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Predicting Window Condensation
Potential for a Large Viewing Gallery

(Received 19 March 1997; accepted 19 May 1997)

A numerical method for predicting the likelihood that moisture may condense on the glazed
fenestration of a large air-conditioned viewing gallery is presented. The study is conducted by using
a three-dimensional k—¢ turbulence model and tropical weather data. The relationships between the
occurrence of condensation, ambient air conditions and the time of day are obtained and analysed.
The number of hours of moisture condensation on the glass panel that can be expected in a year is
estimated. It is found that a 1°C increase in the temperature of the cool supply air into the air-
conditioned space can significantly reduce the occurrence of condensation. © 1997 Published by

FElsevier Science Ltd.

NOMENCLATURE

turbulent model constant

gravitational acceleration

specific enthalpy

convective heat transfer coefficient at interior surface
convective heat transfer coefficient at exterior surface
turbulence kinetic energy

thermal conductivity

mean pressure

air temperature

mean velocity component

fluctuating velocity components

Cartesian co-ordinates
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¢ turbulence energy dissipation
4 dynamic viscosity coefficient
p  air density

¢ general scalar quantity

Subscripts
iy directions in Cartesian system
in inlet

INTRODUCTION

Moisture condensation on the exterior surface of glass
windows is a perennial problem for a space in an air-
conditioned building in a warm and humid climate. The
occurrence of such condensation needs to be prevented,
particularly if the space has an observation function such
as a viewing gallery or a control tower for civil aviation.
Such a space normally has a very large area of glass panel
and the glass panel is required to provide clear visibility
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with no structural obstruction. The use of double-glazing
or electric resistance in the glass panel, which are common
anti-condensation measures, is not suitable for this
purpose.

The condensation of moisture on glazed fenestration
is very much dependent on the local weather. A high
outdoor air dew point temperature coupled with a low
indoor temperature can cause a serious condensation
problem, especially when the outdoor air temperature is
rather low. The information on the likelihood of con-
densation occurrence is important at the design stage not
only to the designer of the air-conditioning system but
also to the building owner. Alternative designs for the
system or other possible means of preventing the occur-
rence of moisture condensation may need to be
considered.

There has been a substantial amount of work done
on heat transfer through fenestration. The recent works
include the measurement of the interior convective heat
transfer coefficient [1], the use of numerical methods to
calculate the heat transmission [2, 3], and the glass surface
temperature [4, 5], but there has been little published
work to date on predicting the potential of condensation
on the surface of a large window glazing, which can be
expected to take place whenever the temperature of any
part of the surface falls below the dew point of the ambi-
ent air.

The present paper studies the potential of moisture
condensation on the exterior surface of the glazed fen-
estration in a large air-conditioned viewing gallery. A
computational fluid dynamics (CFD) model is used to
determine the temperature distribution of the glass panel.
The weather data provide information on the ambient
dry-bulb and dew point temperatures over a period of
five years. By using the CFD model with the weather
data, the condensation potential on the glass panel can
be quantitatively predicted.
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Fig. 1. Schematics of module of a big viewing gallery.

THE VIEWING GALLERY

The present study considers an air-conditioned pan-
oramic viewing gallery. It has a 6 m high glass panel
15 mm thick that extends over a long distance. The seat-
ing area has two levels. The viewing gallery can be divided
into modules of 4.8 m width along the glazed fenestration
and 8.5m depth as shown in Fig. 1. The cooling load on
relatively cool days is assumed to be 125 W/m?, which
includes the sensible heat from people, internal lighting,
and the heat that originated from external sources.

Cool air is supplied at a constant flow rate of 15L/s
per m? of floor area into the space through one con-
tinuous line of linear diffusers. The diffusers are installed
on the ceiling and in a direction perpendicular to the glass
panel. The layout of the diffusers is designed such that
the cool air will not be directly blowing on the glass panel.
For the return air, there are two continuous slots of
openings on the ceiling parallel to the outside, one close
to the glass panel and the other furthest away. The issues
to be addressed are the effect of the supply air tem-
perature on the moisture condensation on the glass panel
and the frequency and duration of the condensation.

MATHEMATICAL MODELS

In deriving the mathematical models, a wall is assumed
to exist opposite the glass window shown in Fig. 1. The
two sides of the module are treated as symmetrical planes.
The physical problem concerns a steady, three-dimen-
sional turbulent flow and heat transfer within the rec-
tangular module of the viewing gallery. Assuming that
the fluid is incompressible and that the Boussinesq
approximation, which neglects all variable property
effects except for density in the momentum equations, is
valid, and employing the eddy viscosity concept, the time-
averaged continuity, momentum, and energy equation
are written in tensor form as
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where ¢ represents /i, k or €. The term S, represents the
appropriate source or sink of the variable ¢ concerned.
The standard high Reynolds number k—¢ model is used
to close the set of equations [6].

The boundary conditions used for the simulation can
be referred to in Fig. 1. At the low-turbulence region
close to the solid surfaces, the equilibrium logarithmic
law of the wall (wall function) is commonly used, which
is also used in this study. The ceiling, floor and the wall
opposite to the glass panel are considered as adiabatic.
At the two planes of symmetry, the normal gradients are
zero for quantities with symmetrical behaviour such as
temperature and the velocity component parallel to the
symmetry plane. On the other hand, the velocity com-
ponent normal to two planes of symmetry and the shear
stresses there are zero.

On the glass panel, the convective heat transfer at
both the interior and exterior surfaces, as well as the
conductive heat transfer through the glass panel, are con-
sidered. The solar radiation on the glass panel is assumed
negligible since moisture condensation happens mainly
on cloudy or rainy days or during the night, when the
radiative heat absorbed by the glass panel is very small
or zero. The effect of radiative heat transfer between the
inner glazing surface and glass panel is also neglected.
The heat conduction equation in the glass panel can be
shown to be as follows:
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where the heat conductivity is assumed constant. The
convective heat transfer at the interior surface of the
glass panel is determined by coupling equation (4) with
equation (1)equation (2)equation (3), since the heat flux
is continuous on the interior boundary, i.e.

d

k d—:}wl = h(Ty—T.), )

c

where T, is bulk temperature and T, is temperature at
the interior surface of the glass panel.

The exterior heat transfer coefficient is difficult to pre-
scribe. According to ASHRAE [7], the design value for
heat transfer coeflicient at an exterior surface in summer
is 22.7W/m?, which is a value combined for radiation
and conduction/convection, and the wind velocity is at
3.33m/s. In the study of condensation, however, a con-
servative estimate of the potential of condensation
requires a low value of heat transfer coefficient, because
it gives a lower surface temperature. We neglect the radi-
ation effect and estimate the heat transfer coefficient to
be 8.6W/m’ based on h,=3562+39u [8], where
u=0.76m/s is a typical calm wind condition of local
weather.

At the air inlet into the space, all the independent
variables are prescribed. The supply air is assumed to
leave the diffusers with a uniform velocity of 2.2m/s and
at a declining angle of 30°. The 125 W/m? of cooling load
is assumed to be convected uniformly to the occupied air
space 1.2 m above the floor, the height of a seated person.
Supply air temperatures ranging from 17 to 19°C are
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used in the simulation so that the effect of the supply air
temperature on the moisture condensation on the glass
panel can be examined. The values of k and ¢ are empiri-
cally given as k;, = 0.02u,” and ¢, = C,k;°/0.05.

At the outlets, Neumann boundary conditions are
applied to satisfy the mass conservation law.

NUMERICAL METHODS

The partial differential equations governing turbulent
mixed convection are reduced to systems of simultaneous
equations by a control-volume based, finite-difference
procedure. The resulting algebraic equations are solved
iteratively using the SIMPLE algorithm [9]. The hybrid
scheme is used for the numerical solution.

To decide whether a solution has converged, the ratio
of the residual mass source to the maximum mass flux
across a control surface is set to be less than 0.1%. A
general convergence is then usually satisfied after 3000
iterations. This study used non-uniform grid distribution
with a finer grid in the near window region. The solution
procedure has been validated against the benchmark
results of de Vahl Davis [10] for laminar natural con-
vection in an enclosure with an aspect ratio of 1, with
excellent agreement having been achieved.

The computations are performed on 64 x 34 x 28 grids.
A grid refinement study based on this finite volume
method has been carried out. The results show that the
64 x 34 x 28 mesh yields an acceptable grid independent
solution.

LOCAL WEATHER

Singapore weather data are used in this study. Sin-
gapore is a city state located 1°N of the Equator. It has

a high outdoor air temperature and humidity all the year
round. The average diurnal variation of the outdoor air
temperature is from approximately 24 to 31°C and that
of the relative humidity is from approximately 65 to 95%.
The outdoor air is almost saturated with moisture every
morning. Rain falls in every month of the year and rainy
days are many. The rain can last for hours during the
North-East monsoon period (November to March). It
can also be heavy but for short duration during the
South-West monsoon period (May to September). Given
the kind of weather, air-conditioning becomes the com-
mon means of providing thermal comfort in buildings in
Singapore. The frequency distribution and the cumu-
lative distribution of the dew point is given in Fig. 2. It
can be seen that more than half the time the ambient dew
point exceeds 24°C. The high ambient dew point can
cause frequent occurrence of condensation on
fenestration.

RESULTS AND DISCUSSION

Numerical calculations are carried out using different
values of supply air temperature and outdoor tempera-
ture, the two parameters which have a major effect on
the surface temperature of the window. The supply air
temperature ranges from 17 to 19°C. The ambient air
temperature ranges from 24 to 28°, which are typical
values of the outdoor temperature on a cloudy or rainy
day in the tropical region of Southeast Asia.

Figure 3 shows the computational grids; it also shows
the temperature contours in three dimensions, when the
supply air temperature is at 17°C and the ambient air
temperature is at 25°C. Some examples of the computed
field distributions are shown in Fig. 4, where the ambient
air temperature is set as 25°C and the air supply tem-
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Fig. 2. Distribution of outdoor air dew point temperature.
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Fig. 3. Three-dimensional computation grids and temperature contours (x = 0.35m, y = 1.3m, z = 2.4m).
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Fig. 4. Computed field distributions: (a) predicted velocity vectors (supply air 17°C); (b) predicted temperature contours (supply air
18°C); (c) predicted temperature contours (supply air 18°C); (d) predicted temperature contours (supply air 19°C).
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peratures are 17-19°C. The plane shown is right under-
neath the air supply diffusers. In the seating area, the air
temperature is quite uniform, around 24°C when the
supply air temperature is at 17°C, around 25°C when the
supply air is 18°C and around 26°C when the supply air
is 19°C. It can be seen that the air temperature adjacent
to the glass panel becomes lower as the air gets nearer to
the ceiling and closer to the cool supply air outlet. This
causes the temperature of the upper part of the glass
panel to be lower than that at the lower part.

For every set of outdoor air and supply air tempera-
tures, there is a minimum temperature on the external
surface of the glass panel. The minimum glass panel tem-
perature is plotted versus the outdoor air dry-bulb tem-
perature in Fig. 5a when the supply air is at 17°C, and in
Fig. 5b when the supply air is at 18°C. Real weather data
over a period of five years are used in the simulation. At
a given outdoor air dry-bulb temperature, there are many
possible values of the outdoor air dew point. Whenever
the outdoor air dew point is higher than the minimum
temperature existing on the surface of the glass panel,
moisture will condense on the surface. The figures show
the occasions when the ambient dew point exceeds the
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Fig. 5. Occasions of condensation at supply air temperature of
(a) 17°C and (b) 18°C.

minimum temperature on the external surface of the glass
panel. No condensation is predicted when the outdoor
dry-bulb temperature exceeds 27°C, even though there
are occasions when the ambient dew point reaches as
high as 28°C. Apparently, at the high dew point tem-
perature, the corresponding dry-bulb air temperature is
high enough to cause the minimum glass panel surface
temperature to exceed the ambient dew point. There is
also no condensation when the relative humidity is below
95%.

The exterior surface of the glass panel can be partially
covered or completely covered with condensate. Figure
6 shows the surface when it is partially covered with
condensate; the part covered with condensate is shown
shaded. This happens when the ambient air temperature
is 25°C and the corresponding dew point temperature is
24.75°C. If the supply air temperature is at 17°C, the
calculated minimum outside surface temperature of the
glass panel is 24.51°C.

The quantitative data for the number of hours that
moisture condensation can occur over the five-year per-
iod at the different ranges of ambient temperature are
shown in Fig. 7a and b. There is frequent occurrence of
condensation in Fig. 7a, when the supply air is 17°C, but
the frequency drops dramatically when the supply air is
increased to 18°C. In other words, the frequent occur-
rence of condensation at lower ambient temperature (24—
25°C) can be effectively eliminated by slightly raising the
indoor air temperature. The total number of hours of
condensation over the five-year period is reduced from
258 to 49 hours when the supply air temperature is raised
from 17 to 18°C. The calculation results also show that
there are only five hours of condensation occurrence over
a period of five years if the supply air temperature is
further increased to 19°C.

Figure 8a and b show the number of hours that moist-
ure condensation can occur during the five-year period
at the different hours of the day from 10a.m. to 10 p.m.
when the supply air temperature is at 17 and 18°C. It can
be seen that condensation occurs more frequently in the
late evening, after 9 p.m. The average numbers of hours
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Fig. 6. Pattern of moisture condensation.
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Fig. 7. Condensation and ambient temperature: (a) supply air 17°C; (b) supply air 18°C.

that condensation can occur per year between those hours
at the two supply air temperatures are 52 and 10 hours
respectively.

It is to be noted that the minimum duration of con-
densation that can be predicted is 1hour because the
calculation makes use of the average hourly weather data.
Consequently, any moisture condensation that lasted for
less than an hour would be predicted as either no con-
densation or an hour-long condensation. The effects of
the condensation on the heat transfer on the exterior
window glass surface are not considered in the current
study. The time needed for the condensate to evaporate
is also not considered; it is simply assumed that the con-
densate is wiped off if there is not to be fresh condensation
taking place in the next hour.

CONCLUSIONS

Using available local weather data, the computational
fluid dynamics method with a k—¢ turbulence model is
used to predict the window condensation potential on
the glass fenestration of a large air-conditioned viewing
gallery. The result is able to provide the time and the
number of condensation occurrences in a year and predict
the patterns of possible condensation on the window
glass panel. The method developed is also applicable to
the different indoor and outdoor weather conditions.

Based on the local weather data in Singapore, where a
typical tropical climate is experienced, the ambient tem-
perature which causes the most frequent occurrence of
condensation is around 24-26°C. The results imply that






