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Preface

The present report describes the experience gained from measurements carried out on a build-
ing equipped with a 126 m? Multi-Function Solar Energy Panel. The report is the conclusion
of a project co-financed by the Commission of the European Communities with the name
"Demonstration of Multi-Function Solar Energy Panels", SE 417/87. Part of the measuring
system has been supported by a project financed by the Danish Ministry of Energy J.no.
51181/91-0020.

The work within the project has been carried out in co-operation between the Thermal Insula-
tion Laboratory, Technical University of Denmark, the Architects Arne Meldgaard & Co, and
Techline Energy Systems.

The demonstration project has earlier been described in a status report (Jensen, 1992) and an
article to the Danish magazine "Byggeindustrien" ["The Building Industry"], (Jensen, 1993).
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1. Introduction
The present report describes the experience gained from the project "Demonstration of

Multi-Function Solar Energy Panel". The project was realised at Wewer’s Brickyard in Hel-
singe, in the northern part of Zealand, Denmark - see figure 1.1.
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Figure 1.1. The location of the demonstration project.

The Multi-Function Solar Energy panel - in the following abbreviated to MF-panel - was de-
veloped in a previous R&D project financed by the Danish Ministry of Energy (Jensen,
1990a). The concept of the MF-panel is shown in figure 1.2. The outer part of the panel con-
sists of a flat plate - either a metal sheet or a transparent plate - behind this plate is located
a metal sheet with a trapezium corrugated profile. The two plates are mounted in front of a
normally insulated outer wall. At the top of the panel there are box-shaped manifolds - see
figure 1.2. In this way it is possible to let air into the two sets of air gaps formed by the tra-
pezium corrugated metal sheet. The panel can, therefore, act both as a solar collector and as
a heat exchanger between fresh air to the building and exhaust air from the building. If the
exhaust air is led down between the insulated wall and the trapezium shaped plate the heat
loss through the wall will furthermore be reduced, as the temperature will be higher on the
outside of the insulated wall during the heating season than the ambient air temperature.

Figure 1.3 shows the results from tests on a prototype of the MF-panel working as a solar
collector (both with a metal sheet and a transparent double walled plastic sheet as cover),
while figure 1.4 shows the results from tests of the MF-panel as a heat exchanger (also with
the two different covers) - (Jensen, 1990a).
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Figure 1.3. The results from tests on the MF-panel working as a solar collector for pre-

heating of fresh air. The efficiency has been measured with and without a
simulated influence of wind of approximately 2 m/s.
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Figure 1.4. The results from tests on the MF-panel working as a heat exchanger be-
tween fresh air and exhaust air.

For design conditions (ambient temperature: -12°C and inside téfnperature: 20°C) the MF-
panel will reduce the heat loss through the wall or roof by 89%.

Simulations have shown, that the performance of the MF-panel is very high. Depending on
the area, the flow rate and the energy demand of the building the annual performance will
be between 250 and 1350 kWh/m?2.

A more detailed description of the results from the above-mentioned research work can be
found in (Jensen, 1990a) or in appendix A. Appendix A contains a paper to the symposium
"Building Physics in the Nordic Countries", Trondheim, Norway, August 20-22, 1990 (Jen-
sen, 1990b).

The encouraging results from the R&D project inspired the project group behind the ME-
panel concept to test the concept on a real building exposed to real climate conditions and
user behaviour. A proposal for a demonstration project was, therefore, submitted to the CEC
in 1987. The idea was to install about 200 m? in connection with the construction of a large
shopping and conference centre in Nastved in the southern part of Zealand. The project was
accepted by the CEC. Due to problems within the construction group of the centre, the instal-
lation of MF-panels was, however, cancelled. In order to realize the demonstration project
a search for another suitable building was performed. It was decided to transfer the demon-
stration project to a building at Wewer’s Brickyard in Helsinge (in the northern part of Zea-
land). The CEC accepted this change in the project. The building was not ideal for the pur-
pose, but allowed the gain of valuable information concerning installation, cost and perform-
ance of the concept.



2. Description of the Building, the System and the Measuring System

The present section contains a description of the building and its use together with a descript-
ion of the MF-system and the measuring system.

2.1. The Building

The building is located at Wewer’s Brickyard in Helsinge (in the northern part of Zealand).
The brickyard manufactures traditional bricks for the building industry, a major part of the
bricks are for export. The building, where the MF-panel is installed, contains a workshop for
manufacturing brick beams and special-purpose bricks.

Figure 2.1 shows a drawing of the building with the approximate location of the MF-panel.
Figure 2.2 shows a plan of the rooms of the building. The building has uninsulated brick
walls and single pane windows. The roof is poorly insulated with only approximately 50 mm
poorly located mineral wool batts. The main entrance to the building is through a leaky slid-
ing wooden door (the barn door type) to room 1 - se also figure 2.7. Also the gates to room
3 and 5 allow a high degree of natural infiltration. The building has thus a very high heat loss
both due to transmission and to natural infiltration.
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Figure 2.1. The workshop with the approximate location of the MF-panel.

The orientation of the MF-panel is due south and the tilt is 19°.
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Brick beams are manufactured in both room 1 and 2. In room 2 the brick beams are handled
in a semi-automatic way. Special-purpose brick beams are manufactured on working tables
in room 1. The production of the special-purpose bricks is also located in room 1. Room 3
is a cutting room, where the grooves for the steel reinforcement are cut. Room 4 serves as
"office", area for breaks and production place for demonstration plates showing the bricks
manufactured at the brickyard. The gas boiler is located in this room. The mixing machine
is located in room 5. -

room 5 \ room 4

] |

room 1 room 2

room 3

Figure 2.2. The rooms of the workshop.

Figures 2.3-5 show photographs from room 1 and 2, while 2.6 shows the gas boiler of the
traditional heating system of the building. The idea of installing the MF-system in the
workshop was to improve the working conditions for the workers and to decrease the drying
time for the brick beams. The working conditions could be improved by increasing the room
temperature and by a decrease of the humidity of the rooms. The decrease of the humidity
would also decease the drying time for the brick beams.

However, during the construction phase (1990-91) several changes were introduced within
the brickyard. The brickyard was together with other brickyards taken over by another com-
pany. One of the brickyards was closed down and part of the production was transferred to
Wewer’s Brickyard - among other things the production of special-purpose bricks for English
manors. These special-purpose, handmade bricks have to dry out very slowly. So the idea of
decreasing the humidity using the heat exchanger function of the MF-panel had to be drop-
ped. During the measuring period the workers did during several periods, for the same rea-
son, turn off the inlet of solar heated air to room 1. So the building became during the con-
struction phase less applicable for the demonstration of the MF-panel. However, at that time
it was too late to change the plans. In order to overcome this it was decided to carry out spe-
cial-purpose measuring experiments instead, where the system was forced to operate in speci-
fic ways in order to maximize the obtainable information of the different ways of operation
for the MF-panel.



Figure 2.3. Room 1 with the working tables for manufacturing of special-purpose brick
beams and bricks.

Figure 2.4. Room 2 with the semi-automatic systems for handling the brick beams.
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Figure 2.5. Room 2 with the semi-automatic system for handling and storing the brick
beams during the drying-out period.

Figure 2.6. The gas boiler of the traditional heating system of the building located in
room 4.
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2.2. The System

The actual MF-panel system is described in this section. The description is divided into three
paragraphs describing the MF-panel, the ducting and the control of the system.

2.2.1. The MF-panel

Based on the results from the previous R&D project it was decided that the cover of the MF-
panel for the demonstration project should be a transparent double walled ribbed plastic
cover, as the performance of this configuration had shown to be higher than with a black
metal plate. The cover is, as for the prototype, made of UV-protected polycarbonate. The
UV-protection is a thin layer of acrylic on the outer surface of the cover.

Analysis of the heat demand of the building showed that an MF-panel with an area of 200 m?
would be too large. It was, therefore, decided to decrease the area of the panel to 126 m?2.
The overall design for the MF-panel is based on the findings in (Jensen, 1990a) - please see
this report for details - however, the precise area and dimension of the MF-panel is based on
an optimization of the material of the panel - especially the length and width of the cover and
the trapezium plates were determinating factors when designing the MF-panel.

One of the functions of the MF-panel is that it forms the wall or the roof of a building. So
ideally the MF-panel should be installed in connection with the erection of the building or
during a retrofit of the building as the MF-panel could then replace the traditional wall or
roof which would lead to a lower extra cost for the MF-panel. This was, however, not pos-
sible at the workshop at Wewer’s Brickyard as the roof did not need to be replaced. But it
was judged that it would be possible to extrapolate the cost of the actual MF-panel to a situa-
tion where it is replacing a traditional wall or roof.

Figure 2.1 shows the approximate location of the MF-panel on the workshop, while figure
2.7 shows the MF-panel after installation on the roof.

Figure 2.8 shows the construction drawing of the MF-panel. The area of the MF-panel is ap-
proximately 6 X 21 m? = 126 m?. The cover of the MF-panel is divided into 26 sections
each with a width of 0.81 m. The trapezium plate is 0.5 m longer than the cover - see also
figure 2.9. This is mainly due to the obtainable length of these plates. However, this has been
utilized to serve two purposes: 1) the mixing of in- and outgoing air is to a large extent pre-
vented - see figure 2.10, 2) the temperature increase of the incoming air is very small during
the first 0.5 m, which results in a nearly zero heat loss, so removing the cover on this part
does not much increase the heat loss from this end of the MF-panel - at least less than the in-
crease of absorbed solar energy due to the higher transmittance of solar radiation, ie 2 100%
transmittance due to the missing cover.

The MF-panel is a bit longer than the roof (going over the roof ridge) as seen on figure 2.11.
The MF-panel is fastened to the existing roof via a wooden lath skeleton as seen on figure

2.8 and figures 2.12-13. On this skeleton plates of chipboard were located in order to form
the back of the MF-panel and to create a stable plane for the backside insulation - see figure
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2.14. At the top of the skeleton behind the two manifolds, mineral wool was placed under
the chipboard in order to form the backside insulation of the manifolds - figures 2.8 and 2:15.

Figure 2.7. The workshop with the MF-panel.

On the chipboard a new skeleton of wooden laths was placed in order to maintain the back-
side insulation in position and for carrying the trapezium plates. This skeleton is shown on
figures 2.16-17.

The backside insulation, made of 75 mm mineral wool batts, is located on the chipboard be-
tween the laths. In order to protect the insulation from any condensation, a plastic foil is lo-
cated on top of the insulation. The backside insulation with the plastic foil is shown on figures
2.18-19 together with the trapezium plates and the two manifolds. The trapezium plates are
mounted on the laths on 10 mm wooden lists in order to create a small distance between the
trapezium plates and the backside insulation, in order to increase the heat transfer between
the two air streams.

Figures 2.18-19 also show the separation between the two manifolds. This separation is made
of foam rubber chocks. It is very important that the separation between the two manifolds is
absolutely air tight in order to prevent any shortcut between the two air streams. The solution
for the separation of the two manifolds has also been applied in the inlet to the lower mani-
fold - the manifold for the outlet air. But the top of the foam rubber chocks has been cut
away as shown on figures 2.18-19. The reason for this is to create a rather large pressure
drop at the inlet to the MF-panel from the outlet manifold in order to create an even air
stream all under the trapezium plates. The foam rubber chocks reduce the cross section of the
inlet to the MF-panel from the manifold to only the half of the cross section under the trape-
zium plate.

Figures 2.18-19 further show two of the in- and outlet ducts to the ventilation system.
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Figure 2.9. The bottom of the MF-panel. The trapezium plate is longer than the cover.

Figure 2.10. The trapezium plate is longer than the cover and also longer than the back-
side insulation. This will decrease the risk of mixing of the incoming air
with the outgoing air.
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Figure 2.11. The top of the MF-panel. The MF-panel is longer than the roof.

Figure 2.12. The wooden skeleton for securing the MF-panel to the existing roof.
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Figure 2.13. Close-up of the skeleton for securing the MF-panel to the existing roof.

Figure 2.14. The backside protection of the MF-panel made of chipboards mounted on
the wooden skeleton.
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Figure 2.15. The backside insulation of the manifolds located in the wooden skeleton
under the backside chipboards.
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Figure 2.16. The wooden skeleton for maintaining the backside insulation in position and
for carrying the trapezium plate.
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Figure 2.17. Close-up of the wooden skeleton for maintaining the backside insulation in
position and for carrying the trapezium plate.

Figure 2.18. The backside insulation, trapezium plate and the manifolds of the MF-panel.
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Figure 2.19. The backside insulation, trapezium plate and the manifolds of the MF-panel.

The absorber of the system was made of trapezium corrugated steel plates with a black sur-
face, from Robertson. The chosen profile was as for the prototype the BR 45 profile shown
in figure 2.20.

BR 45
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Figure 2.20. The profile of the trapezium corrugated steel plates used as absorber in the
MF-panel at Wewer’s Brickyard.

Figures 2.21-22 show the mounting of the trapezium plates. In order to prevent any shortcut
between the incoming and outgoing air stream, the joints between the trapezium plates were
carefully sealed as shown in figures 2.21-22.

In order to create an even distribution of the incoming air over the absorber a pressure drop
was created at the top of the MF-panel at the manifold. The trapezium plate was not stopped
at the manifold but was continued almost to the top of the manifold as shown in figures 2.8
and 2.23-24. Only an air gap of 15-20 mm was left for the air to flow into the manifold.
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Figure 2.21. The installation of the trapezium corrugated absorber plates.

Figure 2.22. The joint between the trapezium corrugated absorber plates was carefully
sealed.
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Figure 2.23. The top of the MF-panel showing the air gap to the manifold at the top of
the absorber.

The cover is made from double-walled 10 mm thick ribbed polycarbonate plates. The cover
is fixed to the MF-panel by means of aluminium profiles as shown on figure 2.25 (not shown
on figure 2.8). The profiles lift the cover 10 mm above the absorber. However, during opera-
tion as solar collector the cover will be heated up and expand. As air is sucked in through
the channel between the absorber and the cover, the cover will be sucked into contact with
the absorber. This will as shown in (Jensen, 1990a) decrease the performance of the MF-
panel and will furthermore probably lead to damage of the covers when getting in contact
with the very hot absorber. Therefore, spacers have been located with regular intervals (ap-
proximately one per 300 mm). The spacers were made of screws with a metal and a plastic
washer as shown in figure 2.26. The spacers maintain a minimum distance between the ab-
sorber and the cover of 5 mm.

The cover is fixed to the panel by means of a 50 X 5 mm aluminium profile fastened to the
profile shown in figure 2.25. In order to obtain an air tight cover, sealing strips were placed
between the cover and the top aluminium profile.

On figure 2.25 it is indicated that the top profile normally would have been plastic profiles
which are clicked together with the aluminium profile. Actually the carpenter installing the
MF-panel did at first, on his own, use such plastic profiles. But during a heavy storm one
of the cover plates was blown of - see section 4. The plastic profiles were, therefore, replaced
with the here described aluminium profiles and fastened to the panel by means of screws.
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The top of the MF-panel showing the air gap between the channel between

Figure 2.24.

the cover and the absorber and the manifold. The figure does not show the
distance between the insulation and the absorber and the absorber and the

cover.
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Figure 2.25. The profiles for fastening the cover to the panel.
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Figure 2.26. The spacers between the absorber and the cover located on the trapezium

corrugated plate in between the above-shown profiles.

Figure 2.27 shows the MF-panel after installation.

Figure 2.27. The MF-panel after installation. The figure is made by combining two pho-
tographs.
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2.2.2. The Ducting

The MF-panel serves both as a solar air collector and as a heat exchanger between fresh air
to the building and exhaust air from the building. For that reason a pair of ducts between the
MPF-panel and the building is necessary.

Figure 2.8 shows that the MF-panel is connected to the ducting system via 9 pairs of chan-
nels. Figure 2.28 shows the location of the MF-panel relative to the plan of the building.
Room 1 and room 2 have fairly similar volumes - 840 and 645 m’ respectively, while the vol-
ume of room 3 is much smaller - 180 m’. It was, therefore, decided to connect approximately
56 m? of absorber area = 4 pairs of ducts to each of the rooms 1 and 2, while room 3 was
connected to the last pair of ducts - approximately 14 m? of absorber area. The gas boiler is
located in room 4, so it was decided not to connect any part of the MF-panel to this room
as the room is heated by the heat loss from the boiler. The ducts to the rooms are insulated
with 30 mm of mineral wool.

Figures 2.29-30 show how the MF-panel is connected to the three rooms. The MF-panel was
installed on an existing building on the existing roof. The installation of the ducting has,
therefore, been rather difficult. The precise location of the ducts has to some extent been de-
termined by the location of the rafters in the attic - see figure 2.31.

The four pairs of ducts to room 1 (in 1-4 and out 1-4) have been led as separate ducts with
a small fan in each string equal to 8 small fans for this room - figures 2.31-32 show one of
these fans. The ducting system for this room has been made of ducts with a diameter of 200
mm. The inlet air is blown into the room through diffusers right under the ceiling, while the
outlets are placed along the walls 1 m from the floor. In this way no shortcut exists between
the inlets and outlets. Figure 2.30 shows the location of the inlets and outlets. Figure 2.3
shows some of the inlets and outlets of room 1 (at the arrows).

The four pairs of ducts to room 2 (in 5-8 and out 5-8) were collected into one pair of ducts
with a diameter of 315 mm. Figure 2.33 shows the coupling of the ducts from the MF-panel
to one pair of ducts - thus only two fans are necessary for this system. Figure 2.34 shows the
two inlets in the attic over room 2. Figure 2.35 shows one of the two inlets to room 2. The
room is rather high, so in order to get the heated air down to the workers no diffusers are
Jocated in these inlets. The outlets to the MF-panel are as for room 1 located along the walls
1 m from the floor. Figure 2.30 shows the location of the inlets and outlets to room 2.

Room 3 is only connected to the collector part of the MF-panel; it is thus not possible to ex-
change heat between fresh air and exhaust air for this room. The reason for this is that the
infiltration of the room, due to many openings, is very large, so heat recovery is, therefore,
less profitable. Only one small fan, identical to the fans used in the system of room 1, is in-
stalled here. The inlet to room 3 is on the back wall right under the ceiling as shown in figure
2.36.

During the summer-time with no heat demand the MF-panel will stagnate. In order to de-
crease the stagnation temperature three motor-driven bypasses have been installed. These by-
passes will open when the temperature of the MF-panel becomes too high, allowing the MF-
panel to be cooled by natural ventilation due to the stack effect. The location of the bypass
ducts is shown in figure 2.28 and figure 2.37. The left upper corner of figure 2.31 shows one
of the bypass ducts.
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The location of the MF-panel relative to the plan of the building.

Figure 2.28.
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MF PANEL on the roof

" in
P

signature : fan  -a

DIAGRAM DRAWING OF SYSTEM

Figure 2.29. Isometric drawing of the connection between the MF-panel and the rooms
of the building.
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Figure 2.30. Plan of the brick-beam workshop showing air inlets and outlets from the
MF-panel to the building.

Figure 2.31. Photograph showing the rather difficult installation conditions in the attic of
the workshop.
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Figure 2.32.

Figure 2.33.

The coupling of the ducts from the MF-panel into one pair of ducts for
room 2.
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Figure 2.36. The inlet to room 3.

Figure 2.37. The ducts of the three bypasses for cooling the MF-panel during suminer-
time.
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2.2.3. The Controls of the System

It was decided to use a rather simple control for the system as the use of the building did not
require a very precise and sophisticated control of the heating system.

The system is thus controlled by a system of interconnected thermostats and hygrostats from
Danfoss. In the attic two thermostats are located, both sensing the temperature in the top of
the MF-panel - figure 2.38. One of these thermostats determines if the temperature of the
MF-panel is high enough to deliver solar heated air to the building. This thermostat is con-
nected to the thermostats in the rooms. The other thermostat in the attic senses if the tempera-
ture of the MF-panel is so high, that the bypass for cooling should be opened.

The thermostat sensing the temperature in the top of the MF-panel is connected to the thermo-
stats in the rooms in such a way that solar heated air from the MF-panels is only led into the
rooms if the temperature is high enough to be utilized and the room temperatures are below
a certain limit. The inlet of solar heated air is controlled separately for the three rooms.

If, however, the humidity of the rooms becomes too high in room 1 and/or room 2, but the
temperature of the MF-panel is too low to be utilized, the MF-panel will be switched to ex-
changer mode - for each of the two rooms separately.

Figure 2.38. The thermostats in the attic for measuring if the temperature of the MF-
panel is high enough to be utilized or so high that the bypass should be
opened.
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Figure 2.39 shows the thermostat and hygrostat located in room 1. The thermostat and hygro-
stat are located in the middle of room 1 and 2, while the thermostat of room 3 is located on
the back wall under the inlet diffuser.

Figure 2.39. The thermostat and hygrostat of room 1.

The system was thus intended to be controlled in the following way:

When the temperature of the MF-panel is 25°C or more and the room temperature
is below 20°C, the MF-panel is started in collector mode, delivering preheated fresh
air to the rooms. The fans stop when the room temperatures reach 23°C.

If the temperature of the MF-panel exceeds 60°C motor dampers will open bypasses
to the ambient, connected to the top of the MF-panel. In this way the maximurm tem-
perature of the MF-panel will be reduced due to natural ventilation of the panels.

If the MFE-panel is not in collector mode, but the humidity of room 1 and/or 2 ex-
ceeds a certain limit the MP-panel will be started in heat exchanger mode.

The above-mentioned was the intended control strategy. However, conditions and demands
developed, as already mentioned, differently than expected. Due to changes in the production
in the workshop it was often wished to have a rather high humidity in the rooms in order that
the special-purpose bricks should not dry out too fast and thereby be damaged. The MF-sys-
tem was, therefore, prevented from acting in exchanger mode. Often the inlet of solar heated
air to room 1 was prevented by the workers for the same reasons - by changing the settings
of the thermostat in room 1.
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When this was realized it was too late to change the plans for the demonstration project.
However, in order still to obtain important measurements for the system performance the con-
trollers of the system were equipped with small switches so that the MF-panel could be forced
to operate in either collector or exchanger mode during periods where it would not influence
the production conditions in the workshop. The small switches are shown in figures 2.38-39
at the small arrows. This option was also utilized during the balancing and test of the system.

The speed of the fan of the system is controlled by thyristors as shown in figure 2.40. One
thyristor for each room for the collector mode and 2 thyristors for each room for exchanger
mode = 7 thyristors. The reason for this high number of thyristors is that the flow of the in-
let air of the collector mode is different from the exchanger mode and that the flow of inlet
air is different from the flow of outlet air in exchanger mode.

Figure 2.40. The control box in the attic containing the thyristors controlling the fans and
a kWh-meter for measuring the electricity consumption of the fans - the
black box. Between the two thyristors at the left bottom corner there is an
hour-meter for counting the hours when the bypasses have been open.

The intention was that the air flow in collector mode should be 2 times the volume of the
rooms, while the flow of fresh air in exchanger mode only should be 1 time the volume of
the rooms. The flow of exhaust air in exchanger mode should be 10% higher than the flow
of fresh air in order to prevent any overpressurization of the building which could force hu-
midity into the constructions of the building.

The reason for the rather high flow during collector mode was to utilize as much as possible
the solar heat and to prevent the inlet temperature from being too high and thereby uncom-
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fortable. In reality the air flow in collector mode was approximately 2 times the volume of
the building. It was approximately 28 m’/hm?. In exchanger mode the flow of fresh air was,
however, approximately 19 m*/hm? or 1.5 times the volume of the building. During exchang-
er mode the flow of exhaust air was only about 5% higher than the flow of fresh air. The
reason for the difference between intended and real flow rates is, that it was difficult to adjust
the flow rates properly, that the adjustment drifted over time and that the flow due to the vis-
cosity of the air is temperature dependent.

2.3. The Measuring System

The heart of the measuring system is a Solartron data acquisition system connected to a port-
able 286 PC. The data acquisition system consists of an adaptor card in the PC and two 3-
pole reed-relay voltage/current/thermocouple cards + one digital I/O card. Bach of the three
measuring cards has 20 gates.

The different measuring points are shown in appendix B. The following measurements are
performed:

Weather:

- Solar irradiation on a plane parallel to the MF-panel
- Ambient temperature (shielded north)
- Ambient relative humidity (shielded north)

Room 1:

- Room temperature

- Relative humidity

- Temperature of the air at the four inlets

- Temperature of the air at the four outlets

- Flow of inlet and outlet of one of the four pairs of ducts

- Temperature of the air just after the flow measuring devices

Room 2:

- Room temperature

- Relative humidity

- Temperature of the air at the two inlets

- Temperature of the air at the two outlets

- Flow of inlet and outlet

- Temperature of the air just after the flow measuring devices
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Room 3:

- Room temperature

- Temperature of the air at the inlet

Flow to the room

Temperature of the air just after the flow measuring device

MPF-panel:

- Temperature of the air at four points in the outer channel

- Temperature of the air at four points in the inner channel

- Temperature of the air from the MF-panel (only in one duct)
- Temperature of the air to the MF-panel (only in one duct)

- Temperature of the air on each side of a fan

/O card:

- (Gas consumption

- Periods when the bypasses at the top of the MF-panel are open

- Control of valves in connection with the pressure transmitters for
measuring the flow to room 1 and 2

- Control of the poster (not realized)

The measuring equipment for obtaining the above-mentioned measurements is described in
more detail in the following.

2.3.1. The Measuring Equipment
Weather data measurements

The solar radiation on a plane parallel with the cover of the MF-panel has been measured
with a Kipp & Zonen CM11 pyranometer located on the roof of the workshop to the left of
the MF-panel - see figure 2.41.

The ambient temperature is measured with a copper-konstantan thermocouple type TT, while
the ambient relative humidity is measured with a DOL14-sensor. The ambient temperature
sensor and the DOL14 sensor are installed in a U-shaped tube shown in figure 2.42 together
with a small fan. The fan is installed in the horizontal part of the tube, while the thermo-
couple is installed in the vertical tube to the right and the DOIL14 sensor in the vertical tube
to the left. The U-shaped tube is installed on the north wall of room 4. The reason for this
arrangement is to have a ventilated and shielded ambient temperature sensor (ie not influenced
by the solar radiation) and to protect the DOL14 against hoar-frost which will damage it.
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Figure 2.41. The location of the pyranometer for measuring the solar radiation on a plane
parallel to the cover of the MF-panel.

Figure 2.42. The arrangement for measuring the ambient temperature and the ambient re-
lative humidity.

Temperature measurements in the rooms and in the system

All temperatures are measured using copper-konstantan thermocouples type TT.
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The room temperature sensors are located by the room thermostats mentioned in section
2.2.3. The temperature sensors in the inlets and outlets are all located in the ducts just above
the ceiling. .

Special-purpose thermocouples for measuring specific temperatures have been installed in the
system. Temperature sensors containing 7 thermocouples coupled in parallel have been install-
ed in the inlet "in 3" and the outlet "out 3" of the MF-panel (figure 2.43) and on each side
of the fan in the ducting of "in 3" (figure 2.44) in order to determine the amount of energy
dissipated as heat from the fan to the air stream. These sensors should give a more precise
reading as the 7 thermocouples are located across the cross section of the ducts as shown in
figure 2.45.

Figure 2.43. The special-purpose thermocouples at the in- and outlet of the MF-panel.
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Figure 2.44.

The special-purpose thermocouple on each side of a fan.
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The location of the 7 thermocouples coupled in parallel in the ducts for
special-purpose measurements.

8 thermocouples were located in the MF-panel - 4 under the absorber and 4 between the
cover and the absorber as shown in figure 2.46. These thermocouples were located in the
13th section of the covers almost next to "in 5" and "out 5" (see figure 2.28). The intention
of these thermocouples was to measure a temperature profile in the MF-panel.
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Figure 2.46. The location of the thermocouples in the MF-panel.

Flow rates

The flow rates in the system were measured by means of calibrated orifices and elbows. For
room 1 and 3 the flows were measured with calibrated elbows as shown in figure 2.47, while
the flows to and from room 2 were measured by means of calibrated orifices as shown in fig-
ure 2.48.

The pressure drop was measured over the calibrated orifices and elbows by means of pressure
transmitters. For room 1 the pressure drop is only measured across one inlet and one outlet
elbow of the eight elbows installed in this system. Based on mutual measurements for diffe-
rent flow rates on all 8 elbows, the equations for the two elbows have been calibrated so that
the total flow rates to room 1 may be calculated based only on the measuring of the pressure
drops across the two elbows.

Pressure transmitters are rather expensive, so an arrangement where two flow measuring de-
vices share one pressure transmitter has, therefore, been utilized, as shown in figure 2.49.
The pressure drop is measured over one orifice, then the valves are operated by means of the
data acquisition system and half a minute later the pressure drop is measured across the other
orifice.
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Figure 2.47.

3.

Figure 2.48.

The calibrated orifice used for measuring the flows to and from room 2.
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Figure 2.49. The valve arrangement where two orifices may share one pressure transmit-
ter. The pressure transmitter is located in the top right corner of the ar-
rangement.

The originally used pressure transmitters were from Furness Controls. They are very precise
but have a tendency to drift especially when they are exposed to large temperature swings.
The two valve arrangements with pressure transmitters were from the beginning located in
the attic over room 1 beside the two 3-pole reed-relay voltage/current/thermocouple cards.
However, the very high temperature in the attic during summer-time made the pressure trans-
mitters totally unreliable. The valve arrangements with the pressure transmitters were, there-
fore, moved down to room 1. In order to protect the pressure transmitters and in order to de-
crease the noise from the valves, naturally ventilated boxes of insulation foam were made and
put in front of the valve arrangements as seen in figure 2.50.

However, it was not possible to ensure a proper function of the pressure transmitter for mea-

suring the flow rates to room 1. This pressure transmitter was, therefore, replaced with a
pressure transmitter from Staefa as seen in figure 2.49.
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Figure 2.50. The box for protection of the pressure transmitter for measuring the air
flows to room 2. The box is located just under the ceiling on the wall sepa-
rating room 1 and 2. The photograph also shows the opening to the attic.

Relative humidity

The relative humidity in room 1 and 2 was measured by means of DOL14 sensors located
beside the sensor of the hygrostats - see figure 2.39.

According to the manufacturer’s information the uncertainty on the DOL14 sensors was +2%
of maximum reading. However, comparison with a calibrated handheld sensor showed differ-
ences between this sensor and the DOL14 sensors of up to 25%. Calibration factors were,
therefore, introduced in the measuring program to account for this. It was, however, not pos-
sible to decrease the difference between the handheld sensor and the DOL14 sensors to less
than 10% (for the maximum difference).

The idea with the DOL14 sensors was to investigate how much the MF-panel as heat ex-
changer would reduce the relative humidity in the building. But as the MF-panel was not al-
lowed to operate in this mode, the measurements from the DOL14 sensors were of minor im-
portance, so the effort to calibrate these sensors was stopped.

Hour counters

In order to measure the periods with open bypasses and the gas consumption of the boiler,
the motor damper of the bypasses and the burner of the boiler were connected to hour count-
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ers. In order to obtain a measure for the gas consumption the readings of the hour counter
of the burner was compared with reading of the official gas meter of the building.

2.3.2. The Data Acquisition System

As already mentioned, the data acquisition system consisted of 3 measuring cards from Solar-
tron connected to a PC. The PC was located in a cupboard in room 4 together with the digital
I/O card as seen in figure 2.51, while the two 3-pole reed-relay voltage/current/thermocouple
cards were located in the attic over room 1 as seen in figure 2.52.

Figure 2.51. The cupboard with the PC of the data acquisition system. The digital I/O
card was located on the top shelf.
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Figure 2.52. One of the 3-pole reed-relay voltage/current/thermocouple cards located in
the attic over room 1. The two boxes to the right are the power supply for
the DOL14 sensors and the fan in the U-shaped tube for measuring the am-
bient temperature and the ambient relative humidity. One of the valve ar-
rangements and pressure transmitters was originally located in the free space
to the right - but was moved down to room 1.

The measuring cards were controlled by the PC through a special-purpose software developed
by the Thermal Insulation Laboratory especially for this project. Commercial software was
tried, but could not meet the requirements of the project.

The measuring cards were triggered and data was obtained every minute. Based on the mea-
sured data, flows, energy fluxes, efficiencies, etc were calculated for the system. The measur-
ed and calculated values were averaged (as floating mean values) in 30-minute mean values
and stored on floppy disks. Version 8 of the measuring program for the PC can be found in
appendix C.

The measurements were carried out automatically by the PC. There were, however, also im-
plemented facilities for performing manually controlled measurements via the keyboard of the
PC. In this way it was possible to inspect single measuring points, if something was wrong
in the system.
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On the screen several important system parameters were shown and minutely updated. These
parameters were:

- Solar irradiation
- Ambient temperature
- Ambient relative humidity
- The three room temperatures
- The relative humidity of room 1 and 2
- The flow to the rooms
- The flow from room 1 and 2
- The mean temperature of the air to the rooms
The mean temperature of the air from room 1 and 2
- The energy supplied to the rooms
- The energy extracted from room 1 and 2
- The efficiency of the heat exchanger/solar collector
- The consumption of gas and related energy consumption
- An indication of, whether the bypasses are open or closed
8 temperatures in the MF-panel

The displayed system parameters were mainly used to obtain a quick impression of whether
the system and the measuring system were operating as supposed.

The two 3-pole reed-relay voltage/current/thermocouple cards were used for measuring the
temperatures, the pressure drops across the pressure transmitters (voltage output), the voltage
of the pyranometer and the voltage of the DOL14 sensors.

The digital 1/O card was used to read the hour counters (pulses). This card should alsoc have
been used to control diodes in a poster showing the actual operation of the system. The mea-
suring program of the PC has an implemented feature for this purpose. Based on the measur-
ed values from the system the measuring program determines the operation of the system.
The 1/0 card is then triggered in such a way that diodes in a schematic drawing of the system
would show the air flows. This feature of the data acquisition was, however, unfortunately
not utilized.

The measuring data has as already mentioned been stored on disks in 30-minute mean values.
More than 60 measured and calculated values describing the system performance were stored
every 30 minutes. Each day has been stored in separate files which were opened and closed
every 30 minutes. This was done in order not to lose data in case of breakdown of the PC.
All measured and calculated values have been stored on disk in order not to lose information
if, for some reason, the calculated values were infected with errors.
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3. Performance of the System

The building was as already mentioned not ideal for the demonstration of the MF-panel sys-
tem, and changes in the production within the workshop during the installation of the MFE-
panel system made it even less applicable for this demonstration. The measuring system and
the MF-panel system were, therefore, changed in such a way that it was possible to perform
special-purpose experiments with the system during periods when it would not disturb the
production in the workshop or create any discomfort for the workers. Based on measurements
from the normal operation of the system and on measurements from special-purpose measure-
ments it is possible to extrapolate to other buildings.

The present section first describes the results from the measurements - both from normal ope-
ration and from special-purpose experiments. At the end of the section, based on the measure-
ments, the performance is extrapolated to a more ideal building.

3.1. Results from the Measurements

The system and the measuring system were started in November 1991. The start-up of the
system and especially the start-up of the measuring system successively exposed errors both
in the system and in the measuring system; the latter included both hardware and software
errors. These errors were corrected and the first real measurements started March 18, 1992.
The registration of the hour counters was, however, first started on June 26, 1992. The mea-
suring was stopped on June 24, 1994. More than 2 years of measurements have thus been ob-
tained. The measuring system has been running without serious problems. There are, how-
ever, some holes in the measurements - mainly due to problems with the PC.

Except for smaller holes in the measured data - typically half an hour to a few hours - major
holes are to be found in the following periods:

1992  August 26, 13:00 - 27, 8:30
November 10, 20:30 - December 4, 10:30
1993  August 20, 9:00 - 30, 10:30
November 23, 16:30 - rest of the year
1994  January 1, 0:00 - 21, 10:30
April 25, 11:30 - 25, 23:00

For the hole in November 1992 the measuring program of the PC did for some unexplained
reason begin to write illegal characters into the data files on the disk. This stopped when the
program was stopped and restarted.

The hole in August 1993 was due to a too late replacement of the disk.

The hole from November 23, 1993 to January 21, 1994 was due to a breakdown in the power
supply of the PC. The error was difficult to locate and correct.
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Special-purpose software for treating the measured data and extract/calculate key-values for
the system has been developed and applied on the data sets.

3.1.1. Yearly Performance

The yearly performance of the MF-system installed in this particular building is analyzed in
this section.

The workers did, as already mentioned, switch of the inlet of solar heated air to room 1 dur-
ing several periods. The system of room 1 was thus completely switched of during July -No-
vember (maybe also December) 1993. For this reason only the year from June 1992 - May
1993 (both months inclusive) is investigated in this section. For months with holes in the
measurements it is assumed that the obtained measurements are representative for these
months.

Figures 3.1-2 show the weather conditions (mean monthly ambient temperature and integrated
solar irradiation on a plane parallel to the cover of the MF-panel) for the above-mentioned
year compared with the weather conditions for the Danish Test Reference year - TRY (Statens
Byggeforskningsinstitut, 1982).

The figures show that the actual weather during the above-mentioned period has been warmer
and more sunny than the TRY. The measured mean temperature was 0.8°C higher than the
annual ambient temperature of the TRY, while the measured solar irradiation on a plane pa-
rallel with the cover of the MF-panel was 5% higher than for the TRY.

For the heating season October-April (both months inclusive) the measured mean ambient
temperature was 0.7°C higher than for the TRY, and the solar irradiation was 3.5% higher
than for the TRY.

The gas consumption during the measured yea