figure 7-7. When the pump is not in operation,
the water is collected on the bottom of hydraulics (Figure 7-7a). The water

Figure 7-7: A hanging water column in the flow side of DBS after draining.

level in the storage is the same as in the return pipe (communicating vessel), whereas
the pressure at the highest point of hydraulics is atmospheric. Once the pump is
started, the flow replaces the air from the upper part of the hydraulics, afterward the
operation mode is launched (Figure 7-7b). The draining process begins when the
pump is stopped (Figure 7-7c). The water volume in the flow side is mainly sucked
by the water column in the return side. Due to low air density, the air flows up and
breaks the water column in the flow side into several short columns with air gap
between them. While flowing up, a lower part of the water slug is transformed into
two-phase annular flow, which flows down. The complex process of the draining can
cause finally a hanging of a water column (Figure 7-7d). An underpressure at the top
is the main symptom that indicates the hanging of the water columns. The
experiments showed that both corrugated stainless steel and smooth pipes are
susceptible to water hanging even in hydraulics without water pockets. In particular,
experiments with pipe diameters near 16 cm (CSS DN 16, PMMA 14 and 20)
demonstrated this tendency. A water slug is created on the flow side, if the draining
occurs in direction against to circulation. In turn, the hanging water column is
observed in the return side if the draining proceeds in the same direction as the
circulation.
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7.2.1. Water solidification process
Experiments in section 7.1 demonstrate that water may remain in the piping even
after a successfully completed draining process. At subfreezing temperatures, this
water amount can turn into ice and expand. It means that the ice formed after freezing
has to be melted during the next start of DBS. Therefore, a part of the solar yield will
be utilized for ice thawing, which may reduce the overall efficiency of DBS. The
results of theoretical calculations of energy demand for the ice thawing in corrugated
stainless steel pipes are presented in Figure 7-8. The length of the CSS piping is

Figure 7-8: The annual required heat energy to melt ice in 5 m long CCS piping of different diameter.
Enthalpy of fusion for ice was considered to be 334 kJ/kg (Singh et al., 2011b; Botpaev et al., 2016c).

assumed to be five meters, whereas water mass remaining in vertical CSS pipes is
taken from Table 7-1 and presented in parenthesises of the chat legends. The X-axis
denotes the number of melting events per year, while the Y-axis presents the required
heat energy to melt the ice. For twenty melting cases per year, between 0.4 and
1.5 kWh of thermal energy is needed to thaw the ice in a 5 m long vertical CSS pipe.
This parasitic energy demand is negligible in comparison with annual solar energy
yields, as the daily average irradiation is about 6 kWh/m² (Bajpai et al., 2014).
Besides theoretical calculations, a set of experiments have been conducted to find out
if the freezing stresses the piping. For this purpose, a conventional freezing unit is
applied to create subfreezing temperatures (Figure 7-9a). Three modes allow the
desired temperature inside the freezer to be maintained at -16 °C, -18 °C or -26 °C.
Samples from PEX DN 20, copper DN 28 and stainless steel pipes DN 20 are
fabricated for experiments. These samples are presented in Figure 7-9a: bare, half and
fully insulated pipes. Additionally, a set of copper pipes DN 28 and DN 6 with
bonded strain gauges and thermocouples were evaluated at different filling rates
during freezing (Figure 7-9b). One end of these samples had a screwing coupling in
order to connect it with the testing pump for calibration purposes. Figure 7-9c shows
three samples of CSS DN 20 pipes with 25 %, 50 % and 75 % filling level
respectively (100 % refers to full filled pipe). A Keysight 34970A data acquisition
system was used for monitoring, gathering and evaluation of the measured data.
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Figure 7-9: (a) The inner part of the freezer with bare, half and fully insulated copper, PEX and
CSS pipes (b) DN 28, DN 6 copper samples with bonded strain gauges and thermocouples,
(c) three CSS samples with 25 %, 50 % and 75 % filling level respectively (d) digital electronic
spirit level on the copper sample, (e) testing pump, (f) Balluff digital pressure sensor,
(g) strain gauge, (h) thermocouples type K connected to Keysight card (Botpaev et al., 2016c).

Furthermore, the following devices and measurement acquisition were applied:
• digital electronic spirit level (Figure 7-9d)
• testing pump (Figure 7-9e). The testing pump is originally used to verify the
tightness in hydraulic installations, but in the current investigation it was
applied to create a pressure inside the pipe (Rothenberger, 2016). As the
accuracy of the integrated manometer (class 2.5) is not sufficient (± 1.5 bar),
an additional digital pressure sensor from Balluff was applied.
• digital pressure sensor from Balluff (Figure 7-9f). It has an accuracy of ± 0.5
FSO FSBL (0.05 bar), but a limited measurement range between 0 and 10 bar
(Balluff, 2016).
• strain gauges (Figure 7-9g). Strain gauges with a nominal resistance of
120±0.35 Ohm, gauge factor 2.07±1 %, type K-LY41 -6/120 were applied
(HBM, 2016). This type of strain gauge has been matched to ferritic steel with
α=10.8*10-6/K and bonded on the copper samples with cyanoacrylate adhesive
Z 70. Four wires resistance measurements were conducted. The standard
uncertainty of measurements was calculated in accordance to JCGM 100:2008
(2008), which accounts for less than 1 mOhm at constant ambient temperature.
• thermocouples Type K (Figure 7-9h). These sensors have an accuracy of
±1.5 °C in the temperature range between -40 °C and 375 °C, and were
calibrated in a metal block calibrator.
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Three different experiments were performed to analyze the freezing process inside
the pipes. The first experiment aimed to evaluate the course of the freezing process
for the different pipe types: copper, PEX and CSS. The pipes were differently
insulated: (bare, half- and fully insulated) and filled almost completely with water.
The temperature inside these samples was measured at different subfreezing
conditions, namely at -15, -18 and -26 °C. A freezing of partially filled and
horizontally arranged pipes was investigated in the scope of the second experiment.
CSS DN 20 (Figure 7-9c) and copper pipes DN 28 and DN 6 (Figure 7-9b) were
applied in this test. The filling level inside the pipes was maintained at 25 %, 50 %
and 75 %. The freezing impact on partially filled CSS pipes was evaluated through
visual observation after 50 freezing/thawing processes, whereas the thermocouples
and strain gauges were used with copper samples. The strain gauge was bonded
around the outside pipe surface to measure the radial deformation. A resistance of the
strain gauge was recorded through four-wire resistance measurements without an
application of the conventional Wheatstone bridge circuit. In order to consider the
impact of the temperature on the strain gauges, a calibration of the empty pipes,
dependence on the resistance on temperature curve was undertaken. Moreover, the
relationship of the strain gauge resistance to the applied pressure was measured. The
pressure in the pipe sample was created by means of the testing pump and measured
with two manometers. Digital manometer Balluff was used in the range between 0 to
10 bar, whereas high pressures up to 40 bar (relative) were measured by integrated
manometer on the testing pump. The pressure curves were obtained at two different
surrounding temperatures, 0 °C and 20 °C. This curve is a good alternative to
additional calculations that required stress-strain curve for each copper type. The
thermocouple was mounted on the outside pipe surface close to the strain gauges.
Both thermocouple and strain gauge were located on the bottom of the pipe during
the freezing experiments. Finally, a burst test of the fully filled pipes (filling level
100 %) was analysed in the third experiment.
Experiment 1 - Freezing behaviour and cooling rate. Several experiments were
performed at very low temperatures in order to show the typical freezing course. In
particular, the impact of the insulation on different freezing parameters (cooling rate,
ice formation) was evaluated. Almost completely filled copper DN 28, PEX DN 20
and CSS DN 20 pipes were chosen for these experiments. Both bare and insulated
pipes were considered and assembled with thermocouples Type K. The sensors were
installed through a drilled hole in the middle of each pipe, and positioned in a way
that allows measuring the temperature in the center of pipe. Afterwards, the samples
were set in the freezer on the thin wood sticks in order to avoid a direct contact with
freezer walls. The cooling rate was recorded for three different freezer set-
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temperatures (-15, -18 and -26 °C). Figure 7-10a presents the freezing processes of

Figure 7-10: (a) Freezing behaviour of the different pipes filled with water,
(b) the measured cooling rate at different subfreezing set-temperatures (Botpaev et al., 2016c).

the samples for a freezer set-temperature of -15 °C. The legend on this graph denotes
the samples themself, meaning for instance that “Bare PEX” is referred to PEX pipe
without insulation. Y-axis is a temperature inside the pipe, while X-axis represents
the time. The freezing process follows a similar trend as the one described previously
in Figure 2-17. Remarkably, almost all experiments recorded a supercooling state of
the water, where the temperature of the water dropped down to -5 °C before the
formation of dendritic ice. The formation of the dendritic ice occurred at slightly
higher temperature in PEX pipes than in copper. In general, the nucleation
temperatures laid between -2 and -5 °C, which are in a good agreement with
Gilpin (1977a) experimental results. Furthermore, the cooling rate of the freezing
process was experimentally determined at three different subfreezing settemperatures (Figure 7-10b). For instance, an insulated copper pipe cooled down
from 20.5 °C to 0 °C within 210 minutes (3:30 in Figure 7-10a), which corresponded
to the cooling rate of 0.1 K/min at freezer temperature of -15 °C (Figure 7-10b).
Obviously, the low subfreezing temperatures are characterized with a lower cooling
rate. Even at extremely low subfreezing temperatures of -26 °C, the cooling rate
accounted for 0.8 K/min. It can be assumed that the freezing process of insulated DBS
piping occurs mainly at low cooling rate, therefore a phase of dendritic ice formation
is expected during the freezing.
Further experiments with a pipe insulated half of its length demonstrated a nonuniform ice formation in the pipe. Obviously, the non-uniform ice formation is caused
due to different durations of each freezing stages in the bare/insulated parts of the
pipe. In the insulated part of the pipe, the water cooled down, whereas in the bare part
an annular ice formation was recorded. The last is valid for all samples, regardless
their different thermal conductivities. Therefore, insulation could be applied to
“force” prior ice formation in certain pipe parts compared to other parts.
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Experiment 2 - Freezing of partially filled and horizontally arranged pipes. The aim
of this experiment is to find out whether the freezing of partially filled pipe stresses
the piping. Figure 7-11a shows the calibration curve for an empty copper pipe DN 28

Figure 7-11: Calibration curves for the strain gauge: (a) temperature dependence,
(b) pressure dependence (Botpaev et al., 2016c).

sample. The fluctuation of the resistance makes the curve diffuse, despite a relatively
low standard uncertainty at constant temperature. In the temperature range between
0 and -8 °C (nucleation process), a linear relation between the temperature and the
resistance was assumed. A slope of 2.46 mOhm/K was calculated in this range. The
relationship of the strain gauge resistance to the applied pressure is presented in
Figure 7-11b for two different surrounding temperatures, 0 °C and 20 °C. Both curves
show an almost linear behaviour, with a slope of 1.76 and 2.42 mOhm/bar, at 0 °C
and 20 °C respectively. Only some error bars are presented in the graph for better
comprehension. The measurement uncertainties for the resistance lay beyond the
visible scale of the graph.
After calibration, the pipe samples were partially filled (50 %) with tap water and the
freezing process was launched. The dynamic of the freezing process of horizontally
arranged copper pipe DN 28 is shown in Figure 7-12a. The freezing process began

Figure 7-12: (a) measurement results of the freezing process in a partially filled copper pipe
DN 28, (b) comparison of the measured resistances with calibration curve (Botpaev et al., 2016c).

with a cooling down of the water, which lasted one and a half hours. Further, first
dendritic ice crystals were formed. The appearance of dendritic ice was clearly visible

7.2 Hydraulic phenomena of the draining process

103

both with the temperature and strain gauge resistance curves. After dendritic ice
growth, annular ice started to form. The annular ice formation is the freezing stage,
where water may be blocked between ice plugs causing a pressure increase.
Therefore, this stage is particularly interesting in this experiment. After five hours,
the water is completely turned into ice and started to cool down. In order to estimate
the possible stress generated by the ice formation, the previously obtained calibration
curves from Figure 7-11a were applied. The difference between the measured
resistances of the partially filled pipe against the calibration curve is presented in
Figure 7-12b, which could be recalculated in bar. For recalculation, the difference of
resistances from experiment and calibration at each temperature was divided by 2.42
(mOhm/bar). The derived pressure curve is plotted in Figure 7-12a with blue color.
With reference to this curve, one can see the measurements uncertainties, as the strain
gauge measured the stress 1.5 bar (arithmetic mean) even during the water cooling
process.
Moreover, the stress was rapidly decreased in the last freezing stage, when the solid
ice was simply cooled down. The accompanied formation of vacuum pressure is not
realistic. It needs to be stressed, that other experiments showed the similar curve
fluctuations within 3 bar. One explanation is a calculation method, which contributes
up to ±1 bar uncertainty. For each temperature from experiments, a similar
temperature from calibration was identified and the difference of their resistance was
calculated (Figure 7-12b). Another reason is a heat flux and a temperature distribution
along the empty and partially filled pipes. It was observed that experiments with strain
gauge and thermocouple positioned on the top of the pipes showed the maximum
pressures at identical boundary conditions. However, the pressure within annular ice
growth remained in all experiments constant. Even at 75 % filling rate, the
experiment confirmed no pressure increase during annular ice growth.
Assuming no pressure presence after dendritic ice formation, it can be concluded that
no stress is formed during annular ice growth. Even if stress was created during the
freezing of the partially filled pipe, it would cause only elastic deformation.
Therefore, the freezing of a horizontally arranged and partially filled copper piping
is failsafe. Other experiments with filling rate between 25 and 75 % did not reveal
any pressure rise during annular ice formation as well. Obviously, these results can
be transferred to the PEX pipe, which has an identical shape. Therefore, no
experiments with partially filling of PEX pipes were performed. Concerning partially
filled corrugated stainless steel pipes, they also resisted 50 freezing/thawing cycles,
without any deformation and shape change.
Experiment 3 - Burst test of fully filled pipe samples. In agreement with other
publications, fully filled copper pipes burst during the first freezing as shown in
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Figure 7-13. Additionally, it can be noted that bulges and bursts appear anywhere on
the pipes, including on the copper end solder fitting.

Figure 7-13: Results of the freezing of fully filled copper pipes (Botpaev et al., 2016c).

The freezing of a fully filled DN 28 pipe is presented in Figure 7-14. The copper pipe
sample is equipped with two thermocouples and strain gauges. Based on the

Figure 7-14: Burst test of a fully filled copper pipe DN 28 (Botpaev et al., 2016c).

previous experiments, an insulation is applied to part of the pipe to provoke the burst
in the desired pipe section. The section with both strain gauges is therefore insulated.
The ice should be formed at another site and should suppress the water in the insulated
pipe part. The position of the sensors and insulation on the pipe is shown in the upperright corner of Figure 7-14. The insulation around the pipe is denoted with figured
grey color, under which the thermocouple T2 and both strain gauges were installed.
On the opposite side is a bare part with the thermocouple T1 on it. With reference to
the graph, left and right Y-axis represent the resistance of the strain gauge and the
temperature respectively, while X-axis shows the time of the freezing process. At the
beginning, the water inside the bare pipe cooled down faster than in the insulated part.
As expected, the decrease of the temperature T2 caused a reduction of the resistance
of both strain gauges (red and blue curves). After fifty minutes, formation of dendritic
ice occurrs in the bare part, which is clearly visible with the sharp temperature
increase of the supercooled water. It needs to be stressed that no pressure increase
was detected by strain gauges during dendritic ice formation in the bare part of the
pipe. Further annular ice formation in the bare part was accompanied with the cooling
process of the water in the insulated part. Pressure growth began four minutes after
dendritic ice formation. At this moment, the water in the insulated part was a couple
of degrees above the phase transition temperature. The pressure increased rapidly
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within the next 50 minutes. The estimated pressure was below 500 bar. Further, the
pressure increase is slowed down for strain gauge 2 and ended for the first one. A
burst event happened approximately two and half hour after freezing start. Some
water leaked through the pipe crack, instantly releasing the pressure. The pressure
reduction in turn caused a slight increase of the water temperature. With reference to
the strain gauge, one can see that the resistance did not take its original value at 0 bar,
due to plastic deformation of the pipe material. It is to be emphasised, that the burst
occurred at the location where strain gauge S2 was bonded (Figure 7-14, left). The
start of the first plateau shown by S1 corresponds to the beginning of the bulge
development around S2. The pipe material around S2 was probably weaker,
explaining why bulge formation started there. Further ice growth caused no strain of
S1, but initiated the bulge formation at S2 part. With the rise of the bulge size, its
wall became thinner making it more sensible to pressure growth. Further pressure
increase had therefore a local impact and led to the crack.
PEX piping samples were also tested and could withstand 50 freezing/thawing cycles.
Apparently, the 9 % volumetric expansion of water due to freezing causes a diameter
increase of 3 %. As the hoop yield stress of some PEX is 3.48 %, the pipe expands
and after thawing returns to its initial shape.
Fully filled corrugated stainless steel pipes did not burst during the first freezing
cycle. The experiments showed that the developed pressure is compensated by an
increase of the pipe length. The elongation of the pipe represented approximately
10 % of the initial length at the end of the ice formation process. It was difficult to
quantify the elongation precisely due to pipe bending during the freezing process.
After thawing, CSS pipes relaxed but did not reach their initial length, due to shape
deformation. Therefore, a slight lengthening of the pipe was observed. In order to
evaluate the freezing impact on a CCS pipe they were filled completely again after
each thawing cycle. The results of the freezing/ thawing (+ refilling) tests are
presented in Figure 7-15. The graph shows that both CSS pipe samples could
withstand only 11 freezing/thawing cycles. On the right side, one can see the size of
the CSS pipe with failure compared to the same pipe before experiments.

Figure 7-15: Burst test with fully filled corrugated stainless steel pipes (Botpaev et al., 2016c).
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7.3. Impact of the hydraulics on draining processes
7.3.1. Tank entry pipe with a hole/ inverted U-formed branched pipe
A DB hydraulics with an additional drainback tank is applied (Figure 5-19, p.69).
The experiments confirmed that the draining process is initiated and successfully
terminated at all tested hole diameters (3, 5, 8, and 10 mm). Once the pump is
deactivated, the air is sucked through the hole enabling a siphonic draining of the
system in opposite direction to circulation. The profile of the flow rate curve
(duration, amplitude) during the draining is identical for these four hole diameters for
the same hydraulic configuration. The depth of the submerged pipe has also no impact
on the draining process, as long as the hole locates in the air layer of the drainback
tank. Therefore, a hole represents a secure solution to initiate and then to accomplish
the draining process in DBS.
Moreover, a DB hydraulics with inverted U-formed branched pipe (Figure 6-8, p.84)
is tested. Inverted U-formed branched pipe shows the same draining characteristics,
as the latter hydraulics with a drilled entry pipe as draining mechanism. When the
pump is switched off, a branched pipe drains first and then a hydrostatic pressure
difference initiates a siphonic draining in the opposite direction to circulation. The
siphonic draining is possible also for a height water column (approx. 1 m) in branched
pipe.

7.3.2. Three way valve
A draining occurs in the same direction as or in the opposite direction to the
circulation when the three way valve is located in the flow or return side respectively
(Figure 4-6e-f, p.45). Both locations ensure a failsafe draining in DBS, but required
a high reliability of the valve. The draining in the same direction as circulation
required less time to empty the hydraulics, as inertia of the flowing water is utilized
when the pump is stopped.

7.3.3. Air vent at the top of the hydraulic loop
Drainback hydraulics with an air vent at the top (Figure 4-6g, p.45) disables a
siphonic draining. The incoming air at the top breaks the water volume into two
columns, that drains separately over the flow and return side respectively.

7.3.4. Balancing valve
A balancing valve in the flow side enables the draining process, even at extremely
closed position. Both ball and Y-pattern globe valves allow to drain the hydraulic of
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DBS when the pump is switched off. The latter is confirmed by experiments, for the
hydraulic configuration when the water discharges into the drainback tank as water
jet. If the tank entry pipe is submerged, an additional mechanism to initiate the
draining process is required. This configuration, however, is not investigated in the
scope of this work.

7.3.5. Check valve in flow or return side
A check valve in the return side fulfills the proposed function, namely enabling the
draining if a flow side is completely filled during operation. Indeed, an underpressure
at check valve level is created due to hydrostatic pressure in flow side and the inertia
of the flowing fluid, after switching off the pump. Figure 7-16 shows a failed draining
process, due to partially filling of the flow side. With reference to Figure 7-16b, one

Figure 7-16: (a) DB hydraulics with check valves (b) measurement results of the failed draining
process of DB hydraulics with check valves.

can see an activation of the pump at t=10 s. The pump forces the HTF filling the
return side, the collector and the flow side. A decreasing pressure at the top is an
indicator of the gradual siphon establishment in the hydraulics. The filling of the flow
side proceeds from the bottom, therefore a bubbled water column is slowly raised up.
This water column reaches the hydraulics zenith at t=40 s, afterwards the pump is
turned off. The check valve (return side) does not open due to overpressure at its
level, disabling the draining process. The hydrostatic pressure in the flow side despite
a sufficient height of the water column is low due to small density of the water-air
mix. Thus, the hydrostatic pressure difference between the flow and return side is
negative, that consequently causes an overpressure at check valve level. The waterair mix in the flow side is separated due to density, therefore air fills the upper part
of the hydraulics and the water at the bottom (Figure 7-16a). Finally, a hanging water
column remains in the hydraulics making the system susceptible at subfreezing
temperatures. It needs to be emphasised that such incidents may occur only at nonsiphonic operation regimes or if the draining launches after an unaccomplished filling
process. The check valve represents a good possibility to initiate the draining without
any additional electrical devices.
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7.4. Summary and conclusions
This chapter provides a series of results concerning the draining properties of single
pipes and of drainback systems as a whole. Concerning single pipes, both smooth and
corrugated stainless steel pipe were evaluated with respect to their draining
characteristics. Smooth copper pipes exibit a good emptying behaviour at all tested
tilt angles, besides in horizontal position. Insufficient hydrostatic pressure difference
retains a greater water volume than in sloped pipes. It is to be emphasised that the
draining of horizontal pipes in a real system proceeds in another way, where the
inertia of the flowing water and a significantly larger hydrostatic pressure difference
is present. Therefore, horizontally installed smooth pipes do not affect the smooth
draining process of DBS, but can retain a water film in a real DB installations.
Corrugated stainless steel pipes demonstrate an unexpected behaviour, as vertically
arranged pipes retain more water after draining than slightly tilted CSS pipes.
Similarly, better draining properties under the influence of inertia and hydrostatic
pressure might be assumed for sloped CSS pipes integrated into the drainback system.
A horizontal installation of CSS pipes is not recommended. The vibration of CSS
pipes during the filling and draining, oscillation of the temperature may lead to
formation of the water pocket. In turns, the ice appearence in the water pocket
exacerbates the deformation of CSS pipes, making the whole DB system vulnerable
to failure.
Considering the draining process of DBS, the following three draining strategies were
identified:
• siphonic draining in opposite direction to circulation (almost all drainback
systems on the market)
• siphonic draining in the same direction as circulation (no systems are
available)
• two columns/non-siphonic draining (e.g. old draindown systems)
One of the conclusions of the draining tests is that water film always remains in DBS
regardless hydraulics and piping arrangement. The duration of the draining and the
maximal amplitude of the flow rate depend on the height of drainback systems, a
piping length and pressure drops. Siphonic draining in hydraulics with piping of small
diameters (10 mm) shows a stable water flow regardless the draining direction. In
contrary, the water flow in piping with large diameter (above 20 mm) splits into
several water slugs. These slugs move up due to hydrostatic pressure difference with
the opposite e.g. return (or flow) side. Simultaneously, gravity forces these water
slugs to transform into falling film and to flow along the pipe walls down. Therefore,
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a hanging water column can remain in the systems even if no water pockets are
existed in the solar collector loop.
Water operated drainback systems may be susceptible to freezing when the draining
process has failed or the hydraulics has been improperly installed. At subfreezing
temperatures, water turns into ice and expands by approximately 9 %. Therefore,
water solidification causes a tremendous pressure increase in a confined volume of
water. Dendritic ice formation is expected in DBS piping, due to the low cooling rates
within insulated pipes. In the experiments carried out, the maximal cooling rate
recorded was 0.8 K/min even at extremely low subfreezing temperatures of -26 °C.
Non-uniform pipe insulation can be applied to control the freezing process. By
varying the insulation thickness, one can force ice formation and growth in a desired
section of the piping. Experiments with partially filled and horizontally arranged
copper pipes demonstrate no pressure increase during annular ice formation. The
results, however, show a slight stress within the measurements uncertainty. The
calibration tests confirm that copper pipes are elastically deformed at high pressure
of 40 bar. As long as pipe deformation due to freezing remains in the elastic range,
the freezing of the pipes is safe. Partially filled horizontally arranged CSS pipes have
also withstood 50 freezing/thawing cycles, without any deformation and shape
change. Therefore, partially filled and horizontally arranged pipes with a filling rate
up to 75 % are freeze tolerant. It should be considered that ice requires additional
energy for its thawing at the next system start-up. This energy demand, however, is
negligible and amounts to 1.5 kWh/year for 20 melting events in a 5 m long vertical
CSS DN 32 piping.
A burst event is the result of the freezing of a fully filled copper pipe. The freezing
process shows no pressure increase during dendritic ice formation, but pressure rises
significantly with the start of annular ice growth. Moreover, bulge appearance and
the final rupture of the copper pipe are demonstrated in the experiments. Concerning
CSS piping, they could withstand about 10 freezing/thawing cycles. Each cycle
flattens the wavy profile of the pipe; and eventually the burst occurs. PEX pipes have
better elastic properties, thus some types can be referred to as freeze resistant tubing.
The chosen PEX brand in this study could resist over 50 freezing/thawing cycles
without any deformation. Nevertheless, a water plug in the piping that fills the whole
cross-section of the pipe is not desired for any type of DBS piping.
The draining process was evaluated for different advanced hydraulics. The three
types of draining (both siphonic and two columns) demonstrate a good emptying
process. A hydraulics with a hole on the tank entry pipe confirms a safety draining
even at a small diameter of the hole (3 mm). Similar statement is valid for draining
processes with a balancing valve in almost closed position. An air vent at the top

110

Draining process

facilitates two columns draining, which proceeds faster than a siphonic draining.
Referring to hydraulics with check valves, a draining failure takes place if the filling
process is not completely accomplished.

8. Construction and operation recommendations
Previous chapters show a number of important hydraulic phenomena in drainback
systems. Hydraulic phenomena are complex and their influences are essential at every
operation stage of DBS. Some hydraulic processes impact only the efficiency of the
system, whereas others may cause a fatal failure in hydraulics. This chapter presents
design and operational recommendations, based on obtained results from
experiments. The chapter is subdivided into three sections. The first section
summarises recommendations concerning hydraulic components in DBS. The second
section contains operating strategies/recommendations to enhance the 3-stage
operating mode of DBS. Finally, some recommendations towards evaluated
drainback hydraulics are proposed.

8.1. Recommendations on the component level
8.1.1. Collectors
Models of the meander flat plate collector and manifold of heat pipe have been
applied during experiments. A significant impact of the collector tilt angle on filling,
operation and draining is not determined. Collectors are desirable to install in the
return side, where they are usually mounted. This positioning allows to avoid the
formation of a two-phase flow in collector during the filling. At a siphonic operation
regime, an underpressure at the top is expected, if the drainback system has a great
height difference between the collector and the heat storage. The performed
experiments demonstrated a strong deformation of the hydraulics and the constructed
collector from PVC pipe due to joint impact of high temperatures and underpressure
(Figure 8-1). Therefore, the plastic collectors should exhibit good mechanical
properties and withstand high temperatures at
underpressure. Moreover, the underpressure decreases
a boiling point of water that should be considered by
adjustment of the maximal collector temperature for the
control strategy. On the other hand, no water leak will
be observed in the case of insufficient tightness, but
instead an air will be sucked inside the hydraulics. The
sucked air prevents the choking and siphon formation
as demonstrated in section 5.3.4, thus a trickle down
regime can predominate. Therefore, a tightness against
Figure 8-1: Deformations.
the underpressure is important.
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The collector inlet and outlet connections should be good insulated in order to avoid
a water blockage in collector during accidental freezing events. Only drainback
applicable collectors have to be mounted in DBS.

8.1.2. Drainback tanks
Some drainback hydraulics have an additional component such as a drainback tank.
These hydraulic configurations exibit several advantages in comparison with other
hydraulics. A low lift head is the first aspect, if the drainback tank locates slightly
below the collector feld. Therefore, a small pump can be utilized in order to overcome
this lift head at sufficient flow rate during the filling. A lower underpressure is another
apect, which is expected at siphonic operation regime regardless the height difference
between the solar collector and the heat storage. For DBS with extremely high
difference (> 10 m), a hydraulics with drainback tank should be applied if a siphonic
regime is desired.
The drainback tank is always filled simultaneously with water and air regardless the
operation stage of DBS. The air layer in the drainback tank creates additional
requirements to operation conditions of DBS. If water passes through the air layer as
a jet, a plunging on water surface causes an air entrainment into the tank. A
penetration depth of air bubbles can reach up to 20 cm (e.g. Figure 6-4, p.79) that in
turns can be sucked at drainback outlet and get into the solar collector loop. The
circulating of air bubbles in the loop negatively impacts the operation of DBS. One
solution is to minimize the surface disturbance of the jet, by means of a straight
calming section of the smooth pipe (at least 10 d). Another possibility offers a pipe
with a hole, as demonstrated in Figure 2-13b (p.22). The manifold guarantees no
plunging jet, but can only reduce the air entrainment and decrease noise level during
operation.
A determination of the optimal level of the water in drainback tank is a complex task.
Besides a penetration depth of the air bubbles, an increase of the water volume due
to raise of the temperature should considered. A simple calculation shows that the
increase of the temperature from 4 ºC to 95 ºC corresponds to 3.5 %. This parameter,
has to be taken into consideration as well to determine of the optimal water level in
the drainback tank.

8.1.3. Heat storages
Obviously, identical heat storages can be applied for DBS, if a solar collector loop
charge the storage over the heat exchanger. with All presented hydraulic
configurations are sofar not appropriate for efficient operation conditions of the heat
storage, if the heat storage is simultaneously used as a drainback tank. Air
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entrainment can not be completely avoided, so the stratification of the water in the
storage will be disturbed during each filling event. Either a new stratification device
with venting properties has to be developed for DBS with heat storage as drainback
tank or a stratification disturbance has to be accepted (but not desired).

8.1.4. Pumps
The pump efficiency becomes better from year to year. Therefore, a high electricity
consumption of water operated drainback has to be considered as a myth. Moreover,
a simulation shows that drainback system require 30 % less electricity than
conventional pressurised system (Louvet et al., 2015), due to lower viscosity of the
heat transfer fluid. A serial connection of two pumps is not necessary anymore and
can be replaced by high efficient variable speed pump. Moreover, a deacrease of the
pressure drop through the pumps during draining reduce the empting time.
Conventional centrifugal pumps fulfill the drainback requirements and may remain
as standard pump for DBS. Maintenance of the draining process in the same direction
as circulation may allow a pump without backflow to be applied.

8.1.5. Piping
Conventional solar piping such as corrugated stainless steel and copper pipes can be
used with drainback system. Moreover, PEX pipes belong to the approval piping
materials in DBS, at least in USA. One of the main concerns about piping
arrangement for DBS in literature is that the piping have to be installed at certain
minimal tilt angle. Depending on the source, the recommendations varies in the range
between 0°34´ and 5° (Table 3-1). Own experiments showed that even horizontally
arranged smooth pipes in hydraulics suit for failsafe filling, operation and draining
processes. Therefore, the crucial requirements for the smooth piping is not a certain
tilt angle, but avoiding of water pockets in hydraulics. Water pockets are not desirable
for DBS, as water can be collected there after draining and block the entire crosssection of the pipe. The burst tests showed that only fully filled pipes may crack after
freezing. In contrary, partially filled pipes may be related to the freeze-resistant
hydraulic components.
Draining properties of single horizontal pipes differ from the same pipes integrated
into DBS hydraulics. If 40 % of water remains after draining in 1 m of horizontally
arranged copper DN 6 pipe, the meander absorber of PVC DN 10 was almost
completely drained due to siphon effect. The small diameters of the pipe (≤ 14 mm)
enable a stable siphonic draining without break of the water column by air.
Corrugated stainless steel pipes tend to oscillate during the filling and draining
processes in particular at transition zone horizontal-vertical and vice versa. Moreover,
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CSS pipes are not rigid. Furthermore, a thermal impact and water solidifications
require an adequately fixing of piping. It means, that the applied clamps should
withstand not only the weather conditions and the weight of the flowing fluid, but
also remain stable due to vibration and ice formation (partly filled). Otherwise, a
progression of deformation can lead to system failure.

8.2. Operation stages of DBS
8.2.1. Filling process
The filling process requires a deep understanding of several hydraulic phenomena for
the optimal design of drainback systems. Choking is one of the main concerns that
enables a siphon establishment in the drainback loop. Hydraulic jump is another
phenomenon that can lead to choking in a section of a horizontal pipe initiating
simultaneously the air transport processes. In order to describe the filling process, the
introduction of the notion of “minimal choking velocity/flow rate” is essential for
DBS. The minimal choking flow rate is the absolute value of the flow rate that enables
a sudden transition from two-phase flow into single flow. It differs from the clearing
velocity, that prevents an air accumulation in already filled hydraulics. A minimal
clearing velocity of 0.4 m/s is recommended for instance by VDI 6002 (2014), for
solar heating systems, but is not sufficient for choking (and hence a complete filling)
in some DBS hydraulic configurations. Therefore, the derived minimal choking flow
rate can be adapted in these norms and recommendations, for further use by drainback
systems planners and designers.
The experiments in section 5.2.2 (pp.53-63) showed that two parameters such as the
diameter of the pipe and the presence of a bending at its end are not sufficient to
forecast the minimal choking flow rate. Indeed, the choking is a complex process that
depends as well on the pipe length, inlet and outlet geometry, and the temperature of
the circulating fluid. The development of a mathematical model that can predict the
occurrence of choking would require further experiments for the identification of
more parameters and their impact. The conducted parametric study is, however,
suited to extract recommendations towards minimal filling velocities guaranteeing
choking. Table 8-1 shows the minimal choking flow rates of the reference system
(Figure 5-4, p.54) for three different smooth pipe diameters. The reference system is
described in Table 8-1 with respect to the flow side: e.g. the reference has a five meter
long vertical pipe in the flow side, without horizontal pipe section following the
vertical one at its lower end, consequently no slope. The circulating water is
maintained at a temperature of 20 °C.
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The minimal choking flow rates are calculated as percent deviation from the reference
system for five other hydraulic configurations of the flow side and summarised in this
table. For instance, the flow rate required for system № 4 with a short vertical flow
pipe PMMA 2125 (1 m) for choking is twice as large as the flow rate required for the
reference. These findings are important for a better understanding of DBS with an
external drainback tank.
Table 8-1: Minimal flow rate thresholds for choking in different hydraulics with smooth pipes
compared to the reference system.
System

Reference

№1

№2

№3

№4

№5

5
no

5
no

5
yes

5
yes

1
no

1
yes

0

0

Length of vertical pipe, m
Horizontal pipe section, yes/no
Slope of horizontal pipe, °
Water temperature, °C

5

20

65

20

65

20

20

PMMA 1420

0.2 m/s

1.6 l/min

27 %

-68 %

-50 %

162 %

-26 %

PMMA 2125

0.3 m/s

5.8 l/min

13 %

-72 %

-60 %

99 %

-50 %

PMMA 3640

0.5 m/s

30.8 l/min

16 %

-62 %

-49 %

105 %

-43 %

Table 8-2 summarises the minimal choking flow rates for the reference system as
well as for five other hydraulics at four different corrugated stainless steel pipe
diameters. Higher temperatures require higher minimal choking flow rates, but the
length of the vertical pipe has almost no impact on the transition phenomenon from
two-phase flow into single flow. In general, the choking flow rate deviates only
slightly from the reference system at all chosen parameter variations, besides system
№ 2.
Table 8-2: Minimal flow rate thresholds for choking in different hydraulics with CSS pipes
compared to the reference system.
Reference

№1

№2

№3

№4

№5

3.5

3.5

3.5

3.5

1

1

s

s

s

s

s

l

Horizontal pipe section, yes/no

no

no

yes

yes

no

no

Water temperature, °C

20

65

20

65

20

22

System
Length of vertical pipe, m
Radius of inlet elbow, short (s)/long (l)

CSS DN 12

0.1m/s

0.9 l/min

17 %

-42 %

-31 %

-4 %

24 %

CSS DN 16

0.2 m/s

2.2 l/min

6%

-13 %

-3 %

0%

12 %

CSS DN 20

0.3 m/s

5.5 l/min

14 %

-13 %

-6 %

-2 %

15 %

CSS DN 32

0.6 m/s

33.1 l/min

21 %

-39 %

-24 %

-6 %

30 %
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Minimal superficial velocity thresholds for choking are illustrated in Figure 8-2 for
hydraulics both with smooth and CSS pipes. Only the reference system and the two
hydraulic configurations that revealed the largest deviations to the reference are
considered. Besides the values themself, trend curves for these systems are drawn.
Furhermore, the results from different authors on minimal filling velocities for siphon
establishment in the solar collector loop are presented. The summary of these former
results have been discussed in section 2.2, p.9.

Figure 8-2: Minimal superficial velocity threshold for choking according to this study and
different authors.

In order to guarantee siphon establishment in DBS the filling velocities should be
above the measured values of hydraulics № 4 with smooth and № 5 for CSS pipes.
In turn, filling velocities below the measured values of hydraulics № 2 lead to
formation of a trickle-down regime. Based on measurements, two semi-empirical
correlations for hydraulics with smooth pipes (№ 2 and № 4) and for CSS pipes (№ 2
and № 5) were derived (Figure 8-3).

Figure 8-3: Derived correlations for minimal flow rate for choking in hydraulics (a) with smooth
and (b) corrugated stainless steel pipes. The black dots represent the measurement data, whereas
the red and black lines are the derived correlations. The grey dotted lines represent correlations
(a) for CSS pipes (b) for smooth pipes.
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These correlations on the graph are adopted from Hager (1991), which can be
described as follows:
𝑦 = 𝑎√(𝑔 ∙ 𝑑 𝑏 )

(10)

𝑦 –function of the flow rate for choking, m³/s; 𝑑– inner diameter of the pipe, m; 𝑔 –
gravitational acceleration, m/s², a and b – derived correlation coefficients.
It has to be emphasised that the derived correlations for hydraulics with CSS pipes
(grey dotted lines, Figure 8-3a) lay between correlations for hydraulics with smooth
pipes. The values below the red curves (Figure 8-3) corresponds to the trickle-down
operation regime. At these superficial velocities, a two-phase flow will be observed
in the flow pipe. Own proposed semi empirical correlation is described as:
𝑄𝑚𝑎𝑥 < 3.6√(𝑔 ∙ 𝑑𝑖6.6 )

(11)

𝑄𝑚𝑎𝑥 – maximal flow rate for non-siphonic regime, m³/s; 𝑑𝑖 – inner diameter of the
smooth pipe, m; 𝑔 – gravitational acceleration, m/s².
Similarly, a semi empirical correlation for the trickle-down regime in hydraulics with
corrugated stainless steel pipes in flow side can be proposed based on experimental
results (№ 2):
7.3 )
𝑄𝑚𝑎𝑥 < 28√(𝑔 ∙ 𝑑𝑚

(12)

𝑄𝑚𝑎𝑥 – maximal flow rate for non-siphonic regime, m³/s; 𝑑𝑚 – minimal diameter of
the corrugated stainless steel pipe, m.
If siphon establishment is pursued in the system, other correlations can be
approximated from the experimental results. Therefore, system № 4 (single vertical
pipe of 1 m, water temperature 20 °C) is taken here as the basis for determination of
the minimal choking velocity. For hydraulics with the smooth pipe in the flow side,
the following equation is derived:
𝑄𝑚𝑖𝑛 > 4.7√(𝑔 ∙ 𝑑𝑖5.8 )

(13)

𝑄𝑚𝑖𝑛 – minimal flow rate for siphon formation in hydraulics with smooth pipes, m³/s.
Based on results from the system № 5 (single vertical pipe of 1 m, water temperature
20 °C), the minimal flow rate for choking in hydraulics with CSS pipes can be
predicted as follow:
7.5 )
𝑄𝑚𝑖𝑛 > 71√(𝑔 ∙ 𝑑𝑚

(14)

𝑄𝑚𝑖𝑛 – minimal flow rate for siphon formation in hydraulics with CSS pipes, m³/s.
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In Table 8-3 are summarised some considerations for design of siphonic or nonsiphonic regimes in drainback systems. “Yes” in the table mean that hydraulic
components are allowed for a certain desired operation regime. As presented in
section 5.2.3, a recommended minimal filling flow rate threshold is 5-27 % larger
than the minimal choking flow rate, that can be considered in practice.
Table 8-3: Recommendations towards siphonic or non-siphonic regimes with respect to the filling
process.
Parameters

Non-siphonic regime

Siphonic regime

Flow rate for smooth pipes

𝑄𝑚𝑎𝑥 < 3.6√(𝑔 ∙ 𝑑𝑖6.6 )

𝑄𝑚𝑖𝑛 > 4.7√(𝑔 ∙ 𝑑𝑖5.8 )

Flow rate for CSS pipes

7.3 )
𝑄𝑚𝑎𝑥 < 28√(𝑔 ∙ 𝑑𝑚

7.5 )
𝑄𝑚𝑖𝑛 > 71√(𝑔 ∙ 𝑑𝑚

90-degree elbow fittings

long radius

short (or long radius)

Slope of the horizontal pipe

> 5°

≥ 0°

Balancing valve in flow pipe

not recommended

yes

Air vent

yes

not recommended

Check or motor valve

yes

yes

Submerged pipe with a hole

yes

yes

8.2.2. Operation
The operation mode of the DBS has the same purpose as in a conventional pressurised
solar thermal system, aiming at converting solar energy into useful heat. Several
specific operation peculiarities have to be considered for a failsafe operation. One of
the concerns is the presence of an underpressure at the top of the hydraulics, so the
maximal outlet collector temperature should be below the evaporating temperature at
this pressure. The tightness of the system is very important, otherwise penetrating air
may eliminate siphon establishment. The discharge of the water through an air layer
as a jet initiates different hydraulics phenomena, that cannot be neglected. The falling
heat carrier may cause air entrainment and noise due to plunging on the water surface
in the drainback tank. The penetration depth of air bubbles into the drainback tank
can reach up to 20 cm (e.g. Figure 6-4, p.79). These air bubbles remain harmless as
long as they rise and disappear in the air layer in the next time step. If these bubbles
are sucked at the drainback tank outlet, the two-phase circulation in the loop may
cause an overall efficiency reduction as well as wearing and ageing e.g. of the pump.
However, maintaining the water jet at onset conditions is not possible, as the flow
rate, the temperature of the HTF and the water level in drainback systems are
permanently changing. The elimination of the jet surface disturbances reduces

8.2 Operation stages of DBS

119

drastically air entrainment and the noise itself. Different solutions may be applied
depending on the pursued purpose. Figure 8-4 shows some hydraulic concepts,

Figure 8-4: Different solutions for avoiding an air entrainment into the system.

however, some of them have to be further investigated with regards to long-term
durability. One of the possibilities is to avoid the plunging jet by means of a manifold
with a hole (Figure 8-4a). It has to be emphasised, that no underpressure should be in
the hydraulics at the hole level, otherwise air will be continuously sucked and
penetrate into the drainback tank. A flowing water jet from the hole induces air
entrainment as well, but in small amounts only. If the plunging jet cannot be avoided,
then it is preferable to maintain the water level in the tank above 20 cm, as it was
found in section 6.2.1 (Figure 8-4b). A falling water jet without surface disturbances
causes less bubbles penetrating in the water and reduces the splashing noise. In order
to eliminate the surface disturbance induced by the water jet, the
narrowing/expansion of the inner diameter of the last section of manifold before the
jet outlet have been avoided. Such disturbances may be caused by the fitting at the
top of the drainback tank for instance. Instead of the fitting, it might be better to
prolong the downcomer inside the tank (length > 10d). If the penetration depth of
single air bubbles is increased, some air barriers before the outlet of the tank should
be thought of. A non-alignment of the inlet and outlet may be applied as a solution
(Figure 8-4c). Energy dissipation of the plunging jet by means of its redirection on
the drainback inner wall (Figure 8-4d), into account of eliminating of vortex or an
artificial plate as barrier before the outlet pipe are also potential solution to avoid an
air entrainment (Figure 8-4e).
Neither a transition from siphonic to non-siphonic regime nor an unplanned draining
is occurred, if the flow rate exceeds the minimal flow rate threshold while discharging
the HTF as the water jet into the tank. The minimal flow rate thresholds were derived
from experiments and summarised in section 6.2.2. Figure 8-5 shows these results
both for the smooth and corrugated stainless steel pipes in comparison with the
previous studies from Wallis et al. (1977) and Baumgartner (2012). With reference
to the flow rate, the trends of the single measurements are similar to each other
regardless the pipe shape. Therefore, a following expression can be applied for
obtaining of the minimal velocity threshold from derived regression in Figure 8-5:
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𝑄min_𝑡𝑟𝑣 > 0.008 ∙ 𝑑 − 0.03

(15)

𝑄min_𝑡𝑟𝑣 – minimal velocity threshold for transition from siphonic to non-siphonic
regime or unplanned draining, l/min; d – inner diameter of the smooth or minimal
diameter of the corrugated stainless steel pipe, mm.
𝑄min_𝑡𝑟𝑓 > 0.03 ∙ 𝑑 2 − 0.61 ∙ 𝑑 + 4.27

(16)

𝑄min_𝑡𝑟𝑓 – minimal flow rate threshold for transition from siphonic to non-siphonic
regime or unplanned draining, l/min.

Figure 8-5: Minimal flow rate/velocity threshold for transition from siphonic to non-siphonic
regime or unplanned draining process during operation.

In Table 8-4 are summarised some considerations for design of siphonic or nonTable 8-4: Recommendations towards siphonic/non-siphonic regimes with respect to the operation.
Parameter

Non-siphonic regime

Siphonic regime

Minimal flow rate if water
discharges as jet from vertical pipe
Decrease from maximal to minimal
flow rate

no restriction

equation (16)

no restriction

not recommended

allowed with intermediate
decreasing steps
limitation of max. outlet
temperature
yes

Air vent

yes

not recommended

Check or motor valve

yes
yes

yes
yes, better with artificial pressure
drop at outlet

Underpressure at the top
Balancing valve in flow pipe

Submerged pipe with a hole

-

8.2 Operation stages of DBS

121

siphonic regimes in DBS with respect to the operion. “Yes” in the table mean that
hydraulic components are allowed for a certain desired operation regime.

8.2.3. Draining process
The draining process plays a protection role in DBS. There are sihonic draining and
two columns draining (non-siphonic) processes. Depending on the hydrostatic
pressure difference in flow and return side, the siphonic draining proceeds either in
the same direction as or against circulation. The latter is predictable, and does not
depend on the operation flow rate. By contrast, the draining in circulation direction
utilizes the inertia of the HTF, thus the draining profile of the flow rate always varies.
The draining in circulation direction is favourable, if the flow piping is longer and
complexer arranged than the return piping. Moreover, no backflow is required for the
pump. Two columns draining proceeds faster, but requires an air vent/motor valve
etc. in zenith of the solar collector loop. In turn, the functioning of the air vent can be
disturbed at subfreezing temperatures, that may cause a fatal damage of DBS. The
siphonic draining is a conventional one, and requires just a hydrostatic pressure
difference in flow and return side. Even at minimal height of the air layer, the siphonic
draining can be initiated and succefully terminated.
Some remarks about observations and calculations during the draining tests:
• draining process in the opposite direction to circulation proceeds always in the
same profile, with identical amplitude and duration, for a certain DB
hydraulics regardless of the flow rate during operation
• pump(s) represent(s) a relative significant pressure drop for the draining
process, which impact the profile, duration of the draining process and its
maximal amplitude
• small volumes of water always remain in CSS pipes after the draining process
regardless of the tilt angle of the pipes. Furthermore, in vertical pipes with
large diameters more water remains than in sloped CSS pipes
• the smaller the diameter of CSS pipes, the more water (in percentages to the
full pipe) remains inside
The main recommendation towards draining process is to manage it by means of a
pressure sensor, preferably installed at the top. The proposed control strategy is
described below.
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8.3. Control strategy for DBS
In accordance with section 3.3 (p.36), controllers in DBS aim at optimisation of the
operation mode and can be employed with additional control algorithms as protection
against failures e.g. freezing threat.
Concerning optimisation of the operation regime, a special control strategy should be
applied if a variable speed pump is utilized in DBS, where the circulating fluid
discharges as plunging jet into the drainback/heat storage. A minimal threshold have
to be considered on the one hand, and a sudden drop of the flow rate from maximal
to minimal flow rate has to be realized with several intermediate decreasing steps.
Otherwise a transition from siphonic to non-siphonic regime or unplanned draining
may occur.
Another control algorithm is going to be presented, which has been discovered and
can be employd as protection against the freezing. Despite the similarity with Van
Dam (2009) invention, there is some difference with the proposed control strategy.
This strategy enhances a reliability of draining process avoiding a hanging water
column after draining. Figure 8-6a shows a possible appearance of a hanging water
column after draining in the solar collector loop without water pocket. The pressure
on the top is recorded slightly below the atmospheric pressure, that holds the water

Figure 8-6: Control strategy to avoid a hanging of water column after draining.

slug in the flow side. Experiments demonstrated that depending on DB hydraulics the
registered underpressure is expected to be between 0.97 and 0.91 bar. Figure 8-6b
presents three stage operating mode of DBS, as well as the proposed control strategy
to enhance the draining properties. The observations between BC, CD and EF
correspond to the filling, operation and draining processes respectively. The hanging
water column is observed at the end of the draining, and detected by the manometer
at the top (Figure 8-6b, FG). Indeed, the pressure at the top at FG is slightly lower
than initial pressure when the pump is off at AB. At time G, the pump is started for
couple of seconds and afterwards switched off again. The optimal duration of a short
start depends on the hydraulics, but it is desirable to fill the entire return side up to
the collector inlet. If water overcomes the highest point in hydraulics and reachs the
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flow side, a new hanging of water column may occur after draining. Therefore, the
water should fill only the return side. While refilling, the air volume between upper
borders of flowing water and hanging water column is suppressed, and therefore may
reach an insignificant overpressure. Air suppression pushes the hanging water slug,
which is transformed into two-phase flow while flowing. At the beginning, the water
column is pushed into the horizontally arranged pipe part, where a stratified flow will
occur. Further, a falling film appears, when the flow passes through the vertical pipe.
Finally, when the pump is turned off, the water in the return side drains back and the
air is sucked from the flow pipe. As there is no water slug (hanging water column in
the flow side), a pressure at the top will be established at atmospheric level.
This control strategy may be applied for DBS. The pump after draining have to be
restarted again only if an underpressure at the top is detected. One refilling of the
return side is sufficient to eliminate a hanging water column in the flow side. If a
draining process occurs in the opposite direction to circulation, a hanging water
column may also arise in the return side. This water slug is detectable by the pressure
sensor at the top, and can be similarly eliminated by the single refilling of the return
side.

8.3. Evaluated hydraulic configurations
8.3.1. Tank entry pipe with a hole
Different diameters of the hole and the submerged depth of the pipe were evaluated
with respect to the DB functionality and air entrainment processes. All hydraulic
configurations could be filled and drained, enabling as well as an appropriate
operation mode. Concerning the air entrainment, experiments showed a good
performance of the entry pipe with the diameter of the hole of 5 mm. The depth of
the submerged pipe is desired to be minimal, as the full elimination of the air
entrainment into the drainback tank/storage is impossible. In order to minimize the
volume of penetrated air bubbles into the tank, an additional pressure drop in the entry
pipe below the hole is recommended. The pressure drop contributes to the creation of
the overpressure at the hole level, therefore a water jet flows out enabling the pipe
volume below the hole to be filled. The water jet can facilitate an air entrainment into
the tank due to directly plunging or the runoff along the wall surface.

8.3.2. Inverted U-formed branched pipe.
The inverted U-formed branched pipe represents a good technical solution for DBS.
In order to eliminate the air circulation processes during siphonic operation regime,
an artificial pressure drop below the branched pipe is desired. The experiments show
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that the water level oscillates significantly in the branched pipe (70 cm), during an
increase of the flow velocity from 0.4 m/s to 1 m/s. Surely, oscillations depend on the
pump characteristics and the total system pressure drop, so the leg of the branched
pipe is preferably to be designed individually for DBS.

8.3.3. Three way valve
Two various locations of the valve in a hydraulics were tested. A typical positioning
in the flow side and own proposed location in the return side were analysed. Both
hydraulic configurations suit for drainback systems. A reduction of the air
entrainment can be achieved during the filling process by means of adjustment of the
time delay for activation of the valve in the flow side. When the pump is turned on,
the HTF fills the loop pushing the air into the air layer in the DB tank (Figure 8-7a).
Once the HTF reaches the valve, it can be
activated for the redirection of the flowing
HTF towards second outlet as presented in
Figure 8-7b. The second outlet is submerged
into the water volume in the drainback
tank/heat storage. This time delay allows to
entrain less air volume into the drainback tank/
heat storage. With reference to the valve in the
Figure 8-7: Activation of the three way return side, it can not decrease the air
valve.
entrainment during the filling, but allows the
draining in the same direction as circulation. As the HTF drains mainly over the flow
side and does not pass through the pump, a backflow of the pump might be not
essential.

8.3.4. Air vent at the top of the hydraulic loop
A primary purpose of the vent to deaerate the solar collector loop is useless for DBS,
as the accumulation of the air in the loop is prevented due to sufficient velocity of the
fluid above 0.4 m/s (VDI 6002, 2014). However, the air vent at the top can facilitate
a non-siphonic regime during operation and a two columns draining if the
underpressure predominates at the connection point of the valve. The only concern is
a freezing threat that can disturb a proper functionality of the air vent. At subfreezing
temperatures, a floater of the valve can freeze disabling the proper function of the
valve. Therefore, the outdoor installation of the air vent is risky for water filled
drainback systems in cold climates.
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8.3.5. Balancing valve
A balancing valve in the flow side enables a filling of the solar collector loop above
the valve at lower flow rate than the minimal choking threshold for the same loop
without it, but requires more time as the filling occurs from the bottom. Another
specific function of the valve for DBS may be an elimination of the underpressure at
the top by means of increasing of the pressure drop. A reduction of the cross section
does not impact the draining process, which can be failsafe when it occurs in the
circulation as well as in the opposite direction.

8.3.6. Check valve in flow or return side
Non-standard application of the check valve demonstrated a suitable solution, which
has to satisfy several requirements for proper functioning. In particular, a pressure at
check valve level has to be established either as overpressure (above atmospheric
pressure, designated as “+”) or underpressure (below atmospheric pressure,
designated as “-”) in accordance to the Table 8-5.
Table 8-5: Requirements for pressure at check valve level.

Requirements to the pressure at joint point

Filling

Operation

Draining

Check valve in the flow side

+

-

-

Check valve in the return side

+

+

-

A balancing valve in the flow side above the check valve can be applied for the
adjustment of the desired pressure regime during the three stage operation mode.

9. Summary and conclusions
Solar thermal drainback systems are a promising technology, which offers many
advantages for converting of solar radiation into useful heat. Reduction of hydraulic
components, simple freezing and overheating protection, water as heat transfer fluid
are some of the convincing features of drainback systems. Despite their advantages,
the systems are wide spread only in the Netherlands, Norway and Belgium. Many
attempts have been undertaken to introduce the drainback technology in other
countries, but market penetration has been to date insignificant. A lack of qualified
installers is one main obstacle according to many drainback experts, as the special
installation requirements have to be properly followed. Ignoring (on purpose or by
accident) these rules increases failure risk in drainback technology, where damage
may occur due to some hydraulic phenomena (e.g. ice formation). Other hydraulic
phenomena such as choking, hydraulic jump, and siphon effect are of vital
importance both for failsafe and efficient operation of DBS.
The main objective of this thesis is to comprehensively understand the functioning
fundamentals of the water operated drainback systems and to develop constructional
and operational recommendations for reliable operation, optimal filling, and failsafe
draining processes. For this purpose, an experimental setup has been constructed and
a set of experiments have been performed. Based on experimental results, the main
hydraulic phenomena have been identified and evaluated. The obtained knowledge
has been utilized to formulate recommendations concerning DBS operation, which
has been split into 3 stages: filling, operation and draining.

9.1. Summary and implications of the results
Drainback solar thermal systems are state-of-the-art, but an extensive literature
review showed a dearth of scientific publications. Simultaneously, many patents have
been discovered proposing an improvement to various hydraulic components. Based
on limited literature sources, a current state of knowledge on DBS has been presented.
Following this, more than 50 drainback systems available on the world market have
been evaluated. These systems have been explored in details on a component level,
aiming to understand the hydraulic peculiarities of DBS. A statistical analysis of the
hydraulics components and their requirements has been summarised.
An experimental setup has been designed and constructed in order to evaluate the
operation behaviour of DBS. As the research was confined to water operated
drainback systems, tap water was applied as the circulating fluid. Three stages,
namely filling, operation and draining have been investigated separately.
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One main process is the filling, aiming at preparation of the system for operation.
Drainback systems have to be filled with water, while the air is pushed into the upper
part of the drainback tank/heat storage. The filling process was analysed, shedding
light on the role of hydraulic phenomena such as choking. Choking is one of the
important hydraulic phenomena of DBS, which describes a sudden transition from
two-phase to pressurised flow. Three different scenarios of the filling process are
experimentally identified with respect to choking. A parametric study of choking
allowed the identification of the impact of different hydraulic parameters on the
minimal filling flow rate. The minimal flow rates, which initiate choking have been
experimentally obtained for DB hydraulics with smooth and corrugated stainless steel
pipes of different diameters and pipe lengths, various arrangement, and water
temperatures. It was found that the minimal filling flow rates/velocities for large pipe
diameters (CSS DN 32 and PMMA 3640) exceed the minimal clearing velocity of
0.4 l/min recommended in VDI 6002. Therefore, a new definition for the
recommended filling flow rate of drainback systems is required. The notion of
minimal choking flow rate could also be employed for this purpose. New semiempirical correlations are developed based on the performed experiments both for
smooth and corrugated stainless steel pipes that could be used for prediction of siphon
formation in DBS. Moreover, an integral method was proposed to evaluate choking,
air entrainment and air removal processes. These evaluations showed that the
recommended minimal filling flow rate has to be 8-27 % larger than minimal choking
flow rate for the vertical pipe. Finally, several standard DB hydraulics and some
proposed configurations have been evaluated, focusing on air entrainment and air
removal processes. It was found that all hydraulic configurations cause air
entrainment into the drainback tank/storage during the filling, but this volume can be
minimized.
Operation mode begins after successful completion of the filling process. It has a
similar purpose to that in pressurised solar thermal systems, namely to deliver useful
heat being converted from the solar radiation into the heat storage. Due to unique
drainback features such as a presence of air volume in the flow side, some hydraulic
processes have to be considered. If water flows through the air volume as a water jet,
an air entrainment might occur due to hydraulic phenomenon such as a plunging
water jet. The penetration depth of air bubbles was experimentally measured; it can
reach 20 cm in the range of velocities suggested by VDI 6002. In order to prevent a
further suction of air bubbles at the drainback tank outlet, the water level in the
drainback tank must remain higher than the penetration depth of the air bubbles.
Onset regime (no air entrainment) is impossible to achieve, due to varying operation
conditions. It was demonstrated that a minimization of noise and the air entrainment
can be reached by eliminating the jet surface disturbance. At low water levels in the
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drainback tank, a vortex can appear and suck air into the loop. Moreover, a vortex
appears also in full cylindrical tanks, if the discharging HTF causes a rotation of the
water volume in the tank. An energy damper for the water jet is desired, or a manifold
with a hole can be applied, as the term/protection period of this patented inventions
already expired (e.g. Bliss, 1954). In case of a manifold with a hole, an additional
pressure drop is desired in the submerged section of the pipe in order to ensure an
overpressure at the level of the hole.
Another concern is an undesired transitation from the single flow into the two-phase
flow or an unplanned draining process, which happens when a certain minimal flow
rate is reached while discharging as a water jet. The experiments have been conducted
to quantify the minimal flow rate, which can lead to unplanned two-phase flow
transition or to undesired draining process for different vertical piping. Based on these
results, a new correlation is developed which can be used to predict a lower limitation
of the flow rate in DBS where the HTF discharges as a water jet. Furthermore, a
sudden drop of the flow rate from maximal to minimal should be realized with several
steps, in order to eliminate the risk of undesired draining.
The draining process plays a protecting role in DBS, as air in the collector can neither
freeze nor evaporate. Two different draining processes have been identified: siphonic
and two columns. The siphonic draining is based on the siphon effect, which is
initiated by the hydrostatic pressure difference in the flow and return side. Depending
on the value of the hydrostatic pressure difference, the siphonic draining occurs either
in the same direction as circulation or in opposite. If an air vent is present at the zenith
of the hydraulics, the water volume is split into two volumes and drained on their
respective sides. This draining process is designated as two columns draining or nonsiphon draining. A water film always remains in DBS after draining regardless the
hydraulic configuration. Moreover, a water slug/hanging water column may remain
in the hydraulic loop after draining. In particular, hydraulics with pipe diameters near
16 cm (CSS DN 16, PMMA 14 and 20) are susceptible to the appearance of the
hanging water column, which threatens the safety of the system during a freezing
event. Burst tests confirmed freeze tolerance for horizontally arranged partially filled
pipes (up to 75 % filled) regardless the pipe material. When fully filled, copper pipe
burst at first freezing, corrugated stainless steel pipes can withstand about 10 freezing
cycles, whereas some PEX pipes are freeze tolerant.
In contrast to pressurised solar thermal systems, a specially developed control
strategy may protect DBS against freezing. For this purpose, a pressure sensor at the
top of the hydraulics was proposed. If the sensor detects underpressure after draining,
the pump has to be activated for a short time until the whole return pipe is filled. This
measure allows to remove the water blockage ensuring the safety of DBS.
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9.2. Limitations and suggestions for future research
A drainback system is a promising technology, which offers a universal solution for
costs reduction, reduced maintenance and simple overheating and freezing protection
of solar thermal systems. Sadly, there is a lack of studies and few publications refer
to the obstacles of the promotion of this technology. Further investigations are
necessary in the field of drainback systems, where interdisciplinary collaboration may
be required.
Depending on research (applied or fundamental) several directions may be proposed.
For fundamental research, the main research focus may be two-phase flow at different
DBS operating stages. Choking is an essential concern for the filling process. It has
been generally explained in the current work for smooth pipes, but requires a
fundamental explanation both in smooth and corrugated pipes. A parametric study
carried out in this work has revealed at least four different parameters (pipe diameter
and lengths, geometry of inlet connection, and circulating fluid temperature)
impacting the choking process in vertical pipes. These experiments need to be
extended in order to derive a mathematical model of the choking process. Modern
measurement systems are required, comprising potential of simultaneous planar
laser-induced fluorescence in a combination with particle tracking velocimetry
techniques, as was applied by Zadrazil and Markides (2014). “Hot start”, a filling
process of the drainback system at a collector temperature above evaporating point
of the fluid can be another research question. The evaporation process could be
investigated with different collectors under different conditions such as HTF
temperature, flow rate, etc. Moreover, the discharge of the HTF into the drainback
tank as a jet is an important practical concern also for other research fields. For
instance, air entrainment for different circulating fluids could be examined. An
empirical model with additional fluid parameters (viscosity, surface tension, etc.)
could be derived. The question of the driving force behind the siphon effect is still
open, despite its application since ancient times.
Applied research has to be continued as well due to its practical importance. Different
research area can be identified: (a) hydraulic processes in DBS, (b) thermal
performance of DBS under different boundary conditions (c) materials research e.g.
plastic for cost reduction of DBS (d) control algorithms for operation and protection
of DBS against freezing. Furthermore, a stratification device, which enables draining
and eliminates air entrainment into the storage during operation has to be developed
for DBS with heat storage as drainback reservoir. Different solutions against plunging
jet can be proposed and systematically evaluated. Moreover, development of
hydraulic components with good draining properties, along with a failsafe and simple
drainback system concept could be additional research aims.
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𝑎

derived correlation coefficient for choking

-

𝑏

derived correlation coefficient for choking

-

𝑑𝑏

diameter of the branch pipe

𝑑ℎ

hole diameter

m

𝑑𝑗

jet diameter at plunging point with water surface

m

𝑑𝑖

inner diameter of the smooth pipe

m

𝑑𝑚

minimal diameter of the corrugated stainless steel pipe

m

𝑑𝑛

nozzle diameter

m

𝐹𝑟

Froude number

-

𝑔

gravitational acceleration

𝐻𝑝

penetration depth of air bubbles due to plunging jet

m

ℎ

height

m

hydrostatic pressure difference

m

ℎ𝑠

submerged pipe depth

m

𝐿𝑗

the length of the jet

m

the static pressure at the top of the hydraulics

Pa

ℎℎ𝑦𝑑

P1 , P2

mm

m/s²

𝑄

flow rate

l/min

𝑄𝑎

volume rate of air entrainment

m³/s

𝑄𝑑
𝑄𝑚𝑎𝑥

minimal flow rate for establishment a pressurised flow
in vertical branch of rainwater drainage systems
maximal flow rate for non-siphonic regime

m³/s

𝑄𝑚𝑖𝑛

minimal flow rate for siphonic regime

m³/s

l/s

𝑉20𝑚𝑖𝑛 minimal choking flow rate at water temperature of 20 ºC

l/min

𝑉65𝑚𝑖𝑛 Minimal choking flow rate at water temperature of 65 ºC

l/min

𝑉𝑒

onset velocity of the plunging jet

m/s

𝑉𝑗

jet velocity at plunging point with water surface

m/s

𝑉𝑛

jet velocity at nozzle outlet

m/s

𝑣

flow velocity

m/s

∆𝑉%
𝑦

percentage increase in minimal flow rate threshold
function of the flow rate for choking

%
m³/s

Greek characters
𝜌

density of the water

kg/m³

132

Abbreviations, symbols and nomenclature

List of Abbreviations
CSS

corrugated stainless steel

CPVC

chlorinated polyvinylchloride

DB

drainback

DBS

drainback systems

DHW

domestic hot water

ETC

evacuated tubular collector

HTF

heat transfer fluid

ISES

International Solar Energy Society

l

liter

LxWxH

length x width x height

m

meter

MID

magnetic-inductive flow meters

PEX

cross-linked polyethylene

PMMA

polymethylmethacrylat

PP

polypropylene

PP-H

polypropylene Homopolymer

PVC

polyvinylchloride

s

second

STS

solar thermal systems
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Appendix
A1 Definations
choking is defined as a sudden transition from free surface to pressurised flow, and
can also be referred to as surcharge (Hager, 2010)
clearing veliocity is the minimal required fluid velocity in the pipe to clear/remove
an air pocket (Lauchlan et al., 2005)
cooling rate (K/min) is a parameter which characterizes how fast the water is cooled
down in the pipe at a certain subfreezing temperature
drainback systems corresponds to a “solar thermal system in which, as part of the
normal working cycle, the heat transfer fluid is drained from the solar collector into
a storage device when the pump is turned off, and refills the collector when the pump
is turned on again” (ISO, 1999)
draining profile is a progress of the flow rate during the draining process
impinging jet entrainment is an air entrainment due to hit of the falling water jet
minimal choking flow rate / minimal flow rate threshold for choking refers to the
minimal flow rate, at a transition to the single flow is occurred for a certain hydraulics
plunging jet is defined as a downward moving column of water passes through the
air gap in darinback tank/heat storage before impinging on the water surface in the
tank (adopted from Roy et al. (2013) )
siphon is an inverted U-conduit, which can be used to raise the water over a crest and
to discharge it at a lower level (Garrett, 1991)
siphonic operation regime/ siphonic draining – is an operation stages where a siphon
effect is applied
superficial velocity is equal to the velocity that each phase in two-phase flow would
have if it were to flow alone in the channel at its current mass flow rate (Faghri and
Zhang, 2006)
two columns draining is a non-siphonic draining process, if the air is sucked from the
top of the DB hydraulics
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A2 Market overview
The magazine “Sonne Wind & Wärme” published in 2012 a market overview on
drainback systems (Berner, 2012). According to this compilation, there are at least
35 drainback systems available on the world market. Further market investigation
showed that at least 15 additional drainback hydraulics are offered to consumers.
Some manufactures promote several concepts/configurations of DBS simultaneously,
therefore 44 companies providing DBS were counted in total (Table A-1). There is a
lack of publications and statistics on the share of drainback systems on the market, as
companies often avoid publishing and disseminating such kind of commercial
information for obvious reasons.
The market situation is presented in Table A-2 for drainback systems in some
countries for the last decade. Numbers show that drainback technologies are prevalent
in some European countries such as the Netherlands, Belgium, and Norway. The USA
is a country where drainback systems have a good market penetration, forming twenty
percent of solar thermal technologies. DBS cover furthermore 15 % of the local
market in France and Spain, whereas in Portugal and Italy it is about 10 %.
Germany and Austria are not in the table due to difficulties acquiring the data. On the
other hand, there are plenty of companies in Germany which are fostering existing
concepts of DBS. However, own expertise confirms that DBS are rarely installed and
are not popular in contrast to conventional pressurised solar thermal systems. The
main problem has been and continues to be a lack of well educated, qualified
installers who are playing a crucial role in the market. Drainback technologies need
a coordinated operation between manufactures and installers. Moreover, it is easier
for installers to advertise conventional pressurised solar thermal system avoiding
possible responsibilities due to improper installation. DBS are slowly developing in
Germany, but its share remains insignificant. Some indications, which are confirming
a perspective of drainback technologies, are modernization and presentation of new
drainback systems. For instance PAW GmbH introduced recently a modernized
product called DrainBloc (PAW GmbH & Co. KG, 2014) and Vaillant launched a
new concept line entitled auroFLOW (Vaillant, 2013).
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Table A-1: List of companies, which are offering drainback systems on the world market,
(Botpaev and Vajen, 2014a)

№

Company

Country

№

Company

Country

1

Agritec s.R.L.

IT

23

Morley Manufacturing

US

2

Alpha Therm Ltd

UK

24

Orkli, S. Coop.

ES

3

Alternate Energy Technologie

US

25

PAW GmbH & Co. KG

DE

4

Astersa SA,

ES

26

Protherm s.r.o.

SK

5

Atmos Heating Systems

UK

27

Rheem

AU

6

Baymak A.S.

TR

28

Rotex Heating Systems GmbH

DE

7

Boilernova

IT

29

Saunier Duval

FR

8

Bosswerk GmbH& Co KG

DE

30

Solahart Industries Pty Ltd

AU

9

Bulex

BE

31

Solar Hot

US

10

Catch Solar Energy AS

NO

32

Solarskies

US

11

Eklor

FR

33

Soltop Schuppisser AG

CH

12

Energy Lab

US

34

STI GmbH

DE

13

European Solar Engineering
SA
BE

35

SunEarth

US

14

Ezinç Metal San. Tic. A.S.

TR

36

Tecsol SA

FR

15

Fafco, Inc.

US

37

Teknoenergy

IT

16

Free Hot Water

US

38

Termicol Energía Solar S.L.

ES

17

Enersolve

DE

39

Vaillant GmbH

DE

18

Helvetic Energy GmbH

CH

40

Viridian Solar Ltd

GB

19

Hermann Saunier Duval

IT

41

Vögelin
EnergieSolartechnik

und

20

Integrated Solar LLC

US

42

Wagner & Co Solartechnik GmbH DE

21

Itho Daalderop BV

NL

43

Walter Meier (Klima Schweiz)
AG
CH

22

Magen eco-Energy Ltd

IL

44

ZEN International

CH

NL
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Table A-2: Statements on the market shares of drainback systems (Botpaev and Vajen, 2014a)

№

Market share of DBS

Source

1

The share of DBS for domestic hot water personal communication with Hansapplications and combisystems in Norway is about Christian
Francke
19.05.2014
70 %
(Catch Solar Energy EN, 2016)

2

Less than 10 % is the share of DBS in Switzerland

3

About 2 % of the total capacity of installed collectors personal communication with Vitalii
in Russia are applied for drainback systems
Butuzov 21.03.2014 (Butuzov, 2015)

4

The installed DBS in France represent almost 15 % Personal communication, 30.05.2014
of the solar thermal market
(Mugnier et al., 2011)

5

Drainback system is the usual domestic hot water (Mauthner and Weiss, 2013)
system in Belgium and the Netherlands

6

The share of drainback systems in Italy is 8 %

7

Drainback types are almost negligible or hold a small (BSRIA, 2009)
share in most markets with the exception of the U.S:
where they account for 20% of the market

8

The share of drainback systems in some European (Wilhelms and Schabbach, 2006)
countries: Spain (15 %), Italy (10 %), Portugal
(10 %), Greece (<1 %)

9

“Over 80 % of the Dutch solar energy systems and (Visser and Peter, 2003)
virtually all Norwegian solar combisystems include
the drainback concept”

own estimation, 2014

(Thermital, 2015)
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A3 Measurement uncertainties
The estimation of the measuremets uncertainties was done in accordance with Guide
to the expression of uncertainty in measurements (JCGM 100:2008, 2008). Type A
evaluation method was applied, which is a “method of evalution of uncertainty by the
statistical analysis of series of observations”, p.3. Firstly, an arithmetic mean is
derived from several measurement campaigns (at least 3 experiments were perfomed
for determination of the minimal filling flow rate for choking):
1

̅𝑞 = ∑𝑛𝑘=1 𝑞𝑘

(17)

𝑛

̅𝑞 – arithmetic mean or average of the n observation, n– number of observations, 𝑞𝑘
– independent observations.
The experimental variance of the observations, which estimates the variance of the
probability distribution of 𝑞, can be obtained as following:
𝑠 2 (𝑞𝑘 ) =

1
𝑛−1

∑𝑛𝑗=1(𝑞𝑗 − 𝑞̅)2

(18)

𝑠 2 (𝑞𝑘 ) – variance of the observations, 𝑞𝑗 – absolute value of the observation
An experimental standard deviation that characterises the variability of the observed
values 𝑞𝑘 , namely the dispersion about their mean, can be expressed as:
𝒔(𝒒
̅) =

√𝒔𝟐 (𝒒𝒌 )
√𝒏

=

𝒔(𝒒𝒌 )

(19)

√𝒏

Besides the random effect, the uncertainty of systematic effects have to be considered.
Filling process
The measurement uncertainties are calculated in accordance with JCGM 100:2008,
2008, and can be found in Table A-3. Five experiments were repeated at identical
conditions for the DB hydraulics (Figure 5-4a, p.54) with a single vertical PMMA
pipe in the flow side. The derived minimal choking flow rates are presented in the
second row of this table. Further values are derived in accordance with the presented
above equations.
Table A-3: Estimation of the measurement uncertainties for experiments on the filling processes.
Experiments
Measured minimal choking flow rate, l/min
Arithmetic mean, l/min

№1

№2

№3

№3

№5

1.69

1.57

1.59

1.57

1.6

1.6

Experimental variance of these tests, l²/min²

0.0023

Standard deviation, l/min

0.001

Uncertainty due to systematic effect

5 % or 0.08 l/min
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One can see, a relative small standard deviation of the experiments. However, the
impact of the systematic effect is large enough and was assumed to be 5 % of the
measured value. Following effects were accounted:
• personal bias in determination of the minimal filling flow rate
• an oscillation of the temperature of the HTF ± 2 °C, in some experiments due
to cooling effect of the storage
• arrangement of the piping, inclusively the slope and fittings
• uncertainties of the measurement acquisition system
Penetration depth of the air bubbles
Plunging jet causes an air entrainmen into the drainback tank. The penetration depth
of the air bubbles was measured by means of conventional tape ruler. Each
experiment was conducted only once, but the measurement of the penetration depth
was undertaken simultaneously by two observers. Type A evaluation method (JCGM
100:2008, 2008) was used to estimate the measurement uncertainties (Table A-4).
Table A-4: Estimation of the measurement uncertainties for experiment on the penetration depth of
the air bubbles into the drainback tank. A height of the water surface in the drainback tank is 58 cm
(total height of the tank 65 cm). The water temperature is 20°C, and the flow rate is 30 l/min.
Parameters

Values

Observer 1, penetration depth in cm

27.4

Observer 2, penetration depth in cm

28.2

Arithmetic mean, l/min

27.8

Experimental variance of these tests, cm²

0.32

Standard deviation, cm

0.4

Uncertainty due to systematic effect, cm

2

Similarly to the filling experiments, uncertainty due to systematic effect contributes
the largest share and was assumed to be 2 cm due to personal biases.

Appendix

145

A4 Publications
The following publication list provides an overview of publications that result
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