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ABSTRACT

In hot, humid climalcs, the intcrnal surfaces of
windows in air-conditioned buildings arc in contact
with rclatively colder air, Mcanwhile, the external
surfaccs arc cxposed to hot humid atmospheric air.
This hygro-thcrmal condition may causc frequent
atmosphcric condcnsation on cxternal surfaces of
windows when their surface temperature drops below
the dew point tempcerature of the hot humid air. To
datc, cxternal surface condensation on windows has
been given relatively much less importance than their
intcrnal surfacc condcnsation. In addition, the thermal
analysis of windows in hot humid climatcs has
always been performed in the absence of
condcnsation. Under moderale air temperature and
humidity conditions, such praclice is acceptable.
However, when windows expericnce atmospheric
condcnsation on their cxtemal surfaccs, the cffect of
condcnsation on window cnergy loss nceds (o be
cxamined. In this paper, the cxternal condensation
process is analyzed and the atmospheric water vapor
mass condensation ratc has been obtained by utilizing
a simplificd transicnt uni-dimensional finitc
diffcrence modcl. The results show that this model
has cnhanced the asscssment of the potential for
atmospheric condensation on windows in hot, humid
climates and in predicting the amount of
condcnsation cxpecled, as well as the associated
cnergy loss for given thermal and moisture
conditions. The nuincrical computation of the modcl
is able Lo account for condensation and its impacl on
the temperaturc gradicnt across the window. Thermal
analysis of both single and insulated double-glazed
windows undcr condensation conditions is presented.
The work also includes the computational proccdure
uscd and the results of a case study demonstrating the
modcl's capabilitics.

INTRODUCTION

The quality of the building cnvironment is
known o be influenced by the presence of windows,
particularly under climatc cxtremes that imposc
limitation on outdoor activitics. Sincc high
temperature and humidity arc characicristics of hot,
humid climates, windows gain morc importancc as
morc time is spent indoors in the air-conditioned
comfort, away from the hcat and the undesirably high
humidity. The visual linkage with the outside
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world and the admission of daylight and sunlight arc
among psychological and physiological function of
the windows, that arc alfccted particularly when
surfacc condcnsation is present for long periods of
tme. Distorted and obscured vision through windows
is common when condcensation takes place, The
sunlight diffusion in the condensale layer can causc
glarc conditions and visual discomfort. In addition,
window condcnsation is traditionally known to
constilutc a threat to the building cnvelope integrity,
sincce it acts as a sourcc [or walcr accumulation that
could be destructive to most organic-based and
fcrrous building components of the building
cnvclope.

Scasonally, the hot, humid period of the year is
also the longest, and atmospheric condensation on the
cxternal surfaces of windows becomes problematic to
some air conditioned buildings. As a construction
norm in hol, humid climatcs, single-glazed windows
arc uscd in most buildings whether or not they arc
air-conditioncd. Insulated windows arc ncither
popular nor cconomically attractive, since air
tcmperaturc dilference throughout the ycar, with the
cxception of summer, is relatively small. It has been
demonstrated in literaturce that single glazed windows
arc often sclected as a way to reducc capital costs [1].
Conscquently, surfacc condensation polential is high
on cxlcrior surfaces of windows in air-conditioned
buildings. In the presence of pollution, condensation
can become a source for acid-related discoloration
and deterioration of the cxterior building surfaccs.
The scverity of window surface condensation can
rangce [rom a conspicuous [ilm of condensation and
acsthetic dissatisfaction, to scrious deterioration of
building materials and failurc of building cnvelope
performance. Condensation also encourages fungal
growth on surfaces ncar windows that arc cxposcd Lo
the condcensate run off. Morcovcr, there is an cnergy
cost associated with condensation. Although the
current window thermal asscssment is limited Lo
scnsible heat gain or loss, it is rcasonablc as long as
windows arc insulated, herinclically scaled, small in
arca, or cxposcd to low rclative humidity air
comparcd 1o their surface temperatures. As larger
windows arc [rcquently used in buildings, window
condcnsation becomes responsible for a small but
sizablc percentage of the total heat gain or loss
associated with windows. This is particularly truc lor
single-glazed windows and uninsulated double-
glazed windows that arc common in residential and
light commercial buildings.
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Prcvious studics [1, 2] have dealt with
condensation problems under stcady conditions, with
emphasis on building surfaces and cnvclope
components problems causcd by condensation [2- 4].
Other studics have dealt with design guidclines for
minimal condensation risk [5]. Daily and scasonal
variations in air temperaturc, moisturc content, and
rclative humidity add complexity to predictive
modcls attempting to cxamine the condensation
transicnt cf{fcct on thermal performance of windows.
Moreover, when it comes to cxtemal surface
condensation, no significant c{fort was lound. As a
matter of fact, condcnsation on or ncar cxternal
surlaccs is not considered a problem {3]. This was
bascd on the assumption that condensed water will
cventually evaporate. This is truc in cold, dry
climates sincc the objective is to move the planc of
interstitial condensation potential away {rom an
insulation layer. Howcever, in hot, humid climatcs,
cvaporation is dilficult; thus, condensed walcr tends
to remain for longer periods depending on the relative
humidity level. The cnergy implication duc to
condensation has been investigated in the past.
However, very litde cffort has been directed toward
hcat gain or loss associatecd with window surface
condcnsation [6, 7]. The hecat production due to the
condcnsation process on internal window surlaces is
discusscd in [6].

In order to analyzc the problem of cxtcrnal
surfacc condensation and to cstimate the heat gain
associated with condensation, a modcl for cstimating
the mass condcnsation ratc on the window's humid
side and the cnergy loss associated with it is the
subject of this paper. Unlike other studics, the work
presented in carlicr studics has demonstrated a
scrious attempt 1o consider the cnergy implications of
window surlacc condensation through a more
rcalistic modcling and simulation of atmosphcric
conditions [8-10]. The nced for a condensation model
that can account for the cxact vapor-gas mixturc of
atmospheric air, can accommodatc the fact that air is
a non-condcnsable gas, and can recognize the gas
component of atmospheric air dominates its gas-
vapor mixture, is the focus of this study. A uni-
dimensional transicent f{inite-diffcrence condensation
procedure, based on a [ully implicit formulation is
developed and discussed in this paper. It accounts for
condcnsation and the cnergy losscs associated with it.
Thermal analysis of both single- and insulated
double-glazed windows under condensation
conditions was modcled in this study. The external
surface condensation process is analyzcd, and a
quantitative basis for predicting atmospheric water
vapor mass condensation ratc is developed. The
theory of f{ilm condensation is utilized to cstablish a
proccdure by which mass condensation rate can be
predicted for a mixturc mainly consisting of non-
condcnsable gascs. Relations to determine interfacial
temperature, Tgj , and the interfacial gas
concentration, ng, for the atmosphceric gas-vapor
mixturc which is dominatcd by non-condcnsable
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gascs arc given, along with the approprialc curves
that were developed specilically to accommodate the
conditions ol the atmosphcric air and to determinc the
interfacial tempcerature. In the following scctions, the
condensation proccss, its hygro-thcrmal analysis, the
atmospheric air cnvironment and the finite difference
model arc discusscd along with results obtained from
an cxperimental casc study.

THE CONDENSATION PROCESS

Condensation occurs when water vapor comes in
contact with a surface at a tcmperaturc below its
saturation temperaturc. Excessive air-conditioning
forces the temperatures of interior surlaces of walls
and windows to drop. Unlike walls, low thcrmal
resistance of windows makes their cxternal surface
temperature drop below the dew point temperature of
the outdoor air. As a result, a continuous thin film of
condensation that increascs in thickness with time is
formed on the glass exterior surlacc and then runs off
the surfacc by gravitational {orces causing
dceterioration to the building cnvelope.

Thermal analysis of windows has always been
made in the abscnce of condensation and thus has
ncver accounted for the latent component of heat gain
or loss. Compared to other liquids, water has the
greatest vaporization of latent heat. The relcase of
latent heat of vaporization when atmosphceric vapor
changes its phasc to liquid form, causcs a risc in glass
temperature. A sizable amount of latent heat is
cxpected to be released as condensation of water
vapor takes place. The relcased latent heat is an
added building heat gain component in the casc of
cxternal atmospheric condensation. It is an added
hcat loss component when internal surface
condcnsation takes place. The increasc in glass
temperature duc to summer condensation means
additional heat gain to the air-conditioned indoor
spacc. The magnitudce of such heat gain depends upon
the characteristics of the vapor and its tcmpcrature.
The heat relcased is equal to the product of the latent
hcat of vaporization and thc amount of the condensed
liquid. The significance of condensation heat gain
depends upon the atmospheric air tcmperature and
rclative humidity, indoor air temperaturc and the
thermal characteristics of windows. As the relative
humidity of the ambicnt air approachces saturation, the
significance of window thcrmal resistancc is greatly
rcduced since condensation, not limited to window
surfaccs, would probably spread to other exterior
surfaces. Higher relative humidity is normally
associated with still air conditions which [urther
accclerates the condensation process.

HYGRO-THERMAL ANALYSIS

Temperature gradicnts across a window depend
on many variables that arc rclated to the thermal
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propertics of the window systcm, outdoor thermal
conditions, and the indoor ¢nvironment. Under
stcady-slate conditions, the lcmperature gradicnt can
be easily obtained in the abscnce of condensation.
However, in the presence of condensation, the
tempcrature gradicnt across a window is influcnced
by the latent hcat component. In the presence of
condcnsation, the pattern of the temperature gradient
changes with timc until the condensation process
rcaches the steady state and ultimately another
temperature gradicent is formed. Thus, the temperaturc
gradicnt pattern is no longer lincar, and can be
described as unstable and transicnt until the stcady-
state condition is rcached and a stable emperature
gradicnt is formed. Thereflore, the process of
condensation should be considered transicnt. Since
glass thickness is rclatively small compared to the
width and length of windows and since window
framcs arc Lypically madc out of wood or insulated
mctal, it is safc to assume a uni-dimensional heat
transfcr through window glazing in this study. To
cstimalc heat gain or loss associatcd with window
condcnsation, the time cvolution of surfacc
tempcerature profiles must be found.

The Critical Indoor Air Temperature, T¢;j

The cxtemal surface temperaturc of a window
glazing, Tsq, can be cxpressed as:

Tso =To-{Ug{To-Ti}/ho) (N

Where,
To = outdoor air tempcerature, °K
T; = indoor air tcmperature, ‘K
hg = external surface heat transfer cocfficient,
W/m2'K
Ug = glazing ovcrall heat transfer coclficicnt,
W/m2°K

If Tegp represents the dew point temperature of
the outdoor air, the permissible lower limit of a given
indoor air temperaturc below which external surface
condcnsation occurs is defincd as the critical indoor
air tcmperaturce, Tgj and can be found from [8]:

Tei =To { 1-(ho/U) ) + { Tgp ho/ U] 2

For the given valucs of To, ho, and Ug, Eq.2 is
graphically displaycd so that a condensation region
bounded by T¢j as a function of outdoor rclative
humidity, RHg and indoor air temperature, Tj can
casily be depicted. Two examples of the graphical
representation given in [8] are shown in Fig.1 and
Fig. 2 for two Lypical design wind conditions: still air
and 3.4 m /s. It has been obscrved that the lesser the
slope of T¢j duc to wind speed, the larger the
condensation rcgion and the lower the indoor air
temperature needed to form the condensation region.
A simplc comparison between still air and a typical
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valuc of 3.4 m/s for wind spccd would show that the
risk of condcnsation incrcases with decrecased wind
speed. Also, this indicates that buildings would be
able to withstand cooler indoor air lcmperatures in
summer without risking windows' cxtcrnal
condcnsation during periods with higher wind specds.
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Fig. 1:  Condecnsation region for a single glazed
window at still air conditions
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Fig.2: Condcnsaton rcgion for a single glazed
window at 3.4 m/s wind speed

Estimating the Mass Condensation Rate, M

There have been scveral theoretical and
cxperimental studics on the prediction of mass
condcnsation rate in the presence of a
noncondensable gas [11-17]. The result of these
studics cannol be uscd to predict mass condensation
ralc for situations where the gas-vapor mixture is
dominated by a non-condensable gas such as air in
the atmospheric air mixturc. The presence of non-
condensable gas, cven in very small amounts, can
have a significant cffcct on the mass condensation
rate. The naturc of the vapor is a usclul criteria in
classifying approachcs (o condcensation analysis.
According to the vapor classification given [18], a
vapor is classificd as cither a single component vapor,
a multi-componcnt purc condensable vapor, a multi-
componcnt vapor with a non-condensable gas, or a
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vapor with an immiscible liquid phasc. A sccond
form of classification is madc with respect o the
geometric shape of the condensation surlace, This
type of classification is bascd on the fact that surlace
geometry influcnces the hydrodynamics of
condensate removal as well as the vapor-liquid
intcraction with respect to surface position. A third
classification is according to the modc of
condensation, being the dircct contact mode, the
homogcncous contact modce, the dropwise mode, or
the film condensation modc [18]. For window
condcnsation, the third classification scems most
appropriatc. Within this classification, the film
condensation mode seems o be the most relcvant and
appropriatc modc to describe surface condensation on
windows as it occurs. Nussclt was the first to develop
the analysis of [ilm condcnsation. Filmwisc
condensation is a very common form of surface
condensation. Nussclt's film condensation theory has
the advantage over the commonly uscd mass transfer
thcory of being morc accurate in describing the
condcnsation proccss on vertical and other non-
horizontal surfaccs. The added accuracy is attributed
to the ability of the {ilm condensation theory Lo
account for the clfect of the water condensate film
and the clfect of the surlace height. It is, however,
limited to pure vapors. The main difficulty of
applying Nusselt's {ilm condcnsation analysis to
window condcnsation problems is attributed to this
limitation imposed by the fact that this theory
assumcs the presence of purc vapors. Atmospheric air
is mostly gas and its watcr vapor is not a purc vapor.
Nevertheless, it has been applicd on window
condcnsation problems in the past regardless of the
great dilference in the hygro-thermal behavior of
atmosphcric air and purc vapors. Fortunatcly,
Nussclt's work has bcen extended by others to
accommodate uniquc or special situations; those most
rclevant to the present study arc given in [11, 12],

In film condcnsation analysis, the process of
condensation occurs as the temperature of a surface
becomes lower than the dew point temperature and
vapor condenses forming a thin [ilm on the surfacc.
The [ilm thickness increases with time and flows
down a non-horizontal surfacc by gravitational
forces. This process creates a film thickness gradicent.
Shown in Fig. 3. The latent heat is released at the
vapor-liquid interface as a result of the vapor
condcnsation process. The latent heat produced is
then conducted through the condensate layer to the
surfacc behind it. According to Nussclt's analysis of a
purc vapor condcnsation, the average mass
condcnsation ratc of a purc vapor per unit width of a
flat vertical surfacc with a constant temperature, Tg is
given by [11]:

M =Qhfg =(Vg/3) (Cp(Tsar-Ts)

I hig Pr)0-75 (gL /4vy)0-23 3)

where
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M = avcrage mass condcnsation ratc per
unit width, kg/m?2s
Q = hcat rclcascd by condensation, W
Ts = constant average temperaturc of the
surlace, ‘K
Tsat vapor saturation temperature, "K
L = surlacc height, m
Vd = dynamic viscosity, kg/m s
Cp specific heat of liquid, J/kg *K
hrg = latent heat of vaporization, J/kg
Pr = Prandtl number of liquid
g = gravilational constant, m/s
Vk = kincmatic viscosity, m/s2
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Fig.3: A schcmatic showing the condensation [ilm

thickness gradicnt

The Thermal Environment of Vapor Mixtures
The mechanism of heat transfer in the presence
of a purc vapor dilfcrs (rom that in the presence of a
vapor mixcd with non-condensable gascs. In the pure
vapor casc, onc can safcly assumc perfect contact
conditions between vapor and condensate liquid film,
However, in the casc on non-purc vapors, such
conlact is no longer perfcct due to the presence of
non-condensablc gascs. As a vapor containing non-
condensable gascs condenscs, the non-condensable
gas is lcft at the surface, forming a gas laycr ncar the
surface that would act as a resistance layer to the next
cycle of condensation. This mcans an added
resistance to vapor attempting to diffusc through the
gas-laycr to reach the cold surface to condensc [18].
In atmosphecric conditions, vapor has to diffusc
through the non-condensable gascs before it comes in
contact with the cold surface inducing condcnsation.
This implics an addced resistance to heat flow towards
the condensing sur(ace which is caused by the
presence of non-condensable gases. The added
resistance 1o vapor diffusion causcs a drop in the
partial pressurc of the condensing vapor which in tumn
causcs the temperature of the outer surlace of the
condcnsalc to drop below saturation temperaturc.
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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 mixturc with
cmphasis on vapor in thc atmospheric air which is a
vapor-gas mixturc dominated by non-condcnsablc
gascs. Condensation analysis for a vapor mixturc
containing a non-condcnsablc gas has been attempted
before [11-17]. The diagrammatic representation
shown in Fig. 3 illustrates a condcnsate laycr of a
thickness "d" bounded by the cold surface from onc
sidc and the gas-vapor laycr on the other side. The
determination of the temperature of the condensate
outer surfacc, the interfacial temperature, Tgj, and the
interfacial gas concentration, ng, arc fundamcntal
requircments for any rcalistic asscssment of
condcnsation. Howcvcr, it is a complicaled process
since it requires simultancous solutions of hcat
transfcr, mass and momcntum cquations in both the
liquid and the vapor-gas mixturc. A typical routinc o
determine the interfacial temperature, Tgi, and the
interfacial gas concentration, Wi, at the interface
between the condensate layer and the gas-vapor
boundary laycer is described [11] and is based upon
momentum and cncrgy cquations for the condensale
laycr. Nussclt's thcory has been tested under
conditions closcly satis{ying his assumption and has
been generally confirmed [19]. This routine provides
a sct of curves that arc useful in predicting the heat
transfcr when the vapor conlains a small percentage
of a non-condensable gas ( £ 3% ). In situations with
non-condcnsable gas domination in the vapor-gas
mixture, such as in the atmosphcric air (i.c <90% ),
there is no similar cstimation routine. Conscquently, a
major objcctive of this study is to adjust the {ilm
condcnsation theory Lo be applicablc to the non-
condcnsablc atmospheric gas-vapor mixturcs. The
approximatc solution [13] to substitute the complex
dilfcrential cquations nceded for the cxact solution
has ncver been popular in most gas-vapor mixturcs,
sincce its accuracy dccreases significantly as the non-
condcnsablc gas percentage decrcascs. Fortunaltcely,
the conditions of the atmospheric air have made the
usc of such an approximaltc solution very attractive
since it produccs a solution almost identical to the
cxact solution at atmospheric conditions ( non-
condcnsable gascs % is < 90% ). The curves
developed for these high percentages of non-
condcnsablc gascs using the approximate solution arc
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 cvaluation of Tgj is madc through a trial and
crror approach. Knowing the surfacc lcmperaturc,
Tso, onc can first assumc a valuc of Tgi and then
cvaluate the interlacial gas concentration, Wi, using
the appropriatc curve [rom Figs. 4 and 5. The next
step is 1o usc the value obtained for Wi to evaluate
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the corresponding interfacial vapor pressure, Pyj as
follows:

Pvi ={ (I-Wgi /
(1-(1-(my/ mg )) Wgi)} Pioy C))
where,
Piot = total pressure, N/m2
my = vapor molecular wcight, kg /Kmol

My gas molccular weight, kg/Kmol

The corrcsponding saturation pressurc, Pgyy, to
this interfacial vapor pressure is calculated or
obtained from vapor tables. When Tgj is assumed
cqual to the saturation pressurc Tsat, Tgj can then be
uscd to calculate the mass condcnsation rate. If
results arc found incompatible, the process is
repeated with a more appropriate value for Tgj.

In the presence of a non-condcensable gas, the
mass condensation rate for the samc condition is
always less than that predicted by Eq. 3. This can be
conflirmed by the fact that non-condensablc gas
remains on the surface during the condensation
process. As a result, condensation can continuc only
if the vapor dilfuscs through the gas-vapor mixturc
belore it reaches a relatively cold surface. This added
resistance o vapor diffusion causcs a drop in the
partial vapor pressure, which in turn causcs the
tempceraturce of the outér surface to drop below the
saturation tempcerature, Tgat. In order to utilize Eq.3
in the presence of non-condensable gas, Tgag needs 1o
be replaced by an interfacial temperature Tgj.
Howecver, the analysis nccded (o cvaluate Tgi
involves simultancous solution of hcat, mass and
momentum transfcr cquations for the liquid and vapor
gas mixturc. Sparrow and Lin [11] provided a
solution in the form of a sct of figurcs where two
familics of curves represent the interfacial gas
concenlration, ng, and the interfacial vapor
pressurc, Pyj. By using the appropriate [igure, onc
can determinge the interfacial temperature by trial and
crror and then substitute it for Tgy in Eq. 3.
Although this solution is for non-condcnsablc gascs,
it can only be uscd il the non-condcnsable gas
componcnt is very small ( 3% ). In atmospheric air
mixlurcs, the non-condcensable gas constitutes the
majority of the mixturc (97%). Therefore, a similar
sct of curves, suitable for atmospheric conditions,
was devcloped for predicting mass condcensation rate,
M, for gas-vapor mixturcs dominatcd by a non-
condcnsable gas. The complex solution process has
almost made it dilficult. The approximate solution
availablc [13] is to our advantagc since its accuracy
incrcascs as the non-condensable gas component
incrcascs. It is able to provide an identical solution to
the cxact solution at 97% non-condcnsablc gas
domination which best fits atmosphceric conditions.
This approximaltc solution is in the form of a simple
algebraic cquation relating heat and mass transler
paramcters to the {luid/gas propertics. 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 arc for gas concentration ranges
from 0.94 10 0.99. Now, the interfacial tcmperaturc
can be obtaincd by trial and crror and then used to
replace Tgg in the mass condensation cquation Lo
decterminc the mass condensation rate M according to
Eq. 3.
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THE FINITE-DIFFERENCE MODEL

The condensation process is transicnt in naturc
and the thickncss of a window is gencrally very small
as comparcd to the width or Iength. Thus, the modcl
is bascd on transicnt and uni-dimensional analysis.
The transicnt, uni-dimensional partial diffcrential
cquation of heat conduction was approximated
through the usc of a fully implicit formulation of the
finite-diffcrence method to form a sct of algebraic
cquations. Each is cxpressing the tempcerature of a
given thermal nodc as a [unction of tempceraturcs of
the other surrounding nodces within the window
rcgion in question. The [ully implicit scheme was
choscn to ensurc stability of the solution and its
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accuracy without imposing unnccessary restrictions
over the size of the time step. In the analysis of
surfacc condensation, scveral assumption were made.
During the time at which condensation occurs,
temperature, humidity and surfacc hcat transfer
cocfficicnls were assumed to be constant. On the
condensing side, the reference temperature at which
condensation occurs is assumed to be the immediate
surfacc temperaturc before condensation. The thermal
resistance of the condensate [ilm has a negligible
clfect on the conductive heat transfer duc to the
tempcerature diffcrential across the window.

A choice had to be madc between explicit and
implicit formulations of this technique. Although the
cxplicit formulation offcrs 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 rclatively complcx duc to the
simultancous solution rcquircments for all nodal
temperatures at cach time sicp, this formulation is
ablc to provide a stable solution independent of the
sizc of time step sclected. However, ils accuracy was
found to improve with smaller time steps [20]. The
most accurate and cfficicnt implicit scheme that is
commonly uscd is that of Crank and Nicolson [18].
The accuracy of this scheme is based on the usc of
arithmetic mean valucs of the derivatives at the
beginning and at the end of all time intervals [21].
Ncar a closed-form solution, the time step is very
small. Thus, by reducing the time step, accuracy of
this scheme increascs. Also, it should be noted that
oscillation duc to large time steps would result in
inaccurate solution. The fully implicit scheme of the
finite diffcrence has an advantage over the implicit
formulation when large time steps arc required.
Thermal analysis of buildings deals with matcrials,
thicknesses and thermal conditions that typically
would require large time steps ranging from a minute
to an hour. Thermo-physical propertics of various
building matcrials arc available in most standard hcat
transfcr books [19-24].

The [ully implicit scheme was employed in order
1o achicve desired accuracy that is indcpendent of the
sizc of the time step. For the purposc of
simplilication and application of the finitc-diffcrence
analysis to condcnsation hcat transfcr of windows,
the following assumptions were made:

i)  During condcnsation, air tempcraturc and
rclative humidity on both sides of the window rcmain
constant;

il) Window's surfacc heat transfcr cocfficicnts
arc constant;

i) Surfacc tecmperaturc immediately before
condensation occurs is considered the lemperature at
which condcnsation starts;

iv) Window is infinitc in width and length;

v)  Window absorption to solar hcat gain is
ncglected; and
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vi) Thermal resistance of the condensate (ilm before it, and +1 the node immediately afterit. In a
h?s no cffect on the heat transfer duc to tcmperature similar manner, one can cxpress the energy balance
diffcrence. of an cxterior nodc as:
Bascd on the abovc assumptions and using the [irst K/AX) (T ST )=ac +0.5p Ax C
law of thermodynamics, the differential formulation : ) (Tm+1-Tm) qu T ‘; A v o)
of a uni-dimensional transicnt heat conduction can be (Tm - Tm ) /AL

cxpressed as [23]: ) .
P where T 1y is the fulure lemperature at node m at time

dqx =dq x+Ax + (QE /00 (5) 1+AL and qg is the total heat transfcr o or from a unit

arca. The single glazed window is assumed Lo consist
and by utilizing the definition of the partial of three layers, cach onc is thermally represenicd by a
dc,-ivglivc Eq{;S beecomes: ¥ thermal node. The three nodes of the three layers of a

single-panc window arc shown in Fig.6. Thc [irst is a
surface node lacing the dry side. The sccond is a core

dgy =dax + a. (dqx /ox) dx+ (GE/oL) _© node representing the corc of the glazing. The third is
and by introducing the Fouricr Law of Conduction, a surfacc nodc facing the humid side. In such a
Eq. 6 becomes: gencralization, onc can conduct condcnsation
(9/0) (p Cy T) = (9/ax) (k (dT/ox)) Q) analysis independent of the actual position of the
where, surface at which condensation occurs. Denoling the

E =Encrgy, Joulc humid sidc by subscript {4 and the dry sidc by

p =dcnsity, kg/m3 subscript p, it is possible Lo cxpress the cnergy

Cy = specific heal, j kg/'K balance of the three nodcs for both types of

T =tcmperature, K condcnsation using the samc sct of cquations which is

k = thermal conductivity, m2/s also able Lo accommodalc variablc or constant

conditions on both sidcs of the window. In hol, humid

In order 1o utilize the finite-diffcrence method, the climatcs, the humid side faces the outside whilcin a
window thickncss is subdivided into imaginary cold climatc, the humid sidc faces the inside. Since
laycrs, cach is represcnted by a thermal node. Thesce there are two possible sides for window surface
nodes, classificd as intcrior and cxterior nodcs, arc condensation, the model is made to handle both
spaccd cqually by a distance dx as shown in Fig, 6. internal and external surface condensation. Three

nodcs can be identificd for the single glazed window
shown in Fig. 6. The first nodc is the surfacc nodc
facing the dry side, the sccond is the the core node
within the glass itsclf, and the third is a surface node

+_w/4 —+——w/2 ——W/Aa facing the humid sidc. The sct of algebraic cquations
T for the single glazed casc is written as {ollows:

; OUTDOOR for node 1 on the dry side, the cnergy balance is
INDOOR 1 & AR cxpressed as:
AIR TSI ; T, ] Tg) TO
'@wvwv@ WA é WAW D—~ww'D Ty =(1+2P1+2P2) T -2P| T2
T o -2P2 Tp (10)

o]

for node 2 representing the core layer,

condensation u_‘

<————Glass Thickness, w Fy=(1% 2P )13 01 T1=F1 T3 1)

and for node 3 on the humid sidc,

Fig. 6 : Thermal nctwork of a single glazed window T3 =(142P1 +2P3) T3 - 2P| T2 -2P3 TH
-P4M (12)

The cnergy balance of an interior nodc is then
cxpressed as: where Tp and TH arc the air temperatures on the dry

and humid sides respectively. M is the mass
(k/Ax) (Tm-Tm-1)=k(Tns1-Tin) +p Ax2 condensation rate per unit arca. The paramcters Py,

Cvy({(Tm-Tm)/AL) ®) P92, P3, and P4 arc defincd as:
Where T is the present temperature, T (bold) is the P| = kg AL/F,
futurc tcmperature after a Lime step At and subscripts
m dcnote node number m, m-| the node immediatcly Py = ALhp/F,
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P3= ALhy /F,and
for node 1 on the dry sidc,
= h
Pg=  ZAUNglF 03 Tl =(142P] +2P2) T| -2P] T2-2P2 Tp  (14)
kg is the glass thermal conductivity, hp and hyj arc
the surface heat transfer cocllicicnts on the dry and
humid sides respectively |, hyg is the latent heat of

for node 2 through nodc 6,

vaporization in J /kg and F is thc product of glass T2=(1+P1+P5)T2-P1 Ty -Ps T3 )
density pg, glass specific heat, Cy, and the nodal T3=(1+Pg+P7)T3-PgTy-P7T4 (16)
spacing Ax. The inpul data can be constant only when
constant conditions arc simulatcd. Otherwise, their T4 =(1+2P7) T4-P7T3-P7 Ty an
valucs arc thosc ol the nexl time step.

Ts=(1+Pg+P7) T5-P7T4-PgTg (18)
The modcling of a doublc-glazed window is a Tg = (1+P1+P5 ) Tg-P5 Ts-P1 Ty (19)

straightforward cxtcension of the single- glazed
window modcl. The only diffcrence is Lo account for
the presence of an inter-panc air-gap. For
simplification and convcnicnce, the air gap thickness T7=(1+2P] +2P3)T7-2P] Tg-2P3 TH

shown in Fig, 7 is taken as twicc the glass thickness -P4M (20)
which is typical practicc for most doublc-glazed

windows.

and [or nodc 7 on the humid sidc,

where Ps, Pg, and P7 arc:
Ps =Prkcal/kg .

PG =P5Cpg/Cpy ,and
| 9 3 Iayer(‘numt)er‘5

coldory| | —I
Side 1

P7 =P1kyCpp/K 21
| Hot Humid 7 1 ka Cpg /g Cpa @
[¥¢—alr space = 2w Side
where Py and Cpy are the density and specific heat of

T4 T7 Thumtd  air respectively. keg is the combined air-glass thermal

’ MW@MW conductivity calculated as (kea= (2 ka kg )/ (ka+kg ))

Tdry air T,

It should be noted that the time required for the
internal surface temperature to rise as a result of the
rclcased latent heat is problem dependent. Fig.8
shows the variation of the internal surface
temperature with time for two common limits of
indoor air temperature. It can be scen that
temperaturc rise duc to condensation is almost
doubled when indoor air temperature is reduced [rom

[o]
§f
| =

| tthknOSSI

hickne
of eiiaes = 5 thickness

of glass = w

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

The hcat transfcr across Lhe air-gap is assumed 10
be by conduction only. Radiative heat cxchange
through the air-gap is accommodaled by an
cquivalent increasc of the actual conductivity of the
air. Thus, conduclive cquivalence of the radiative
heat transfer within the air-gap is considered
constant. The conduclive cquivalent to radiative heat
transfcr is taken as 0.054 W/m K. A valuc of 3.3
W/m2K is uscd for hy when a glass emittance of 0.82
was uscd. For a 9 mm air spacc, the heat transfer
cocfficicnt, hr, is about 3 W/m2K. In order lo
maintain a simplc cquidistant scheme for the spacing
between thermal nodes, cach panc is divided into two
laycrs and the air gap is divided into three laycrs as
shown in Fig. 7. The cnergy balance of a double-
glazed window can now be described by the
following scven cquations:

24 °Cto 18°C. Fig. 8 shows that intcrnal surfacc
temperature increascs as outdoor relative humidity is
incrcased. The significance in the risc in intcrnal
surface temperature stems from the fact that
condensation represents an added component of
window heat gain. The ratc of heat gain duc to
condensation is small comparcd Lo conduction or
transimission gains, yct is significant when the Lotal
arca of thc windows constitutcs the majority of the
cxternal wall arca. Condensation heat gain is
illustrated in Fig. 9 as a function of the atmosphcric
rclative humidity and air temperaturc. As an cxample,
for Tj =21°, Tg =35, and RHg = 90%, the hcal gain
ratc duc Lo condensation was [ound to be about 10 W
/ m2 fora singlc-glazed window.
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Fig.9: Hcat gain rate duc lo cxternal condensation
for 10 mm thick singlc glazed window with outdoor
rclative humidity of 90%

For both singlc and doublc windows, the mass
condcnsation ratc, M, must be calculated at the
beginning of cach timg interval in order to solve
simultancously for nodal temperaturcs of the
corrcsponding sct of cquations. The tri-diagonal
matrix itcration Lechnique is uscd for the
simultancous solulion for all nodal temperaturcs. In
order Lo validate the modecl, an cxperimenlal study
was carricd oul where more than 50 tests were
conducted. The cxperimental sct-up uscd in testing a
S mm singlc glazed window is shown in Fig. 10. The
scl up is described simply as a hot box with
humidification capability [rom a stcam gencrator. The
window is insertcd between a cold box and a hot box.
Temperaturcs were mcasured [or the glass surfacce as
well as in (ive locations within the box air. Their
average was uscd to represent the air temperaturc
within the box. The deviation of any single
temperaturc mcasurcment from the average never
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exceeded 1°C. All measurements were logged Lo a
data acquisition system with the cxception of the

COLD Am out
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—— THEMOCOUTLES Ui

k5 —
ALuumuuU IRSUL ATION

CHANNEL

HOT HUMID
Am 0U1

ik (2] 4

Fig. 10: Schematic showing cross-scctional view of
test set-up

mcasuring ol the amount of the collected condensate
during cach experiment. Eighteen tests were
specifically comparcd Lo model results. On average,
mass condensation ratcs that arc bascd on the
mcasurcment data were found to be about 16% lower
than calculated valucs. This discrepancy, was Lo some
cxtent, expected duc to oversimplifyed testing using
incxpensive experimental sct-up, where maintaining
simultancously both humidity and tcmpcraturc at
constant levels was a difficult task. Nevertheless, the
cxperimental results arc consistent with modcl output,
cven though the tests were conducled at dilferent
hygro-thcrmal conditions. In previous studics, there is
cvidence that mcasurcd heat transfer cocfficicnts
were aboul 20% higher than Nussclt's theory suggest
[18]. This could also indicate that the present results
arc in agrcement with thosc measurced valucs given
by [18]. The test conditions and results arc
summarized by Figs. 11 through 16.

60
50
40

30

condensation collection, Min.

20

Time of mass

123 456 78 91011121314151617 18
Test number

Fig. 11: Mass Condensation Period
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As shown in Figs. 11, 12, and 13, the condensation
period, thc humidity and temperaturc conditions
along with glass tcmpcraturc in these tests arc shown,
Total amount of mass condensation obtaincd during
cach test is shown in Fig. 14,

50 W glass
B ot side air

B colasice ar 5,

-

O

o °
&

& 3
; (%]
® 3
s =
e 5
= ]
c

S

[0

(L)

©

£

=

E

10111213 1415161718 123 456 7 8 9101112131415161718
Test Number Test Number
Fig. 12: Mecasured temperaturcs of glass surface, hot Fig. 14:Total mass condcnsation collected during
sidc air, cold sidc air f{or 18 difllcrent tests cach test period

B measured
B mode!

TR

Relative Humidity, R
Rise In glass surface temperature, C

bl 1 ] )
A
B

Test Number . 0 = = SA =
1 23 45 6 7 8 91011121314151617 18
Fig. 13: Humidity Icvels in cach test gt Buer
Fig. 15: Calculated versus mcasured risc in glass
Comparison between the model and surlacc temperaturc for cach test

measurements with respect to the rise in the window
surface temperature and the mass condensation rate
arc shown in Figs. 15 and 16. The cxperimental
procedure for mcasuring thc mass condensation rate
was conducted as a means for the verification of the
proposed concept. As shown in Fig. 15 and 16, a
comparison between calculated values of temperaturce
risc and mass condcnsation ratc and values obtainced
from mcasurcments were made and good agrecments
were found.
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Fig. 16: Condcnsation rcgion for a single glazed
window at still air conditions
CONCLUSION

This study has provided an insight into
altmosphcric condensation problems in gencral, and
cxterior condensation in hot, humid climates in
particular. The cxternal surface condensation of
windows has bcen analyzed with respect to the
condcnsation potential and the identification of the
condcnsation region. The mass condensation rate has
been cvaluated for the atmospheric air mixture that is
dominated by a non-condensable gas using a new
approach. This approach cxtends the usc of the [ilm
condcnsation theory [or purc vapors to cstimate the
mass condensation ratc for gas-vapor mixturcs
dominaled by non-condcnsable gas such as the
atmospheric air. Morcover, heat gain duc to external
surface condensation cannot be dircctly cvaluated by
the current procedures employing mass transfcr duc
to vapor pressurc diffcrence, such as the Davics
modecl [6], in which glass thermal resistance is
ncglected, and conscquently the temperature across
window thickness is considered uniform. The present
study is bascd on cvaluating thc condensation film
interfacial tempcrature, then determining the mass
condcensation ratc as well as the heat transfer ratc.
The interfacial temperature needed for estimating the
mass condcnsation ralc on thc window's surfacc has
been graphically presented for atmospheric gas-vapor
mixturc assuming constant surfacc temperaturc with
window condensation. The bencfits from the present
study arc nol limitcd only to the prediction of the
mass condensation ralc using [ilm condcnsation
analysis, bul arc also usclul in accommodating the
time dependency naturc of window condensation
analysis, and the conscquent potential of improved
asscssment of nct heat gain or loss through windows.

The proposed procedure will cnable designers 1o
determince the magnitude of the lemperature gradicent
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across the thickness of single- and doublc-glazed
windows, the cffect of variable indoor and outdoor
conditions on surface temperaturc and the
condcnsation starting point, thc magnitudc of surface
temperature variation during the condensation
process, the mass condensation ralc as a function of
the interfacial temperature and the resulting heat gain
or loss associalcd with window condcnsation.

The encrgy loss implication of window
condcnsation was found Lo be rcasonably small when
comparcd to other window losscs. However, when
the total window surfacc arca of a building is
significant, lalcnt cnergy losscs duc to condensation
should be considered. The proposed modcl has the
ability of asscssing window heat gain or loss in thc
presence of condensation. Heat loss associated with
condensation can amount (o about onc-[ifth the total
heat loss of a singlc-glazed window.

Results [rom tests agreed reasonably with the
proposcd model. It can also be used in cstimating
hcat gain or loss associatcd with condcnsation. A
specifically constructed experimental sct-up has been
utilized to verifly this model. More cxperimental
verification would be very valuable. Further work is
csscntial to extend the modcl to accommodate
situations where constant surface temperature cannot
bc assumed. In other words, the cffect of the small
risc in surface lempceratarc on the time-dependent
mass condcnsation ratc can be considered. In short,
the proposcd proccdurc makes it possiblc to asscss
window cnergy performance and thermal loads
associated with cxternal window condcensation in hot
humid climates and internal condensation in cold
climatcs.
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