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ABSTRACT

A novel design of double glazed system
encapsulating water flow is proposed with enhanced
solar energy capture. With continuous heat
absorption by the flowing water, the indoor heat gain
is reduced and solar energy becomes a service water
heat source. A prototype of the water-flow glazing
system, with reflective coating at the inner pane, was
tested experimentally. A system model was
established within the ESP-r simulation environment.
The validated model was applied to study window
performance when installed in the gymnasium of a
large sports centre. The results show attractive water
heat gain efficiency and reduction in electricity use in
air-conditioning system.

INTRODUCTION

At subtropical cities with a hot summer and cool
winter, such as Hong Kong, it is necessary to realize
building energy saving by means of space cooling
load reduction through the proper design of building
facades. This situation has resulted in investigations
into the use of advanced glazings and the integration
of photovoltaic components in windows (Etzion,
2000; Chow, 2009). For example, by using
absorptive or reflective glazing, the incident solar
radiation is either absorbed by the glazing materials
for a delayed heat transfer or reflected back to
ambient. The incoming solar energy is not utilized in
such designs, even where the glazing is
electrochromic. As for PV encapsulated glazing,
where the solar radiation is converted in part into
useful electrical energy, the high initial investment is
a major barrier to market penetration.

In order to overcome this deficiency problem, a
water-flow glazing system has been proposed (Chow
2010). The system comprises two glass panes
bounding a gap filled with water. When incorporated
within a facade, this novel glazing system absorbs
solar energy for utilization in the form of hot water.
The inward transmitted solar radiation and the heat
gain from convective/radiative heat transfer at the
innermost surface of the inner glass pane can be
effectively reduced, thereby reducing the air
conditioning load. As shown in Fig. 1, water in the
feed tank flows into the window where it is heated by
the absorbed solar radiation and the heat transfer at

the adjacent glass surfaces. Warm water is then
passed to the domestic hot water (DHW) system. The
water-flow glazing system acts as a pre-heating
device, requiring modest pumping power in some
circumstances. The energy flow-paths associated with
such a glazing system are depicted in Fig. 2.
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Fig. 1 Solar absorbing window as a water preheating

device.

D T T M A NS T o S O D
>k = Yo el e C 0.2 e ' A

% Water flowe s
7]
b

Heat transter with ¥
outdoor Heat  transter £

environment: vitl mdoor

Wi
environmerte

Solar Iuci(lentu\ /

Solar reflection.

Solar absorbede [er

¥ ] Solar Transmission:

!l-; 4 Roome
P T R S W I R S S %0
Fig. 2 Energy flow-paths within water-flow glazing
system.

Compared with air-sealed double glazing, the energy
saving potential is significantly higher because:

1.  the convective heat transfer coefficient between
the water and glazing surfaces is higher than for
the air-filled case;
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2. the heat capacity of water is higher than air, thus
more heat can be absorbed and removed for the
same volume flow; and

3.  the removed heat can be more readily recovered.

Because of its simple construction, the water-flow
glazing system is applicable to any building with a
DHW demand. From the investment viewpoint, both
glass panes may be clear (i.e. low cost) but still afford
excellent energy performance compared to advanced
glazings. The low reflectivity of clear glazing, even
with adhesive reflective coating at the inner pane to
improve water heat absorption, can help alleviate
visual pollution of the outdoor environment of a
modern city.

EXPERIMENTAL SET-UP

An experimental rig, as shown in Fig. 3, was designed
and constructed at the City University of Hong Kong
to test the performance of the water-flow glazing
system under controlled conditions.

The dimensions of the tested component are: 1.55 m
(L) x 0.9 m (W) x 0.9 m (H). The inside (room) air
temperature was controlled to 24°C by a direct
expansion cooling coil with electrical reheater. The
45° inclined front surface faced south and
incorporated two sample windows. Each window had
a surface area of 0.462 m’, with a 10 mm water-filled
cavity. In each window, one layer of 6 mm clear
glazing and one similar layer but with a reflective
coating applied to the inward surface. Adding this
coating substantially reduces the solar transmittance
of the inner clear glass pane from 0.809 to 0.106, and
increases the surface reflectivity from 0.072 to 0.471.
The IR emissivity becomes 0.84 at the front and 0.62
at the back. The thermal conductivity remains 1
W/(m.K). Pipe headers were incorporated at the top

and bottom ends of the glazing, complete with
associated circulating pipes, miniature pump (optional)
and feed tank (Fig. 4). In this way, the pipes, tank and
glass cavity form the water flow circuit with governed
flow rate. By measuring the water flow rate and the
inlet/outlet temperatures of the flow circuit across the
glazed area, the useful heat gain of the system can be
determined. Two pyranometers were installed
adjacent to the solar box to record the incident solar
radiation on the horizontal and the 45° tilted surface
respectively. The sensor signals (including
thermocouples, pyranometers etc.) were sent to a data
logger and downloaded periodically for performance
analysis. In this way, the system efficiency — the ratio
of useful heat gain to the water to the incident solar
radiation on the glazing surface — was evaluated.

Feed
Tank

Fig. 4 Experimental water-flow glazing system.

' %ig. 5 Solar box model in ESP-r.

SIMULATION MODEL DEVELOPMENT
AND VALIDATION
Building energy simulation software available

commercially does not possess system components
for studying water-flow glazing system performance.
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However, in ESP-r, it is possible to analyze this
innovative design by setting up interconnected water-
filled (‘building’) zones (Fig. 5). By presetting the
fluid flow rate, the water flow in the glazing cavity
can be modelled. The appropriateness of the
developed model, via the zone-linked water flow
network, was first examined by experimental
validation. The water flow rate, inlet water
temperature, as well as inside and outside air
temperatures were taken as input parameters. The
software  WINDOW developed at the Lawrence
Berkeley National Laboratory was used to compute
the thermal and solar optical properties of the glazing
system.

Normal incident solar radiation on the window from experimentand ESP-r
simulation
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Fig. 6 Solar radiation comparison between
simulation and experiment measurement.

Inlet and outlet water temperature comparsion between experiment and
ESP-r simulation
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Fig. 7 Circuit water temperature comparison
between simulation and experiment measurement.

The weather data inputs were as measured. As ESP-r
accepts hourly horizontal global solar radiation as
input (but not hourly global radiation on an inclined
surface), the incident solar radiation on the inclined
glazing surface was estimated by an explicit solar
algorithm (Perez, 1987). A comparison of
measurements and simulation results over a 24 hour
period is shown in Fig. 6. An acceptable match was
observed.

Normally, ESP-r treats a zone as being air filled
when estimating surface heat transfer coefficients
and inter-zone air flow and this assumption was
removed for the purposes of the present project. For
the water flow in the rectangular channel between the
two glass panes at relatively uniform temperature, the
flow passage was represented as two flow sections:
an entrance section and a fully developed laminar
flow section. The convective heat transfer coefficient
was then expressed as a function of thermal

conductivity, A, the average Nusselt Number, Nu, and
the hydraulic diameter, d, of the cavity:

h =Nu-Ald. M
(i) For the entrance section:

NME — 186(Red Pr)l/}(i)lﬂ(ﬁ)(}.l“ (2)

L n,
where L is the channel length, p the dynamic fluid
viscosity and p, is evaluated at the wall surface
temperature.

(i) For the fully developed laminar flow section:
Nu=17.54. 3)

The measured local wind speed was around 2.14 m/s
during the experiment. Based on the empirical
equation of Watmuff (1977), the outside convective
heat transfer coefficient was 9.2 W/(m’.°C). The
inside convective heat transfer coefficient was 5.8
W/(m>.°C), based on an inside air speed of 1.0 m/s.

Another significant issue in the ESP-r model was
solar radition absorption by the water. The
absorptivity of the water layer (10 mm) was set at
0.1357 (Otanicar 2009).
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Fig. 8 Outer glazing surface temperature comparison
between simulation and experiment.

Inner glazing temperature comparsion between experimentand ESP-r
simulation
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Fig. 9 Inner glazing surface temperature comparison
between simulation and experiment.

The experimental valiation of the leaving water
temperature of the water-flow window is shown in
Fig. 7. The inlet water temperature and flow rate in
the ESP-r model were considered as boundary
conditions and set to values as monitored. From the
graphs, it can be seen that the simulation results are
close to the experimental data throughout the
daytime period (from 9am to 5pm) when there are
high levels of solar radiation. A reasonable match is
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also observed for the outside surface temperature of
the outer glazing and the inside surface temperature
of the inner glazing, as shown in Figs. 8 and 9. This
validated model was then applied to study the year-
round window performance for a full-scale building
application.

008 ESP-rProject Manager: enquiries to esru@strath.ac.uk

F. ig. 10 The perspective view of the sports centre with
the water-flow glazing system.

SPORTS CENTRE APPLICATION

The water-flow glazing system was applied to heat
DHW in a Sport Centre. The model represented one
part of the complex as shown in the perspective view
of Fig. 10. The room dimensions are 30 m (L) by 10
m (W), with an inclined roof. The roof surface
azimuth 225°, which in Hong Kong is the orientation
that receives the highest annual solar radiation. The
roof height is 3 m at the southmost wall and 6 m at
the northmost wall. There are 6 rows of water-flow
windows incorporated within the roof, each of
overall dimensions 29.6 m (the horizontal width span)
by 1.4 m (the inclined depth). The window frames
were not modeled. The glazing construction remains
the same as in the experimental solar box. The room
usage hours are from 7 a.m. to 10 p.m. every day.
The occupant, equipment and lighting operating
schedules correspond to data taken from the
Guidelines on Performance-based Building Energy
Code (Hong Kong Government EMSD, 2003). The
indoor air temperature was set to 20°C during winter
and 24°C during summer. The DHW demand was in
line with the opening hours, with the feed water
temperature set to be the same as the ambient air
temperature.

SIMULATION RESULTS AND
DISCUSSION

The TMY weather data set for Hong Kong (Chan,
2006), after convertion to the ESP-r required format,
was adopted in the current work. Alternative
simulations were performed by firstly considering the
roof-mounted, double-pane windows as air-sealed
and then of the water-flow type. Five controlled

water flow rates were examined: 0.05 kg/s, 0.1 kg/s,
0.15 kg/s, 0.2 kg/s and 0.4 kg/s.

The incident solar radiation on the horizontal plane
during the typical winter week (8" to 14™ January)
and typical summer week (2™ to 9" September) is
shown in Figs. 11 to 12 respectively. It can be seen
that the radiation levels are high on sunny days in
both the cases. In January, the highest solar radiation
can be over 800 W/m?, while, in July, the maximum
level can be as high as 900 W/m®. Values on the
inclined roof are lower than on the horizontal plane
as shown in Fig. 13. The highest level in summer is
around 600 W/m? and in winter, around 400 W/m>.
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Fig. 11 Hourly incident solar radiation on a
horizontal plane during a typical winter week.
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Fig. 12 Hourly incident solar radiation on a
horizontal plane during a typical summer week.
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Fig. 13 Hourly incident solar radiation on the
inclined roof during typical winter and summer week.

The outlet water temperature predictions for the
typical winter and summer weeks are shown in Figs.
14 and 15 respectively. From Fig. 14, the outlet
temperature is around 22-24°C and so auxiliary
heating is required. Observe that while the solar
radiation level is significantly higher during the first
day than during the fifth day, the pre-heated water
temperature rise is higher during the latter day. This

- 1130 -



Proceedings of Building Simulation 2011:

12th Conference of International Building Performance Simulation Association, Sydney, 14-16 November.

is because the feed water temperature has been
assumed to be equal to the ambient temperature. In
winter, the indoor air temperature is higher than the
ambient environment so that the water is heated by
both absorbed solar radiation and indoor air heat
transfer. When the ambient temperature is low (as is
the feed water temperature), the heat transmission
from the indoor air to the water stream dominates,
leading to a larger temperature rise. This result is not
bad for a subtropical climate application since space
cooling is generally required in large buildings in all
seasons, including winter.

In summer, the outlet water temperature can be as
high as 37.5°C during a sunny afternoon when the
water flow rate is 0.15 kg/s. This water temperature
is comfortable for use in showers with no auxiliary
heating demand. This water flow rate is equivalent to
540 L/h per unit row of the water-flow window.
According to the Guidelines on Performance-based
Building Energy Code (Hong Kong government
EMSD, 2003), the occupant number is around 45 on
average in the afternoon between 2 p.m. to 6 p.m. for
a 300 m? gymnasium. With a hot water consumption
rate of 72 L per person, the total hot water output of
3,240 L/h for the entire roof is then sufficient. In the
morning, noon and evening hours, auxiliary heating
is required. When there are less people in the Sports
Centre, the water flow rate can be reduced in order to
increase the water temperature.

The zone cooling load was reduced by use of water-
flow glazing in place of conventional air-sealed
double glazing. A comparison of the monthly cooling
load distribution is given in Table 1. It can be seen
that the effect is prominent in the winter months from
December to February as a result of the better heat
absorption from the indoor environment to the water
stream at lower feed temperature. The monthly
distribution of the percentage reduction in space
cooling load at the five water flow rates is given in
Table 2. It can be seen that the annual space cooling
load can be reduced in the range 22% to 35%,
depending on the water flow rate. Assuming that the
air conditioning system COP is 4.0, implied that the
electricity consumption can be reduced in the range
10,581 kWh to 16,803 kWh, for water flow rates
from 0.05 to 0.4 kg/s. The monthly distribution of the
water heat gain is shown in Table 3. Since the solar
radiation is higher in summer, the water heat gain of
July is almost twice that in January. With a heating
COP of 4.0, the annual energy saving is from 7,785
kWh to 25,979 kWh. Table 4 lists the monthly
distribution of the system efficiency. It can be seen
that the highest system efficiency occurs in February.
This is the month with the lowest solar radiation and,
accordingly, the absorbed heat from the indoor
environment significantly improves the system
performance. Generally speaking, the system
performs better in winter than in summer, and the
system efficiency increases with the water flow rate
but at the expense of the pre-heated water

temperature rise. It is also worthy to mention that,
because of the small reduction (at around 15%) in
visual transmissivity of the water-flow layter as
compared to the air-sealed layer, the difference in
daylight -light penestration at the air-sealed window
and the water-flow window is not significant. This
makes any daylight ultilization scheme originally for
air-sealed windows also works in the water-flow
options.

Water tempeature at the inlet and outlet of the window zone in typical winter week
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Fig. 14 Water temperature at the window inlet and
outlet for a typical winter week.

Water tempeature at the inlet and outlet of the window zone in typical summer
week
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Fig. 15 Water temperature at the window inlet and
outlet for a typical summer week.

CONCLUSION

Deploying  water-flow glazing systems in large
buildings can significantly reduce the space cooling
load and, at the same time, utilize the incident solar
radiation as an energy source. In the present study, a
simulation model has been developed within the
ESP-r platform and validated by experimental data.
The glazing system model was then applied in a case
study of DHW supply for a large Sports Centre in
Hong Kong. The results show that for a range of feed
water flow rates, the year-round space cooling load
can be reduced from 22% to 35%. This corresponds
to considerable energy-savings in the air-
conditioning system.

The performance of the water-flow glazing system in
utilizing solar energy can also be improved. Within a
typical year, more than 20% of the total incident
solar energy can be utilized by the DHW system.
Together with the relatively low investment cost, the
water-flow glazing system has substantial energy
saving and is thus worthy of further research into
robustness and maintenance requirements.
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Table 1 Comparison of room cooling load between air-sealed and water-flow window (kWh).

Z;‘)g]li k(l)l?— D WATER WATER WATER WATER WATER
MONTH SEALED FLOW RATE FLOW RATE FLOW RATE FLOW RATE FLOW RATE
GLAZING AT 0.05KG/S AT 01KG/S ATO0.15KG/S AT 0.2 KG/S AT 0.4 KG/S
1 6758.6 2644.1 2300.3 2060.5 1881.9 1455.4
2 8117.2 3521.7 3043.9 2704.6 2448.3 1843.8
3 12670.5 7932.4 7284.9 6817.6 6463.1 5620.5
4 16473.7 12432.3 11737.8 11227.6 10838.0 9900.0
5 20476.0 17057.4 16366.4 15855.4 15461.0 14497.5
6 21958.0 19044.3 18354.2 17844.4 17450.3 16479.9
7 27383.7 23566.2 22688.5 22040.4 21539.8 20310.8
8 23000.4 20137.4 19451.9 18945.0 18553.0 17583.4
9 20201.1 17746.4 17163.9 16732.1 16397.9 15568.6
10 17181.7 14469.5 13982.9 13621.5 13342.1 12649.2
11 11056.6 8110.7 7771.5 7522.0 7328.5 6853.1
12 6880.3 3169.3 2896.2 2700.3 2550.7 2181.4
Sum 192157.6 149831.7 143042.4 138071.2 1342543 124943.4
Table 2 Percentage reduction in room cooling load by using water flow layer (%).
WATER FLOW WATER FLOW WATER FLOW WATER FLOW WATER FLOW
MONTH RATE AT 0.05 RATE AT 0.1 RATE AT 0.15 RATE AT 0.2 RATE AT 0.4
KG/S KG/S KG/S KG/S KG/S
1 60.9 66.0 69.5 72.2 78.5
2 56.6 62.5 66.7 69.8 71.3
3 37.4 42.5 46.2 49.0 55.6
4 24.5 28.7 31.8 342 39.9
5 16.7 20.1 22.6 24.5 29.2
6 13.3 16.4 18.7 20.5 24.9
7 13.9 17.1 19.5 213 25.8
8 12.4 15.4 17.6 19.3 23.6
9 12.2 15.0 17.2 18.8 229
10 15.8 18.6 20.7 22.3 26.4
11 26.6 29.7 32.0 33.7 38.0
12 53.9 57.9 60.8 62.9 68.3
Average 22.0 25.6 28.1 30.1 35.0
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Table 3 Water heat gain at the water-flow window (kWh/month,).

WATER WATER WATER WATER WATER Il‘T (?IEIEII\JIT
MONTH FLOW RATE FLOW RATE FLOW RATE FLOW RATE FLOW RATE SOLAR
AT 0.05 KG/S AT 0.1 KG/S AT 0.15 KG/S AT 0.2 KG/S AT 0.4 KG/S RADIATION
1 1949.1 32395 4147.7 4817.1 6318.0 10614.1
2 2724.0 4537.8 5823.8 6779.4 8956.5 12496.3
3 3087.5 5168.5 6657.0 7769.6 10323.5 17269.3
4 3110.7 5219.9 6735.7 7872.6 10494.8 21192.3
5 3003.8 5040.6 6503.5 7599.7 10120.9 24324.7
6 2974.6 4990.7 6437.6 7521.0 10009.2 25901.8
7 3873.6 6514.6 8419.3 9851.6 13167.8 34841.8
8 2947.9 4944.7 6376.8 7448.2 9904.9 28045.9
9 2467.0 4133.8 5326.7 6217.4 8251.1 23079.4
10 2034.4 3404.3 4381.7 5109.3 6759.0 20340.2
11 1473.0 24553 3150.5 3664.4 4812.6 14563.9
12 1495.2 2478.4 3167.2 3673.3 4798.7 11657.8
Sum 31140.8 52128.2 67127.6 78323.4 103917.1 244327.5
Table 4 Monthly averaged system efficiency (%).
WATER FLOW WATER FLOW WATER FLOW WATER FLOW WATER FLOW
RATE AT 0.05 RATE AT 0.1 RATE AT 0.15 RATE AT 0.2 RATE AT 0.4
MONTH KG/S KG/S KG/S KG/S KG/S
1 18.4 30.5 39.1 454 59.5
2 21.8 36.3 46.6 543 71.7
3 17.9 29.9 38.5 45.0 59.8
4 14.7 24.6 31.8 37.1 49.5
5 12.3 20.7 26.7 31.2 41.6
6 11.5 19.3 24.9 29.0 38.6
7 11.1 18.7 24.2 28.3 37.8
8 10.5 17.6 22.7 26.6 353
9 10.7 17.9 23.1 26.9 35.8
10 10.0 16.7 21.5 25.1 332
11 10.1 16.9 21.6 25.2 33.0
12 12.8 213 27.2 31.5 41.2
Average 12.7 21.3 27.5 32.1 42.5
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