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Half of the energy consumption of buildings is caused by heating and 
air conditioning systems. From this problem arose the idea of an 
adaptive envelope based on glazing with an inner water /air circulation 
with the proposal of creating a better internal environment. This type 
of window is called Water / Air Flow Glazing (WFG / AFG), which is 
composed by at least one fluid chamber in which the fluid is abl e to 
circulate in and out of the chamber, if required. This water chamber is 
intended to absorb radiative energy and transport heat flow.  

Instead of actively circulating the fluid in the glazing by means of a 
pump which cost additional components and ene rgy it will be studied 
here if this system can work efficiently by means of natural convection 
�D�Q�G�� �W�R�� �S�U�R�S�R�V�H�� �G�H�V�L�J�Q�V�� �W�K�D�W�� �F�D�Q�� �H�Q�K�D�Q�F�H�� �W�K�H�� �
�0�L�F�U�R�I�O�X�L�G�L�F���� ���I�U�H�H��
convection transport) of the fluid.  
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1 Content of Deliverable  

One of the objectives of WP2 �
�)�O�X�L�G�� �V�L�P�X�O�D�W�L�R�Q�� �I�R�U�� �E�X�L�O�G�L�Q�J�� �H�Q�Y�H�O�R�S�H�� �D�Q�G�� �L�Q�W�H�U�L�R�U��, 
states the development of design recommendations to enhance free convection 
transport of fluid ���
�0�L�F�U�R�I�O�X�L�G�L�F���� inside the fluid  chamber.  Instead of circulating 
the water  / air in the fluid chamber  which cost additional energy it should be 
studied if this system can work efficiently by means of natural convection.  

Improving the hydrodynamic characteristics of the fluid involves analysing t he 
thermal and hydraulic properties. As already studied in the deliverable D -4.1 
�
�)�O�X�L�G�V���6�H�O�H�F�W�H�G�������Z�D�W�H�U���L�V���W�K�H���E�H�V�W���P�H�G�L�X�P���Z�L�W�K��regard to  thermal behaviour due 
to its high convective conveying properties  (compared to air) . 
Thus this study will focus on t he microfluidic behaviour of WFG meaning the 
viability of a water  circulation without a pump.  

However, to improve the hydraulic properties of the fluid, it is necessary to reduce 
the pressure drop of the complete system: spacer, pipes, heat exchanger, fit ting 
and circulation pump. It becomes fundamental to develop components and 
system solutions that  afford an essential reduction of system costs at 
simultaneously high component and system efficiency. That is the case of the 
thermosiphon technology  which is  well known in the state -of -art solar thermal 
technology  and is evaluated in this study in order to show  the optimum circulator 
design.  

Solar thermal energy collectors are systems used to capture the solar radiation 
and transmit it to a fluid and store it  for its later exploitation. Solar thermal 
technology can b e split into passive and active.  Passive solar technology is based 
on the thermosiphon system where the fluid circulates in a closed circuit between 
the collectors and the storage by means of natur al convection driven by the 
temperature differences in the collectors and the storage . The tank is positioned 
higher than the collector to facilitate the circulation. A ctive solar technology  uses 
instead  mechanical systems to circulate the fluid through th e circuit, like pumps.  

The solar thermal heating is controlled by five basic principles: solar heat gains, 
heat transfer, heat storage, heat transport and thermal insulation.  Solar heat gains 
are the heating in the system due to the solar radiation. This heat  is trap ped by 
greenhouse effect in the collector. The fluid, which usually is water, absorbs  the  
heat energy while it is circulating through  the collector . Then the  fluid transfers 
the heating to a tank.  

In the fluid the heating is transferred by mea ns of both convection and conduction. 
The warmer particles are lighter that the colder ones.  Thereby, warmer fluid is 
driven to the top of the system by buoyancy (passive system), or it is forced by 
mechanical systems (in active systems) to the storage pla ce, or tank. Namely, the 
fluid is heated in the collector and transport s through pipes the heat energy to the 
tank. In the tank the heat exchange is due to convection and conduction.  The 
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transfer heating rate is related to conductivity and convection, which in turn  
depend on  temperature differences. Therefore, the thermal insulation is essential 
mostly in the pipes and the heating storage tank. The heating losses are directly 
related to the energy losses of the system.  

The water chamber in the WFG is intend ed to absorb  radiative  energy and 
transport heat flow by convection transfer, as thermosiphon systems. The water  
in the WFG circulates through a closed circuit, usually called a secondary circuit , 
that  contains  a heat exchanger , which is in contact with a primary circuit for the 
heating  exchange with which the water of the WFG is heated or cooled.  The 
present study analyses the WFG system working as a p assive solar technology 
based on the thermosip hon system for its performance. This means that no  
mechanica l systems is used to circulate the fluid through the circuit . 

2 Results and Discussion  

Discussed within the section, is the modular system of water flow glazing  by means 
of energy and fluid dynamic considerations. Firstly, it is essential  to calculate the 
flow rate of the design and maximum allowed hydraulic power of the system.  
Finally, it is obtained the maximum pressure drop of the whole system, including 
all the parts of the secondary system , as it is shown in Annex A of this document .  

The study is focused on the following design format:  

�x Height: 3m  

�x Width: 1.3m  

�x Chamber thickness: 16mm  

The design flow rate  is 2 l/min/m 2. Since the glazing is 3,9 m², the design flow rate 
for the module is 8l/min.  

The hydraulic power  is directly related to pressure drops and flow rate. The 
required power is,  

�9 ��
L �3���¿���2 

In this design there is around 4  m² of surface that implies about 4 W (1W/m 2). 
Therefore , the maximum pressure drop of the secondary system will be:  

�¿�2��
L
�v�9

�:�z�Û�s�r�?�7���x�r�;

L �u�r�r�r�r�2�= 

The necessary power to make the system work will depend on the hydraulic power 
and the efficiency of the pump. For example, if the efficiency of the pump is �
  = 

0.5 (it is always less than one), then the power required will be 
�8�Ð

�4�ä�9
��
L �z�9 �ä 

The different contributions in the pressure drop appear through the following 
parts or elements of the secondary system, as described in Figure 1.  These 
contributions yield the maximum pressure drop in the whole system .  
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Figure 1 shows how the fluid flows throu ghout the system. Blue arrows stand for  
the cold inlet flow. While passing through the window  the fluid is heated by the 
solar radiation depicted by the red arrows which stand for hot returning fluid. 
Then the water flows into the top spacer and goes down by the returning spacer. 
The fluid  flows to the heat exchanger by pipes and an elbow. Then the water is 
cooled  by the heat exchanger. Next, the fluid is driven by the pump and guided by 
some pipes and an elbow. Finally, the mixture gets into the window thr ough  the 
bottom spacer and the cycle begins again.  The continuous lines stand for the flow 
in the secondary circuit  while the dashed ones are the primary circuit.  

 

 
 

Figure 1: Modular WFG 

The main contribution to the pressure drop is  associated to the heat exchanger, 
elbows, bottle necks and other  singularities  as already declared in the 18 month 
report . Nevertheless, the whole contribution should be less than 30 kPa (3 metres 
of water column).  
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If the allowable maximum temperature grad ient throughout the height of the 
glazing is 5ºC, then a flow rate of 2l/min/m² is determined to transport  the 
absorbed solar energy.  

A WFG module working as a  thermosiphon system consists of glazing,  heat 
exchanger at the bottom of the glazing and two  conducts to connect these two 
pieces and close the loop.  The heat exchanger i s disposed lower than the WFG as 
shown in Figure 2 so that  critical leakages that  could break the system  can be 
avoided . 

 

   
Figure 2: Thermosiphon loop 

 

The exterior is heating  the  water flowing through the glazing . The density  of the 
fluid decreases, therefore  the fluid flows up. The connections between WFG and 
the heat exchanger are isolated and maintain uniform density and temperature. 
Then the heat exchanger cool s down  the f luid that goes back to the WFG.  

 

In this case �é�6�7
P���é�5�6��and the glazing should have a mean temperature higher than 
the mean temperature of the returning pipe. If the heat exchanger is at the bottom 
of the glazing, the temperature is higher than the temperature of the glazing and  
�é�6�7
O���é�5�6. Therefore, it can be concluded that it is no possible that it works  without 
a flux boost aid, like a pump.  The only way to achieve the desired target is to put 
the heat exchanger at the top of the loop. This forces an instability and the natural 
behaviour of the fluid tend to get the stability position, that is the hot fluid at the 
top and the cold one at the bottom, by buoyancy.  
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This process was also studied by means of CFD analysis. The capacity of the WFG 
to circulate only by means of natural convection was calculated and compared to 
the actively driven fluid. The Figures 3 and 4 show the velocity and temperature 
distributions in the WFG for this tow cases for a summer scenario when the 
absorbed solar radia �W�L�R�Q�� �L�V�� �������:���P�t���� �7�K�H�� ���W�K�H�U�P�R�V�\�S�K�R�Q���� �:�)�*�� �V�W�L�O�O�� �F�L�U�F�X�O�D�W�H�V��
because of the natural convection but with very low flow rates of 5 mm/s which is 
10 times less than in the dynamically driven system. This results in very high 
temperatures up to 60°C at the top and  very high temperature gradients in the 
WFG of more than 30°C. This situation represents a kind of a stagnation scenario 
of the WFG and shows that even in cases of high solar radiation the circulation 
cannot be guaranteed if not forced. This contradicts th e intended function of the 
WFG. Thus no further design optimization can be proposed to enhance the 
microfluidic function of this type of glazing.  

 

 
Figure 3: Velocity distribution in the water chamber  by solar radiation 650 W/m²  in an active WFG (left) 

with flow rate 8l/min and by means of natural convection (right) with zero flow rate  

 
Figure 4: Temperature distribution in the water chamber by solar radiation 650 W/m² in an active WFG 
(left) with flow rate 8l/min and by means of natural convection (rig ht) with zero flow 
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3 Degree of Progress  

This study is complete and was part of th e work connected to  the redesign and 
optimization of new components in the 3 x 1,3 m WFG in order to  achieve a 
homogeneous flow distribution and minimum pressure drop  of a sing le modular 
unit . 

4 Dissemination  

This work was presented in a periodic meeting but has not been published  
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1 State of art

1.1 Introduction

Approximately, 50% of worldwide primary energy consumption is in form of heat in applications with a
temperature lower than 250 � C. These data shown how much is the potential of solar thermal energy to
substitute conventional fossil fuels, which are becoming more expensive and are responsible fo global
warming.

Solar thermal energy is a form of energy and technology based on the harnessing solar energy to
generate thermal or electrical energy for use in industry, residential and commercial sectors.

Solar thermal energy is obtained by means of solar thermal collectors, which are intended to obtain
heating from the incoming solar energy. Solar thermal collectors usually are classi�ed as low-, medium-,
or high-temperature collectors. It is depending on the temperature they are able to get. In turn, this
classi�cation arise several types of solar thermal collector con�gurations.

The low-, medium-temperature collectors are the most common systems. They are used to keep
the solar energy for heating of water or air for diverse objectives. In these, the most are the cooling or
heating system, or the obtention of warm water. But solar thermal energy is also used in the industry to
desalination, drying in agriculture or industrial heating of high temperature.

The high-temperature collectors usually are intended to generate electrical energy, or obtain focused
high power as in solar furnaces.

1.2 Description

Solar thermal energy collectors are systems used to capture the solar radiation and transmit it to a �uid
for its later exploitation.

Solar thermal technology can be split into passive and active: Passive solar technology is based on the
thermosiphon system for its performance. Active solar technology ir every solar thermal system which is
not working by means of the thermosiphon system. Namely the used mechanical systems to circulate the
�uid through the circuit, like pumps.

The solar thermal heating is controlled by �ve basic principles: solar heat gains, heat transfer, heat
storage, heat transport and thermal insulation.

Solar heat gains is the heating in the system catching from the solar radiation. This heating is trap
by greenhouse e� ect in the collector. The �uid, which usually is water, absorbs heat energy while it is
circulating by pipes. This �uid transfers the heating to a tank.

In the �uid the heating is transferred by means of both convection and conduction. The warmer
particles are lighter that the colder ones.Thereby, warmer �uid is driven to the top of the system by
buoyancy (passive system), or it is forced by mechanical systems (in active systems) to the storage place,
or tank. Namely, the �uid is heated in the collector and transport the heat energy to the tank. In the tank
the heat exchange is due to convection and conduction.

The transfer heating rate is related to the conductivity and convection, in turn temperature di � erences.
Therefore, it must be noted that the thermal insulation is essential mostly in the pipes and the heating
storage tank. The heating losses are directly related to the energy losses of the system.
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1.3 Components

A solar heating system is made of various sub-sytems:

• Solar collector system : Also called panel.

• Storage heating system : Consists on a tank to storage the warm water obtained by the collector.

• Hydraulic system : Pumps and pipes through which the water circulates.

• Exchange system: In the case that the heated �uid is not the same that the used one by the user.

• Control system : In the forced system case. This system will manage the pumps working.

• Auxiliary energy system : Sometimes an auxiliary power system is located in the solar thermal
system because the performance of the solar thermal system is depending on the weather conditions.

Furthermore, the solar collectors consists of several main parts:

• Cover: It is transparent. The collector can have it or not. The cover is intended to minimize heat
losses by convection or radiation, this is the reason why it must have the highest as possible solar
transmittance.

• Air canal : It is a spacing between the cover and the absorbancy plate. Its dimension must be
calculated to equilibrate the heat losses caused by convection or the high temperatures that can
appear if it is so thin.

• Absorbancy plate : This is where the solar energy is absorbed and the heating is transfer to the
�uid that circulates throughout the pipes. Its main characteristics are its great solar absorbance
and a low thermal emissivity.

• Pipes: They are in touch with the absorbancy plate for the energy exchange be the higher as
possible. The heated �uid circulates by this pipes.

• Insulating layer : Its target is to avoid heat losses the most as possible.

1.4 Types and variations

Regarding some solar thermal energy system characteristic, they can be classi�ed:

• According to the driven strategy choice:

– Solar active thermal system : The �uid is driven by a forced system. It has mechanical systems
to impulse the �uid throughout the circuit.

– Solar passive thermal system : The �uid is driven by buoyancy. It is also known as natural or
free convection, and thermosiphon e� ect. This leads a cheaper system.

• According to the transfer strategy :

– Open circuit : The heated �uid is the used �uid. This con�guration is more e � cient than the
closed one. This system is more suitable for air than water, for avoiding freezing or boiling
problems. In turn, the air open con�guration avoid leakage problems mainly originated by
pressure di� erences between the circuit and the environment.

– Closed circuit : The heated �uid transfer heating to the �uid to be used. This con�guration
is suitable in case of water as used �uid. This is because of avoiding freezing or boiling
problems. The whole system is formed by a primary system (the heated by the solar energy),
and a secondary one (the directly used circuit by the customer). This results a more expensive
system, but more reliable for water choice.

• According to the kind of solar radiation obtaining strategy:
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– Non concentrate solar power : If the maximum temperature desired is lower than 80 � C. The
collector surface and absorption surface relation is about one.

For low-temperature applications the solar collector with no concentration is the most used.

The main parts of the collectors are the absorbance plate and the insulation.

Depending on the type of �uid , they can be:

* Water collectors can be divided between two types:

· Flap plate collector : it consists of a metal box formed by: one face is a glazing or
plastic surface transparent to the short wavelength radiation and opaque to the long
wavelength radiation, which emits the warm bodies (greenhouse e � ect). Behind this
surface is located the absorbance plate, where the incoming radiation becomes heating.
This heating get warmer the �uid that circulate inside pipes which are in touch the
absorbance plate. The plate is rounded by insulation for reduce heat losses.

· Vacuum tubes : Their working is based on the same principles that the �at plate
collector, except the insulating material is substituting by vacuum. This system
consists of a crystal capsule which has the absorbance plate in its interior. The
vacuum that envelops the tubes avoid radiative or convective heat losses better than
conventional insulations.

· Unglazed collector : this is a type of low-cost collector. It is based on metal of plastic
tubes with no additional insulation. It is able to obtain temperatures 20 � C higher
than the air temperature. They are usually used to pool heating.

* Air collector : water has certain advantages than air regarding to heat transport by unit
mass. On the other hand, air systems are simplest installations. Air is immune to freezing
and boiling, thereby some subsystems are avoided. Also, if it works as open circuit there
are no leakage warnings.

– Concentrated solar power : This kind of system is based on re�ectance elements to concentrate
the radiation, getting higher temperatures than 80 � C. The main di � culty is to follow the sun
position by an automatic system for taking advantage of the most of sun radiation.

1.5 Uses

Low-temperature collectors are �at plates generally used for heating swimming pools. Medium-
temperature collectors are also usually �at plates but are used for heating water or air for residential
and commercial use. High-temperature collectors concentrate sunlight using mirrors or lenses and are
generally used fo ful�lling heat requirements up to 300 � C and 20 bar pressure in industries, and for
electric power production.

1.5.1 Low-temperature solar thermal energy systems

Low-temperature solar thermal energy systems include means for heat collection: heat storage, either
short-term or interseasonal; and distribution within a structure or a district heating network.

• Heating and cooling systems Heating is the most obvious application, but solar cooling can be
achieved by using a heat-driven absorption or heat pump.

• Low-temperature collectors Glazed solar collectors are designed primarily for space heating. They
recirculate building air through a solar air panel where the air is heated and then directed back
into the building. Most glazed collectors are used in the residential sector.
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Unglazed solar collectors are primarily used to pre-load make-up ventilation air in buildings with
high ventilation load. They turn building walls or sections of walls into low cost, high performance,
unglazed solar collectors.
Another application in a Trombe wall. A Trombe wall is a passive solar heating and ventilation
system consisting of an air channel sandwiched between a window and a sunfacing thermal mass.
During the ventilation cycle, sunlight stores heat in the thermal mass and warms the air channel
causing circulation through vents at the top and the bottom of the wall. During the heating cycle
he Trombe wall radiates stored heat.

Low-temperature collectors are generally installed to heat swimming pools, although they can also
be used or space heating. Collectors can use air or water as the medium to transfer the heat to their
destination.

• Low-temperature cheat storage

– Interseasonal storage : Solar heat can be e� ectively stored between opposing seasons aquifers,
underground geological strata, large specially constructed pits, and large tanks that are insu-
lated and covered.

– Short-term storage : Thermal mass materials store solar energy during the day and release
this energy during cooler periods. Common thermal mass include stone, concrete and water.
The proportion and placement of thermal mass should consider several factors such as climate,
daylighting and shading conditions. When properly incorporated, thermal mass can passively
maintain comfortable temperatures while reducing energy consumption.

– Solar-driven cooling : Worldwide, by 2011 there were about 750 cooling systems with solar-
driven heat pumps.

– Solar heat-driven ventilation : A solar chimney is a passive solar ventilation system composed
of a hollow thermal mass connecting the interior and exterior of a building. As th chimney
warms, the air inside is heated causing an updraft that pulls air though the building. These
systems have been in use since Roman times and remain common in Middle East.

• Medium-temperature collectors These collectors could be used to produce approximately 50%
and more of the hot water needed for residential and commercial use in USA.
Medium-temperature installations can use any of several designs: common design are pressurized
glycol, drain back, batch systems and low pressure freeze tolerant systems using polymer pipes
containing water with photovoltaic pumping.

– Solar drying Solar thermal energy ca be useful for drying wood fo construction and wood
fuels such as wood chips or combustion. Solar is also used for food products such as fruits,
grains and �sh. Crop drying by solar means is environmentally friendly as well as cost e � ective
while improving the quality.

– Cooking Solar cookers use sunlight or cooking, drying and pasteurization. Solar cooking
o� sets fuel costs, reduces demand for fuel or �rewood, and improves air quality by reducing
or removing a source of smoke.
The simplest type of solar cooker is the box cooker. These cookers can be used e� ectively with
partially overcast skies and will typically reach temperatures about 50-100 � C.
Concentrating solar cookers use re�ectors to concentrate solar energy onto a cooking container.
The most common re�ectors geometries are �at plate, disc and parabolic type. These designs
cook faster and at higher temperatures, up to 350 � C, but require direct light to unction
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properly.

– Distillation Solar can be used to make drinking water in areas where clean water is not com-
mon. Solar energy heats up the water in the still. The water then evaporates and condenses on
the bottom of the covering glass.

1.5.2 High-temperatures collectors

Achieved temperatures by means of �at-plane collectors of the non-concentrating system types are
below about 200 � C. Such temperatures are too low for e� cient conversion to electricity.

The e� ciency of heat engines increases with the temperature of the heat source. Thereby, in
solar thermal energy plants, solar radiation is concentrated by mirrors os lenses to obtain higher
temperatures.

1.5.3 Choice conclusions:

The collectors performance increases how much less is the desired temperature of the �uid for be
heated, because when higher are the di� erence temperatures between the interior of the collector
and the exterior, higher will be the heat losses.

Furthermore, as greater be the absorbance plate temperature, lower will be the wavelength emitted.
Thereby the cover will be more transparent to this short wavelength radiation which pass to long
wavelength radiation when heat a surface.

Because of these reasons, the most suitable use of solar thermal energy systems is the warm water
for home using.

Most solar water heaters require a pump to move the heated �uid, a thermosiphon system takes
advantage of thermodynamics to provide the necessary circulation. The storage tanks of ther-
mosiphon systems are placed above the solar collectors, allowing convection to move the heated
�uid through the system. This process is known as passive solar heating, which di � ers from active
solar heating systems that involves the use of pumps.

1.6 Advantages and disadvantages of thermosiphon systems

Solar power is particularly popular, given its suitability for heating potable water. Among the many
di � erent designs of solar water heating systems, thermosiphon systems stand out because of their excep-
tional e� ciency and reliability.

Thermosiphon systems reduce the overall complexity involved in taking advantage of solar power,
so they do not need for a pump. This makes these systems more reliable and that they require less
maintenance. The exclusion of the pumps makes thermosiphon systems more e� cient to operate. Fur-
thermore, thermosiphon installation has negligible maintenance costs. Solar water heating can reduce
CO2 emissions of a family of four by 1 ton per year (replacing natural gas) or 3 ton per year (replacing
electricity).

Despite their reliability and e � ciency, thermosiphon water heaters are not always suitable for all
conditions. Given the heavy load that thermosiphon systems apply on the roof structure of homes, the
structural integrity of roof structures must be carefully veri�ed before the installation of these systems.
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The installation process itself is usually fairly expensive because most of the pieces of equipment should
be moved onto the roof.

Hence, it is almost unlikely to construct a hybrid system that is capable of using both solar and utility
power, with solar heating systems requiring traditional water heaters as backup to ensure that an always
available hot water supply.

When designed and installed properly, thermosiphon systems can provide a steady supply of hot
water at minimal cost and can work for years with almost no maintenance needed.

2 System components and calculations

2.1 Description of WFG system

Half of the energy consumption of buildings is caused by heating and air conditioning systems. From
this problem arose the idea of an adaptative envelope based on glazings with an inner water circulation
with the proposal of creating a better internal environment. This type of window is called Water Flow
Glazing (WFG).

WFG system is composed by at least one water chamber in which the �uid is able to circulate in and
out of the chamber, if required. This water chamber is intended to absorbs radiative energy and transport
heat �ow by convection transfer, as thermosiphon systems. Water circulates through a circuit, usually
called a secondary circuit, that contains a heat exchanger with which the water is heated or cooled. The
heat-exchanger is in contact with a primary circuit for the heating exchange.
The primary circuit could be for harvesting water, or for obtaining a source of warm or cool water.

2.2 Pressure drops: Leakages

2.2.1 Introduction

Discussed within the section, is the modular system of water �ow glazing by means of energy and �uid
dynamic considerations. Firstly, it is essential to calculate the �ow rate of the design and maximum
allowed hydraulic power of the system. Finally, it is obtained the maximum pressure drop of the whole
system, including all the parts of the secondary system. .

2.2.2 Design format

The study is focused on the following design format:

• Height: 3m

• Width: 1 :3m

• Chamber thickness: 16mm

2.2.3 Design �ow rate

If the allowable maximum temperature gradient throughout the height of the glazing is 5 � C, then the
�ow rate is determined to transport the absorbed solar energy.

Considering the worst case scenario: West orientation or a glass roof; the absorbed energy to be
transported by the �uid will be around 1000 W =m2 with an e � ciency of 70%.
Once established a temperature di� erence between inlet and outlet of 5 � C and with a glazing surface of
3.9 m2, it is possible to calculate the �ow rate needed. Also it is taking into account that the secondary
system �uid is a mixture of water and glycol. Finally the �ow rate is determined with the equation:

�Qc � T = I0SG� (1)
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Where:

• � is the density of the mixture. ( � = 1 kg
m3 )

• I0 is the incident radiation. ( I0 = 1000 W
m2 )

• c is the speci�c heat value of the mixture. ( c = 3600 J
kgK )

• � T is the allowable gradient of temperature. ( � T = 5 � C)

• SG is the glazing surface. (SG = 3:9 m2)

• � is the e� ciency. (� = 0:7)

Introducing these values within the equation 1, the �ow rate is:

Q = 8:75 l=min

For the following calculus a �ow rate of 8 l=minwill be used for simplifying.

2.2.4 Design hydraulic power

The hydraulic power is directly related to pressure drops and the �ow rate. The required power is,

W = Q � P

In this design there is around 4 m2 of surface that implies about 4 W (1 W =m2).So the maximum
pressure drop for the secondary system will be:

� P =
4W

( 8�10� 3

60 )m3

s

= 30000 P a (2)

The necessary power to make the system work will depend on the hydraulic power and the e � ciency
of the pump. For example, if the e � ciency of the pump is � = 0:5 (it is always less than one), then the

power required will be
4W
0:5

= 8W.

2.2.5 Maximum pressure drop in the whole system

The di� erent contributions in the pressure drops appear through the following parts or elements of the
secondary system described in the Figure 1:
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Figure 1: Modular WFG

1. Top spacer

2. Bottom spacer

3. Returning spacer

4. Singularities (corners, curves,
valves, special �tting, elbow)

5. Pipes

6. Heat exchanger

7. Pump

The above �gure shows how the �uid �ows throughout the system. Red arrows stand for hot returning
�uid and the blue ones the cooler inlet �ow. The continuous lines stand for the �ow in the secondary
circuit while the dashed ones are the primary circuit.

Thereby, the mixture is heated by passing through the window. Then the water �ows into the top
spacer and goes down by the returning spacer. The �uid �ows to the heat exchanger by pipes and an
elbow. Then the water is cooled by the heat exchanger. Next, the �uid is driven by the pump and guided
by some pipes and an elbow. Finally, the mixture gets into the window through the bottom spacer and
the cycle begins again.

It is important to note that the main contribution to the pressure drop is associated to the heat
exchanger, elbows, bottle necks and other singularities. Nevertheless, the whole contribution should be
less than 30 kP a(3 metres of water column).
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2.3 Pressure drops: Spacer

2.3.1 Introduction

The objective of this experiment is to determine the pressure drops between the entry and the exit of a
1.3m length and 16mm width spacer. It will be studied two spacers, one with holes and other one with
no holes.

2.3.2 Description

The start of the circuit is connected by a hose and tap. Then the water circulates through a �owmeter
(called Entry �owmeter ). The tap is used to graduate the water �ow. Then the water inside the vertical
pipes is measured (�rst vertical pipe at the entry of the spacer and second vertical pipeat the exit). This
measurement will be used to calculate the pressure drop through the spacer.

In the case of the spacer with no holes, the water �ow goes out at the end of the circuit. On the other
hand, when the spacer with holes is tested, a stopper is located at the end of the circuit. There is ambient
pressure at the vertical pipes in both cases.

2.3.3 Diagram

The circuit measurement is formed by several pipes, two T sections, a �owmeter and the spacer for being
studied.

Figure 2: The circuit measurement diagram.

2.3.4 Material

• Flow meters It is necessary to use two types of �owmeters, as it will depend on the water �ow rate.
They have been called according to their extremes in values of measurement in l=min.

The �owmeters used are:
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(1-3.5) (4-12)

Table 1: Flow meters

• Pipes The spacer must be connected to 8mm wide pipes. But the rest of the circuit will use 14mm
wide pipes. Therefore it is necessary to use adapters between the pipes and the T for making the
circuit.
They have been used transparent pipes for vertical measurements of static water pressure.

• Spacer The inlet pieces were joined to the spacers with putty Pattex Repair Expressto avoid any
water leakages, and additional pressure drops.

Figure 3: Inlet Spacer with holes
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Figure 4: Holes pattern

Figure 5: Inlet Spacer with no holes

2.3.5 Practical observations

When too much water pressure is incurred at the beginning of the spacer, the water boils over the �rst
vertical pipe. The water �ow was measured until this occured. It could not be measured with a �ow rate
higher than 4 l=min.

2.3.6 Measurements and calculus

The measurements are used to calculate the pressure drop along the spacer.

� P = �gh 1 � �gh 2

Where:

• � is density of water. ( � = 1000 kg=m3)

• g is constant of gravity. ( g = 9:81 m=s2)

• h1 is the water height in �rst vertical pipe. ( m)

• h2 is the water height in second vertical pipe. ( m)
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Entry �ow
(l/min)

First height
(l/min)

Second
height

(m)

Jet height (m)
� P (kPa) W

ith
holes

max min
4 2.02 0.48 0.4 0.3 15.1

3.5 1.455 0.34 0.27 0.2 10.9
3 0.97 0.225 0.2 0.12 7.31

2.5 0.63 0.15 0.12 0.07 4.71
2 0.31 0.08 0.05 0.03 2.26

N
o

holes

3.5 2.1 0.215 18.49
3 1.46 0.2 12.36

2.5 1.15 0.22 9.12
2 0.65 0.2 4.42

Measurements and results

Figure 6: Spacer with no holes.
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Figure 7: Spacer with holes.

Comparing both cases:

Figure 8: Comparing with and without holes spacers.
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2.3.7 Conclusion

The pressure drop in the spacer without holes is higher than in the spacer with holes due to the spacer
with holes having greater stability in pressure than the spacer without holes. So the decreasing the
pressure of the water �ow, better suits the outlet size of the spacer than in the spacer with no holes.

The di� erent jet heights will a � ect the circulation of water into the window. The target would be to
achieve a homogeneous �ow, for a better heat transport behaviour to the top of the window.

2.4 Leakages

The analysis undertaken in the following section will include the behaviour of WFG against possible
leakages, that will probably determinate the system con�gurations. For this study a standard con�gura-
tion of WFG is used.

Once the �lling up process of the window is �nished (at the factory), the pressure at the top will
be Pa � �gH and the pressure at the bottom will be Pa + �gH . Being: Pa the atmosphere pressure,� the
density of the �uid, g the gravity constant and 2 H the height of the window. This is illustrated in the
�gure 9.

Figure 9: WFG pressure scheme

It is assumed there will be no motion of �ux in the window, so it will start from a static situation.

Then, if there is a leakage or breakage in the window it could occur two cases:

1. Water leakage �owing out of the window.

In this case, the leakage is located under the line of Pa. The pressure inside the window at the
leakage level would be higher than Pa and this would cause the �uid to leak until the pressure at
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leakage level was equal to the environment pressure. In this situation there is no danger of breaking
because the bottom of the window is supporting less water pressure than in the usual case.

2. Air leakage �owing into the window.

In this case, the leakage is situated at less pressure than the ambient one. This makes the air go into
the window. On the other hand, the pressure level line of Pa will go up until it will be at the same
height of the leakage. Thereby the pressure at the bottom of the window increases related to the
usual case, the column of water of the new level of Pa is Pa + �gh , where h is the leakage height, and
now h > H . This overpressure could generate a break or failure in the WFG.

The leakages can be caused by breakages in the glazing or other part of the system, or they could
appear because of slacks between system elements.

As it can be seen, the second case of leakage is more critical because of the air which can �ow into the
water circuit easily from the exterior joints between parts of the circuit. It means more pressure into the
WFG, and the only thing that can avoid breakage of the window was the silicon of its frame that works
by compression. On the other hand, there could be water leakages from the interior to exterior but it will
only could result as loss of water and causing the system to stop working. However, as the structure is
able to support these forces, the unique problem is that the system would not work and the water would
exit from the circuit.

3 Evaluation of the buoyancy driven �ow

3.1 Momentum equation

If a vertical pipe is considered, the momentum equation is :

�
D~v

D~t
= � OP + O� � 0+ �~g (3)

Where OP stands for the pressure forces,O� � 0 stands for the viscous stresses, and�~g is the gravity
in�uence.

Then, viscous stresses are considered negligible and the velocityv0 stationary. Also, taking into
account that the gravity force, ~g, has the opposite direction than the vertical axis z, the equation 3 results:

0 = �
@P
@z

� �g (4)

Having a hydrostatic stationary case, the pressure variation is obtained:

� P = � �g � z (5)

What happens if there is a di � erence of temperature along the pipe?.
In this case, there is a di� erence of density in function of the local temperature, � = � (T), that can turn
on a buoyancy �ow. This e � ect is known as natural or free convection.
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Integrating between � = 0 and a given value, � = z:

0 = �
Z z

0

@P
@�

d� �
Z z

0
�gd�

P(z) � P(0) = � �̄gz

(6)

being �̄ the mean density value between � = 0 and � = z.

�̄ =
1
z

Z z

0
�d� (7)

Finally remains constant pressure is obtained, based on the mean density with a similar form as the
hydrostatic one:

P(z) + �̄gz = P(0) (8)

If the dynamic pressure is also regarded and using the Bernoulli relation:

P(z) +
1
2

� (z)u(z)2 + �̄gz = P(0) +
1
2

� (0)u(0)2 + 0 (9)

Where P(z) stands for the static pressure at the height of z.

3.2 Pipe or chimney example

An applied case about buoyancy e� ect could be a pipe or chimney which has an inner heating �ux. It
causes a vertical driven �ow in the pipe although the pipe is situated in a calm �uid environment.

Description:

A vertical circular cross-section pipe is located into a calm �uid environment. Then it is applied on
the pipe surface a heat �ux that increases the inner �uid temperature. This induces movement in the
�uid by buoyancy. It makes that the exterior bottom �uid goes into the pipe and goes out at the top. A
stationary movement is considered, and it is neglected the pressure drop by friction or �uid compression.

Concerning the continuity equation,

�m =
d
dt

Z

V
�dV = � (10)

where � stands for a constant value.

Therefore, regarding that the section is constant,

�m = �uA ) � enuen = � exuex (11)
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The density decreases while the �uid is getting hot in a di � erential volume, therefore the �uid speeds
along the pipe upwards.

� en > � ex ) uex > uen

According to the Boussinesq simpli�cation, the density variation in the continuity terms is neglected.
Keeping in mind that the cross section A is uniform along the pipe, and the mass �ow �m is constant, it is
get:

� enuen = � exuex ) Boussinesq simplif ication )

(
� en = � ex = � 0
uen = uex = u

(12)

With the help of the equations 7, 8 and 9 and with the simpli�cation 12:

Figure 10: Pipe or chimney

• At the top ( z = H ) :

Pup = Pdown � � 0gH (13)

Pex = Pup (14)

• Into the pipe:

�̄ in =
1
H

Z H

0
� (z)dz (15)

• At the bottom ( z = 0) :

Pen = Pex + �̄ ingH (16)

Pdown = Pen+
1
2

� 0u2 (17)

Where:

• �̄ in is the mean density in the pipe and � 0 is the environment density.

• � ex and � en stand for the exiting and entry densities respectively.

• Pup and Pdown stand for the static pressures outer the pipe at z=H and z=0.

• Pen and Pex stand for the static pressures at the entry and the exit of the pipe respectively.
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Taking the equations above (13 - 17) the problem is solved, where the unknowns are: Pdown;Pen;Pex;u
and � in .

Pex � Pup = Pdown + �̄ in gH � Pdown + � 0gH

It results:
1
2

� 0u2 = (� 0 � �̄ in )gH (18)

That is also: Pdown � Pen = 1
2 � 0u2 what is referenced to the �ux acceleration due to the buoyancy.

Actually the heat applied to the pipe causes reduction of density in the pipe. Thus, if � in < � 0 and then Pex > Pup,
there will be buoyancy driven �ow. It makes the �uid �ows up in the pipe.

4 Results and discussion

The basic thermosiphon system consists of: a WFG (water �ow grazing), a heat exchanger at the bottom
of the circuit and two conducts to connect these two pieces and close the loop.

The Heat Exchanger is disposed lower than the WFG. As it is mentioned in the Leakages section, this
is for avoiding critical leakages that could break the system.

The exterior is heating the WFG. It makes decrease the density, thereby the �uid �ows up. The connec-
tions between WFG and the heat exchanger are isolated and maintain uniform density and temperature.
Then the heat exchanger cool the �uid that goes back to the WFG.

We can study the system by means of the equation 18. We shall take three speci�c points to do it:

Figure 11: Thermosiphon loop

1. Exit of the Heat Exchanger and entry of the
WFG.

2. Exit of the WFG.

3. Entry of the Heat Exchanger.

Then:

P2 + �̄ 12gH = P1

P2 + �̄ 23gH = P3

P3 � P1 = (�̄ 23 � �̄ 12)gH

(19)

If �̄ 23 > �̄ 12 then P3 > P1 and the �ow appears
naturally.

In this case �̄ 23 > �̄ 12 the glazing should have a mean temperature higher than the mean temperature
of the returning pipe. If the heat exchanger is at the bottom of the glazing, the temperature is higher
than the temperature of the glazing and �̄ 23 < �̄ 12.

Therefore, it can be concluded that it is no possible that it works without a �ux boost aid, like a pump.
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The only way to achieve the desired target is to put the heat exchanger at the top of the loop. This
forces an instability and the natural behaviour of the �uid tend to get the stability position, that is the
hot �uid at the top and the cold one at the bottom, by buoyancy.
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