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a b s t r a c t

Water flow window has very good application potential in zero carbon buildings of the warm climate. In
this study, the effects of water-flow window configurations were investigated, such as the water layer
thickness and glazing height-to-width ratio (GHTWR). The effects of distribution header design on the
thermal and flow characteristics were also analyzed. Its long-term dynamic thermal performance was
examined through a self-developed simulation program, of which the FORTRAN code was previously val-
idated through comparison with experimental data. In the current study, the one-dimensional thermal
simulation modelling approach was further justified through CFD analysis. Then the overall thermal per-
formance of the window system was evaluated from the aspects of useful water heat gain and the impact
on space air-conditioning power consumptions. A water layer of thickness around 15–20 mm and a
GHTWR of 0.4 were found desirable for the tested cases. While the size and distribution of the header
openings would affect the localized water flow and temperature distribution, their effect on the laminar
upward flow and the final temperature rise is not significant.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

How to make full use of solar energy in order to reduce carbon
emission and its global impact on climate change has been receiv-
ing worldwide attention. Window glass, a favorable component on
the building facade for daylight acquisition but a weak component
in terms of heat insulation, plays a significant role. High thermal
transmittance is favorable in cold climate but not the case for
hot climate applications (Gasparella et al., 2011). With the adop-
tion of advanced glazing, space thermal loads and consequently
the building energy consumption could be reduced, whereas the
visual comfort would not be affected (Clarke et al., 1998). Examples
like reflective, electrochromic, thermochromic and photovoltaic
glass panes have been well developed and widely available in the
market for single glazing technologies (Gorgolis and Karamanis,
2016). For multi-glazing designs, the developments of window
cavity from air-sealed to vacuum (Collins and Simko, 1998) or as
the ventilating air stream (Chow et al., 2009) contribute to increase
further the thermal resistance of the window system for energy
efficiency enhancement. However, the adoption of renewable
energy system is essential when coming to zero carbon building
design.

It is for the above rationale that the novel idea of ‘‘multi-glazing
water flow window” has been proposed. Since the introduction in
2010 (Chow et al., 2010), this technology is now under the devel-
opment of several research teams. One current system design is
illustrated in Fig. 1. By means of either natural or mechanical
power, water flows in a closed circuit composed of window cavity,
two headers (at the top and bottom ends of the cavity respec-
tively), and a heat exchanger (where solar heat energy is finally
transferred to the cold water stream, like one serving the domestic
hot water systems).

The heat exchanger can be placed either locally within the win-
dow frame as in Fig. 1, or remotely within a centralized station that
serves all windows. A centralized heat exchanger and pumping sta-
tion will simplify the window structure, but will exert high work-
ing pressure on window glass and thus requires stronger glass
panes; this is less favorable for large scale application.

The innovative water-flow window system is superior to the
conventional multi-glazing systems from at least two aspects: (i)
high reduction in solar heat transmission but low visible-light
screening effect; and (ii) useful water heat gain as a renewable
energy device. Gonzalo et al. found that in Spain the temperature
level of a non-air-conditioned room installed with water flow win-
dow could be 17 �C lower than the one with traditional air-sealed
window (Gonzalo and Hernandez Ramos, 2016). As a matter of fact,
the heat extraction efficiency varies with the flow rates of both the
hot and cold streams. Based on an application case in Hong Kong
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(Chow et al., 2012, 2011a; Li and Chow, 2011), the heat gain effi-
ciency was found in the range of 20–37% with the change in water
flow rate, and the reductions in annual cooling loads reached 32%
and 52% respectively as compared to the traditional double and
single glazing systems. Based on an application in Spain, Tomas
and Carmen found that the energy consumption for heating and
cooling was reduced by 18% and a more stable room temperature

was achieved by circulating warm water in the water cavity
(Tomas and Carmen, 2013a, 2013b). All these show that this inno-
vative technology highly favors the development of zero carbon
buildings.

In fact, there can be further advancement of this new technol-
ogy to suit different applications. For example, the presence of
the water-filled tubing and liquid volume increases the overall
weight of the window. This adds difficulties to the construction site
installation and future replacement tasks, as well as increases the
imposed loads on the building structure and the overall investment
costs. The importance of proper window structure design for good
energy performance has been pointed out in related research arti-
cles (Ma et al., 2015; Goia, 2016). On the other hand under the
forced flow scheme, the water flow velocity in cavity affects much
the thermal efficiency, especially at low flow rates (Chow et al.,
2011b). The solar heat gain coefficient (g) of the glazing system
is related closely to the water flow rate. While a stagnant water
layer will result in maximum g value, adequate water flow is able
to reduce the energy transfer both inwards and outwards (Sierra
and Hernández, 2017). Accordingly, an active multi-glazing liquid
flow window module with an adjustable central liquid layer was
proposed, in that the liquid flow rate and layer thickness were con-
trolled to maintain the visual transparency but minimize the ther-
mal transmission (Villasante et al., 2013). Besides, geographical
factors like the sun path and solar intensity are amongst the key
influencing factors on thermal performance, so are the major
dimensions of the window components (Lampert, 1998; Pérez-
Grande et al., 2005; Persson et al., 2006).

From the above, one can observe that the research works in the
past were more or less focusing on studying the impact of external
influencing factors or major operating parameters on the window
system performance. Very few were evaluating the window com-
ponent design and configuration in details. Presented in this article
are our investigations on the effects of a number of window config-
urations based on the buoyant flow design principle.

2. Research methodology

The thermal performance of the window system was evaluated
numerically considering three influencing configurations: (i) water
layer thickness, (ii) glazing height-to-width ratio (GHTWR), and
(iii) distribution header design. Generally speaking, the thermal
and environmental performances of the glazing systems can be
investigated by means of both experimental and numerical meth-
ods. Computer simulation has been widely adopted in the related
performance prediction and analysis. In the work of Pal et al.
(2009), FORTRAN computer code was developed to determine glo-
bal radiation components and thermal response at window sur-
faces. The simulation results were found in good agreement with
experimental measurements. In this current study, one-
dimensional water flow in the window cavity was assumed in
developing our thermal simulation model, since laminar flow
was expected under the buoyance driven force. The same as before,

Nomenclature

C specific heat capacity, J/(kg�K)
I unit tensor
k thermal conductivity, W/(m�K)
p pressure, Pa
S heat source, W/m3

T stress factor, –
T temperature, �C
t time, s

u water flow velocity, m/s
x coordinate, m

Greek
q density, kg/m3

l kinetic viscosity, kg/(m�s)

Fig. 1. Water flow window: (a) front view showing the water circuit; (b) side view
indicating the energy flow paths.
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