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ABSTRACT 

In hot, humid climates, LJle inLCrnal surfaces of 
windows in air-conditioned buildings arc in contact 
wiL1l relatively colder air. Meanwhile, L1le eXLCrnal 
surfaces are exposed to hot humid atmospheric air. 
This hygro-L1lermal condition may cause frequent 
atmospheric condensation on exLCrnal surfaces of 
windows when L1leir surface temperature drops below 
the dew point temperature of L1le hot humid air. To 
date, eXLCrnal surface condensation on windows has 
been given relatively much less imporlance than their 
internal surface condensation. In addition, the thermal 
analysis of windows in hot humid climates has 
always been performed in the absence of 
condensation. Under moderate air temperature and 
humidity conditions, such practice is acceplable. 
However, when windows experience atmospheric 
condensation on their external surfaces, the effect of 
condensation on window energy loss needs to be 
examined. In this paper, the eXLCrnal condensation 
process is analyzed and the atmospheric water vapor 
mass condensation rate has been obtained by utilizing 
a simplified transient uni-dimensional finite 
difference model. The results show that this model 
has enhanced LJle assessment of L1le pOLCntial for 
atmospheric condensation on windows in hot, humid 
climaLCs and in predicting the amount of 
condensation expected, as well as LJle associated 
energy loss for given thermal and moisture 
conditions. The numerieal compulation of L1le model 
is able to account for condensation and its impact on 
the temperature gradient across the window. Thermal 
analysis of both single and insulated double-glazed 
windows under condensation conditions is presented. 
The work also includes the computational procedure 
used and the results or a case study demonstrating the 
model's capabilities. 

INTRODUCTION 

The quality or the building environment is 
known La be inOuenced by L1le presence of windows, 
particularly under climate extremes L1lat impose 
limilation on outdoor activities. Since high 
temperature and humidity are characteristics of hot, 
humid climates, windows gain more imporlance as 
more time is spent indoors in the air-conditioned 
comfort, away from the heat and the undesirably high 
humidity. The visual linkage with the outside 
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world and the admission of daylight and sunlight are 
among psychological and physiological function of 
L1le windows, that are affected particularly when 
surrace condensation is present for long periods of 
time. Distorted and obscured vision through windows 
is common when condensation Lakes place, The 
sunlight dirrusion in the condensate layer can cause 
glare conditions and visual discomfort. In addition 
window condensation is traditionally known to ' 
constitute a threat to the building envelope integrity, 
since it acts as a source for water accumulation that 
could be destructive La most organic-based and 
ferrous building components of the building 
envelope. 

Seasonally, the hot, humid period of L1le year is 
also the longest, and atmospheric condensation on the 
external surfaces of windows becomes problematic Lo 
some nir conditioned buildings. As a construction 
norm in hot, humid climates, single-glazed windows 
arc used in most buildings whether or not they are 
air-conditioned. Insulated windows are neither 
popular nor economically aLlractive, since air 
tempcmture difference throughout the year, with the 
exception of summer, is relatively small. It has been 
demonstrated in IiLCrature that single glazed windows 
arc ofLCn selected as a way La reduce capital costs [I]. 
Consequently, surface condensation potential is high 
on exterior surraces of windows in air-conditioned 
buildings. In L1le presence of pollution, condensation 
can become a source ror acid-related discoloration 
and deterioration of L1le exterior building surfaces. 
The severity of window surface condensation can 
range from a conspicuous film of condensation and 
aesthetic dissatisfaction, to serious deLCrioration of 
building materials and failure of building envelope 
perrormance. Condensation also encourages rungal 
growth on surfnces near windows that are exposed to 
the condensate run off. Morcover, there is an energy 
cost associated wiL1l condensation. Although the 
current window thermal assessment is limited La 
sensible heat gain or loss, it is reasonable as long as 
windows arc insulated, hennelically scaled, small in 
area, or exposed to low relative humidity air 
compared La their surface LCmperatures. As larger 
windows arc frequently used in buildings, window 
condensation becomes responsible for a small but 
sizable percenlage of the tOl.<ll heat gain or loss 
associated with windows. This is particularly true for 
single-glazed windows and uninsulated double­
glazed windows that arc common in residential and 
light commercial buildings. 
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Previous studies [1,2] have dealt with 
condensation problems under steady conditions, with 
emphasis on building surfaces and envelope 
components problems caused by condensation [2- 4]. 
Other studies have dealt with design guidelines for 
minimal condensation risk [5]. Daily and seasonal 
variations in air temperature, moisture content, and 
relative humidity add complexity to predictive 
models attempting to examine the condensation 
transient effect on thermal performance of windows. 
Moreover, when it comes to external surface 
condensation, no significant effort was found. As a 
matter of fact, condensation on or near external 
surfaces is not considered a problem [3]. This was 
based on the assumption that condensed water will 
eventually evaporate. This is true in cold, dry 
climates since the objective is to move the plane of 
interstitial condensation potential away from an 
insulation layer. However, in hot, humid climates, 
evaporation is difficult; thus, condensed water tends 
to remain for longer periods depending on the relative 
humidity level. The energy implication due to 
condensation has been investigated in the past. 
However, very little effort has been directed toward 
heat gain or loss associated with window surface 
condensation [6,7]. The heat production due to the 
condensation process on internal window surfaces is 
discussed in [6]. 

In order to analyze the problem of external 
surface condensation and to estimate the heat gain 
associated with condensation, a modcl for estimating 
the mass condensation rate on the window's humid 
side and the energy loss associated with it is tlle 
subject of this paper. Unlike other studies, the work 
presented in earlier studies has demonstrated a 
serious attempt to consider the energy implications of 
window surface condensation through a more 
realistic modeling and simulation of atmospheric 
conditions [8-10]. The need for a condensation model 
that can account for the exact vapor-gas mixture of 
atmospheric air, can accommodate the fact that air is 
a non-condensable gas, and can recognize the gas 
component of atmospheric air dominates its gas­
vapor mixture, is the focus of this study. A uni­
dimensional transient finite-difference condensation 
procedure, based on a fully implicit formulation is 
developed and discussed in this paper. It accounts for 
condensation and the energy losses associated with it. 
Thermal analysis of both single- and insulated 
double-glazed windows under condensation 
conditions was modeled in this study. The external 
surface condensation process is analyzed, and a 
quantilative basis for predicting atmospheric water 
vapor mass condensation rate is developed. The 
theory of film condensation is utilized to establish a 
procedure by which mass condensation rate can be 
predicted (or a mixture mainly consisting of non­
condensable gases. Relations to determine interfacial 
temperature, Tgi , and the interfacial gas 
concentration, Wgi, for the atmospheric gas-vapor 
mixture which is dominated by non-condcnsable 

gases arc given, along with the appropriate curves 
that were developed specifically to accommodate the 
conditions of the atmospheric air and to determine the 
interfacial temperature. In the following sections, the 
condensation process, its hygro-thermal analysis, the 
atmospheric air environment and the finite difference 
model are discussed along with results obtained from 
an experimenlal case study. 

T!-IE CONOENSAnON PROCESS 

Condensation occurs when water vapor comes in 
conlact with a surface at a temperature below its 
saturation temperature. Excessi ve air-conditioning 
forces the temperatures of interior surfaces of walls 
and windows to drop. Unlike walls, low thermal 
resistance of windows makes their external surface 
temperature drop below the dew point temperature of 
the outdoor air. As a result, a continuous thin film of 
condensation that increases in thickness with time is 
formed on the glass exterior surface and then runs off 
the surface by graviultional forces causing 
deterioration to the building envelope. 

Thermal analysis of windows has always been 
made in the absence of condensation and thus has 
never accounted for the latent component of heat gain 
or loss. Compared to other liquids, water has the 
greatest vaporization of latent heal. The release of 
latent heat of vaporization when atmospheric vapor 
changes its phase to liquid form, causes a rise in glass 
temperature. A sizable amount of latent heat is 
expected to be released as condensation of water 
vapor takes place. The released latent hcat is an 
added building heat gain component in the case of 
external atmospheric condensation. It is an added 
he<ltloss component when internal surface 
condensation takes place. The increase in glass 
temperature due to summer condensation means 
additional heat gain to the air-conditioned indoor 
space. The magnitude of such heat gain depends upon 
the characteristics of the vapor and its temperature. 
The heat released is equal to the product of the latent 
heat of vaporization and the amount of the condensed 
liquid. The significance of condensation heat gain 
depends upon the atmospheric air temperature and 
relative humidity, indoor air temperature and the 
thermal characteristics of windows. As the relative 
humidity of the ambient air approaches saturation, the 
significance of window thcrmal resist<1nce is greatly 
reduced since condensation, not limited to window 
surfaces, would probably spread to other exterior 
surfaces. Higher relative humidity is nonnally 
associated with still air conditions which further 
accelerates the condensation process. 

HYGRO-THERMAL ANALYSIS 

Temperature gradients across a window depend
 
on many variables that are related to tlle thermal
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properties of the window system, outdoor thermal 
conditions, and the indoor environment. Under 
steady-state conditions, the temperature gradient can 
be easily obtained in the absence of condensation. 
However, in the presence of condensation, the 
temperature gradient across a window is in!luenced 
by the latent heat component. In the presence of 
condensation, the pallern of the temperature gradient 
changes with time until the condensation process 
rcaches the steady stale and ultimately another 
temperature gradient is formed. Thus, the temperature 
gradient pattern is no longer linear, and can be 
described as unsLable and transient until the steady­
state condition is rcached and a stable temperature 
gradient is formed. Therefore, the process of 
condensation should be considered transient. Since 
glass thickness is relatively small compared to the 
width and length of windows and since window 
frames arc typically made out of wood or insulated 
metal, it is safe to assume a un i-dimensional heat 
transfer through window glazing in this study. To 
estimate heat gain or loss associated with window 
condensation, the time evolution of surface 
temperature profiles must be found. 

The Critical Indoor Air Temperature, Tci 

The external surface temperature of a window 
glazing, Tso, can be expressed as: 

Tso = To - ( Ug ( To - Ti ) I ho ) (I) 

Where, 
To = outdoor air temperature, OK 
Ti = indoor air temperature, 'K 
ho = external surface heat transfer coefficient, 

W/m2'K 
Ug =glazing overall heat transfer coefficient, 

W/m2'K 

If Tdp represents the dew point temperature of 
the outdoor air, the permissible lower limit of a given 
indoor air temperature below which external surface 
condensation occurs is defined as the critical indoor 
air temperature, Tci and can be found from [8]: 

Tci = To ( 1-( ho/U)) + (Tdp ho/U] (2) 

For the given values of To, ho, and Ug, Eq.2 is 
graphically displayed so that a condensation region 
bounded by Tci as a function of outdoor relative 
humidity, RHo and indoor air temperature, Ti can 
easily be depicted. Two examples of the graphical 
representation given in [8] are shown in Fig.l and 
Fig. 2 for two typical design wind eonditions: still air 
and 3.4 m Is. It has been observed that the lesser lJle 
slope ofTci due to wind speed, the larger the 
condensation region and the lower the indoor air 
temperature needed to form the condensation region. 
A simple comparison between still air and a typical 

value of 3.4 mls for wind speed would show that the 
risk of condensation increases with decreased wind 
speed. Also, this indicates that buildings would be 
able to withstand cooler indoor air temperatures in 
summer without risking windows' external 
condensation during periods with higher wind speeds. 

9070503010 

T. ·18 24.;30 36 42 ·C 
0 ' . 
a / 1/ II 

CONDH S~TION 1/ 1/ /a WV-O mi. -
REGION IIII M-IO mma l rill -

0 II; [II
0 VI/;V
0 h W/ 
~v 

~ p 
0 

10 

... 9 

~ 8 

~ 7 
::> 
:I: 6 
w 
IE 5 .. 
;;j 4 
a: 
a: 3 
o g 2 

3 I 

30 -10 

INDOOR TEMPERATURE ·C 

Fig. 1: Condensation region for a single glazed 
window at still air conditions 
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Fig. 2: CondensaLion region for a single glazed 
window at 3.4 mls wind speed 

Estimating the Mass Condensation Rate, M 

There have been several theoretical and 
experimental studies on the prediction of mass 
condensation rate in the presence of a 
noncondensable gas [11-17]. The result of these 
studies cannot be used to predict mass condensation 
rate for situations where the gas-vapor mixture is 
dominated hy a non-condensable gas such as air in 
Ule atmospheric air mixture. The presence of non­
condensable gas, even in very small amounts, can 
have a significant effect on the mass condensation 
rate. The nature of the vapor is a useful criteria in 
classifying approaches to condensation analysis. 
According to the vapor classification given [18], a 
vapor is classified as either a single component vapor, 
a mUlti-component pure condensable vapor, a multi­
component vapor with a non-condensable gas, or a 
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vapor with an immiscible liquid phase. A second 
form of classification is made with respect to Ule 
geometric shape of Ule condensation surface. This 
type of classification is based on the fact that surface 
geometry inOuences the hydrodynamics of 
condensate removal as well as the vapor-liquid 
interaction with respect to surface position. A third 
classification is according to the mode of 
condensation, being the direct contact mode, the 
homogeneous contact mode, the dropwise mode, or 
the film condensation mode [18). For window 
condensation, the third classification secms most 
appropriate. Within this classification, the film 
condensation mode seems to be the most relevant ami 
appropriate mode to describe surface condensation on 
windows as it occurs. Nusselt was the first to develop 
the analysis of film condensation. Filmwise 
condensation is a very common form of surface 
condensation. Nusselt's film condensation theory has 
the advantage over the commonly used mass transfer 
theory of being more accumte in describing the 
condensation process on vertical and other non­
horizontal surfaces. TIle added accuracy is attributed 
to the ability of the film condensation theory to 
account for the effect of the water condensate film 
and UlC effect of the surface height. It is, however, 
limited to pure vapors. The main difficulty of 
applying Nusselt's film condensation analysis to 
window condensation problems is attributed to this 
limitation imposed by the fact that this theory 
assumes the presence of pure vapors. Atmospheric air 
is mostly gas and its water vapor is not a pure vapor. 
Nevertheless, it has been applied on window 
condensation problems in the past regardless of the 
great difference in the hygro-thermal behavior of 
aunospheric air and pure vapors. Fortunately, 
Nusselt's work has been extended by othcrs to 
accommodate unique or special situations; those most 
relevant to the present study are given in [11, 12]. 

In film condensation analysis, Ule process of 
condensation occurs as the temperature of a surface 
becomes lower than the dew point temperature and 
vapor condenses forming a thin film on Ule surface. 
The film thickness increases with time and flows 
down a non-horizontal surface by gravitational 
forces. This process creates a film Ulickness gradient. 
Shown in Fig. 3. The latent heat is released at the 
vapor-liquid interface as a result of the vapor 
condensation process. The latent heat produced is 
then conducted through the condensate layer to the 
surface behind it. According to Nussell's analysis of a 
pure vapor condensation, tlle average mass 
condensation rate of a pure vapor per unit width of a 
flat vertical surface with a constant temperature, Ts is 
given by [I I): 

M=Qlhfg =C4Vd/ 3 ) (CpCTsat-Ts) 
/hfg Pr jO.75 CgL/ 4Vk)O.25 (3) 

where 

M = average mass condensation rate per 

unit width, kg/m2s 
Q heat released by condensation, W 
Ts constant average temperature of Ule 

surface, 'K 
Tsat = vapor saturation temperature, 'K 
L surface height, m 
Vd dynamic viscosity, kg/m s 
Cp specific heat of liquid, J/kg 'K 
hfg latent heat of vaporization, J/kg 
Pr Prandtl number of liquid 
g gravitational constant, m/s 

Vk kinematic viscosity, m/s2 
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Fig.3: A schematic showing the condensation film 
thickness gradient 

The Thermal Environment of Vapor Mixtures 
The mechanism of heat transfer in the presence 

of a pure vapor differs from that in the presence of a 
vapor mixed with non-condensable gases. In the pure 
vapor case, one can safely assume perfect contact 
conditions between vapor and condensate liquid film. 
However, in the case on non-pure vapors, such 
contact is no longer perfect due to the presence of 
non-condensable gases. As a vapor containing non­
condensable gases condenses, the non-condensable 
gas is left at the surface, forming a gas layer near the 
surface Ulat would act as a resisumce layer to the next 
cycle of condensation. This means an added 
resistance to vapor attempting to diffuse through the 
gas-layer to reach the cold surface to condense [18]. 
In atmospheric conditions. vapor has to diffuse 
through the non-condensable gases before it comes in 
contact with the cold surface inducing condensation. 
This implies an added resistance to heat flow towards 
the condensing surface which is caused by the 
presence of non-condensable gases. The added 
resiswllce to vapor diffusion causes a drop in the 
partial pressure of the condensing vapor which in tum 
causes the temperature of the outer surface of the 
condcnsate to drop below saturation temperature. 
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The Nussclt's film condensation approach is 
adjusted to account for the difference between pure 
vapor and vapor in a vapor-gas mixture with 
emphasis on vapor in the atmospheric air which is a 
vapor-gas mixture dominated by non-condensable 
gases. Condensation analysis for a vapor mixture 
containing a non-condensable gas has been allempted 
before [11-17]. The diagrammatic representation 
shown in Fig. 3 illustrates a condensate layer of a 
thickness "d" bounded by the cold surface from one 
side and the gas-vapor layer on the other side. The 
determination of the temperature of the condensate 
outer surface, the interfacial temperature, Tgi, and the 
interfacial gas concentration, Wgi, are fundamental 
requirements for any realistic assessment of 
condensation. However, it is a complicated process 
since it requires simultaneous solutions of heat 
transfer, mass and momentum equations in both the 
liquid and the vapor-gas mixture. A typical routine to 
determine the interfacial temperature, Tgi, and the 
interfacial gas concentration, Wgi, at the interface 
between the condensate layer and the gas-vapor 
boundary layer is described [11] and is based upon 
momentum and energy equations for the condensate 
layer. Nussell's theory has been tested under 
conditions closely satisfying his assumption and has 
been generally confirmed [19]. This routine provides 
a set of curves that are useful in predicting the heat 
transfer when the vapor contains a small percentage 
of a non-condensable gas (~ 3% ). In situations with 
non-condensable gas domination in the vapor-gas 
mixture, such as in the atmospheric air (i.e ~ 90% ), 
there is no similar estimation routine. Consequently, a 
major objective of this study is to adjust the film 
condensation theory to be applicable to the non­
condensable atmospheric gas-vapor mixtures. The 
approximate solution [13] to substitute the complex 
differential equations needed for the exact solution 
has never been popular in most gas-vapor mixtures, 
since its accuracy dccreases significantly as the non­
condensable gas percentage decreases. Fortunately, 
the condilions of lhe atmospheric air have made the 
use of such an approximate solution very attractive 
since it produces a solution almost identicalLO the 
exact solution at atmospheric conditions ( non­
condensable gases % is ~ 90%). The curves 
developed for these high pcrcentages of non­
condcnsable gases using the approximate solution are 
shown in Fig. 4 and Fig. 5. The concentration range is 
between 0.94 and 0.99 ( 94% ~ non-condensable gas 
% ~99%). 

Evaluating Interfacial Temperature, Tgi 

The evaluation of Tgi is made through a trial and 
error approach. Knowing the surface tempernture, 
Tso, one can firsl assume a value of Tgi and thcn 
evaluate the interfacial gas concentr.llion, Wgi, using 
the appropriate curve from Figs. 4 and 5. The nexl 
slep is LO use the value obtained for Wgi to evaluate 

the corresponding interfacial vapor pressure, Pvi as 
follows: 

Pvi ={(l-Wgi) / 
( 1- ( 1- (mv / mg » Wgi») Ptot (4) 

where, 

PlOt = LOtal pressure, N/m2 

mv = vapor molecular weight, kg {Kmol 
mg = gas molecular weight, kg/Kmol 

The corresponding saturation pressure, PSalo to 
this interfacial vapor pressure is calculated or 
obtained from vapor tables. When Tgi is assumed 
equal to the saturation pressure Tsat, Tgi can then be 
used to calculate the mass condensation rate. If 
results are found incompatible, the process is 
repeated with a more appropriate value for Tgi. 

In lhe presence of a non-condensable gas, the 
mass condensation rale for the same condition is 
always less lhan thai predicted by Eq. 3. This can be 
confirmed by the fact that non-condensable gas 
remains on the surface during the condensalion 
process. As a resull, condensation can continue only 
if the vapor diffuses through the gas-vapor mix lure 
before it reaches a relatively cold surface. This added 
resistance to vapor diffusion causes a drop in the 
panial vapor pressure, which in turn causes lhe 
temperature of the outer surface to drop below the 
saturation lemperature, Tsal. In order 10 ulilize Eq.3 
in the presence of non-condensable gas, Tsal needs to 
be replaced by an interfaciallemperalure Tgi. 
However, the analysis needed to evaluatc Tgi 
involves simultaneous Solulion of heat, mass and 
momentum transfer equalions for the liquid and vapor 
gas mixture. Sparrow and Lin [II] provided a 
solution in the form of a set of figures where two 
families of curves represelllthe inlerfacial gas 
concenLralion, Wgi, and the inlerfacial vapor 
pressure, Pvi. Ily using the appropriate figure, one 
can delermine the interfacial temperature hy lrial and 
error and then substitute il for Tsat in Eq. 3. 
Although this solution is for non-condensahle gases, 
it can only be used if the non-condensable gas 
component is very small (3%). In atmospheric air 
mixtures, lhe non-condensable gas constilutes the 
majority of the mixlure (97%). Therefore, a similar 
sct of curves, suitable for aunospheric conditions, 
was developed for predicting mass condensalion ratc, 
M, for gas-vapor mixtures dominated by a non­
condensahle gas. The complex solution process has 
almost made il eli fficu!l. The approximate Solulion 
availahle [13] is 10 our advantage since its accuracy 
increases as the non-condensable gas component 
increases. It is able 10 provide an identical solution 10 
the exacl solution al 97% non-condensable gas 
domination which best fiLS almospheric conditions. 
This approximate Solulion is in the form of a simple 
algebraic equation relating heat and mass transfer 
parameters lo the l1uid/gas properties. As shown in 
Fig.4 and Fig. 5, two familics of curves were 
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generated by utilizing this approximate solution. The 
generated curves are for gas concentration ranges 
from 0.94 to 0.99. Now, the interfacial temperature 
can be obtained by trial and error and then used to 
replace Tsat in the mass condensation equation to 
determine the mass condensation rate M according to 
Eq.3. 
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Fig. 5: Air Concentration at the interface for the 
atmospheric conditions with 
Woo=97 to 99 

THE FINITE-DIFFERENCE MODEL 

The condensation process is transient in nature 
and the thickness of a window is general1y very small 
as compared to the width or length. Thus, the model 
is based on transient and uni-dimensional analysis. 
The transient, uni-dimensional partial differential 
equation of heal conduction was approximated 
through the use of a fully implicit formulation of the 
finite-difference method to form a set of algebraic 
equations. Each is expressing the temperature of a 
given thermal node as a function of temperatures of 
the other surrounding nodes within the window 
region in question. The fully implicit scheme was 
chosen to ensure stability of the solution and its 

accuracy without imposing unnecessary restrictions 
over the size of the time step. In the analysis of 
surface condensation, several assumption were made. 
During the time at which condensation occurs, 
temperature, humidity and surface heat transfer 
cocfficienL~ were assumed to be constant. On the 
condensing side, the reference temperature at which 
condensation occurs is assumed to be the immediate 
surface temperature before condensation. The thermal 
resistance of the condensate film has a negligible 
effect on the conductive heat transfer due to the 
temperature differential across the window. 

A choiee had to be made between explicit and 
implicit formulations of this tcchnique. Although the 
explicit formulation offers a simpler path, it has a 
restriction on the maximum size of the time step to 
ensure solution stability. On the other hand, since 
implicit formulation is relatively complex due to the 
simultaneous solution requirements for all nodal 
temperatures at each time step, this formulation is 
able to provide a st.1ble solution independent of the 
size of time step selected. However, iL~ accuracy was 
found to improve with smaller time steps (20). The 
most accurate and efficient implicit scheme that is 
commonly used is that of Crank and Nicolson (18). 
The accuracy of this scheme is based on the use of 
arithmetic mean values of the derivatives at the 
beginning and at the end of all time intervals [21]. 
Near a closed-form solution, the time step is very 
small. Thus, by reducing the time step, accuracy of 
this scheme incrC<1ses. Also, it should be noted that 
oscil1atioll due to large time steps would result in 
inaceurate solution. The fully implicit scheme of the 
finite difference has an advant.1ge over the implicit 
formulation when large time steps are required. 
Thermal analysis of buildings deals with materials, 
thicknesses and thermal conditions that typically 
would require large time steps ranging from a minute 
to an hour. Thenno-physical properties of various 
building materials are available in most standard heal 
transfer books [19-24). 

The fully implicit scheme was employed in order 
to achieve desired accumcy that is indcpendent of the 
size of the time step. For the purpose of 
simplification and <lpplication of the finite-differcnce 
analysis to condcnsation hcat transfer of windows, 
the following assumptions were made: 

i) During condensation, air temperature and 
relative humidity on both sides of the window remain 
consU\nt; 

ii) Window's surface heat transfer coefficients 
are consWnt; 

iii) Surface temperature immediately before 
condensation occurs is considered the temperature at 
which condensation starL~; 

iv) Window is infinite in width and length; 
v) Window absorption to solar heat gain is 

neglccted; and 
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vi) Thermal resistance of the condensate fi 1m 
has no effect on the heat transfer due to temperature 
difference. 

Based on the above assumptions and using the first 
law of thennodynamies, the differential formulation 
of a uni-dimensional transient heat conduction can be 
expressed as [23]: 

dqx = dq x+t.x + (oE /ot) (5) 

and by utilizing the definition of the partial 
derivative, Eq. 5 becomes: 

dqx = dqx + 0 (dqx lOx) dx + (oE/ot) (6) 
and by introducing the Fourier Law of Conduction, 
Eq. 6 becomes: 

(%t) ( P Cv T) = (%x) ( k (oT/ox» (7) 
where, 

E = Energy, Joule 

p = dcnsity, kg/m 3 

Cv = specific heat, j kg/' K 
T =temperature, 'K 
k = thermal conductivity, m2/s 

In order to utilize the finite-difference method, the 
window thickness is subdivided into imaginary 
layers, each is represented by a thermal node. These 
nodes, classified as interior and exterior nodes, are 
spaced equally by a distance dx as shown in Fig, 6, 

+-W / 4 -II---w12 ---+_w/4 -t-

INDOOR 
AIR T 

L,;"..;....-.......------.....----'s
 

OUTDOOR 
AIR 

.§fHl
ro ~ 

i 

T1W}VMMrlSI~_-IAlA.Mr-~:r-"\MJW--~-UAAAJlr® 

....4f---Glass Thlckness, w ... 

Fig. 6 ; Thermal network of a single glazed window 

The energy balance of an interior node is then 
expressed as: 

(-k/t.x) (Tm- T mol ) = -k (Tm+ I - T m ) + P t.x2 

Cv «Tm -'I'm) / t.t ) (H) 

Where T is the present temperature, l' (bold) is the 

future temperature after a time step t.t and subscripL~ 

m denote node number m, m_lthe node immediately 
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before it, and m+ I the node immediately after it. In a 
similar manner, one can express the energy balance 
of an exterior node as: 

(-klt.x) (Tm+1 - T m ) = qs + 0.5 P t.x Cv 
(Tm - T m ) /t.t (9) 

where T m is the future temperature at node m at Lime 

t+t.t and qs is the LOtal heat transfer to or from a unit 
area. The single glazed window is assumed to consist 
of three layers, each one is thermally represented by a 
thermal node. The three nodes of the three layers of a 
single-pane window arc shown in Fig.6. The first is a 
surface node facing the dry side. The second is a core 
node representing the core of the glazing. The third is 
a surface node facing the humid side. In such a 
generalization, one can conduct condensation 
analysis independent of the actual position of the 
surface at which condensation occurs. Denoting the 
humid side by subscript H and the dry side by 
subscript D, it is possible to express the energy 
balance of the three nodes for both types of 
condensation using the same set of equations which is 
also able to accommodate variable or constant 
conditions on both sides of the window. In hot, humid 
climates, the humid side faces the outside while in a 
cold climate, the humid side faces the inside. Since 
there are two possible sides for window surface 
condensation, the model is made to handle both 
internal and external surface condensation. Three 
nodes can be identified for the single glazed window 
shown in Fig. 6. The first node is the surface node 
facing the dry side, the second is the the core node 
within the glass itself, and the third is a surface node 
facing the humid side. The set of algebraic equations 
for the single glazed case is wriuen as follows: 

for node I on the dry side, the energy balance is 
expressed as: 

Tl =( I +2Pl +2P2)1'1 .2Pl T2 
- 2 P2 TD (10) 

for node 2 representing the core layer, 

and for node 3 on the humid side, 

T3 = ( 1+2PI + 2P3) 1'3· 2Pl T2 - 2P3 TH 
- P4 M (12) 

where TD and TH are the air temperatures on the dry 
and humid sides respectively. M is the mass 
condensation rate per unit area. The parameters PI, 
P2, P3, and P4 are defined as: 

t.t hO / F , 
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L'.t hH IF ,and 

2 L'.t hfg I F (13) 

kg is the glass thermal conductivity, hD and hH are 
the surface hcattransfer coefficients on the dry and 
humid sides respectively, hfg is the latent hcat of 
vaporization in J /kg and F is the product of glass 

density Pg, glass specific heat, Cv, and the nodal 

spacing L'.x. The input data can be constant only when 
constant conditions are simulated. Otherwise. their 
values are those of the next time step. 

The modeling of a double-glazed window is a 
sLIaightforward extension of the single- glazed
 
window model. The only difference is to account for
 
the presence of an inter-pane air-gap. For
 
simplification and convenience. the air gap thickness 
shown in Fig. 7 is taken as twice the glass thickness 
which is typical practice for most double-glazed
 
windows.
 

2 6 7 
COld Dry
 
Side
 Hot Humid 

air space' 2W Side 

T7 Thumld 

thickness 
or glass· w 

Fig. 7 : Thermal network of a double-glazed window 

The heatLIansfer across the air-gap is assumed to 
be by conduction only. Radiative heat exchange 
through the air-gap is accommodated by an 
equivalent increase of the actual conductivity of the 
air. Thus, conductive equivalence of the radiative 
heatLIansfer within the air-gap is considered 
constant. The conductive equivalent to radiative heat 
transfer is taken as 0.OS4 W/m K. A value of 3.3 

W/m2K is used for hr when a glass emittance of 0.82 
was used. For a 9 mm air space. the heat transfer 
coefficient, hr, is about 3 WIm2K. In order to 
maintain a simple equidistant scheme for Ule spacing 
between thermal nodes, each pane is divided into two 
layers and Ule air gap is divided into three layers as 
shown in Fig. 7. The energy balance of a double­
glazed window can now be described by the 
following seven equations: 

I thlCkn.,sl 
or glass· w 

for node 1 on the dry side, 

T I = ( 1+2Pl + 2P2 ) T I - 2Pl T2 - 2P2 TD (14) 

for node 2 through node 6, 

T2 = (I+PI + PS) T2 - PI Tl - PS T3 (IS) 

T3 = ( I + P6 + P7 ) T3 - P6 T2 - P7 T4 (16) 

T4 = ( 1+ 2P7) T4 - P7 T3 - P7 T S (17) 

(19) 

and for node 7 on the humid side, 

T7 =( 1+2PI + 2P3) '1'7 - 2PI T6 - 2 P3 TH 
- P4 M (20) 

where PS. P6. and P7 are: 
Ps =PI kca I kg , 

P6 = Ps CPg I Cpa • and 

P7 = PIka CPg I Kg Cpa (21) 

whcre Pa and Cra are Ule density and specific heat of 
air respcctively. kca is the combined air-glass thermal 
conductivity calculated as [kca=(2 ka kg)1 (ka+kg )} 

It should be noted that the time required for the 
internal surface temperature to rise as a result of the 
released latent heat is problem dependent. Fig.8 
shows Ule variation of Ule internal surface 
temperature with time for two common limits of 
indoor air temperature. Il can be seen that 
temperature rise due to condensation is almost 
doubled when indoor air temperature is reduced from 
24 'C to IWe. Fig. 8 shows that internal surface 
temperature increases as outdoor relative humidity is 
increased. The significance in the rise in internal 
surface temperature stems from the fact that 
condensation represents an added component of 
window heat gain. The rate of heat gain due to 
condensation is small compared to conduction or 
transmission gains. yet is significant when the total 
area of the windows constitutes Ule majority of the 
external wall area. Condensation heat gain is 
illustrated in Fig. 9 as a function of the atmospheric 
relative humidity and air temperature. As an example, 
for Ti =21' , To = 35' • and RHo = 90%. the heat gain 
rate due to condensation was found to be about lOW 
I m2 for a single-glazed window. 
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with time under two common indoor air temperature 
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Fig. 9: Heat gain rate due to external condensation 
for 10 mm thick single glazed window with outdoor 
relative humidity of 90% 

For both single and double windows, the mass 
condensation rate, M, must be calculated at the 
beginning of each time interval in order to solve 
simultaneously for nodal temperJtures of the 
corresponding set of equations. The tri-diagonal 
matrix iteration technique is used for the 
simultaneous solution for all nodal temperatures. In 
order to validate the model, an experimental study 
was carried out where more than 50 tests were 
conducted. The experimental set-up used in testing a 
5 mm single glazed window is shown in Fig. 10. The 
set up is described simply as a hot box with 
humidification capability from a steam generator. The 
window is inserted between a cold box and a hot box. 
Temperatures were measured for the glass surface as 
well as in five locations within the box air. Their 
average was used to represent the air temperature 
within the box. The deviation of any single 
temperature measurement from the average nevcr 
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excecded I"C. All measurements were logged to a
 
data acquisition system with the exception of the
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Fig. 10: Schematic showing cross-sectional view of 
test set-up 

measuring of the amount of the collected condensate 
during each experiment. Eighteen tests were 
specifically compared to model results. On average, 
mass condensation rates that are based on the 
measurement data were found to be about 16% lower 
than calculated values. This discrepancy, was to some 
extent, expected due to oversimplifyed testing using 
inexpensive experimental set-up, where maintaining 
simultaneously both humidity and temperature at 
constant levels was a difficult task. Nevertheless, the 
experimenllll results are consistent with model output, 
even though the tesL<; were conducted at different 
hygro-thermal conditions. In previous studies, there is 
evidence that measured heat transfer coefficients 
were about 20% higher than Nussclt's theory suggest 
[I ~l. This could also indicate that the present results 
are in agreement with those measured values given 
by [18J. The test conditions and results are 
summarized by Figs. II through 16. 
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As shown in Figs. 11, 12, and 13, the condensation 
period, the humidity and temperature conditions 
along with glass temperature in these tests are shown. 
TOLaI amount of mass condensation obtained during 
each test is shown in Fig. 14 . 
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Fig. 12: Measured temperatures of glass surface, hot 
side air, cold side air for 18 different tests 
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Comparison between the model and 
measuremenLS with respect to the rise in the window 
surface temperature and the mass condensation rate 
are shown in Figs. 15 and 16. The experimental 
procedure for measuring the mass condensation rate 
was conducted as a means for the verification of the 
proposed concept. As shown in Fig. 15 and 16, a 
comparison betwecn calculatc<J values of temper:Jlure 
rise and mass condensation r:Jte and values obt:Jined 
from measurements were made and good agrecmenL~ 

were found. 
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Fig. 14:Total mass condensation collected during 
each test period 
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surface temperature for each test 
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CONCLUSION 
This study has provided an insight into 

atmospheric eondensation problems in general, and 
exterior condensation in hot, humid climates in 
particular. The external surface condensation of 
windows has been analyzcc.l with respect to the 
condensation potential and the identification of the 
condensation region. The mass condensation rate has 
been evaluated for the atmospheric air mixture that is 
dominatcc.l by a non-condensable gas using a new 
approach. This approach extends the usc of the film 
condensation theory for pure vapors to estimate the 
mass condensation rate for gas-vapor mixtures 
dominatcc.l by non-condensable gas such as the 
atmospheric air. Moreover, heat gain due to external 
surface condensation cannot be directly evaluated by 
the current proccc.lures employing mass transfer due 
to vapor pressure difference, such as the Davies 
model [6], in which glass thermal re~istance is 
ncglected, and consequently the temperature acro~s 

window thickness is considercc.l uniform. The present 
study is based on evaluating the condensation film 
interfacialtempcrature, then determining the mass 
condensation rate as we1l as the heat transfer rate. 
The interfacial temperature necdcc.l for estimating the 
mass condcnsation rate on the window's surface has 
been graphically presented for atmospheric gas-vapor 
mixture assuming constant surface temperature with 
window condensation. The Ix:nefits from the present 
study arc not limited only to the prediction of the 
mass condensation rate using film condcnsation 
analysis, but arc also useful in accommodating the 
time dependency nature of window conden~ation 

analysis, and the consequent potential of improved 
assessment of net heat gain or loss through windows. 

The proposed procedure will enable designers to 
determine the magnitude of the temperature gradient 
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across the thickness of single- and double-glazed 
windows, the effect of variable indoor and outdoor 
conditions on surface temperature and the 
condensation starting point, the magnitude of surface 
temperature variation during the condensation 
process, the mass condensation rate as a function of 
the interfacial temperature and the resulting heat gain 
or loss associated with window condensation. 

The energy loss implication of window 
condensation was found to be reasonably smaIl when 
compared to other window losses. However, when 
the total window surface area of a building is 
significant, latent energy losses due to condensation 
~hould be considered. The proposed model has the 
ability of asse~sing window heat gain or loss in the 
presence of condensation. Heat loss associated with 
condensation can amount to about one-fifth the total 
heat loss of a single-glazcc.l window. 

Results from tests agrecc.l reasonably with the 
proposed model. It can also Ix: used in estimating 
heat gain or loss associated with condensation. A 
specifically constructed experimental set-up has been 
utilized to verify this model. More experimental 
verifieation would be very valuable. Further work is 
essential to extend the model to accommodate 
~ituation~ where constant surface temperature cannot 
be assumed. In other words, the effect of the small 
rise in surface temperature on the time-dependent 
mass condensation rate can be considered. In short, 
the proposcd procedure makes it possibIc to assess 
window encrgy performance and thermal loads 
associatcc.l with external window condensation in hot 
humid climates and internal condensation in cold 
climates. 
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