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ABSTRACT

HEAT GAIN AND LOSS ASSOCIATED WITH
WINDOW'S SURFACE CONDENSATION

Ismail M. Budaiwi

Condensation on glazed windows could be a considerable source of
heat gain or loss in buildings. However, very little effort has been
made to predict mass condensation rate and the corresponding heat
production. In the present study, a surface condensation model has
been developed using a transient unidimensional finite-difference
formulation. The model predicts temperature yradient dcross the
window, mass condensation rate, and the corresponding heat gain due to
external surfdace condensation in hot-humid climates and heat loss due
to internal surface condensation in cold climates. Mdss condensation
rate has been predicted by two different approaches. The first
approach is based on the mass transfer theory, and the second approach
is based on Nusselt's theory, which, unlike the mass transfer theory,
takes into account the effect of the water film and the height of the
surface upon which, condensation occurs. Yet, Nusselt's theory has
been modified to account for the presence of large percentage of the
noncondensable gas (air) to be applicable for atmospheric vapour
condensation. Heat gain and loss due to surface condensation have
been calculdated, in this study, when the condensation process redches
steady state stage. To make the model more practical and easier to
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use, a computer program has been developed to solve for the mass
condensation rate and the corresponding heat gain or loss at any
temperature and humidity conditions. The analytical results have
shown that mass condensation predicted by the second approach is
always less than that predicted by the first approach. To verify the
applicability of one approach over the other, an experiment has been
carried out. Over fifty tests have been conducted on a single glazed
window simulating different climatic conditions. From these results,
it has been concluded that the second approach is theoretically and
practically justified over the first approach. By using the second
approach, curves were constructed for fast prediction of heat gain and
loss due to condensation on selected single and double glazed windows.
These curves show that heat loss due to internal surface condensation
on single glazed windows is the biggest concern as far as heat gain
and loss due to surface condensation are concerned. The importance of
heat loss due to condensation on double glazed windows is increased as
the indoor relative humidity gets higher and the outdoor temperature
gets lower. But, it is negligible at low indoor relative humidity.
Generally, higher relative humidity in the condensing side increases
the importance of heat gain or loss as compared to the conduction heat

gain or 1oss due to temperature difference.
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NOMENCLATURE

2

A area, m

AS air space thickness, mm

Cp specific heat at constant pressure, J/Kg-C
Cy specific heat at constant volume, J/Kg-C
D diffusion coefficient, m?/S

DBT dry bulb temperature, °C

pp dew point temperature, °C

E energy, J

f dimensionless stream function

Fs-Rs F12 configuration factor

g gravitational constant, m/s?

Gr Grashof number

h surface heat transfer coefficient, W/m2-C

hp mass transfer coefficient, m/s

hfg latent heat of vaporization, J/Kg

K thermal conductivity, W/m-=C

KAGL combined air and glass thermal conductivity W/m-C
L length, m

M molecular weight Kg/Kmol, glass thickness, mm
m mass, Kg

i mass condensation rate, Kg/m?.S

P pressure, N/m?

Pr Prandt] number, dimensionless

q local heat transfer rate per unit area W, m?
Q overall transfer rate per unit area, W/m?

r thermal resistance, m?-C/W
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R overall thermal resistance m2-C/W, universal gas constant

J/Kmo1-K
Ra Rayleigh number, dimensionless
Re Reynolds number, dimensionless
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Glass windows are very essential requirement in most modern
buildings. They serve a number of functions that are intimately tied
to the quality of the built environment. The major benefits provided

by glass windows are:

1. Serve as a means of visual communication with the out-
side world.

2. Provide natural ventilation to improve indoor air
quality.

3. Admit daylight into interior spaces, not only to
psychologically and aesthetically improve the space,
but to provide quality lighting at the appropriate
quantitative level for the excellence of seeing.

4. Allow the sunshine into the space, so it can be heated
to the desired temperature by solar radiation in
winter.

5. Provide spaciousness, which means that the size of the
space appears to be 1larger in the presence of the

window.
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Although, glass windows provide daylight, ventilation and other
benefits, they also can allow undesirable heat gain and loss. More-
over, surface condensation is a common problem associated with glass
windows, especially single gqlazed ones, because they are normally the
coldest part in the building. Therefore, carefull assessement of the
thermal and functional performances of glass windows has to be done to
reach an optimal solution regarding the type, the size and the locat-
ion of windows. Eventually, considerable effort has been made to
develop information and strategies to reduce energy-wasting aspects of
windows, while improving the energy-gaining aspects. In other words,
to optimize the solar radiation and light available through windows

[1,2,3,4].

The major part of heat gain and loss in buildings is experienced
through exterior walls and windows. Glass windows, especially single
glazed type, have the highest potential to lose and gain heat through.
There are mainly three forms of gaining heat and two forms of losing
heat through glass windows. Heat can be gained through glass windows

by the following forms:

1. Direct solar radiation coming through the glass, which
will be absorbed by the interior surfaces of the
building.

2. Conduction through the glass due to temperature
difference between inner and outer surfaces of the

window.
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3. Infiltration of hot outdoor air through openings and
cracks of windows due to the presence of high pressure
zone over the building exterior surface which is

caused by the wind.

Heat can be lost from the building through the glass windows by the

following forms:

1. Corduction through the glass due to indoor and outdoor
temperature difference.

2. Infiltration of outdoor cold air due to density
difference between indoor warm air and outdoor cold

air.

The amount of air infiltration depends on the characteristics of
the building and how tight it is. The tighter the building is the
less chance for air to get in or out of the building. However,
regardless of the degree of tightness air can find its way into or out
of the building due to the fact that cracks do always exist in the
building envelope. The process of air infiltration in buildings
involves both sensible and latent heat gain or loss. In winter, cold
dry air infiltrating into the building affects both the indoor temper-
ature and the relative humidity. Accordingly, heat and humidity need
to be supplied to the space in order to keep it comfortable. In
summer, hot humid air infiltrating to the space causes the indoor
temperature and relative humidity to rise. Consequently, heat and

mositure need to be removed to keep the space comfortable.
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The amount of direct and indirect heat gain by solar radiation
through glass windows is a function of many variables related to the
amount of solar radiation received and the characteristics of the
window. The amount of solar radiation depends on the location of the
building, the time of the year, the time of the day and the general
climatic and environmental conaitions. The amount of heat gained due
to solar radiation depends on the type of glazing, the lacation of the
window with respect to the building, the area of the window and the
degree of shading. solar radiation can heat the space by direct sun-
shine through the glass, or indirectly through the inward flowing
fraction of absorbed heat by the glass. The combined effect of solar
radiation, radiant energy exchange with surroundings and the air
temperature on the surface temperature is expressed in terms of
sol-air temperature, which is used to evaluate heat gain by

conduction.

Surface condensation on glass windows is a common problem assoc-
iated with certain climatic conditions. Outdoor surface condensation
is a common phenomenon in hot-humid ¢1imates. And indoor surface con-
densation is likely to occur in cold climates. Damage of building
materials due to condensation on glass windows is not a serious
problem provided the window frames are properly painted and the con-
densate is wiped up regularly and not allowed to soak into the wood
frame and wet the wall. However, condensation on single glazed

windows can remove quite a lot of water vapour from the air,
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therefore, surface condensation could be an important means of flosing

indoor moisture when internal surface condensation occurs.

The significance of condensation heat gain or loss depends on the
indoor and outdoor conditions, as well as the characteristics and
properties of windows and walls. When condensation conditions pre-
vail, a single glazed window, which has low thermal resistance com-
pared to the rest of the building envelope, has the highest risk for
condensation and removal of water vapour from air, In addition, the
signi ficance of condensation heat gain and loss depends on the glazed
percentage of the exterior walls as well as the absolute glazed area.
So, the greater the glazing percentage the greater the importance to

consider heat loss or gain due to condensation.

1.2 FUNDAMENTAL PROPERTIES OF MOIST AIR

Atmospheric air is a mixture of many gases as well as water
vapour and countless pollutants. Assuming no pollutants are present
in the mixture, the composition of the dry air is relatively constant
varying slightly with time, location and latitude [5]. However, the
atmospheric mositure content, which is a main concern in this study,
is not constant and vary according to the general climatic conditions

and the air temperature.

Surface condensation and the corresponding heat transfer are
dependent upon the mosit air properties that describe the behavior of

water vapour in air. Condensation of atmospheric water vapour is
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governed by the mositure content, wet bulb temperature, dry bulb
temperature, relative humidity, dew point temperature and vapour
pressure. The resulting heat transfer is determined by how much heat
is released due to vapour condensation, which in turn depends on the
amount of the latent heat in the air-vapour mixture, and the amount of
condensed water. The following is a reivew of the fundamental
properties of mosit air that governs condensation and corresponding

heat transfer.

1.2.1 Relative Humidity

The relative humidity (@) is the ratio of the mole fraction of
the water vapour (Xy) in a mixture to the mole fraction (Xg) of
the water vapour in a saturated mixture at the same temperature and
pressure [5]. It is a direct index to the potential of evaporation,
since it indicates how much more water vapour the air can sustain.
However, condensation potential on a given surface at a particular
temperature can be determined if at least two properties of the mixt-
ure are known. The relative humidity does not indicate the state of
comfort, unless it is associated with the dry bulb temperature.
Generally, the range of relative humidity from 30% to 65% is con-
siderad acceptable for achieving comfort [6]. Relative humidity can

be expressed in terms of relative mass fraction as:

Xy
=] — (1.1a)
l Xs p
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or in terms of the relative vapour partial pressure as:

p=|2v (1.1b)
Ps | t,p
where
Py = partial vapour pressure in a standard mixture
Pg = saturation partial vapour pressure

1.2.2 Specific Humidity

Specific humidity (W) is defined as the ratio of the mass of the
water vapour (mv) to the mass of dry air (ma) in a given mixture [5].
In terms of weight, it can also be defined as the weight of water
vapour mixed with each kilogram of dry air in the air-water vapour
mixture [7].

W= (1.2)
ma

1.2.3 Dry Bulb Temperature

Dry bulb temperature (DBT) is a direct indication of the amount
of sensible heat available in the air-water vapour mixture. There-
fore, it is considered the most important direct index for comfort.
However, its importance varies with the relative humidity. So, it is
an important comfort indication in dry cold regions and less important

at high relative humidity.



1.2.4 Wet Bulb Temperature

Wet bulb temperature (WBT) is a direct indication of the total
heat content in the air-water vapcur mixture. It takes into account
the relative humidity and the dry bulb temperature. Therefore, it is
an important index for comfort in regions where both temperature and
humidity are high. The wet bulb temperature can be read from a
thermometer with a wetted cotton wick covering the bulb. Its value is
determined by two opposite forces. First, the sensible heat which
tries to raise the reading to the dry bulb temperature. However, as
long as t#cre is a chance for evaporation from the wetted wick, there
will be a second force trying to push the reading down. The net
result of these two forces gives the wet bulb temperature reading.
So, the higher the relative humidity, the smaller the deviation from
the dry bulb temperature. But the wet bulb temperature is never below
the dew point temperature, and never hiygher than the dry bulp temper-

atur-

1.2.5 Dew Point Temperature

Dew point temperature (DP) is the temperature of saturated moist
air at the same pressure and humidity ratio as the given mixture [5].
Therefore, it is the most important index in this study, since it
defines a temperature below which condensation starts to occur. The

dew point temperature is directly related to the partial vapour press-
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ure 1n a given mixture. The following equation is suggested by ASHRAE
to relate the dew point temperature with the vapour pressure for the

temperature range of 0°C to 70°C.

DP = - 35.957 - 1.8726 « + 1.1689 a? (1.3)
where

a = loga (Pw)

Pw = water vapour partial pressure (Pa)

1.2.6 Vapour Pressure

Vapour pressure is an index of how much force is exerted by the
water vdpour in the atmosphere on a unit area. so, it is directly
related to the amount of water vapour present in the atmosphere. The
importance of the vapour pressure in the present study lies in being a
good indicator of the potential of mass transfer in a vapour-air
mixture. In other words, it gives an idea of how much vapour will
condense if exposed to a cool surface at a temperature below the dew
point temperature of the mixture. So, the higher the atmospheric
partial vapour pressure, the greater the amount of condensate.
According to ASHRAE, the saturation vapour pressure over liquid water

for the temperature range of 0°C to 200°C is given by:

Ioge (PWS) = %ﬁ + Cg + Cjqy.T ¢+ C11.T2 + Clons + C13-]n(T) (1'4)
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where
Pws = saturation pressure (Pa)
T = absolute temperature, K
Cg = -5800.2206
Cy = 1.3914993
Cio = -.048640239
€1 = 0.41764768.10""
C;, = -0.14452093.10"7
C;3 = 6.5453673

The partial vapour pressur of a given air-water vapour mixture under

saturation can be found as following:

Pw w e Pws

where

=
n

relative humidity (Equation 1l.la)

1.2.7 Sensible and Latent Heat

Sensible heat 1is that form of heat most readily preceived by the
human senses. It has a direct effect on the state of comfort, there-
fore,the human body will respond quickly to any rapid change in the
sensible heat. Most of heat gain and loss in buildings is in the form
of sensible heat, therefore, direct substitution or extraction of
sensible heat has to be made to maintain comfort. Sensible heat gain
and loss from buildings can occur by conduction, convection and

radiation. Finally, the amount of sensible heat available in a given
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air-water vapour mixture can be measured by the dry bulp temperature
which 1is directly related to the amount of sensible heat in the

mixture.

Latent heat in the atmospheric air, is merely wate: vapour and
humidity. This form of nheat is always present in the atmosphere, but
it is not sensed by the human body. However, it has a direct effect
on human comfort, because the presence of humidity is essential in
regulating the heat flow from and into the body together with the
sensible heat. Latent heat can be lost from a building by exfiltra-
tion of indoor moist air or by condensation, and it can be gained by
infiltration of outdoor humid air or due to moisture generaticn within
the space. Latent heat is very important in this study, since water

condensation and the associated heat release are the main issues.

1.3 RELATIONSHIP OF AIR PHYSICAL QUANTITIES

Air-water vapour mixture up to about three atmospheres pressure
obeys the perfect gas law with sufficient accuracy to perform
engineering calculation [7]. Therefore, the relationship between the
physical quantities describing the mixture such as relative humidity,
dry bulb temperature, wet bulb temperature, dew point temperature,
etc. can be determined. To facilitate engineering computation, a
graphical representation of the relationship between the properties of
moist air has been developed and is known as psychrometric chart which

is shown in Fig. l-~1. By using the psychrometric chart all physical
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properties of a given mixture can be determined if at least two of

them ace known.

1.4 IMPORTANCE OF THE TOPIC

Condensation in buildings mainly occurs on cold elements within
the exterior envelopes. Windows, due to their thermal properties

regarding conductivity, emissivity and storage capacity, tend to be
the coldest surfaces in a building envelope. Windows in general and
single glazed in particular have the greatest potential to remove
water from the air once the window surface temperature becomes less
than the dew point temperature of the air-water vapour mixture in that

particular side.

Moisture accumulation and dampness in buildings due to condens-
ation can cause major problems. The problems associated with condens-
ation on the building surfaces or within a wall construction have been
extensively discussed in literature [8-15]. However, when it comes to
heat gain or loss due to surface condensation very little effort has
been made [16,17]. Heat gain and loss due to surface condensation in
buildings may constitute a sizable percentage of the total heat gain
or loss, particularly when large glazed area, high relative humidity
and large temperature difference exist. Thus, when ignored, it may
lead to inaccurate estimate of heating and cooling requirements of

buildings.
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1.4.1 Heat Gain due to Surface Condensation

Water has the highest latent heat of vaporization compared to
refrigerants used in refrigeration industry. Therefore, when outdoor
surface condensation occurs on a glazed window, considerable amount of
latent heat will be released, and good percentage of it will be part
of the total heat gain. The transmition of a good part of the heat
released on the external surface is due to two facts. First, when
condensation occurs all the heat released on the external surface of
the water film is transfered to the window surface by conduction
through the water film. Second, the thermal resistance of the glass
is relatively very low which allows much of the heat to be transfered

indoor.

The significance of heat gain due to outdoor surface condensation
is determined by two factors; first, the type of climate and second,
the percentage and type of the glazed area. Outdoor surface condens-
ation is very common and frequent on windows of air-conditioned build-
ings in hot-humid climates, when the outdoor air temperature and
relative humidity are sufficiently high for condensation to occur.
The occurance of outdoor surface condensation is also dependent on the
thermal resistance of the window. Single glazed windows have the
highest potential for outdoor surface condensation to occur. However,
it is unlikely to occur on insulated glazed windows because of their
higher thermal resistance. The significance of heat gain due to out-

door surface condensation is only justified when a relatively high
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percentage of exterior walls is singly glazed.

1.4.2 Heat Loss due to Surface Condensation

Indoor surface condensation on windows or walls is associated
with mositure loss from interior spaces. Substituting moisture into
the space requires energy, thus heat is indirectly lost in the form of
mositure when indoor condensation occurs. Indoor surface condensation
is very common in cold climate, especially when the indoor relative
humidity is kept reasonably high. In fact, even at comfortable relat-
ive humidity level, indoor condensation can still occur on single
glazed windows. However, for indoor condensation to occur on double
glazed windows the ambient temperature has to be low enough while the
indoor relative humidity has to be high enough for surface cendens-
ation to occur. Indoor humidity level in some buildings is maintained
relatively high for functional reasons. Now, humidification is being
introduced into hospitals, schools, libraries, laboratories, museums
and even 1into appartment and office buildings. This trend toward
increased winter humidification is likely to continue and a growing
demand for increased humidification in existing building can be
expected [18]. Although some humidified buildings are not maintained
at the intended humidity level during the cold weather period, there
are an increasing number of buildings, such as hospital, libraries and
museums, in which the maintenance of humidity level is highly desir-
able at all times and is considered as one of the required functions

of the building [18].
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Indoor surface condensation, like outdoor surface condensation,
is highly affected by the overall thermal resistance of the window.
For example, to avoid surface condensation on a single glazed window,
the relative humidity should be maintained at about 12% when the out-
door temperature is about -18°C, and the indoor temperature is about
21°C (assuming wind speed of 6.7 m/s). However, to avoid surface
condensation on a double glazed window, the relative humidity can be
as high as 41% under the same conditions, as shown in Table (2.1).
Although, double glazed windows are commonly used to reduce the risk
of condensation, however, single glazed windows are often selected to
reduce capital costs [19]. Consequently, the risk of indoor surface

condensation is increased.

Now, it can be seen that the significance of heat loss due to
indoor surface condensation is determined by the indoor and outdoor
conditions, as well as the thermal characteristics of the window.
Therefore, heat loss by indoor surface condensation has to be con-
sidered when indoor and outdoor conditions needed for indoor condens-
ation prevail, particularly, if single glazed windows constitute a

large portion of the exterior envelope.

1.5 PREVIQUS RELATED WORK: A REVIEW

Condensation in buildings has been widely investigated in liter-
ature [8,9,10,12,19]. Corresponding problems related to building

material and environmental quality, and proposed solutions have also
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been widely examined [9,11,12,20,21]. However, heat gain and loss due
to condensation on glazed windows have been ignored or given very
little attention as part of condensation rate prediction models [16].
The main emphasis in literatures has been devoted to condensation on
interior surfaces and condensation within wall constructions and roof

spaces.

Condensation is known to be a very common cause for dampness in
buildings. Recently, there has been a considerable increase in the
moisture production in buildings because of changed methods of heat-
ing. In addition, the ventilation level which is required to remove
moist air has been reduced as a result of developing more air-tight
buildings. Therefore, the risk of condensation in modern buildigns
has been substantially increased [9]. Condensation in buildings can
cause serious damage to building materials and surface finish and
decoration. Insulating material, wood frames, electrical services are
some examples of building materials that can be damaged by condens-
ation. In addition, mould growth is a typical problem in buildings

associated with condensation.

Heat gain and loss due to surface condensation in buildings have
not been considered separately in any of the literature that have been
found. However, heat production due to condensation was considered by
Davies, M. [16] as part of a model for predicting condensation rate,

and was found to be, in that particular situation, a sizable fraction
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of the loss due to conduction through the structural element [16].
Davies, M. described a procedure to estimate the rate of superficial
condensation on glass windows. This procedure is based on the follow-

ing assumptions:

1. Steady state conditions.

2. The thermal resistance and the thickness of the glass
are negligible.

3. The temperature of the water film is equal to the glass
temperature.

4, The temperature of the glass pane is uniform acorss its

thickness.

Calculation of the rate of condensation {s based on both the heat
balance and the mass transfer equations. Then by introducing the
latent heat term into the heat balance equation, and solvig the
resulting equation with the mass transfer equation, a relation between
the glass temperature (Tw) and the difference between saturation
pressure at the window temperature (P.) and the bulk partial vapour
pressure (P;) can be obtained. Using this relation and the relation
between saturated vapour pressure and the window temperature, two
curves can be obtained. The intersection point between these curves
is then used to estimate condensation rate. And by multiplying the
condensation rate by the latent heat of vaporization of water, heat

production can be found.
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Heat loss due to condensation can be directly evaluated by the
above model, since it 1is equal to the amount of heat released by
condensation. However, this model is based on steady state heat flow,
and on the assumption that the interfacial temperature of the result-
ing water film is equal to the glass temperature. The more realistic
conditions involve consideration of time varying heat flow as condens-
ation starts to occur, and more accurate evaluation of the temperature

of the water film surface on which condensation occurs.

Detailed analysis of filmwise condensation of a saturated pure
vapour has been suggested by Nusselt as discussed in Chapter 3.
However, this analysis is not directly of great help in this study,
since a noncondensable gas, which is air in the case, dominates the
atmospheric mixture. Consequently, condensation and the resulting
heat transfer calcuition will be completely different. fortunately,
several articles have been produced dealing with condensation heat
transfer in the presence of noncondensable gases [24-30]. However,
the solutions were based on the presence of very small amount of a
noncondensable gas, which is not the case in the atmospheric mixture,

where more than 90% of the mixture is air.

Heat gain due to external surface condensation cannot be directly
evaluated by the procedure suggested by Davies [16], because it does
not consider heat transfer through the glass by assuming that the

glass temperature is uniformly distributed across its thickness and
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the thermal resistance of the glass is negligible (assumption 2,4).
Heat gain due to condensation cannot be directly evaluated from the
condensation rate, because part of the released heat will be conducted
to the inner surface of the window and becomes part of the heat gain,
and another part will raise the window temperature. Therefore, to
calculate heat gain through glass windows due to condensation, the
thermal resistance and the thickness of the glass have to be
considered to be able to estimate the rise of the inner surface
temperature. Then, heat gain due to outdoor surface condensation can
be found by multiplying this temperature rise by the internal surface

heat transfer coefficient.

1.6 OBJECTIVES OF THE RESEARCH

The importance of heat gain and loss due to condensation on glass
windows under certain conditions related to the outdoor climate and
the indoor environment can be recognized at this point. However, this
subject has been ignored or given little attention when dealing with
surface condensation in buildings [16]. Therefore, the objective of
this study is to develop a reasonably accurate procedure to predict
condensation rate and the corresponding heat gain and loss under any
outdoor and indoor conditions. Although, the rate of condensation has
to be evaluated in order to predict heat gain or loss, however, the
relation between condensation rate and heat gain is completely differ-

ent from how heat loss is related to the condensation rate. Because,
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the outdoor released heat has to be transfered by conduction and
convection before it becomes part of the heat gain, while, heat loss
is directly calculated from the mass condensation rate, since mositure

loss is the main concern.

In this study two procedures will be developed; one to predict
heat gain, and the other to predict heat loss, and for each procedure
the mass condensdation rate will be determined by two methods, which
represent two different levels of analyzing the problem, so that their
relative accuracy can be assessed when compared with the experimental
results. The idea of first method is suggested by Davies [16], and it
is simply based on mass transfer due to vapour pressure difference
between the bulk and the saturation vapour pressure at the surface.
The second method is based on evaluating the water film interfacial
temperature by which mass condensation rate and heat transfer rate can
be determined. Once the heat transfer rate or the mass condensation
rate is known, the rise in window surface temperature and the rate of

heat gain and loss can then be determined.

In order to determine the applicability of each method in estim-
ating the mass condensation rate and the corresponding heat transfer,
a preliminary experiment will be conducted to determine experimentally
how much vapour condenses, and the corresponding rise in window
surface temperature. Experimental results will then be compared with
the theoretical results obtained by the two methods mentioned above to

see which one is a better match with the experimental results.



CHAPTER 1I

CONDENSATION IN BUILDINGS

2.1 INTRODUCTION

Water vapour condensation in building can take place on external
and internal surfaces, and within the building envelope. When con-
densation occurs on buildings external and internal surfaces, it is
known as surface condensation. When it takes place within the build-
ing envelope, it 1is called interstitial condensation. External
surface condensation is 1likely to occur on low thermal resistance
surfaces, such as glass windows of air-conditioned buildigns in hot
humid climates, and it is unlikely to occur on well insulated exterior
panels. This is because the temperature difference across insulated
walls is not enough to cool the exterior surface below the dew point

temperature of the outdoor air.

In cold climates, where high temperature gradient exists across
walls and windows of heated buildings, the internal surfaces temper-
atures can easily be below the dew point temperature of the indoor air
hence, condensation occurs. High indoor relative humidity generated
either mechanically or as a result of mositure generation by indoor
activities increases the risk of indoor surface condensation.
Condensation also occurs within the thickness of a wall or ceiling.

The phenomenon occurs in most forms of structure at some time or
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another [9]. Water vapour penetrates from the warm-humid side of a
wall towards the cool and less humid side. When the penetrating humid
air reaches a layer within the wall which has a temperature less than

its own dewpoint temperature, condensation occurs.

The effect of condensation on building materials and environ-
mental quality is a very important subject which is not to be
neglected when dealing with condensation in buildings. Although this
study is intended to investigate heat gain and loss due to condens-
ation, the process of condensation as a means for generating mositure
in buildings will be covered in this chapter, due to its extreme
importance as well as being a fundamental background to heat gain and

loss due to condensation.

2.2 RELATION BETWEEN CONDENSATLON AND CLIMATIC CONDITIONS

The occurance of outdoor and indoor condensation on a window
surface is highly dependent upon the air temperature and the relative
humidity. High outdoor relative humidity must exist in order to
encounter considerable condensation on the outside surfaces. Low out-
door temperature is important for condensation to occur on the inter-
nal surfaces. The degree of seriousness of condensation in buildings
can not be evaluated only by the presence of condensation, but also by
its frequent occurance and its duration. Therefore, the severity of
climatic conditions has to be known in order to evaluate the signific-
ance of condensation and its associated heat gain and loss in build-

ings.



- 24 .

High outdoor relative humidity and relatively high ambient air
temperature are the type of climatic conditions needed to produce
considerable outdoor surface condensation. High relative humidity and
temperature at the same time mean more water vapour in the air,
consequently higher condensation rate 1is expected. High relative
humidity and temperature also mean higher dew point temperature, which
in itself is an indication for higher condensation potential. On the
other hand, higher ambient temperature increases external surface
temperature, which in turns decreases the condensation potential.
Indoor air temperature, which is also an important factor in determin-
ing condensation potential, acts only in one way. The lower the
indoor temperature is, the greater the potential of condensation will

be.

Indoor condensation is also highly dependent on the climatic
conditions. In cold climate, internal surface condensation is a
common phenomenon, especially on surfaces having low thermal resist-
ances. When the outdoor temperature is low enough to maintain the
indoor surface temperature below the dew point temperature of the
indoor air, internal surface condensation occurs. The lower the out-
door temperature the greater the potential for indoor condensation,
and vice versa. In other words, the ambient temperature acts in a
one-way action in determining the indoor surface condensation potent-
ial. However, indoor temperature acts in two-way action, where higher

indoor temperature means more moisture content and higher dew point
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temperdature hence, higher condensation potential. On the other hand,
higher indoor temperature leads to higher internal surface temper-
ature, consequently lower condensation potential. Indoor temperature
has a narrow range of variation compared with the outdoor temperature.
Accordingly, moisture content does not vary considerably within this
range of temperature variation. Therefore, the two-way action for the
indoor air temperature has less effect on the potential for internal
surface condensation than the outdoor temperature effect on external

surface condensation.

2.3 CONDENSATION ON THE BUILDING EXTERNAL SURFACES

Condensation on an external surface occurs whenever its temper-
ature is below the dew point temperature of the outdoor air. This
type of condensation is a common phenomenon in hot-humid climates,
where air moisture content is significantly high. However, the occur-
ance of external surface condensation is not generdated by the presence
of the hot-humid climat alone. The occurance of condensation is also
dependent upon other factors related to window thermo-physical
properties, and the indoor temperature. Therefore, simultaneous
consideration of climatic conditions, thermo-physical properties of
the window, and indoor temperature is essential in order to evaluate

the risk of condensation on external surfaces.
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External surface condensation occurs on exterior panels having
Tow thermal resistance, becasue the indoor-outdoor temperature differ-
ence is not large enough to keep the external surface temperature of a
well insulated wall below the saturation temperature of the ambient
air. External surface condensation on a well insulated wall occurs
when the atmospheric air is at or near saturation, which is a frequent
condition in hot-humid climates. The dew point temperature of the
ambient air at saturation is equal to its dry bulb temperature, which
is normally higher than the wall external surface temperature in the
absence of solar radiation. So, external surface condensation occurs
regardless of the temperature difference across the exterior panels,
as long as the air is near or at saturation. This type of condens-
ation could result in discoloration and staining of the wall surface
and may ...z damage to building metal and organic material. When it
occurs oi. window surfaces, it obstructs the view and it could be an

added heat gain component as well.

2.4 INTERSTITIAL CONDENSATION

Interstitial condensation is more serious than surface condens-
ation, because it is invisible and cannot be realized until a great
damage has been done. Careful attention should be given to external
construction in conjunction with the clim=tic conditions, so that the
location within the wall at which condensation occurs can be predicted
and the precautions needed to reduce the risk of condensation can be

identified.
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Most building materials are porous and offer little resistance
to the passage of water vapour. Water vapour, under partial vapour
pressure difference always tend to travel towards a less humid and
colder medium. In winter, moisture content of the indoor air is
higher than the outdoor air moisture content. So, water vapour is
expected to diffuse through the wall towards the outside. The moist
air within the wall has a defined dew point temperature depending on
the mass of water vapour in the air. The mass of the water vapour of
the air in the pores, and accordingly, the dew point temperdture of
the mosit air decline as the water vapour progresses towards the
outside. The temperature of the wall also declines from an inner
surface temperature near the room temperature to an outer surface
temperdture near the outside temperature. So, the actual temperature
and the dew point temperature are declining through the wall.
Normally, with ordinary porous building materials such as brick, the
decline in actual temperature is more rapid than the decline in dew-
point temperature, so that they cross somewhere within the wall and at

this point condensation occurs [8].

Interstitial condensation occurs within a wall cavity, because
the still air in the cavity presents an effective resistance to move-
ment of heat but permits easy movement of water vapour. This type of
condensation is more frequent and more serious in a wall cavity filled
witn insulating material. Since there is a sharp drop in the temper-

ature within the insulating material, dew point temperature may be
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reached in the filling causing condensation to occur in the insulatiny
filling and cause many problems [8]. In addition, interstitial
condensation can occur near the outer face of the wdall. In this case
the water can easily evaporate to the outside and in warmer weather it

normally escapes harmlessly.

2.5 CONDENSATION ON THE BUILDING INTERNAL SURFACES

Internal surface condensation in winter is a common problem in
most buildings. In recent years, the need for energy-efficient build-
ings has resulted in air-tight building envelopes. Air-tiyght build-
ings, changing living habits and new methods of heating have resulted
in high indoor moisture content. Consequently, the risk of indoor

condensation has increased.

Internal surface condensation occurs on cold exterior walls, cold
bridges and windows. Window construction often represents the poorest
component of the building enclosure in a thermal sense, even when
double windows are used, and hence has the lowest inside surfdace
temperature, The window, therefore, determines the practical limit of
humidity for the space in winter, and condensation may appedr on the
glass, frame, or sash depending on the relative thermal character-
istics of these three components [19]. Condensation on finished walls
surfaces may cause damage to painting and decordtion. In addition,

indoor condensation can also be seen in roof spaces, which may
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ultimately cause a great damage to insulation, and other roofing

materials.

The increase in moisture content inside buildigns has incredsed
the risk of indoor condensation. Most modern buildings were built so
tight to prevent air leakage, consequently 1less heat 1loss was
experienced. On the other hand, moisture produced inside has less
chance to escape to the outside. At the same time, more water vapour
is being produced inside buildigns due to changing habits, new
activities and heating methods. As a result, a significant amount of
water vapour is trapped indoor, hence, the risk of indoor condensation

is increased.

Indoor condensation affects both the building materials and the
environmental quality of the space. In addition to ouilding material
deterioration, mould growth is a well known problem associated with
the presence of condensation. Moulds are usually most severe in room
corners of external uninsulated walls. This is mainly attributed to
insufficient ventilation which creates pockets of stagnant air in such

corners [8].

2.6 PROBLEMS ASSOCIATED WITH CONDENSATION IN BUILDINGS

Problems associated with condensation range from merely inconven-
ience to severe damage of building materials. Condensation on inter-

nal surfaces 1is a source of many problems in buildings, where it can
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damange decorative finishes and wood and metal sashes. Recently,
condensation has become a major problem causing about two third of the
complaints of dampness in houses [8]. Wood decay is one of the most
serious consequences of dampness. In severe cases the amount of water
deposited may be very great causing actual pools of water on the
floor, saturated clothes in wall cupboard and decay of window and door
joinery. Mould growth is another consequence of condensation, which

can cause serious problems related to the environmental quality.

Interstitial condensation is not considered a serious problem as
long as it occurs away from the filling of the wall cavity.
Condensed water in small amounts escapes freely if the cavity is
ventilated or may evaporate at favourable times through the outer leaf
of the wall. Interstitial condensation is more frequent and more
troublesome, when the cavity is filled with insulating material.
Condensed water absorbed by the cavity filling has less opportunity
for evaporation in dryer weather. As a result, the filling material
will be damaged, mould growih is encouraged, and the filling could be
a source of water which can penetrate to the internal surfaces.
Condensation within attic spaces is a common phenomenon in modern
buildings. Since, the roof space may be the only place to which water
vapour can escape. Water vapour will largely pass from the ground
floor to upper floors and then through the ceiling to the roof space.
Condensation within roof spaces can damage roofing and insulating

materials and electrical services on the ceiling. Problems of
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condensation in roof spaces may be especially severe during a thaw
after large amounts of ice have built up on the sheeting as a result
of condensation during a prolonged cold spell. The volume of water
released may be large enough to give the impression of a major leak in

the roof.

Condensation on or near external surfaces is not considered a
problem in warm weather, since condensed water will evaporate to the
outdoor harmlessly [8]. However, if deposited water interacts with
chemical particels of building materials and air pollutants, harmful
solvents will be formed causing discoloration and staining. Finally,
condensation in buildings can now be seen as a source of trouble,
damaging building materials and affecting the quality of the indoor
environment. Therefore, it is important to find ways to prevent or at

least reduce the risk of condensation.

2.7 CONTROL OF CONDENSATION IN BUILDINGS

The importance of preventing or at least reducing the risk of
surface and interstitial condensation should be clear at this point.
Building materials; walls, floors, and roofs construction; heating
methods and functional activities in buildings should be carefully
evaluated in order to take the proper action to reduce the risk of
condensation. The risk of condensation in buildings can be substanti-

ally reduced by one or more of the following measures:
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1. Water Vapour Control

Water vapour in buildings are mainly produced by occupants
and the various activities within space. Cooking, bath-
ing, dish wahsing, cloth washing and drying are typical
mositure sources in dwellings. In addition, some hedating
methods such as gas heater, which discharge their combust-
ion gases directly into the air inside the building, can
be a major source of water vapour. Since, one liter of
kerosene produces about one liter of water. Some of these
water vapour sources are unavoidable, but others can be
eliminated or reduced. It is helpful to know the reldtive
importance of each source so that proper action can be
taken to reduce or eliminate its contribution. For
example, if the kitchen is identified to be a major source
of water vapour, action like keeping the Kkitchen door

closed or installing extractor fan may be recommended.

Efficient Ventilation

The increasing trend towards constructing more energy
efficient buildings has led to little natural ventilation
due to closed or even sealed windows and ventilation
grates. As a result, in unventilated areas pockets of
stagnant air occur. These areas are a potential source of
localised condensdtion. Therefore, adequate ventilation
has to be provided to the space to reduce the moisture

content of 1ndoor air by diluting it with drier air from
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outside., There is no unigque value of ventilation rate re-
quired to control condensation. The ventilation require-
ment depends on the temperdature and humidity of the venti-
lating air, the heat input and insulation, the pattern of
heat input and the nature of the internal surfaces [9].

Concealed condensation within wall cavities and roof spaces
can also be prevented by ventilation. When cross-ventil-
ation can be achieved, this is usually the cheapest and
simplest method [9]. However, air passages in walls, de-
signed to remove an unrestricted vapour supply, are un-
dully large and may waste considerable heat. Ventilation
is most effective when each structural space has a clearly
defined air passage with an inlet and outlet. In walls, a
small convective effect may be utilized by locating one vent

at the bottom and one at the top of each space [23].

Reducing the Area of Cold Surfaces

In winter, single glazed windows are usually the coldest
part in buildings. They have the potential to remove a
lot of moisture from the air. So, by reducing their area,
the amount of condensation is proportionally reduced.
Condensation is also a common phenomenon on cold areas
produced by cold bridges. Cold areas are produced on
relatively warm walls whenever a hignly conduction element
is used so that areas on internal surfaces are directly

Tinked to the outside cold surfaces. Such cold areas may
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be found in a number of places in buildings; for instance
the bridging of a cavity with a dense floor slab which may
result in condensation on the surface of the slab and

possibly on the walls within the room.

Using Thermal Insulation

The risk of internal surface condensation can be reduced
by raising the surface temperature so that it is higher
than the dew point temperature of the indoor air. When
insulating windows and walls are used, their internal
surfaces are maintained at a temperature much above the
external surface temperature, and in the vast majority of
cases above the dewpoint of the <internal air [9]. More-
over, an insulated structure will ensure for a given heat
input that the air temperature will be maintained at a
higher level than with a similar but uninsulated struct-

ure.

The effectiveness of thermal insulation in preventing
condensation depends not only on its value but also in
positioning the insulation barrier correctly in th struct-
ure. Insulation could be positioned either on the
external surface or on the internal. In either case the
overall thermal resistance would be the same, but the
environment inside the building could be very greatly

affected by the positioning of the insulation. Although
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variations in heating cycles, heating methods, solar heat
gain, etc., all affect this particular consideration, it
is generally agreed that the insulation should be posit-
ioned as near as possible to the internal surface of the
structure. This will result in a higher surface temper-
ature than that wnich would be obtained with the same heat
input and the same insulation positioned elsewhere. In
all cases, insulation will reduce the tendency for con-

densation to occur and in many will completely prevent it.

5. Heating

6.

Continuous and adequate heat levels can be the most
effective single means of preventing condensation. Heat-
ing warms up the air so that it could absorb moisutre and
hold it as water vapour. In addition, it warms wall sur-
faces and helps to keep them above dew point. Wall
temperature can also be raised by directly forcing hot air
over the wall inner surface. For this method to be
effective, low thermal capacity lining, 1ike insulation,
should be used on inner surfaces. If high thermal
capacity materials are used with intermittent heating,
condensation will occur as the material! will not warm up

quickly enough to prevent it.

Using Vapour Barriers (Retarders)

Thermal insualtion, although keeping room surfaces warm,
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may increase the risks and effects of interstitial con-
densation, by making the structure cooler. The only way
to prevent this is to provide a vapour barrier to prevent
the water vapour penetrating the wall. Most insulation
materials are porous, and would allow warm moisture-laden
air to penetrate to the cold structure where interstitial
condensation can occur. Insulation will lose effective-
ness if allowed to become saturated and to avoid this
danger, it is advised to locate a vapour barrier on or as
near to the inner surface as possible to prevent water
vapour entering the structural material in any way.
Vapour barrier is probably not worth using for most brick
or masonry walls. However, it is usually considered
essential for wood frame construction because condensation
within the wall can cause decay of the wood [8]. If
vapour barriers are used over all walls and roofs, vapour
will have a much less chance to escape through them,
Therefore, it is important to find a way out for the water
vapour that is being produced in the space, otherwise con-

densation must inevitably occur on cold internal surfaces.

2.8 DEPENDENCE OF CONDENSATION ON THE RELATIVE HUMIDITY AND INDOOR
AND OUTDOOR AIR TEMPERATURES

Condensation on exterior windows and walls' surfaces is very
dependent on indoor and outdoor air temperatures, and outdoor relative

humidity. Indoor condensation in winter depends on the indoor
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relative humidity and indoor and outdoor air temperatures. To deter-
mine the surface condensation potential, the surface temperature must
first be evaluated. Surface temperature of the condensation side can
be evaluated when indoor and outdoor temperatures, as well as the
thermo-physical properties of the window or the wall are known. The
surface temperature is then compared with the dew point temperature of
the air. If the surface temperature becomes less than the dew point
temperature of the air on the corresponding side condensation will

occur.

There are many different types of walls and windows with differ-
ent thermal resistances. Therefore, for each type there is a certain
indoor temperature and corresponding outdoor conditions at which
condensation occurs. In the present study the dependence of surface
condensation on indoor and outdoor conditions for single and double

glazed windows will be discussed.

External surface condensation will only be considered for single
glazed windows, since they are usually used in hot-humid climates
where external surface condensation 1is possible. To evaluate the

external surface temperature the following equation can be used.

To- L (To - Ty) (2.1)

ho

Two

where

external surface temperature
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U = overall heat transfer coefficient (w/mz-C)

ho = external surface heat transfer coefficient (w/m?-C)
To = outdoor air temperature

Tij = indoor air temperature

Now, let Tyo = Tpo = dew point temperature of outdoor air

To = To - =— (To - Ti) (2.2)
ho
arranging terms

h h
Tej = To (1 -IJ_Q) +—§ Tbo (2.3)

where

Tci = indoor air temperature below which external surface
condensation occurs.

The results of solving Eq. (2.3) at different indoor and outdoor
conditions are shown graphically in Figs. 2-1 and 2-2. The external
surface heat transfer coefficients in this case are evaluated using
Eqs. (4.4) and (4.5) when there is no wind, and Eqs. (4.15a) to
(4.15E) when the wind effect is considered. Fig. 2-1 shows indoor
temperature and outdoor relative humidity combination at which outdoor
condensation can be expected with different values of outdoor temper-
ature for a single glazed window of 10 mm (M = 10 mm). For example,
at an outdoor air temperature of 30°C, and a relative humidity of 80
percent the indoor air temperature below which external surface con-

densation occurs is about 22°C when there is no wind (WV=0 m/s). The
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effect of wind speed is shown in Fig. 2-2, where it is increased to
3.4 m/s. In this case, external surface condensation is more
difficult to occur, since much lower indoor temperature is needed for
condensation to occur at the same relative humidity. In addition, the
curves have less slope resulting in larger condensation regions, but
at lower indoor air temperatures. Each curve 1in both figures
indentifies two regions; the upper region in which condensation

occurs, and the lower region in which no condensation takes place.

Internal surface condensation will be considered for both single
and double glazed windows. Because both types are used in cold clim-
ates, where internal surface condensation is possible. The internal

surface temperature can be evaluated by the following equation:

Twi = T4 - = (T4 - To) (2.4)
i
where
Twi = internal surface temperature
hij = internal surface heat transfer coefficient (W/mz-c)

If we let Ty = Tpj = dew point temperature of indoor air

Toi =T - = (Ti - To) (2.5)
i
arranging terms
hj hi
Teo = Ti (1 - 7 ) + T Tpj (2.6)
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where

Tco = outdoor air temperature below which internal surface
condensation occurs

The results of solving Eq. (2.6) at different indoor and outdoor
conditions for single and double glazed windows are shown in Figs. 2-3
to 2-6. Figs. 2-3 and 2-4 show the combination of indoor and outdoor
temperatures and the indoor relative humidity at which internal sur-
face condensation occurs on single glazed windows. Each curve repre-
sents a constant indoor temperature and each group of curves is at a
constant wind velocity. Wind velocity, which has been seen to have a
negative effect on outdoor condensation, has a positive effect on
indoor condensation. As the wind velocity increases the external sur-
face heat transfer coefficient increases. As a result the internal
surface temperature decreases which leads to more condensation. In
other words, for the same indoor conditions, internal surface condens-

ation occurs at higher indoor temperatures as the wind speed increases.

The indoor and outdoor conditions at which 1internal surface
condensation occurs on double glazed windows can be obtained from
Figs. 2-5 and 2-6. These figures were constructed for a specific
double glazed window construction of 3 mm glass thickness (M=3 mm) and
6 mm air space (AS=6 mm). The outdoor temperature needed for internal
surface condensation on a double glazed window is much lower than that

needed for a single glazed window at the same indoor conditions. The
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increase of the wind speed from zero to 3.4 m/s in this case has a
negligable effect on internal surface condensation and the two groups
of curves seem to be identical with about the same condensation

regions.

Figs. 2-7, 2-8 and 2-9 compare the behaviour of double and single
glazed windows at the same indoor and outdoor conditions. It can be
seen that as the indoor relative humidity increases, the effectiveness
of the double glazed window decreases as compared with the single
glazed window. At saturation, double glazed windows have the same
condensation risk as single glazed windows at the same conditions.
When the indoor temperature is changed as in Figs. 2-7 and 2-8, there
is no change in the slope of curves, however, lower outdoor temper-
ature is needed for lower indoor temperature for internal surface
condensation to occur. When the wind velocity is decreased from 3.4
m/s to zero m/s as shown in Figs. 2-8 and 2-9, the outdoor temperature
has to be much lower for indoor condensation to occur. In addition,
the shape of curves, especially for the single glazed window has
changed. At this point it is important to note that as the indoor
relative humidity gets higher, the risk of internal surface condens-
ation on a double glazed window gets closer to the risk of condens-

ation on a single glazed window at the same conditions.

The effect of doubling and tripling glass windows in the presence
and the absence of wind on the occurance of internal surface condens-

ation is shown in Table (2.1). It can be seen that the presence of
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wind makes condensation possible at lower indoor relative humidity
level, and much highr relative humidity level is needed for condens-
ation to occur on double or triple glazed windows. In addition, the
relative humidity needed for condensation to occur decreases more
sharply for single glazed windows as outdoor temperature decreases

compared to double and triple windows.

Table (2.1): Maximum Humidities fo~ no Window Condensation and
Corresponding Inside Surface Temperatures [19]

Surface Temperature and Relative Humidites with indoor
Temperature at 21°C

Out- Single Glazed Double Glazed Triple Glazed
door

Temp.|6.7m/s wind| No wind |6.7m/s wind| No wind |6.7m/s wind| No wind

Temp Temp Temp Temp Temp Temp
°C RH | °C {RH °C RH ) °C|RH ] °C RH °C | RH

4.4| 8.3 |44% | 12.8]|59%| 15 68% {16.1173% |17.2 | /8% |17.8] 8%
-6.7 0 {24% 7.2141%( 11.1 |53% §13.3{61% (15 68% |15.6{71%
-17.8} -8.3 |12% 1.7127%] 7.2 |41% |10 |49% |12.2 | 57% |13.3|61%
-28.9|-16.7 | 6% | -4.4|17%| 3.3 |32% | 6.7}39% |10 49% 111.1|53%
-40 |-25.6 | 2% | -10 j10%| -0.6 |23% | 3.3|31% | 7.2 | 41% | 8.9/46%




CHAPTER 111

CONDENSATION HEAT TRANSFER

3.1 INTRODUCTION

Phase change of any substance is always associated with either
heat input or heat output. Heat is released whenever the substance
changes from the gas state to the liquid state. Therefore, the
process of vapour condensation is always associated with latent heat
release. The amount of this heat is dependent upon the nature of the
substance as well as the vapour temperature. Water, compared to all
other substances, has the greatest latent heat of vaporization. So,
considerable amount of heat is expected to be released as condensation

of water vapour takes place.

When water vapour comes in contact with a surface that is at a
temperature below its saturation temperature, it immediately starts to
condense. The heat released is equal to the latent heat of vaporiz-
ation times the weight of the condensed liquid. If the surface is
kept at a temperature below the saturation temperature of the vapour
and the condensed water is removed continuously, condensation will
continue to occur and the surface will always be covered with a thin

film of water.

The rate of condensation and heat transfer vary according to the
type of condensation and whether the vapour is pure or contains some
noncondensable gases. Condensation of pure vapour and corresponding

heat transfer on a vertical surface were originally studied by Nusselt
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[31], and his theory has been successful and still in use till today.
However, Nusselt theory cannot be applied if the vapour contains some
noncondensable gases. Noncondensable gases act as a resistance to
heat flow on the condensing side. This is due to the fact that vapour
has to diffuse through the noncondensable gas before it comes into
contact with the cold surface of the condensate [31]. Therefore, the
heat transfer mechanism in the presence of a noncondensable gas is
completely different from that suggested by Nusselt which assumes

direct contact between the vapour and the liquid film.

Despite the fact that the atmospheric water vapour, which is the
main concern in this study, is not considered as a pure vapour, the
condensation process of a pure vapour according to Nusselt will be
discussed as the first step towards understanding the behaviour of
condensed vapour and the mechanism of heat transfer when condensation
occurs. Water vapour represents very small fraction of the atmos-
pheric air-water vapour mixture. Therefore, it is vital to find some
way to predict the behavior of atmospheric vapour and the mechanism of
heat transfer during condensation. In this chapter, two approaches
with different levels of analysis are discussed to predict condens-
ation rate and heat transfer when condensation of atmospheric vapour

OCCurs.

3.2 CLASSIFICATION OF CONDENSATION

There are several ways in which the general topic of condensation

can be classified. It can be classified in terms of; i) the nature of
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vapour to be condensed; ii) the geometry in which condensation occurs
and iii) the mode of condensation [32]. All these factors have great
impact on the behavior of the condensation process and the mechanism
of heat transfer. Therefore, it is important to identify the problem
in terms of the above factors, so as the condensation rate and the

heat transfer rate can be evaluated properly.

i) Condensation can be classified in terms of the nature of vapour
to be condensed. The vapour to be condensed may have any one
of the following forms:

1. Pure one component condensable vapour

2. Pure multicomponent vapour with all of the component
condensable

3. Multicomponent with a noncodnesnable gas

4. Multicomponent with an immiscible liquid phase

The condensation process and the corresponding heat transfer are also
very much affected by the type of vapour to be condensed. However,
Nusselt's theory can be used to describe the process, using the
physical properties of the vapour, as long as the vapour is pure,
But, in the presence of a noncondensable gas (like air) the condens-
ation process is completely different. Therefore the effect of the
noncondensable gas should be taken into account when analyzing the

condensation phenomenon.

ii) Condensation can also be classified in terms of the geometry of

the surface on which condensation takes place. The behavior of
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the condensed liquid and heat transfer is different for each
geometrical shape, because each one defines the hydrodynamic of
condensate removal from the surface and the interaction of the
vapour and liquid phases. For example, the mechanism of the
condensation process on a vertical plane surface involves the
gravitational force, since condensed water flow downward by
gravity. As the surface slopes down to the horizontal position
the influence of gravity decreases, until the process is com-
pletely gravity-independant when the surface is horizontal.
The condensation rate and heat transfer are very much affected
by the surface position, since unremoved condensed water will
decrease the potential for further condensation and conse-

quently the heat transfer.

iii) Condensation can also be classified according to the mode of
condensation. Generally condensation can be classified into
four different modes:

a) Direct contact condensation
b) homogeneous condensation
c) dropwise condensation

d) filmwise condensation

Direct contact condensation occurs whenever a condensable vapour
is brought into direct contact with a subcooled 1iquid. Direct
contact condensation is an attractive mode commonly used in the
industrial applications because of the simplicity of the equipment

required and because there is no solid heat transfer surface to be
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fouled by direct or corrosive deposits [32]. However, since the
condensed vapour and the coolant are intimately mixed, applications of
direct contact condensation are limited to cases in which mixinyg is of
no consequence (as in the barometric condenser) or in which the

condensate and coolant can be easily separdted.

Homogeneous condensation occurs when a super cooled vapour of
gas-~-vapour mixture starts to develop nucleation centers. If such
nucleation centers develop at all, they will grow very rapidly by
condensation of the surrounding subcooled vapour due to warming the
vapour by the release of the heat of condensation. This process will
continue until the condensate droplets are in approximate thermo-
dynamic equillibrium with the vapour. Statistically, there is a
possibility that nucleation centers will develop in any subcuoled
vapour or gas-vapour mixture, but true homogeneous condensation as
defined above is at best unlikely and more generally extremely improb-
able in real werld situations [32]. However, this process can be
simulated by introducing some pre-existing foreign nuclei such ds salt

or dust particles.

Direct contact condensation requires an externdl condensed liquid
surface to occur and homogeneous condensation occurs in the absence of
any external condensed phase (liquid or solid) surface. But a solid
surface is needed for dropwise and filmwise to occur. Dropwise con-
densation occurs when a vapour is exposed to a cool solid surface and

the resuliting condensate does not wet the surface. And when the
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condensdte wets the surface and is covered by a continuous 1liquid
phase the process 1is called filmwise condensation. In dropwise
condensation, the droplets formed will flow down the surface leaving
it unwetted and ready for further condensation. But in filmwise
condensation a continuous liquid film will always be present and
further condensation will occur over it. The down flow of the liquid
film is governed by the usual laws of fluid dynamic, with gravity,
vapour shear, and surface tension forces providing the driving force

for condensate removal,

Dropwise condensation is much more effective in heat transfer
than filmwise condensation, since the existance of a liquid film
increases the resistance to heat transfer. Consequently, continuous
efforts have been made to harness this dynamic mechanism for industr-
ial use. Various methods have been utilized to attempt to achieve
consistent dropwise condensation, such as the use of polymer surface
coatings. However, dropwise condensation has only been achieved with
consistency in steam under carefully controled conditions [33]. In
practical situations most surfaces get wetted when exposed to a
condensing vapour over an extended period of time. Consequently, film
condensation can be seen as the best representation for the process of
atmospheric vapour condensation on ylazed windows. Therefore, the
process of film condensation is discussed in this study, and is used
to predict heat transfer to the surfaces of windows when condensation

ocCurs.
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3.3 ANALYSIS OF FILM CONDENSATION ON A VERTICAL SURFACE

The objectives of the present research is to study condensation
on glass windows, and to determine the associated heat transfer. The
process of condensation on vertical window surfaces can be well
represented by film condensation analysis. The analysis of this
problem is very dependent on the nature of vapour as mentioned
earlier. Analysis of pure vapour condensation is completely different

from that of a vapour containing a noncondensable gas.

The first fundamental analysis leading to the determination of
the heat transfer coefficient during filmwise condensation of pure
vapours on a flat plate and a circular tube was given by Nusselt in
1916 ([33]. Since that time some improvements have been made to
Nusselt's theory of film condensation. However, the basic analysis
suggested by Nusselt is still being used. Nusselt's theory of film
condensation of pure vapour on vertical surfaces will be utilized in
this study as a basis for understanding the mechanism of heat transfer

during the condensation process on windows.

3.3.1 Condensation of a Pure Vapour Using Nusselt's Theory

Wnen a vapour is brought into contact with a cold surface, con-
densation occurs and a thin film of the condensate is formed on the
surface. As the condensate continues to form on the surface, the film
thickness increases. Consequently, the condensate starts to flow down

the plate due to gravity and a thickness gradient 1s formed. As a
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result of vapour condensation, latent heat is released at the vapour=-
liquid interface. Such heat is then transported through the condens-
ate film to the solid wall by conduction when the film is in laminar

flow and by turbulant eddies when the film is in turbulant flow.

Filmwise condensation and determination of the corresponding heat

transfer were first given by Nusselt under the following assumptions

[31]:

i) The plate is maintained at a uniform temperature
ii) The vapour is stationary or has low vglocity
iii) Tne down flow of the condensate under gravity action
is laminar
iv) The flow velocity associated with the condensate film
is low
v) Fluid properties are constant
vi) Heat transfer across the condensate layer is by pure

conduction.

The concept of the analysis of the film condensation process as
suggested by Nusselt can be represented as shown in Fig. 3-1 where X
is the axial coordinate, measured downward along the plate, and Y is
the coordinate normal to the surface. The film thickness is
represented by & and it varies alonyg the X axis. The shear force is

shown acting upward and is denoted by <.
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VAPOUR
AT
SATURATION

(Pa-AX5-Yy)gdx

FI1G. 3-1: Film condensation on a vertical Flat Plate [31]

By analyzing the fluid element of thickness dx shown in Fig. 3-1, and
by using the weight balance equation and the boundary conditions, the

mass flow rate (m) through any x position is found to be [31]

. o lp - py) g 63 1)
3u,
where p_ = liquid aensity (kg/m3)
py = vapour density (kg/m3)
= dynamic viscosity of the liquid (kg/m.s)
6 = condensate layer thickness

gravitational constant (m/s?)

w
]
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The heat transfer at the surface in the area dx, assuming a unit depth

is found to be [31]

KL

where
KL = thermal conductivity of water = 0.6 w/m-C
Tsat = saturation temperature of the vapour
Tw = surface or wall temperature

As a result of condensate flow from position x the film thickness

grows from 6 to &6 + A6 at x + Ax. The increase in the condensate is

[31]

2
oy (py=p,) 9 &° d&
pho= LLV (3.3)
BL

So the heat transfer to the wall is expressed by [31]:

2
pr (py=-p,) 9 &% db T _.-T
L*FL P hfg = Ky dx sat_w
BL 6

(3.4)

where hfg = latent heat of vaporization (J/kg)
Integrating equation (3.4) with the condition 6§ = 0 for x = 0, yields:

. 4u K X (Tsat'Tw)]i

(3.5)
g hfg py (o -py)
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and the resulting heat transfer coefficient can be written as

K

bl (o -py) 9 NFg K ® |
6

4 B X (T

hy (3.6)

sat™Tw)

By using equation (3.6), the heat transfer coefficient can be found at
any distance x from the top of the vertical surface. For practical
reasons, the average heat transfer coefficient needs to be determined.
From Eq. (3.6), it can be seen that the local heat transfer coeffic-
jent (hy) varies with the distance as x-}. Then the average heat
transfer coefficient (hy) over the length 0 & x < L of the plate is

given by [31]:

L

| _ 4
hm --ij f hX dx = 3- hX| (3.73)

0 x=L

substituting for hx in Eq. (3.7a), hm can be written as:

g pL(pL-pV) hfg KL3 3

hg = 0.943 [
T L

(3.7b)
B (Tsat

where

L = surface height

It should be noted that all properties in Eq. (3.7b) including hfg

should be evaluated at film temperature T¢

Teat + T
Te=-S2L W (3.8)
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The additional energy needed to bring the film below saturation
temperature s accommodated approximately by evaluating hfg at the

film temperature instead of the saturation temperature.

The above equations, suggested by Nusselt, have been tested under
conditions closely satisfying his assumptions and have been generally
confirmed [32]. However, a comparison with the experiments showed
that the measured heat transfer coefficient is about 20 percent higher
than Nusselt's theory would suggest [31]. Therefore, it has been
recommended by McAdams that Nusselt's eguation for hy on a vertical
surface be multiplied by a factor of 1.2, hence equation (3.8) should

be:

g p| (p -p,) hfg KL3 3

3.9
B (Tsat'Tw)L (-9

hm = 1.13 [

The above results for film condensation are applicable if con-
densate flow is laminar. And when the flow is turbulant the following
empirical correlation has been recommended by Kirkbride [33] for

vertical surfaces:

3
0.4 [9 pLlpL=py) K17 173
3 ]

hp = 0.076 Ref (3.10)
b

where

(3.11)

L(Tsat'Tw)]i [9 pL{pL - pv) KL3]é

Re¢ = 3.77 |
u hfg "
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The determination whether the flow within the film is laminar or
turbulant can be established using Reynolds number of the fluid
(Ref.). The critical Reynolds number is approximately 2000, and
turbulance can occur when Reynolds number is greater than this criti-
cal number. And once the type of flow is specified, heat transfer can
be determined using the proper equation.

3.3.2 Analysis of Condensation of a Vapour Containing a Non-
condensable Gas

It is well known that the presence of a noncondensable gas such
as air in a vapour, even in very small amount, can have a significant
effect on condensation heat transfer. The reason 1is that when a
vapour containing noncondensable gas condenses, the noncondensable gas
is left at the surface which means that for further condensation to
occur “he vapour must diffuse through the gas-vapour mixture before it
reaches the cold surface. This added resistance to vapour diffusion
causes a drop in the partial pressure of the condensing vapour, which
in turn causes the temperature of outside surface of condensate to
drop below the saturation temperature. Heat transfer calculation that
accounts for the effect of noncondensable gases cannot be made by
using the simple condensation theory of Nusselt. This is simply
because the condensate outside surface temperature is not known. The
analysis to evaluate this temperature is complicated, since heat, mass
and momentum transfer in the liquid and the vapou:-gas mixture must be

considered and solved simu’taneously.
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There have been many theoretical and experimental investigations
to predict heat transfer in the presence of a noncondensable gas.
These studies have shown that heat transfer is very much affected by
the vapour flow patterns and the magnitude of the noncondensable gas
in the bulk mixture [33]. The presence of a great percentage of a
noncondensable gas like air can reduce the condensation heat transfer
by many folds. For example, the presence of 5 percent air by mass in
the mixture can reduce the heat transfer coefficient by a factor of 5
[33]. In fact, some experimental studies have shown that heat trans-
fer may be reduced by fifty percent or even more due to small amounts
of air [29]. Therefore, heat transfer resulting from atmospheric
water vapour condensation is expected to be very much 1less than
Nusselt's theory would suggest, because the percentage of the water
vapour by mass is very small compared to the noncondensable gas, which
is air in this case. In fact, air could represent more than 95
percent of the atmospheric mixture. However, this percentage is vari-
able and very dependant upon the climatic conditions. Therefore, it
is clear that the presence of air is the main dominant factor affect-

ing condensation and heat transfer to building surfaces.

Atmospheric water vapour condensation and the associated heat
gain or loss is the main subject of this research. There have been
limited attempts to estimate the rate of superficial condensation on
building surfaces. However, there is not enough information and clear

guidance in the literature to predict how much heat gain or loss will
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result when condensation occurs on the building glass surfaces under
given indoor and outdoor conditions. Therefore, in the present study
the basic ideas of two different approaches will be utilized to
predict heat transfer to glass windows and consequently heat gain or
Toss when condensation occurs under certain conditions. The first
approach is mainly based on the equations that describe mass transfer
due to partial vapour pressure difference. This appraoch was utilized
by Davies [16], to predict mass condensation rate on glazed windows.
A second approach for evaluating mass condensation rate is used in
this study for the first time in order to evaluate the relative accur-
acy and applicability for each approach when compared with the experi-
mental results. In the second approach more analysis is given to the

condensate film which is mainly based on the conservation laws.

3.3.2.1 First Approach: Evaluation of Condensation Heat Transfer by
Predicting Condensation rate using Mass Transfer Analysis

Computing the rate of superfacial condensation on cold building
surfaces using mass transfer anlaysis has been attempted by Davies
(16, 17]. This approach is mainly based on the fact that mass trans-
fer occurs as a result of the difference between the bulk vapour part-
ial pressure and vapour partial pressure at the cool surfaces. The
analysis is based on steady state conditions, but it was suggested by
Davies that more realistic conditions involve considerations of time

varying heat flow, and time varying mositure flow [16].
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To start the analysis, consider first Fig. 3-2 which shows a
single glazed window at an external surface temperature Ty and an
internal surface temperature T4i which respresent the conditions

after condensation occurs

Two r | Twi
_ZT’ kl‘(‘

| |

|
OUTDOOR ho | |cgar| | hi INDOOR
(To) ] (Ti)

} | Q

{ |

: |

Fig. 3-2: Schematic of surface temperature
of a single glazed window

If no condensation takes place, then the heat balance for a unit area

requires that

(To = Two) ho = (Tho = Tog ) Cg =V (Tg-Tp) (3.12)
and
(Tho ~Twi) Cg = (Tgi -Ty) ny = U (Tg-Ty) (3.13)
where
T' = outdoor facing surface temperature before condensation

WO

T'wi = indoor facing surface temperature before condensation
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hg, hi = outside and inside film heat transfer coefficient (w/m?-C)
Cg = ylass themnal conductance (W/m2-C)
U = overall heat transfer coefficient of the window (w/n-C)

From the above energy balance equations it can be found that

T'wo = To -4 (To = T5) (3.14)
h0
T'wi = Ti == (Tj - To) (3.15)

1

As condensation occurs un the inside surface, latent heat will be
released on the surface. Therefore, it must be included in the heat
balance equation. If m kg/m2.sec of water is assumed to condense on
the glass, the resultant heat balance equation when outdoor surface

condensation occurs becomes:
(To = Two) hg + m hfg = U (To- Tj) (3.16)

and when indoor surface condensation occurs the resultant heat balance

equation becomes:
(Tj - Tyj) hj + @ hfg = U (g - ) (3.17)

To evaluate the surface temperatures in Eqs. (3.16) and (3.17) by
mass transfer analysis, the bulk partial vapour pressure is first
denoted by P, (N/m?). If there is no condensation, Pa acts directly

on the window surface. As soon as condensation occurs the window is
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covered by a water film, and the vapour pressure P. at the surface of
the window will be the saturated vapour pressure (SVP) at the window

temperature which is denoted by
Pc = SVP (Tyo) (3.18)

So, when the window is sufficiently cool a mass transfer will occur
due to vapour pressure difference (Pz-Pc). This mass transfer of

vapour from the bulk to the window is given by [16]:

M

m = hp R (Pa - P¢) (3.19)
where
hp = mass transfer coefficient (m/sec)
M = the mass of one Kmol of water vapour (= 18 Kg)
R = universal gas constant = 8314 J/Kmol-K
Tm = absolute temperature which is taken as the mean of

the bulk air temperature and the surface temperature

solving Egs. (3.16) and (3.19) simultaneously the condensation rate
can be found. However, the saturated temperature Pc is not linearly
related to the temperature. Therefore, the following graphical solut-

ion has been suggested by Davies:

Rearranging Eq. (3.16), one can get

ni hfg =\ (TQ - Ti) - (To - Two) ho (3.20)
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R.T
M__ one can

hp.M.hfg

then by multiplying both sides of Eq. (3.20) by
obtain:

. _MTn_ R Ty
! hpM  hp M nfg

[U(To-Ti) = hg (To- Tyo)]

mR Tm R Tm ho R Tm
1= Tug + ——Sa [ (U-hg)To-UT;) 3.21)
hp M hp M hfg " M hfg (U-ho)To-VTs (

= D

and using Eq. (3.19) gives

mR Tm .

2 =

Egs. (3.21) and (3.22) are satisfied simultaneously at the point of
intersection of F, and F,. The glass temperature and the pressure
difference can be found by projection on the temperature and the

pressure axes as shown in Fig. 3-3.

VAPOUR PRESSURE

Two Two
WINDOW SURFACE TEMPERATURE

FI6. 3-3: Solution of equation (3.21) and (3.22) to find
window surface temperature Ty, and the differ-
ence F. of vapour pressure between ambient and
window [16]
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Knowing the value of F. which respresents the difference
between the bulk vapour pressure and the saturated vapour pressure
(Pa-Pc) after the window temperature reaches steady state condit-
jon, the mass condensation rate can be found using Eq. (3.19) as

following [16]:

M

F 3.23
RTp °© (3.23)

m = hp

A1l other parametes in equation (3.12) are easy to evaluate, however
the mass transfer coefficient hp needs more attention and has to be
evaluated properly because it dominates the estimate of the rate of
condensation. And at the same time it is very sensitive to other
factors like the surface heat transfer coefficient which in turn is
affected by the type of boundary layer, whether it is laminar or
turbulant. Therefore, clear understanding of the mass transfer

coefficient is needed.

Evaluation of Mass Transfer Coefficient (hp)

Mass transfer coefficient value depends on whether the flow is
laminar or turbulant [31]. The mass transfer coefficient (hp) relat-
ing to transport of water vapour through the boundary layer is often
found using Lewis' relation [16].

he

hp = (3.24)
raCa
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where

convective heat transfer coefficient w/mz-C

=
(o]
]

air density

©
[-Y)
1]

Ca = specific heat of air (J/kg-C)

Eq. (3.24) can be used to evaluate the mass transfer coefficient when
the conditions in the boundary layer are turbulant [16]. However, for
relatively still conditions 1ike indoor conditions hp can be found by

the following relation [16]:

D nh k
hp = —< (—2)* (3.25)
where

D diffusion coefficient of water vapour (m2/sec)

Ka = thermal conductivity of air (w/m-C)

For forced flow the transition from laminar to turbulant cdn be
known using the critical values of Reynold number. Similarly Grashof

number can be used to know whether the flow is laminar or turbulant

[31l.

Tw = Tw
6r = g Bal® (<—)
Va
where g = gravity constant

Ba air expansion coefficient (K-1)
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= kienematic air viscosity (m2/s)

\7] =

Tw = wall temperature

Te = bulk temperature

L = chardacteristic length

The critical value of Grashof number (Gr) is 2 x 10° and for laminar

flow to occur Gr number should be less than the critical value.

To evaluate the convective heat transfer coefficient, the type of
flow should first be determined, since it can reach high values in the
turbulant conditions [16]. A typical value of h; for convection from
warm air to cool surfaces within a room, as suggested by Davies [16],
is 3.0 w/m?.C. However, for esterior surfaces, he will vary according
to the wind speed and direction and the type of flow. The evaluation
of the convective heat transfer coefficient (h;) will be discussed in

more details in the next chapter.

3.3.2.2 Second Approach: Evaluation of condensation heat transfer by
predicting the interfacial temperature of the liquid film

In this approacn the basic concept of film theory which has been
originally sugyested by Nusselt will be used to predict the condens-
ation heat transfer in the presence of a noncondensable gas. However,
this analysis, as sugyested by sparrow and Lin [29], will be based on
the mass, momentum and energy conservation principles. It is known
that the presence of a very small amount of a noncondensable gas (such

as air) in a condensable vapour can cause a large build up of the
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noncondensable gas at the liquid-vapour interface. As a result the
partial pressure of the vapour at the interface is reduced. This, in
turn, will lower the temperature at which the vapour condenses and
decrease the effective thermal driving force across the liquid film.
Consequently, heat transfer and mass transfer will be reduced signi-

ficantly [29].

There have been several theoretical and experimental studies
related to this subject [24-30]. Although each study has its own
approach in analyzing the problem, the aim was always to find the
interfacial temperature Tgi and the interfacial gas concentration
wgi. Once one of these parameters is known, the condensation heat
transfer can be predicted using the same form of Nusselt's equation
(Eq. 3.7b), but replacing the saturation temperature (Tgat) by Tgi.

Fig. 3-4 shows a schematic diagram of the physical system involved in

>y
\
\
X,
u \\
Tw| —+Tgi Too
|
S ¢ |~ GAS-VAPOUR BOUNDARY
rT—ﬂQ LAYER
l

CONDENSATE”

FIG. 3-4: Film condensation of a vapour containing
a noncondensable gas [27]
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this study. The solution of this problem is very complicated, because
it consists of a pair of interacting boundary layers, an inner one
(1iquid film) and an outer one (gas-vapour layer). The liquid film is
represented by the following momentum and energy equations that are

originally suggested by Nusselt [29]:

g+ (a%u/ay?) = 0 (3.26a)

Eqs. (3.26a) and (3.26b) can be solved using the following boundary

conditions.
u=v=20 at y =0
T =Tw aty =0
du/ay = 0 at y = 6
T = Tgi aty =6
where
y, X = normal and longitudinal coordinates
v, u = normal and longitudinal velocities
v 1iquid kienematic viscosity
Tw = wall surface temperature
Tgi = interfacial temperature

We = bulk noncondensable gas concentration
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In the vapour-gas layer, there are three governing equations, since

there may be simultaneous transport of heat, mass and momentum. The

conservation equations of this layer are written as {29]:

2
UL g, M, BN 3WY (3.27a)
ox  dy ox ay ay?
du du (1-Pw) 22u
U— +V = =g ‘—/ ¢ y=0 (3.27b)
ax dy P ay?
2
TRcL IR -) I (3.27¢)
dX dy dy?
where
D = binary diffusion coefficient
p, = bulk density
p = average gas-vapour mixture density

average gas-vapour mixture kienematic viscosity

<
]}

The boundary conditions and assumptions used to solve these

equations are (29]:

i) velocity continuity at interface, y = 6
ii) mass conservation at interface, y = 6
iii) vanishing longitudinal velocity in the bulk y = =
iv) interface impermeable to non-condensable gas

v) prescribed value of Wg in the bulk

By utilizing the boundary conditions. Sparrow and Lin [29], were

able to formulate the above equations (Eqs. 3.27a - 3.27c) and reduce
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ation:

a) similarity variable

g (!Q-MV)/4 V2

3
Mg - lg-ty] Vo ] (3.28a)

n = cly-8)/x¥, ¢ =1L

where

28.97 for air

Mg = gas molecular weight

18.0 for water

My = vapour molecular weight

b) stream function and mass fraction

¢=8vcx~f(n), Wg-Wo = o(n) (3.28b)
where

¢ = stream function

f = dimensionless stream function [Eq. (3.28b)]

¢ = mass fraction difference [Eq. (3.28b)]

The velocity component u and v can be derived to satisfy the continu-

ity equation (3-25a).

u= 3y =42t f(n) (3.292)
v = -2 NC Oy et 3£ (3.29b)
ax  x3 x

By transforming the diffusion and momentum equations (Eqs. 3.274 and

3.27b) it can be found that
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e 3f a2 (F1)2 4 ¢ =0 (3.30)

¢’u + 3 Sc f ¢l = 0 (3.31)

in which the primes denote differentiation with respect to n and Sc

represent the Schmidt number.

By utilizing the boundary conditions sparrow and Lin [29] were
able to numerically solve the above differential equations (3.30) and
(3.31). This numerical solution was found to be favorable when com-
pared to other methods (29). The results for Wgj and Py (interfacial
vapour pressure) which have been determined from the numerical solut-
ion of Eqs. (3.30) and (3.31) is shown in Figs. 3-5, 3-6 and 3-7. The
curves shown in the figures are obtained for certain values of the
ratio (pp)L/pp and Schmidt number (Sc). On each figure there are
one family of curves representing Wgj. The interfacial gas con-
centration (wgi) and the vapour pressure at the interface (Pyj) are

related to each other through the expression:

Pyi/Prot = [1 - Wgi1/[1- (1- ) gy (3.32)
Mg
where
Ptot = total pressure
(pu)L = liquid density times its dynamic viscosity
(pu) = average gas-vapour mixture density times its

dynamic viscosity
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The use of these figures, to obtain wgi or Pyj, is based on trial
and error. The calculation procedure can simply be described as
follows: assume that the wall temperature is Ty, and it is desired
to compute the heat transfer rate corresponding to a given total
pressure Pgor and a given concentration W, of the noncondensable
gas in the bulk. One would start by assuminyg an interface temperature
Tgj and with this in mind one could compute Cp (Tgij-Ty)/ngy Pry. Then
entering the appropriate figure with this Cp(Tgi-Tw)/hfg PrL, one can
read Wgj from the ordinate and find Py using Eq. (3.32). Then, for
this Pyj, one can find the corresponding saturation temperature from
tables. If this saturation temperature is equal to the assumed Tgi
then it is taken as the value of the interfacial temperature, and the
heat transfer rate can be found using Eq. (3.33). lIf not, then
another guess should be made and the same procedure is repeated. Once
Tgi is found, the mass condensation rdate can be w«valuated by the

following equation [29]:

c Tgi = Ty)2 3
e e (3.33)
hfg 3 hfg PrL 4 vi
where
Q = heat released by condensation

PrL = Prandtl number for the fluid
C

oL Tiquid specific heat

Eq. (3.33) is exactly the same as the condensation heat transfer

equation suggested by Nusselt. However, the only difference is that
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the saturation temperature (Tga¢) has been replaced by a new interfac-

ial temperature Tgj which is smaller in value.

Now, assuming that the above procedure can be used to predict the
interfacial temperature when atmospheric vapour condenses on windows'
surfaces the problem remains that the above curves cannot be used to
predict the interfacial temperature (Tgi ). Since these curves were
produced to predict the heat transfer when the vapour contains very
small percentage of a noncondensable gas, and for the atmospheric
vapour-air mixture, the noncondensable gas (air) is the domirant
element in the mixture (95% - 99%). Therefore, the same differential
equations (Egs. 3.30 and 3.31) should be solved for W, = 0.95, 0.96,
numerical solution of these equations is time consuming and needs a
lot of computation especially when te surface temperature is allowed
to vary. At the same time, the accuracy of this procedure cannot be
guaranteed at this point when it is applied to the atmospheric mix-

ture.

Fortunately, J.W. Rose [27], suggested an approximate solution to
the problem. So, instead of solving the differential equations (Egs.
3.30 and 3.31), an algebriac equation, which relates the heat and mass
transfer parameters and the fluid properties, is to be solved. This
approximate solution was found as shown in figs. 3-8 and 3-9 to be

closer to the exact solution, suggested by Sparrow and Lin, when the
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noncondensable gas concentration is increased. Therefore, this
approximate solution is expected to give us a solution with acceptable
accuracy for the problem of atmospneric vapour condensation on
windows, since the noncondensable gas concentration (air) is much

higher than the water vapour.

By using the same equation expressing the conservation of mass,
heat, and momentum transfer (3.27), Rose suggested suitable velocity
and concentration profiles in which the liquid and vapour-gas layers

are assumed to have equal thicknesses. These profiles are [27]:

1) u=u. (1-X)2+gL(1-L)2 (3.34)
g1 6 ) 6
gv gv gv
Wo- W
2) L—==-(1-L)? (3.35)
wg'i"w@ 5gv
where
ugj = x-component of velocity at the interface

8gv = 9as-vapour layer thickness

u = a function of x having dimensions of velocity as defined
in Eq. (3.34)
Wg = noncondensable gas concentration

Then, by assuming that the iaterface 1is impermeable to the
non-condensing gas, and using the boundary conditions that are

satisfied by the above profiles, the integral equations are [27]:

1 au 1

d .
5 (8av J uidt)-vgi ugi + 2= (Zgi- 9 X bgy [ wdt=0  (3.36)
gv
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S (ogy J. o dt) + 6;“;91_ ()i 0 (3.37)
where
t = y/égy
w = Wg = We
X = (Mg-My)/[Mg-HaiMg-My)]

The solution of Eqs. (3.36) and (3.37) using the assumed profiles
(Eas. (3.34) and (3.35)] gives [27]:

B P wm 2 w .
10 Sp SC (—Lb)(—)° (20 + 9L )
up Wp 21 Weo
2 wm
*3 : T - )(ﬁgg) (-gg Sp --5539)=-lg% i wag +85SC (3.38)
P BLPL Mgi gi  Ygi
where
Tgi - Tw) &
op = gi = Twl Kt (3.384)
hfg uL
wg = wg] - N,,,
SC = v/D

the values of the Kinematic viscosity (v} and the diffusion coeffic-
jent (D) are to be evaluated for the vapour-gas mixture. However, in
this study the paraiieters corresponding to the mixture will be taken

for the air, since air dominates at atmospheric mixture. In addition
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all other parameters without subscripts in Eq. (3.38) which

corresponds to the mixture will also be taken for air.

By solving the algebraic Eq. (3.38), an approximate solution for
the differential Eqs. (3.30) and (3.31), which have been suggested by
Sparrow and Lin, can be found. So, the same type of curves shown in
Figs. 3-5, 3-6 and 3-7 can be obtained. Consequently, the interfacial
temperature (Tgi) of the condensate layer can be evaluated using the
same procedure mentioned before. Fig 3-8 shows the comparison between
the approximate solution and the exact solution, suggested by sparrow
and Lin [29]. It can be seen that the approximate solution, while
giving about the right dependence on Sc, overestimates the interfacial
gas concentration (wgi). However, as the noncondensable gas concentr-
ation (W.) increases the deviation between the approximate and the

exact solutions is diminished. In addition, Fig. 3-9 shows that as
the value of W, increases, the heat transfer rate predicted by the
approximate solution is more towards the exact solution. Therefore,
it can be concluded that for W, = 0.9 or more, which is the case in
the atmospheric mixture, the predicted heat transfer rate by the

approximate solution is the same as the exact solution.

The use of Eq. (3.38) has been limited to mixtures where the
molecular weight of the noncornaensable gas is larger than that of the

vapour, which is the case for atmopsheric mixture. In addition, if it
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of equation (3.38) with exact soluiton [27]
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is assumed that the boundary layer approximation is valid and the flow
within the boundary layer 1is laminar, this approximate solution
suggested by Rose [27], can be used to predict heat transfer rate due
to condensation of atmospheric vapour on glass windows. Figs. 3-10
and 3-11 show the relation between interfacial gas concentration
against the nondimensional temperature drop across the condensate
layer, (Tgi- Tw) KL/hfg ur. These results were obtained by solving

Eq. (3.38) for the atmospheric mixture in which the noncondensable gas
concentration (W) is very high. Therefore, Eq. (3.38) has been
solved for values of W, ranging from 0.94 to 0.99 at Sc = 0.6 and
[prL/pp]i = 195, which reasonably describe the atmoshperic mixture.

So, by using the appropriate curve from Figs. 3-10 and 3-11, the
interfacial temperature can be evaluated by the same procedure
suggested by Sparrow and Lin. Consequently, heat transfer due to

atmospheric vapour condensation can be predicted using Eq. (3.33).

The evaluation of the interfacial temperature from Eq. (3.38)
requires that the parameter Sp[in Eq. (3.38a)] to be put as a function
of the noncondensablc gas concentration at the interface (Wgi). So,

the terms in E~. (3.38) are arranged to be in the following form:

-100
21

2 2
(é%g- SC D Wo Wgi *+ 10 Sc2 D We W) SPp® +[=22 W, Wgi (Wgi-Weo)?

+ 2 Wi (Wgi-Ne)?-2 Mo Wgi (Wgi-We)? - 8 Sc Wi (Wgj-We)2ISp2
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8X

C (Wgi-Wo)™] Sp = —=— C (Wqi-Wg)?
(g1 )] p 35 (gi )

= DP/PLPL

= e /ue

the above eguation can be written in the form of

AE Sp3 + BE Sp2 + CE Sp + DE =0

where

AE

BE

CE

DE

Now, Eq. (3.40) has to be solved to find Sp.

200 2 2 .2 3 3.
.ET— SC4 D Wy wg1 + 10 SC° D W, le

~100

222 W Wgi SC (Mgi-Ww)? +2 SC Wgj (Wgj-Wa)>

21
- 8 5C2 Wi (Wgi-Ha)?

40 i y
Eg C (Ng] -N,,)

:%5 C (Wgi-Wa)®

(3.39)

(3.40)

An since, it is a cubic

equation Cardano's formula can be used to solve for Sp as a function

of all other parameters.

(AE) the resulting equaiton is:

Spd + BC Sp2 +CC Sp+DC =0

So, if Eq. (3.40) is divided by the factor

(3.41)
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where BC = BE/AE
CC = CE/AE
DC = DE/AE
if we let Sp = YE - %?; (3.42)

and substitute (3.42) in (3.41) we get

YE3 + PE *YE + QE = 0 (3.43)
where
2
pE = cc - BCC
3
GE = 0c - BE 4 5« BC
ZE 27
let e = 7¢ - PE. (3.44)

3ZE
substitute (3.42) in (3.43) we get

pe?

=0
27

ZE® + QE x 23 -

Now, solving for yigd (the positive root)

2 3
i3 W I NV a2
? 4 27
7€ = (zE1)}/3
YE = 2£ - B
3LE
Sp = YE - _g_c_ (3.45)

Once the value of Sp is known, the interfacial temperature can be

obtained using Eq. (3.36a). However, the difficulty remains that the
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procedure is based on trial and error. So, all the above calculations

have to be repeated for each trial.

The solution start by assuming a value of Wgi, which has to be
greater than W,, and assigning a value of Sp can be found from Eq.
(3.45). Using the value of Sp the interfacial temperature can be

evaluated using Eq. (3.38a).

_Sp * NfguL
KL

Tg'i + Tw (3-46)

Then the corresponding saturation pressure is found from tables or by

calculation as following:

first convert Tgj into Fahrenheit (F)

TgiF =2 * Tgy + 32

(8]

to find the saturation pressure (P,ci) we use the following equation

given by ASHRAE

1.8893 o® + 30.579 a + 79.047 - Tqif = 0

_ - b+ vb%-gac
2a
where
b = 30.579
a= 1.8893
c = 79.047 - TgiF



-92 .

Pws = e* in (in Hg)

Pusi = ?;"‘.1955* 101325  (Pa)

The saturation pressure at the interface is then evaluated using the

assumed Wgj value using Eq. (3.32)

Pyt * Prot * [1 = ligi/T1-(1 - 2%) ugq]

where

Ptot = atmospheric air pressure (Pa) + partial vapour pressure (Py)

In this study, the air pressure (Py) is assumed to be equal to the
standard atmospheric pressure (P; = 101.325 KPa). Now, if Pyj = Pysis
then the assumed Wgj is correct and the corresponding interfacial
temperature is taken to calculate the heat transfer rate. Otherwise,
a new value for Wgj has to be considered and the whole procedure is

repeated.

3.4 CONDENSATION ON INCLINED SURFACES

Although the main objective of this study is to evaluate condens-
ation heat transfer for vertical glass windows and walls in buildings,
inclined glass surfaces can also be used, especially as skylights on
the roofs. Fortunately, the procedure for calculating condensation
heat transfer for inclined surfaces is the same as that for vertical

surfaces. Since, it also involves the evaluation of the interfacial
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temperature of the condensate layer. However, there is a small modi-
fication in the heat transfer rate given by equation (3.33), since the
angle that the surface makes with the horizontal 6 has to be included

as shown in equation (3.47).

4 hfg m Cp (Tgi-Tw) 3 g L3 3
= sing 3.47
¢ 3 hfg Pri J (X_\Tf ) ( )

and the heat transfer coefficient will be

g o {p -py) hfg KE

hm = 0.943 [

sing]? (3.48)



CHAPTER 1V

HEAT GAIN AND LOSS ASSOCIATED WITH WINDOWS' CONDENSATION

4.1 INTRODUCTION

The selection of the most suitable air-conditioning system is in
part dependent on how good is the estimate of the heat gain or loss of
the space of concern. Heat gain or loss due to condensation on glazed
windows under particular conditions may constitute a sizable fraction
of heat gain or loss due to conduction through the building envelope.
In the present study, the consideration is given to the estimate of
the added heat gain or loss due to condensaton. Condensation occurs
on a window surface whenever its temperature is below the correspond-
ing saturation temperature of the air. The latent heat released on
the surface of the window by condensation tends to raise its temper-
ature until there is a balance between heat production by condensation
and heat loss from the window. Such process would require a time-
dependent model that would realistically simulate what actually
occurs. The surface temperature and the corresponding condensation
rate as time progresses can accurately be determined through such

model.,

For external surface condensation, heat gain can be estimated by
multiplying the increase in the internal surface temperature by the
corresponding surface heat transfer coefficient. The rise in the

internal surface temperature can be determined if the thermal
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characteristics of the window and the amount of heat released by con-
densation on the external surface, which can be found by any of the
two approaches discussed in the previous chapter, are known. However,
the condensation rate and accordingly the amount of latent heat
released decrease as the surface temperature increases. Therefore,
the surface temperature and the condensation rate have to be corre-
lated together with time so that they can be evaluated at any time

interval until the process reaches steady state conditions.

For internal surface condensation, heat loss represents loss of
moisutre or latent heat from the indoor air. In other words, it is
equal to the heat needed to vaporize the same amount of condensed
water into the air. Heat loss can be estimated by multiplying the
condensation rate by the latent heat of vaporization of water.
However, indoor surface condensation is dependent on the internal sur-
face temperature which varies with time as condensation continues,
therefore, the internal surface temperature and condensation rate have
also to be correlated with time, so that both can be predicted as time
progresses. This has been achieved through the evaluation of the
tempereture gradient after condensation occurs at certain time inter-
vals using finite difference formulation. The corresponding mass
condensation rate is calculated at the beginning of each time interval
and the effect of the corresponding released heat in raising the sur-
face temperature 1is considered when evdluating the temperature

gradient at the end of each time interval. Tnese calculations are
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carried out for each time increment until tne steady state is reached
or until there is no major change in the mass condensation rate and
the correspondiny temperature rise, when heat gain and loss due to

condensation are calculated.

4.2 TEMPERATURE GRADIENT ACROSS WINDOWS IN THE ABSENCE OF
CONDENSAT 10N

Temperdature gradient and the corresponding heat transfer across a
window have to be known when dealing with surface condensation on
windows. Heat transfer due to temperdture diffeence across tne window
is an essential part in the heat balance equation. In addition, the
surface temperature is a key factor in determining the occurance of
condensation on the surface. The temperature gradient across a window
has one constant theoretical pattern at the steady state conditions
for the assumed thermal characteristics of the window. The pattern of
the temperature gradient 1is determined by the overall thermal
resistance of the window, and the indoor and outdoor temperatures.
The indoor e¢nd outdoor surfaces temperatures and the temperature at

any point across the window can be determined by [10]:

x = To - % (To - Ti) (4.1)
where

To = outdoor temperature

Ti = indoor temperature

r = sumnation of thermal resistance from a given point

outward
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R = overall thermal resistance

The accuracy in evaluating thermal resistances in Eq. 4.1 and
consequently, the accuracy of the calculated heat transfer across the
window is very much dependent on the surface heat transfer coeffic-
ients. The surface heat transfer coefficient is dependent on the sur-
face roughness, wind velocity and the type of flow in the boundary
layer. The overall surface heat transfer ocefficient consists of two

components; the convective and the radiative components.
h=hr+ hc (4.2)

The value of the convective component (hc) in equation (4.2) fis
dependent on the type of the convection process. The convection
process could be natural (or free) in which the flow is caused by
temperature induced density gradients within the fluid, or it could be
forced in which the flow over the surface is caused by an external
force such as wind or fans. In addition to the type of process, the
convective heat transfer coefficients is dependent on whether the flow

is turbulant or laminar within the boundary layer.

4.2.1 Surface Heat Transfer Coefficient for Free Convection

In the free convection process the flow in the boundary layer
could be either laminar or turbulant. By using Rayleigh number, the

type of flow can be determined [31].

Ra, = [LB L2 (To - Tw)y (4.3)

v a
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where
g = gravitational constant
B = coefficient of expansion (1/°K)
L = length of plate
v = kienematic viscosity m2/s
Tw = plate temperature
To = bulk temperature

all the above physical properties, which can be evaluated from any
heat transfer text, are evaluated at the film temperature. The type
of flow in the boundary layer can be determined using Rayliegh crit-

ical number Rac= 10°.

when Ray < 10° the flow is laminar

and when Rap > 10° the flow is turbulant

once the type of flow is known, the appropriate formula can be used to
find the surface heat transfer coefficient. Assuming a uniform sur-
face temperature, the surface heat transfer coefficient can be found

as following [19]:

for laminar flow hc = 0.59 % RaL* (4.4)

for turbulant flow Ec =

———O'E K Ra /3 (4.5)
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where K = air thermal conductivity (W/m-C)

Recently, more accurate expressions were proposed by Churchill and Chu
for predicting the average surface heat transfer coefficient [31]:

for laminar flow

" R
L [1 + (0.492/Pr)9/1674/9
for turbulant flow
RaL1/6
Rc = K [0.825 + - 0:387 L / | .1
L [1 + (0.492/Pr)9/168/27

where

Pr =X = Prandtl number
a

4.2.2 Surface Heat Transfer Cqefficient for Forced Convection

In the forced convection process the flow within the boundary
layer could also be either laminar or turbulant. The type of flow can
be determined using the critical value of Reynold's number (Re = 5 «x

103) as following [31]:

when Re < 5 x 10°  the flow is laminar

and when Re> 5 x 10°  the flow is turbulant

The Reynold's number is given by [33]:

Vo L

Re = e

Vv
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where

Vo = ypstream velocity (m/s)

characteristic length (m)

-
"

kienematic viscosity (m2/s)

<
n

The averdage heat transfer coefficients hc for laminar flow along a

flat plate are given by [31]:

"

hc = 0.668 X pr/3pet  for 0.6 <Pr< 10 (4.8)

~ =

and

p1/3 po t

0.678 P for Pr—so (4.9)

=
(]
n

Rep

Turbulent boundary layer occurs when Re > 5x10°. However, over
the entire plate a transition takes place from laminar to turbulant
flow in the range of Reynold's number from 2 x 10° to 5 x 10° [31].
So, there will be a laminar flow over part of the plate and a turpul-
ant flow over the rest. However, the main interest in the present
study is to find the average heat transfer coefficient hc over the
entire plate length. Therefore, both regions should be considered,
and the averaginy should be found over the laminar and turbulant
regions. By integrating over both regions the average heat transfer

coefficient hc is given by:
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he = % [0.036 Pr0=43(re, O<8. Re 0-8) + 0.664 Pr1/3%e 5] (4.10)

where

Rec = critical Reynold's number at which transition occurs

So, for any assumed critical number the average heat transfer coeffic-
ient can be found. However, the above equation is valid only when the

flow is parrallel to the plate surface.

The other component needed to evaluate the overall surface heat
transfer coefficient [equation (4.2)] is the radiative component hr.
If we assume that the sky and all surrounding surfaces are at a uni-
form temperature equals to the ambient temperature (To), the radiative

heat transfer coefficient can be given as:

hr = g Fsp (To? + Ty?) (To + Ty) (4.11)
where
o = Boltzmann constant = 5.673 x 10-% (W/m?.k")
Fg-gp = configuration factor, (= 1.0 for vertical surfaces)
To = Ambient temperature, °K
Tw = surface temperature, °K

The evaluation of hr 1is easy once the surface temperature is known.
However, the overall surface heat transfer coefficient has to be known
in order to evaluate the surface temperature. Therefore, the surface

temperature (Tw) has to be assumed when evaluating hr.
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4.2.3 Wind-dependent Convective Surface Heat Transfer Coefficient

There have been several attempts to relate wind speed and direct-
ion to convective surface heat transfer (hc). However, none of them
is perfect in estimating surface heat transfer coefficient in build-
ings. They are mostly based on a small scale model test conducted in
1 aboratories. And even when the model is at reasonable dirensions
compared to the actual building, it s still not perfect, since each

building has a unique dimensions, geometry and exposure.
McAdams (1954) suggested a dimensional equation to find the heat

transfer coefficient for a 0.5 m? plate:

he = 5,7+ 3.8V (4.12)
where

wind speed (m/s)

<
L]

However , it has been suggested by Duffie and Beckman [34] that there
is a possibility that the effect of free convection and radiation are
inlcuded in equation (4.12). Later, Watnuff et al. (1977) suggested

another formula:
he = 2.8+ 3.0V (4.13)

It was found that Eq. 4.13 shows some agreement with more accurate
equation for a certain characteristic length. So, it can be assumed

that Eq. 4.13 is not valid for other plate with di fferent dimensions.

The wind direction is another wind related factor which affects
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the surface heat transfer coefficient. It was considered experiment-
ally by some investigators (11,35). In the experiment conducted by
Rowley and Eckley (35), it has been found that the convective surface
heat transfer coefficient does not vary with wind direction for quite
a large range from the normal when the wind speed is low (7 m/s). And
when the flow is parallel to the surface, the heat transfer coeffic-
ient (hc) tends to increase. For wind speeds above 7 m/s, a slight
reduction in the convective heat transfer coefficient was found, as

the angle between the surface and the air stream was increased.

As mentioned above, the emperical formulas which relate the wind
speed and direction to the heat transfer coefficients are mainly based
on experimental test conducted on small models in 1aboratories.
Therefore, when applied to predict surface heat transfer in building
great inaccuracy will result. Recently, there has been a study by El-
Diasty [31l. On a model which reasonably represent the actual
building characteristics. He confirmed the T1inear relationship
between surface heat transfer coefficient and wind speed at any wind
direction. In addition, he experimentally evaluated the regression
coefficient (a and b) used in the equation that relates wind speed
with surface heat trasnfer coefficients. This equation takes the

following form:

hc=a +bv (wm?C) (4.14)
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The values of a and b vary with the wind direction in the following

manner [31]:

for normal wind hc = 7.77 + 2.9 v (4.15a)
45° from normal he = 7.5 + 3.26 v (4.15b)
90° from normal hc = 7.52 + 4.1 v (4.15¢)
135° from normal hc = 6.83 + 2.63 v (4.15d)
180° from normal hc = 6.27 + 2.65 v (4.15e)

Surface heat transfer coefficients evaluated by the above equat-
ions seem to disagree with ASHRAE, if they are used to evaluate the
convective part of the surface heat transfer coefficient. However,
when used to evaluate the overall surface heat transfer coefficient a
good agreement 1is found. For example, at wind speed of 3.4 m/s.
ASHRAE gives a value of 22.7 w/m?-C for the overall surface heat
transfer coefficient, and Eq. 4.15C gives a value of 21.5 w/m2-C for
the convective part only of the surface heat transfer coefficient,
therefore, there is a possibility that the effect of radiation was
included when calculating the regression coefficients. Consequently,
the effect of radiation at those particular conditions should be
excluded, otherwise, Eqs. 4.15a to 4.15e may be used to evaluate the
overall surface heat transfer coefficients rather than the convective
part only. The above Eqs. 4.15a to 4.15e will be used in this study
to evaluate the overall surface heat transfer coefficient, because the
regression coefficients were evaluated on more practical model in

terms of geometry, and the wind direction was considered.
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4.3 TEMPERATURE GRADIENT ACROSS WINDOWS IN THE PRESENCE OF
CONDENSATION

The temperature gradient across a window depends on many vari-
ables related to the outdoor and indoor temperatures, and the overall
thermal resistance of the window. The temperature gradient acorss a
window can be easily evaluated under steady state conditions. How-
ever, when condensation occurs, the pattern of temperature yradient
will change with time until the condensation process reaches the
steady state conditions and a new pattern of temperature gradient 1s

formed.

Numerical methods are used extensively, in practical applic-
ations, to determ.:ie the temperature gradient and heat flow in solids.
A commonly used numerical scheme is the finite-difference method. In
this approach, the partial differential equations of heat conduction
is approximated by a set of algebraic equations for temperatures at a
number of nodal points over the region. Finite difference formulation
can be a unidimensional or multidimensional either in the steady state

or the uns*_*dy state of conduction heat transfer.

The problem of heat transfer in the presence of surface condens-
ation is considered in this study to be a unidimensional problem.
This seems most appropriate, since glass thickness is relativel, very
small compared to the otner two dimensions. This problem is regarded
as a time-dependent conduction, since condensation process is a funct-

ion of time until steady state stage is reached. The time-dependent
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uni-dimensional heat transfer problems can be formulated by the finite
difference method in terms of forward time difference (explicit), or
backward time difference (implicit). In the explicit method the nodal
temperature at time (t) is expressed in terms of previously known
nodal temperatures at time (t-at). However, in the implicit method
the nodal temperature at time (t) is expressed in terms of unknown

nodal temperature distribution at the same time (t).

Energy balance equations expressed by the explicit method of the
finite-differnce scheme are much easier to solve than those expressed
in terms of the implicit method. However, the explicit method has a
restriction on the maximum size of the time step because of stability
consideration  So, if the time interval needed to maintain stability
is small compared to the period for which computation are to be
performed, then enormous number of steps are required. Consequently,
very large computer storage capacity is needed. the implicit method
has the advantage of being stable for any time interval (at). How-
ever, to determine the nodal temperatures, a simultaneous solution of
all the equations for the nodes at each time step is required. In
addition, larger truncation error is encountered at every step and
accuracy suffers slightly [36]. This accurcay depends on the time
interval aAt, the smaller the time interval, the more accurate the
computations [36], thus, to obtain a reasonably accurate results,

reasonable At should be considered.

Another more efficient and accurate form of the implicit scheme
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has been developed by Crank and Nicolson [31]. 1Its accuracy is based
on the use of the arithmetic mean value of the derivatives at the
beginning and the end of the timz interval [37] this form of the
implicit scheme also consists of a number of finite-difference equat-
ions which have to be solved simultaneously. Crank-Nicolson method
gives more accurate results (near the actual value), if the time
interval is small. If the time interval is too large numerical
oscillations will occur in the Crank-Nicolson method, but they never
become unstable. These oscillations can become large enough to make

the solution inaccurate [37].

The advantage of the fully implicit method over the Crank-
Nicolson method is that numerical oscillation will never happen what-
ever the size of the time interval. This means that the fully
implicit method is more accurate than the explicit method and the
Crank-Nicolson method if very large time steps are being used [37].
So, a sort of compromise should be done when choosing the method to be
used. Either using reasonable time intervals and sacrificing the
accuracy slightly by choosing the fully implicit form, or using small
time intervals and get more accurate solution by using Crank-Nicolson
method. For the present study the fully implicit form will be used,
since reasonable (not too large) time interval will be used, which
means reasonable truncation error. In addition, there will be more

flexibility in choosing large time intervals when required.

In order to apply the finite difference analysis to the present
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condensation heat transfer problem the following assumptions should be
made:

1) Outdoor and indoor temperatures and relative humidities
are assumed to be constant during condensation, and
sudden changes are unlikely to occur (steady-state
conditions).

2) The surface temperature before condensation occurs is
assumed to be the reference temperature at which con-
densation starts.

3) Both the length and the width of the window are in-
finite, so this problem can be considered a unidimen-
sional heat transfer problem.

4) There is no change in the surface heat transfer
coefficients when condensation occurs.

5) The thermal resistance of the water film has no effect

on heat transfer due to temperature difference.

4.3.1 Mathematical Formulation of the Uni-dimensional Unsteady
Conduction Heat Transfer Problem

The differential and the finite-difference formulations are
frequently used for solving conduction heat transfer problems. Where-
as the differential formulation approach provides the basis for estab-
lishing exact analytical solutions to many problems. The finite-
difference formulation method lends itself to the analysis of the more

complex problems often encountered 1in practice for which exact
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solutions are difficult. For a unidimensional unsteady state
conduction heat transfer, the differential formulation using the first
law of thermodynamics can be written as [39]:

day = dagepx *+ -:-i- (4.16)

utilizing the definition of the partial derivative Eq. 4.16 becames
[39]:

(dax) 4y 4 2E (4.17)

ot

dgqy = dqx + @

Introducing the Fourier law of conduction, we obtain

8E - 8 (kA &y dx

or ot X X

o) ) aT
dv == (p Cv T) = == (K Ay ==)dx 4.18
vl ) == (KAD (4.18)

dividing by dv Eq. 4.18 becomes:

o =0
— (o Cv 1) (K =) (4.19)

The differential formulation is completed by writing the boundary con-
ditions. The number of boundary conditions is equal to the highest-
order derivative in an ordinary differential equation. Hence, two
boundary conditions must be specified in order to solve unsteady uni-

dimensional conduction heat transfer problems.
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The finite~-difference formulation for a unidemensional heat
transfer problem requires that the conducting body to be subdivided so
that equally spaced nodes at distance Ax apart are obtained. Once the
finite-difference grid is established, the numerical finite-difference
formulation is developed by merely performing energy balances of each

interior and exterior node.

For the Interior Nodes the energy balance equation can be written

as [31]:

My = B Guepg * % (4.20)
A

using simple difference approximation for the Fourier law of conduct-

ion Eq. 4.20 becomes:

(Tz =T ) (TT,, = T7) (TT+l _T7)
kA Ml e M Ay (4.21)
AX AX at
dividing by A and multiplying by ax Eq. 4.21 becomes:
Tt=1 717
- (TR Thy) = K (TEg-T) + o ax®ov (Do W) (4.22)

where

m = the interior node number

For the Exterior Nodes the heat balance equation can be generally

written as [31]:
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pay = A g+ 2E (4.23)

at

utilizing Fourier law of conduction. Eq. 4.23 becomes either:

TT T1 TT+l 11
gadmnl) gy axg (M =M (4.23a)
AX 2 At
dividing by A Eq. (4.23a) becomes
17 T° 1+1 Tt
- K i-ﬂlliigil) = qg * p-—— cV-i-—-—-- (4.24)
or
Ti+l Te
("m+1 -Tm) AX (‘m m)
S VL2 W 1) S S TR L S 4,25
AX Is 7 e 3 At (4.25)
where

qs = total heat transfer to or from a unit area

time increment

«a
It

exterior node number

3
"

The use of either Eq. 4.24 or 4.25 depends on the node number, so for
the exterior node numbered m > 1 Eq. 4.24 is used, and for the node
numbered 1 Eq. 4.25 is used. Also, it should be noted that the
direction of flow is taken into consideration by the negative sign

associated with the first term in both equations.
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4.3.2 Finite-difference Formulation for Heat Transfer Across Single
Glazed Windows when Condensation Occurs

In order to efficiently utilize the finite-difference formulat-
ion, the glass pane is to be subdivided so that equally spaced nodes

at a distance ax apart are obtained as shown in Fig. 4-1.

[ w —
INDOOR e ox —1 ‘-2"'} QUTDOOR
T To
Ti Ti T2 >734‘“"‘L 5
s CONDENSATION

/\/

FIG. 4-1: Finite-difference grid for a single glass pane

As an approximation, the temperature of each node is taken to repre-
sent the temperature of the corresponding segment of the pane. Now,
the energy balance equation for each node can be written in the

implicit form.

4.3.2.1 Energy Balance Equations when Qutdoor Condensation Occurs

The energy balance equations will be written and solved for
constant indoor and outdoor conditions. But, in order to illustrate

the effect of variable indoor and outdoor temperatures on the form of
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energy balance equations, they will also be written for variable

conditions when outdoor condensation occurs on single glazed windows.

I) At constant indoor and outdoor conditions

Node glg

+ + + .
p £ (11 1t < & P Com o

arranging terms

T+l 1+l

(1+42F0+2r) 77~ =-2F0 T3~ =T] + 2r Tj (4.26)
Node (2)
+ + + + +
0 Cv AXx (Tg 1_ Tg) K (Tg 1_ 1 1) __K (TT I-TT 1)
at
arranging term
- Fo ¥+ (1+2F0) T3 - PO T = 13 (4.27)
Node (3)
p L AX (rTHl Ty 4 i hfg- L (T‘*I-T§+1)+ho(To-T§'1)
2 at
arranging terms
- 2F0 T3+ (142F0+2c0) TI*1=TT+ 200 To + €A * 1 (4.28)
where Fo = At K
p Cv Axi
.= At hi

p Cv Ax
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ho At
p Cv Ax

CA = 2 At hfg
p Cv Ax

co =

o = glass density, Kg/m3

K = glass thermal conductivity, W/m-C

Cv = glass specific heat, KJ/Kg-C

At = time interval, sec.

t = time step

ho = outdoor surface heat transfer coefficient, W/m2-C
hi = indoor surface heat transfer coefficient, W/m?-C
Ti = indoor temperature

To = outdoor temperature

m = mass condensation rate per unit area

IT) At variable indoor and outdoor conditions
In this case the indoor and outdoor temperatures in the heat
balance equations are expressed as a function of time. The above

equations can be used by modifying T{ to become Tf+1 and To to become

+1
T .
Node (1)

(1+2F0+2r) TS = 2F0 131 = 1T 4 2 77 (4.29)
Node (2

- o 15+ (142r0) T3 -0 7T - 1T (4.30)

Node§32

- 2 F0 T3 e (1e2r0+2c0) I T3 4 200 TZ 4 ca e (4.31)
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4.3.2.2 Energy Balance Equations when Indoor Condensation Occurs
at Constant Indoor and Qutdoor Conditions

The finite-difference grid shown in Fig. 4-2 will be used to

write the heat balance equations when indoor condensation occurs.

* w ¥
OUTDOOR = oX pel INDOOR
To T To Ts Ti

Ot ()b 0" e " e o

.S CONDENSATION

FIG. 4-2: Finite-difference grid for a single glass pane

Node (1)

EZCAVtAx (T}“’.l'T—f) = _% (T‘25+1_T‘f+1) - ho (T‘f'.'l_-ro)

arranging terms
(1+2F0+2r) TT*L = 270 T3 = 77+ 2r0 To (4.32)
Node (2)

+ + K + +

arranging terms

- Fo T 4 (rezr0) T3 - po T < 13 (4.33)
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arranging terus

- 270 TS 4 (1+2F0+2ci) TEPL = TRe2ci Ti +CA* R (4.34)
where
ro = At ho
p Cv Ax
ci = Ot hi
p Cv AX

4.3.3 Finite-diffeence Formulation for Heat Transfer Across Double
Glazed Windows when Condensation Occurs

The risk of outdoor condensation on double glazed windows in the
sumner is very low, because there is usually not enough temperature
difference dcross the window to make the outer surface temperature
below the dew point temperature of the outdoor air. Even when outdoor
condensation occurs (at very high outdoor relative humidity), the heat
gain due to condensation through double glazed windows will be neglig-
ible, because of their relatively higher thermal resistance. In
addition, in hot hunid climates, single glazed windows are commonly
used while double glazed windows are rarely used. Therefore, outdoor
condensation on double glazed windows will not be considered in this

study.
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Indoor surface condensation on double glazed windows is relat-
ively more common in winter, than outdoor condensation in summer.
Because there is usually enough temperature difference across the
window to make the indoor surface temperature below the dew point of
the indoor air, especially if the indoor relative humidity is high.
In addition, the heat released on the inner surface due to indoor
condensation will be directiy considered as heat loss, so the thermal
resistance has no effect on heat loss once condensation occurred.
Therefore, indoor surface condensation on double glazed windows will

be considered as a means of heat loss from buildings.

Finite-difference formulation for double glazed windows requires
special attention, because of the presence of air gap through which
heat will be conductad. The air space and glass pane thicknesses
should be chosen so that equally spaced nodes can be obtained, and the
surface temperatures are represented by the extreme nodes as shown in
Fige 4-3. Therefore, the air space thickness will always be taken as

twice the glass thickness, and Ax will be evaluated from Eq. 4.35.

WAS + 2W

Ax = — (4.35)
where

WAS = air space thickness

W = glass thickness
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FIG. 4-3: Finite-difference grid for a double glass window

In order to be able to write the heat balance equation for each node

the following assumptions will be made:

1) heat transfer between all nodes (including air space)
is by pure conduction, so that finite-difference can
be formulated.

2) heat transfer by radiation within the air space is
substituted by assuming higher air thermal conductiv-

ity.

For the present study the following assumptions are made regarding the

radiation component:
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a) The mean air temperature within the space is assumed
to be equal to zero centigrade (T = 0°C = 273°K). Tne
radiative heat transfer coefficient can be approxi-
mated as following [34]:

hp = (46'?3)/(1-e1 + 14 (1-€2) Al)
€] Fi2 e A2
where A = Area
e = surface emittance = 0.82 for glass
F12 = configuration factor = 1 for verticdl surfaces
? = mean air space temperature in Kelvin
he = 4 0 T3/1.4 = 3.3 w/n<C

b) The air sapce is at 0°C and has a thermal conductivity of
0.025 w/m-C, and assuming a 9 mm air space thickness, the
heat transfer coefficient = 3 w/m?-C, To account for hp =
3.3 w/mz-C, the thermal conductivity of the air will be
assumed higher to get a total heat transfer coefficient of
about = 6 w/m?-C within the air space. The air thermal
conductivity will then be taken = 0.054 w/m-C.

3. Convective heat transfer within the air space of a sealed
double glazed window is negligible, since for the air-sur-
face temperature difference range in interest, the
Rayleigh number (Eq. 4.3) is much less than 2x103.

4. No solar radiation, since condensation is unlikely to
occur when the window surface is heated by solar radiation.

5. Constant indoor and outdoor conditions.
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The same form of heat balance equations, used for single glazed
windows, will be applicable for doulbe glazed windows. However, the
nunber of nodes are more for the double glazed window, consequently,
more equations have to be solved simultaneously. The energy balance

equations when indoor condensation occurs on a double glazed window

are:
Node (1
(1+2F0+2ro) 751 - 2F0 T3 = 17 + 200 To (4.36)
1
Node (2)
At AX AX

drrdanging terms

TZ (4.37)

- Fo T 4 (1+F0+Fon) TE-Fon T3'

Node 3

P CE + K

arranging terms

- F6 T3*1 + (1+FceFr) T - FA 77 -

]
—f
wea

(3.38)

Node 4

C K K
Pa p AX (TE+1"T:) = __a_ (Tg+1'T:+1) - _a (TT+1 TT+1)
AL AX AX

arranging terms

- FATE (1 e2rm) T - Ra TR 2 T (3.39)
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Node gsz

pa C K
PaB K (rptlrg) - KR (gl 2 rptlopt

arranging terms

- FA TEY + (14r6eFA) TIM - G TP = 1T (4.40)
Node (6)
v AX bl K 77+l oo+l KAGL 7+l g+l
e (T -Te) = == (T77-Tg) - =2 (T5°-157)

arranging terms

- FoA T3+ (1+704F08) T2 - PO T3 = 1T (4.41)
Node (7)
E————zczt“ (1317 = @ nfg - —i: (T3 4 po (To-TTH)

arranging terns

- 2F0 T2+1+ (1+2 FO+2C0) T§+1 = T; + 200 Ti +CA* 1 14.42)
where

_ (2Ka * k)

KAGL Ka + K

combined air and glass thermal conductivity

Ka = air thermal conductivity

FOA At KAGL
p Cv Ax?

KAGL at

FG

EA Ka AT
Cp A 2
Pa “p 8x

pa = air density

Cp = air specific heat



- 122 -

4.3.4 Solving The Heat Balance Equations

The nodal heat balance equations, which have been written for
double and single glazed windows using the finite-difference implicit
form, have to be solved simultaneously to evaluate the nodal temper-
atures at the end for each time interval. The tridiagonal matrix
algorithm has been used in this study to simultaneously solve the heat
balance equations. However, to solve these equations, the mass con-
densation rate has to be calculated at the beginning of each time
interval. The number of time intervals could reach hundreds (depend-
ing on the conditions and the chosen time interval), therefore it is
impractical and almost impossible to solve these heat balance equat-
ions manually. A computer program written in Quick Basic has been
developed to solve for the mass condensation rate and the nodal
temperatures at any time interval, and to predict the corresponding
heat gain or loss when the steady state stage is reached. Seven sub-
programs have been written (Appendix A) to solve for heat gain or loss
due to condensation on double and single glazed windows using both
approaches (discussed in Chapter 3) to predict the mass condensation
rate. The application of each subprogram can be summerized as
follows:

Sub-Program 1: Predicts heat gain due to outdoor condensation on

single glazed windows under assumed variable indoor and outdoor
conditions. The mass condensation rate is predicted by the first

approach.
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Sub-Program 2: Predicts heat gain due to outdoor condensation on

single glazed windows under constant indoor and outdoor condit-
ions. The mass condensation rate is predicted by the first
approach.

Sub-Program 3: Predicts heat loss due to indoor condensation on

single glazed windows under constant indoor and outdoor condit-
ions. The mass condensation is predicted by the first approach.

Sub-Program 4: Predicts heat gain due to outdoor condensation on

single glazed windows under constant indoor and outdoor condit-
ions. The mass condensation rate is predicted by the second
approach.

Sub-Program 5: Predicts heat loss due to indoor condensation on

single glazed windows under constant indoor and ocutdoor condit-
ions. The mass condensation rate is predicted by the second
approach.

Sub-Program 6: Predicts heat loss due to indoor condensation on

double glazed windows under constant indoor and outdoor condit-
jons. The mass condensation rate is predicted by the first
approach.

Sub~-Program 7: Predicts heat loss due to indoor condensation on

double glazed windows under constant indoor and outdoor condit-
ions. the mass condensation rate is predicted by the second

approach,

The procedures used in the program to predict heat gain o~ loss,

can be well explained through the diagrammdatic sequence shown in
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START

RS
[- Selecte the appropriate

subprogram to be utilized

o

Input indoor and outdoor temperatures, relative

humidity, glass height and thickness, time interval

N

Evaluate the
saturation
temperature

N

Calculate indoor and outdoor, surface
heat transfer coefficients

&

Calculate nodal temperature before
condensation occurs

N

=

N |

Check if the surface temperature is less
than the saturation temperature

lYES

Calculate the mass condensation rate
(approach 1 or approach 2)

R

Evaluate the coefficients in the heat
balance equations

N

Evaluate the nodal temperatures by using
tridiagonal matrtix algorithm for solving the
heat balance equations simultaneously

W

Calculate the heat gain or loss at or near
the steady state stage

S

Print out of nodal temperatures, heat gain or
loss, time needed to reach steady state, etc.

!
END

FIG. 4-4: General Flow Chart for the Program
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Fig. 4-4. However, two different approaches have been used to predict
the mass condensation rate (m). The first approach was utilized by
Davies [16], he assumed steady state conditions and graphically solved
for the condensation rate as explained in Chapter 3. However, since
the problem is considered time-dependent, a direct numerical solution
for the mass condensation rate (equation 3.17) is possible by evaluat-
ing the saturation pressure (P.) at the window surface temperature at

the beginning of each time interval. The sequence of calculating the
instantaneous mass condensation rates in the program is shown in Fig.
4-5. Due to computer limitation related to the BASIC language, only
500 time intervals were considered in the program. However, if the
time increment (DT) is large enough (between 40-60 seconds), the total

time will be enough for the process to reach the steady state stage.

The first step in evaluating the mass condensation rate by the
second approach is to predict the interfacial temperature (tgi), then
Eq. 3.31 can be used to evaluate mass condensation rate. The evalu-
ation of the interfacial temperature is done by trial and error
through a subroutine as shown by the flow chart in Fig. 4-6. This
process of interfacial temperature and mass concensation rate is done
at the beginning of each time interval. Once the mass condensation
rate is obtained by any of the two approaches, the process of heat
transfer through various types of windows can be carried out normally,

and the resulting heat gain or loss can be calculated.
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Calculate ambient partial pressure
of vapour (Pa)

|

Calculate the window temperature
at the beginning of each interval

i

Calculate the corresponding
saturation pressure (Pc)

500 cycle

L

Calculate the mass condensation
rate using equation (3.19)

FIG. 4-5: Calculating the mass condensation
rate by the first approach
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Calculate nodal temperatures
before or after condensation

L

N

Assume a value for the interfacial
noncondensable gas concentration (Wgi)

J

Calculate the saturation vapour
pressure (Pvi) from equation (3.47)

!

Calculate the value of Sp from
Equation (3.45)

Calculate the interfacial temmperature
(tgi) from equation (3.46)

Find the corresponding sturation
pressure (Pwsi) using the equations
suggested by ASHRAE

NO
Check if Pwsi = Pvi

l YES

Calculate the mass condensation
rate using equation (3.33)

FIG. 4-6:

by the second approach

Calculating the mass condensation rate
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4.4 HEAT GAIN ASSOCIATED WITH OUTDOOR SURFACE CONDENSATION

Heat gain due to atmospheric vapour condensation on glass windows
surfaces is equal to the additional heat removed from the inner sur-
face to the conditioned space. When outdoor condensation occurs
indoor surface temperature starts to rise gradually with time until it
becomes stable, when the process reaches the steady state stage. The
additional heat gain can be calculated by multiplying the rise in the
inner surface temperature at the steady state stage (AT)ss by the
inner surface heat transfer coefficient (hi) as given by equation

(4.43).

Qgain = hi (aT)ss  w/m? (4.43)

outdoor surface condensation occurs when the outdoor relative humidity
is reasonably high and since, high relative humidity is associated
with a Tow wind speed, the effect of wind on the surface heat transfer
coefficient will be assumed neg]igibIe, and the process is considered
free convection when dealing with outdoor surface condensation. How-
ever, the effect of wind speed will be considered when dealing with

indoor surface condensation.

4.4,1 Using the First Approach

Sub-program 2 can be used to predict heat gain rate due to con-
densation on single glazed windows at any given indoor and outdoor
conditions. The nodal temperatures, the mass condensation rate at the

beginning of each time interval and the other information pertaining
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to the output of this subprogram are shown 1in output sample in
Appendix B-1. As an example, the variation of the interval surface
temperature (T1) with time at different indoor and outdoor conditions
is shown graphically in Figs. 4-7 and 4-8. These graphs represent the
behavior of a single glazed window of 10 mm thickness (M=10mn), and of
a height of one meter (L = Im}). The time interval (DT) used for
solving the corresponding heat balance equations, is taken to be 60
seconds. It can be seen from Fig. 4-7 that the lower the indoor
temperature the higher the temperature rise of the window internal
surface temperature. The effect of the relative humidity on the sur-
face temperature is shown in Fig. 4-8, where it can be seen that the

higher the outdoor relative humidity the higher the temperature rise.

Knowing the temperature rise of the inner window surface at the
steady state stage (aT)ss, and the surface heat transfer coefficient
(hi), which can be evaluated by either Eq. 4.4 or 4.5, the heat gain
due to outdoor surface condensation can be evaluated using Eq. 4.43.
Heat gain rates, estimated by the program for different outdoor
conditions are shown in Fig. 4-9. These curves were obtained at
different outdoor relative humidity, for a single glazed window at an
indoor temperature (ti) equals to 21°C. So, if the indoor and outdoor
temperature and the outdoor relative humidity are known, the heat gain
rate can be read directly from the appropriate curve for this partic-
ular window. For example, for a relative humidity of 90%, indoor

temperature of 21°C, and outdoor temperature of 36°C, the heat gain
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rate is estimated from Fig. 4-9 to be about 14 w/m?. The effect of
the outdoor relative humidity and the outdoor temperature can also be
recognized from Fig. 4-9, where it can be seen that the higher the
relative humidity or the outdoor temperature the more is the heat

gain,

4.4.2 Using the Second Approach

The heat gain rate due to outdoor condensation can also be cal-
culated for the same single glazed window described above, using sub-
program 4. The mass condensation rate is calculated by the second
approach in this subprogram. A sample of the output of this sub-
program is shown in Appendix B-2. The variation of the internal
surface temperature (ti) with time is shown in Figs. 4-10 and 4-11.
Comparing these figures with figs. 4-7 and 4-8, it can be seen that
the pattern of variation of the inner surface temperature at different
indoor and outdoor conditions is the same. However, the rise in the
surface temperature is smaller than that predicted by subprogram 2,
when the first approach is used to predict mass condensation rate,
Consequently, less heat gain rate is predicted by using subprogram 4.
This is due to the fact that the second approach always underestimates
the mass condensation rate as compared to the first approach. The
heat gain rates evaluated by subprogram 4 at different outdoor condit-
jons are shown in fig. 4-12. The curves were obtained for a constant
indoor temperature (ti) equals to 21°C. Comparing the curves in this

figure with the curves in Fig. 4-9, it can be seen that the variation
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of the heat gain rate with outdoor relative humidity and temperature
is the same. However, the heat gain predicted from Fig. 4-12 is
always less than that predicted from Fig. 4-9. The deviation between
the two predictions decreases as the outdoor temperature decreases
until the two curves meet each other at the point where no condens-

ation occurs as shown in Fig. 4-13.

4.5 HEAT LOSS ASSOCIATED WITH INDOOR SURFACE CONDENSATION

Indoor surface condensation on glazed windows, especially singly
glazed, is a common phenomenon in winter. However, in extremely cold
climate indoor surface condensation may also occur on insulated
windows as well. The occurrance of the indoor surface condensation is
dependent to a great oxtent on the outdoor temperature and the indoor
relative humidity. However, the value of the indoor relative humidity
is changing continuously depending on the type of activity and
occupancy, even if it is controled mechanically. Since, this variat-
ion is arbitrary, the relative humidity level which is controled by
the mechanical systems will be considered when dealing with heat loss
due to condensation. Heat loss due to condensation is the loss of
indoor humidity, because moisture 1loss through condensation process
has to be substituted by the mechanical systems to maintain the
desired humidity level. All air humidification processes provided by
the mechanical systems require additional energy. Therefore, air
dehumidification by surface condensation is a means of heat loss in

buildings.
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Heat 1loss due to indoor condensation on glazed windows can be
calculated by multiplying the mass condensation rate predicted at the
steady state stage (m)sg by the Tatent heat of vaporization of water

(hfg) as given by Eq. 4.44,

Q]oss = (r.n)ss hfg W/m2 (4.44)

In predicting the heat loss due to condensation the two approaches
will also be compared in predicting the mass condensation rate.
Moreover, condensation on both single and double glazed windows are

considered in the present study.

4.5.1 Using The First Approach

The heat loss due to indoor surface condensation on single and
double glazed windows can be predicted by subprogram 3 and subprogram
6 respectively. A typical sample of the resulting output is shown in
Appendix B-3 and B-4. These subprograms were run using input data for
different indoor and outdoor winter conditions. The effect of wind
speed is also considered in the calculation of the mass condensation
rate. The heat loss rates due to indoor condensation on a single
glazed window of 10 mm thick, and at a wind speed (WV) of 8 m/s can be
predicted using Fig. 4-14, when it can be seen that the lower the out-
door temperature and the higher the indoor relative humidity, the
higher the heat loss rate. The heat loss rate due to condensation on

a double glazed window at particular conditions can be predicted from
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Fig. 4-15. The glass thickness (M) for the double glazed window is 4
mm, and the air space (AS) is 8 mm. Comparing Fig. 4-15 with Fig. 4-
14, it can be recognized that by using double glazed windows, condens-
ation would only occur at much lower outdoor temperature compared to
single glazed windows. Moreover, the heat loss rate is much less than
that experienced when condensation occurs on single glazed windows at
the same conditions. The effect of wind speed on condensation on the
single glazed window is shown in Fig. 4-16. It can be seen that the
higher the wind speed, the higher the heat loss rate. The wind speed
has the same effect on condensation on the double glazed window as
shown in Fig. 4-17. The increase in the heat loss rate, as a result
of the increase in wind velocity, is almost constant over the outdoor
temperature range in both case, since the two curves in both figures
are parallel to each other. However, the effect of wind speed on the
double glazed window~ is limited as compared to the single glazed one,
since higher wind speed results in less increase in the heat loss

rate.

4,5.2 Using the Second Approach

The heat loss rates due to indoor condensation can be evaluated
by subprogram 5 for single glazed windows and by subprogram 7 for
double glazed windows. A sample of the output of these subprograms is
shown in Appendix B-3 and B-4. These subprograms were utilized to
predict the heat loss due to condensation on the same single and

double glazed windows used before. The heat loss rates predicted by
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subprogram 5 at different indoor relative humidities and outdoor
temperatures are shown in Fig. 4-18. The heat loss rates predicted by
subprogram 7 for the double glazed window at the same constant condit-
ions are shown in Fig. 4-19. Comparing the results obtained by using
the first approach, Figs. 4-14 and 4-15, and the results obtained by
the second approach, Figs. 4-18 and 4-19, it can be seen that the
second approach always underestiamtes the mass condensation rate
compared to the first approach, as shown in fig. 4-20. In addition,
it can be seen that the deviation between the two approaches increases
as the outdoor temperature decreases. Consequently, more deviation is
encountered when predicting heat loss due to condensation on double
glazed windows as shown in Fig. 4-21, since much lower temperature is

needed for condensation to occur on double glazed windows.
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CHAPTER 5

EXPERIMENTAL EVALUATION AND RESULTS

5.1 O0BJECTIVES OF EXPERIMENT

The evaluation of mass condensation rate is the key issue for
evaluating heat gain or loss due to condensation on glazed windows.
In this study, two different approaches have been suggested to predict
mass condensation rates at different indoor and outdoor conditions.
A preliminary experimental program has been conducted to evaluate the
applicability of each of the two approaches in predicting mass con-
densation rate on windows surfaces. In addition, the finite differ-
ence analysis used to predict the glass surface temperature is to be
tested by comparing the rise 1in the surface temperature predicted by
the model to tnat obtained from the experimental results. In the
following sections, a description of the experimental set up, test

procedure and logic, and the results obtained are discussed.

5.2 EXPERIMENTAL SET UP

In order to evaludte mass condensation rate and the corresponding
heat transfer on a glazed window a special preliminary experimental
set up has been develuoped. In this test arrangement the mass condens-
ation rate on a single glass pane and the glass surface temperature
can be medsured. The testing system as shcwn in Figs. 5-1 and 5-2

comprises the following parts:
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Hot box

Cold box

Single glass pane

Heating element and controler
Cooling unit and controler
Steam generator and controler
Humidity probe HMP 111Y

Digital multimeter

Copper constantan thermocouples

Blowers for hot and cold air supply

FIG. 5-2: Overall view of the testing system
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5.2.1 Hot Box

The hot box is constructed with R-10 panels so as to minimize
heat loss. The box is heated by an electric heater which is located
in a separate small box as shown in Fig. 5-3. The hot air is
extracted from the heating box by a blower which in turn forces hot
air into the hot box through an opening located at the rear of the box

as shown in Fig. 5-1. The inlet opening is located as far as possible

Fig. 5-3: The Heating Box Attached to the Hot Chamber

from the glass pane so that to avoid undesirable forced flow over the
pane. In addition, a perforated panel as shown in Fig. 5-4 is located

across the box near the inlet opening to encourage uniform distrib-
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ution of the incoming air, as well as, to prevent forced flow over the
glass pane by reducing the velocity of the incoming hot air. The air
leaves the hot box at an outlet opening located near the bottom of the
box and near the glass pane, since it is most 1ikely that the coldest

air settles at this region.

FIG. 5-4: A Perforated Panel in the Hot Box

The temperature of air inside the hot box is measured by taking
the average of three thermocouples located at different heights in the
box as shown in Fig. 5-1. These thermocouples were located about 20
cn from the glass pane so as to be as close as possible to the theor-

etical assumed temperature variation within the box, and at the same
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time to be practical in terms of the actual temperature variation

within a room.

5.2.2 Cold Box

The cold box is constructed from R-10 panels which are covered
with additional R-3.9 insulation panels, so that the air temperature
inside the box can be kept as cool as possible. The cold air is
supplied through an opening located at the top of the box in order to
maintain a minimum vertical temperature gradiant. In addition, a
perforated panel is provided near the inlet opening for the same pur-
pose as for the hot box. The cold air is forced into the box by a
blower which extracts cold air from a cooling unit as shown in Fig.
5-1. The air leaves the box at an opening located at the top of the
box and near the glass pane, since the hottest air is likely to accum-
ulate at this region. The temperature of air inside tha cold box is
determined by taking the average measured temperatures of three
thermocouples located vertically about 50 cm apart and about 20 cm

away from the glass pane.

5.2.3 A Single Glass Pane

A single glass pane 5 mm in thickness is used for testing and is
placed between the two boxes. The glass pane is perfectly sealed to
the cold box so that no cold air can infiltrate to the hot side and
disturb the process of condensation. The condensed water from the hot
side is collected by an aluminum channel which 1is located at the

bottom of the pane as shown in Fig. 5-5.



FIG. 5-5: An Aluminum Channel at the Bottom of

the Pane to Collect Condensed Water
The temperature of the glass surface is measured unly from the cold
side by using thermocouples so as not to disturb condensation on the
hot side. The glass surface temperature is taken to be the average of
the readings of 24 thermocouples distributed uniformly in a grid
pattern all over the glass surface as shown in Fig. 5-6. The devia-
tion of a single thermocouple reading from the average value was found

to be within the range of + 1°C.

5.2.4 Air Humidification

Ai~ in the condensing side (the hot box) is humidified by inject-
ing steam into the hot air stream entering the box. Steam is gener-

ated by a steam generating system shown in Fig. 5-7 which can provide



FIG. 5-6: Glass Surface Temperature Measurement by Thermocouples

FIG. 5-7: Steam Generating System
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continuous steam flow. A heating element which is controlled by a
current regulator is used to boil water in a small tank of 20 litres
in capacity. The water level in this tank is required to be constant,
so as to minimize variation in steam output and to keep the heating
element always immersed in water. Therefore an auxiliary tank with a
constant water level is connected with the kot tank so that when the
water level in the hot tank decreases, it is gradually substituted
from the auxiliary tank. The water level in the auxiliary tank is
controlled by a floater which regulates the water input from the
building supply tap. The amount of steam and hence the relative
humidity inside the hot box is controlled by requiating the power
input to the heating element which in turn is controlled by a current

regulator.

5.2.5 Humidity Measurement

Reiative humidity in the hot box is measured near the glass pane
by a humidity probe inserted through an opening at the top of the box
as shown 1in fig. 5-1. A humidity probe, HMP 111Y, is used in this
study to measure the relative humidity, and a data logger, Li-1000, is
used for data agquisition and retrieval, and to permit a constant dis-
play for the relative humidity alone while the test is in progress.
The probe covers a humidity range from 0% to 100% RH. At a relative
humidity of 80% and above the error is about + 3%. However, when
there is a temperature difference of + 1°C between the humidity sensor

and the air, an error up to + 6% RH is expected at 90% relative
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humidity. The error mentioned is at its maximum when the sensor is
colder than the surroundings, and relative humidity levels are 90% or

more.

5.2.6 Temperature Measurement

Air temperature within the two boxes and surface temperature of
the glass pane are measured using copper-constantan thermocouples. To
ensure proper surface temperature measurement a highly conductive
material (silicon heat sink compound) was used to connect the thermo-
couples to the glass surface. In addition, a highly adhesive tape is
used to attach the thermocouples to the surface so as to avoid loose
connection. The reference point for temperature measurement was taken
to be 0°C, by placing one junction of the thermocouple in melting ice.
An ice-box is used to maintain the ice at the melting temperature

while the test is in progress.

HP-3466A digital multimeter was connected to a specially designed
switching system, shown in Fig. 5-8, to manually scan the average air
temperature in the two boxes, and the glass average surface temper-
ature. According to the manufacturer, the maximum deviation by this

type of voltmeter is about + 0.3°C.

5.3 TEST LOGIC AND PROCEDURE

There are five parameters to be considered in this experiment; i)

air temperature in the hot box, ii) air temperature in the cold box,
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Flu. 5-8: A Switching System Connected to a Voltmeter

iii) relative humidity within the hot box, iv) glass surface temper-
ature on the cold side, and v) mass condensation rate. The mass
condensation rate and the corresponding rise in the glass surface
temperature are the main findings in this experiment. In order to
evaluate the rise in glass surface temperature, the surface temper-
ature before and after condensation at the same conditions have to be
known. However, it must be noted that when air in the hot box is

humidified by steam injection the air temperature in the hot box
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starts to rise leading to different conditions in both the hot and the
cold boxes. In other words, the rise in the glass surface temperature
is not only due to condensation, but also due to the increase in air
temperature in both boxes. Consequently, the effect of condensation
alone in raising the glass surface temperature cannot be evaluated
directly. A procedure is devised in this experiment to allow the
evaluation of the rise in glass surface temperature due to condens-

ation alone.

5.3.2 Glass Surface Temperature Rise Due to Condensation

In order to evaluate glass surface temperature rise due to
condensation, the effect of air temperature in both boxes on the glass
temperature has to be known. Under steady state conditions, the glass
surface temperature on the cold side can be expressed in terms of the

air temperature in the hot box (Th) and in the cold box (Tc) by:

Tge - Tc - 3;-‘:- (Tc - Th) (5.1)
where

Rsc = cold side surface resistance (m?-C/w)

Tgc = glass surface temperature in the cold side (m2-C/w)

R = overall resistance of the glass pane (m?-C/w)

The effect of the air temperature alone on the giass surface tewner-
ature during condensatiocn can be calculated by Eq. 5.1 if the resist-

ance ratio Rsc/R is known. In order to evaluate Rsc/R from Eq. 5.1,
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the glass surface temperdture and the air temperature in both boxes
have to be known at a particular thermal setting before any condens-
ation takes place. So, before humidifying the air in the hot box, the
system was kept operating at a constant heating and cooling rates for
an averdge of four to five hours until thermal stability is reached
and no major change occurs in any of the temperature readings with
time. Then these temperatures were used to evaluate Rsc/R using Eq.
5.1. The value of Rsc/R was found to differ slightly from one set of
conditions to another depending on the therinal setting used (i.e. air
temperature in both boxes as well as air supply rate). In this
experiment it was found that the value of the resistance ratio Rsc/R
mainly ranged between 0.405 and 0.43. These values should actually be
higher than 0.43. Yet, it should be noted tnat they were evaluated
using the measured average glass temperature and the average air

tewperatures 1n both boxes, which involves certain approximation.

Once the Rsc/R value is established, humidity is then introduced
to the hot air stream. When condensation starts to occur, the test is
kept operating at the same thermal setting for several hours until the
mass condensation rate, and both numidity and all temperature readings
become reasonbly constant. These readings are then considered one set
of datda as those in Table 5-2. The measured air temperatures in both
Loxes and the previously found Rsc/R value before introducing humid-
ity, cdn be used to evaluate tne surface temperature due to air

temperatures. Then by comparing this caluclated surface temperature
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with the measured surface temperature, which includes the effect of

condensation, the temperature rise due to condensation can be found.

5.3.2. Determination of Mass Condensation Rate

In order to measure the mass condensation rate in this experi-
ment, a calibrated balance to weigh the condensed water, a stop watch
to measure the time needed to collect the sample, an aluminun channel
to collect water condensed on the glass surface, and a small container

to collect condensed water, were utilized.

After the value of Rsc/R is evaluated before introducing humidity
as described above, the next staye starts by introducing steam to the
hot air supply. As a result, the relative humidity inside the hot box
starts to increase until it is sufficiently high for condensation to
occur. It takes at least one hour for condensed water to drip down
from the collecting channel placed immediately under the glass padne.
In addition, about one more hour is needed for the relative humidity
to reach a reasonably constant and stable level. The mass condens-
ation rates were determined oniy when such conditions prevail. As a
precaution and to ensure the accuracy of the results, the measurement
process is repeated until at least three or four consecutive medsure-
ments were found approximately identical. For each measurement taken,
the corresponding values of relative humidity, and air and ylass sur-
face temperatures were instantly recorded. The average time required
to obtain a single measurement, that would satisfy tne stability

criteria, is about one hour under normal testing conditions.
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There are two parameters that are essential to the measuring
process of mass condensation rate. The first is the weight of the
condensed wdter. The second 1s the time needed for collection.
Because of the adhesion between water and the surface of the aluminum
channel, the condensed water cannot be collected continuously and
instantaneously as it drips into the channel from the glass surface.
Condensed water drips off the channel, as shown in Fiy. 5-9, at
certain time intervals followed by no collection period. In order to
determine the time needed to condense any collected sample a starting
and an ending events have to be specified. At the instant when some
condensed water drips off the channel a starting time is determined,
and an ending time is determined when a new cample of condensed water,
which is the one to be weighed, is collected. Thus, the collection
period is specified by two collection events so that any condensation
occurs during this period is collected. Knowing the mass of the
coilected condensed water and the collection time, the mass condens-

ation rate (Kg/s) can be determined for any tested case.

5.4 RESULTS AND DISCUSSION

Over fifty experimental measurement of the mass condensation rate
and the rise in glass surface temperature were obtained at different
air temperatures and relative humidities. Temperature variation in
one box immediately affects the temperature in the other box. This

has made it very difficult to maintain the air temperdture constant in
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FIG. 5-9: Instantaneous collection of condensed water

one box while varying the temperature in the other. Therefore, the
results cannot be represented in a single graph. Accordingly, the
experimental results were found to be well represented by a tabular
form rather than a graphical form. These experimental results were
compared with the theoretical solutions of both approaches discussed
previously. The measured mass condensation rate was found to be
always less than what is calculated using the first approach, and
always more than what is calculated using the second approach. How-
ever, the measured glass surface temperature rise is mainly lower than

what is predicted by both approaches. The degree of deviation between
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the medsured values and the values predicted by the theoretical model
does not follow a constant pattern as shown in Appendix-C. This is
becduse of the difficulty in keeping constant testing conditions in
both boxes, and the possible errors encountered when taking the read-
ings and measuring the mass condensation rate. Therefore, these
experimental results need to be evaluated so as to select the most
reasonable and consistent data sets. In order to evaluate the experi-
mental values of mass condensation rate, the pattern of variation as
coupared to the variation of the temperatures in both boxes and the
variation in the relative humidity has to be known. However, there is
some difficulty in trdacing the effect of the three parameters simul-
taneously on the mass condensation rate. Therefore, the mass condens-
ation rate predicted by the first approach, which represents the
combined effect of the three parameters, will be used as a standard in
testing the consistency of variation of the measured mass condensation
rates. The mass condensation rates evaluated by the first approach
are first arranged in an inceasing form with the corresponding
measured mass condensation rates. The degree of variation of the
theoretical values and the corresponding experimental values are then
compared. Those experimental values which show a variation of a
reasonable degree of consistency with the variation of the theoretical
values are considered acceptable. About half of all measured values
of inass condensation rates, which are shown in Table (5-1), was found

to be acceptable. It can be seen that the measured mass condensation
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rates are about 16% less than the values predicted by the first
approach and about 20% higher than the values predicted by the second
appraoch. 1In order to justify the use of one approach over the other,
the factors causing deviation between the measured and the calculated
theoretical mass condensation rates have to be well defined. More-
over, the effect of each factor on the mass condensation rate has to
be known. This effect could be positive, when more condensation is
produced than what it should be, or negative when less condensation is
produced than what it should be. Once all factors of deviation and
their effects are known, the combined effect on mass condensation rate
measurement can be determined, and it can be easily judged whether the
measured mass condensation rate should be more or less under the same
conditions. Consequently, one of the approaches can be justified to
be used in predicting mass condensation rate. The deviation factors
in this experiment and their corresponding effect can be summarized as

following:

i) Due to the effect of the blower used to supply hot-humid air,
the vapour partial pressure inside the hot box is expected to
be higher than the atmospheric vapour pressure assumed in the
model. Consequently, more condensation on the tested glass
pane than it should be is expected as indicated by Equation

(3.19).
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ii)

iii)
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The actual glass surface temperature is less than the theoret-
ical value assumed by the model, due to temperature gradient
from the measuring point at the thermocouple towards the glass
pane. Therefore, more condensation is expected than what is

predicted by the theoretical model.

At high relative humidity levels condensation may occur at
other surfaces rather than the glass pane. This condensed
water may become part of the collected water, so the measured
mass condensation rate is expected to be more than what is
predicted by the theoretical model. However, as a precaution
not to collect water condensed on the internal surfaces of the
hot box a wooden strip was fixed and sealed to the bottom side
of the box near the collecting channel to prevent water
condensed on the box surfaces to drip into the collecting

channel,

Difficulty to maintain a perfectly constant relative humidity
level inside the box, where it could fluctuate above and below
the intended humidity level. So, the measured condensation
rate could be more or less than what 1is expected by the
theoretical model. However, in this experiment, the deviation
is kept as small as possible by constantly monitoring the
relative humidity readings, and by regularly adjusting the

amount of steam supply.



v) Condensation may occur on the numidity sensor at high relative

vi)

humidities, which leads to higher humidity reading than the
actual value. Consequently, the measured mass condensation
rate is expected to be less than what is predicted by the
theoretical model. However, to avoid this type of error, the
humidity sensor response to a different relative humidity
level is tested. When the relative humidity inside the box is
high, the humidity sensor is taken out of the box and exposed
to the room lower humidity level. If the humidity sensor
responded to the humidity variation by giving instant reading
to the new humidity level, it can be recognized that no con-

densation has occured on the sensor.

Air temperdature near the glass surface in the hot box is less
than the measured air temperature, so for the same moisture
input the relative humidity near the glass is expected to be
more. Consequently, there is more condensation potential than
what is predicted by the theoretical model. However, to mini-
mize the difference batween the measured and the actual relat-
ive humidity near the glass surface, the humidity probe was

located as near to the glass surface as practically possible.

By evaluating the effect of each factor of variation and its

relative

importance and contribution, it can be clearly recognized

that the measured mdass condensation rate has to be more than what is
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predicted by any theoretical model for the same conditions. At the
same time, it can be seen that the measured mass condensation rate is
more than what 1is should be under normal atmospheric conditions.
Therefore, the second approach, which gives a prediction of about 20%
less than the measured values, is theoretically and practically

justified over the first approach.

The evaluation of the surface temperature rise and the resulting
heat gain are not directly related to the approach used. However, the
surface temperature rise is directly proportional to the amount of
mass condensation rate which is determined by the type of approach.
Regardless of the approach used to evaluate mass condensation rate,
only one approach is used in this study to evaluate the heat transfer
through glass windows and the nodal temperatures as explained in
Chapter IV. By comparing the measured surface temperature rise shown
in Table 5-1 with the temperature rise predicted by the model, it can
be seen that generally the model overestimates the temperature rise
when either the first or the second approach is used to predict mass
condensation rate. The deviation between the measured temperature
rise and what is predicted by the model when the second approach is
used is much less than what is predicted by the model when the first
approach is used. In order to be consistent with the mass condens-
ation rate deviation, the measured temperature rise has to be higher
than what the model predicts when the second appraoch is used. How-

ever, this deviation and the lower measured surface temperature rise
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can be attributed to the following factors:

i) In reality, the glass surface temperature is not uniform, and

i)

iii)

iv)

the measured glass surface temperature is taken as the average

of about 24 thermocouple readings.

The pattern of deposited condensed water on the glass surface
shown in Fig. 5-10, where droplets over the water film can be
seen, offers more resistance to condensation heat transfer
than what is theoretically assumed. Therefore, less temper-

ature rise is expected.

Part of the collected water may have not condensed on the
glass pane. So, the released heat does not contribute to

raising the surface temperature.

Higher surface heat transfer coefficient rhen what is theoret-
ically assumed in the cold side due to the effect of the

blower may result in lower surface temperature rise.

Condensation does not occur uniformly over the glass pane,
therefore, some parts of the glass pane experience higher

temperature rise than others.

From the above discussion it can be recognized that the surface

temperature rise associated with the mass condensation rate predicted

by the second approach is practically and theoretically more accept-

able than that associated with the mass condensation rate predicted by

the first approach.



- 173 -

FIG. 5-10: Condensation Pattern on the Glass Pane

By using the second approach to predict mass condensation rate on
glass windows, the resulting heat loss and heat gain can be easily
evaluated at different indoor and outdoor conditions. The heat gain
rate resulting from condensation on the external surfaces of single
glazed windows can now be easily predicted by using the appropriate
curve in Figs. 5-11 to 5-14. Similarly, the heat loss rate due to
indoor condensation on single glazed windows can now be predicted by

using the simple curves shown in Figs. 5-15 to 5-20.

The applicability of the second approach over the first approach
in predicting mass condensation rate is also valid for double glazed

windows. However, the surface temperature, which 1is very much
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affected by the overall thermal resistance, determines how much con-

densation occurs. Therefore, in order to test the applicability of

the whole model including the assumed temperdature gradient, a double

glazed window has to be tested. However, testing of a double glazed

windows was not considered in this study for the following reasons.

i)

iii)

To compare the two approaches and their applicability which is
the main objective of this experiment, either a4 single or 4«
double glazed window may be selected to be tested. so, a
single glass pane was “nsen since, it is more suitable and

more practical for testing.

Double glazed windows vary in their thermo-physical properties
depending on the air space thickness and the type of seal, so
the testing results will be applicable only for th: cested

window type.

Difficulty to produce sufficiently low temperature in the cold
box so that condensation could occur on the other side of the

window.

It is not feasible in term of time, effort and cost to experi-
mentally test a double glazed window for the temperature grad-
ient when only heat loss due to condensation is considered,
while heat gain, which is dependent on the determination of

the surface temperature rise, is negligible.
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Based on the results obtained for the single glazed window, and
because of the similarity between single and double glazed windows in
evaluating the assumed temperature gradient, it is feasible to assume
that the second approach with the assumed temperature gradiant for
double gylazed windows is apalicable to predict mass condensation rate
and the resulting heat loss when indoor surface condensation occurs.
Yet, this assumption is to be experimentally verified in future
studies. The heat loss rate predicted by the theoretical model when
indoor surface condensation occurs on a double glazed window with 8 mm
air space can be easily found at certain conditions using the appro-

priate curve in Fig. 5-21 to 5-26.
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CHAPTER 6
SUMMARY, CONCLUSIONS AND RECOMMENDATION FOR FUTURE STUDIES

Condensation in buildings has been a source of many problems
ranging from merely inconvenience to severe damage of building en-
velope components. Glazed windows, and in particular single glazed
windows, have the highest potential to remove a 1ot of water from the
air, since they are wusually the coldes surfaces in the building
envelope. Water vapour condensation is associated with the release of
considerable amount of latent heat. When condensation occurs on the
external surface of a single glazed window, good percentage of the
released heat 1is conducted through the window, because of its low
thermal resistance, and becomes a source of additional heat gain.
Condensation on internal surfaces of glazed windows is associated with
moisture loss from the indoor air. Substituting the lost moisture, so
as to maintain the space at a constant humidity level, requires
energy. Thus heat is indirecly lost as mositure when indoor surface

condensation occurs.

Heat gain due to external surface condensation on single glazed
windows could be a considerable source of additional heat gain in hot-
humid climates. Heat loss due to internal surface condensation on
glazed windows could also be a considerable means of additional heat
loss in cold climates. Nevertheless, there has been no systematic
approach available in related literature to predict heat gain or loss

due to surface condensation in buildings.
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In this study a mathematical model has been developed to predict
the temperature gradient across the window as condensation occurs, the
mass condensation rate, and the corresponding heat gain or loss at any
given conditions. The temperature gradient acorss single and double
glazed windows has been evaluated using a transient unidimensional
finite-difference formulation. The resulting heat balance equations
have been expressed in the fully implicit form, so that large time
intervals can be used to minimize the computational time. By express-‘
ing the heat balance equations in the implicit form, they have to be
solved simultaneously in order to evaluate nodal temperatures at any
time intervdl. Yet, to solve these equations, the mass condensation

rate at the beginning o each time interval has to be known.

Evaluating mdass condensation rate is the main and most important
step in predicting heat gain or loss due to surface condensation in
buildings. In this study, two different approaches have been used to
evaluate mass condensation rate on glazed windows. The concept of the
first approach has been derived from a procedure suggested by Davies,
M. (16), which is based on the fact that mass transfer occurs as a
result of difference between the bulk vapour pressure and the vapour
pressure at the cool surface. By utilizing the heat balance and mass
trar sfer equations, Davies was able to grapnically evaluate the vapour
pressure difference and solve for mass condensation rate. In this
procedure the window thermal resistance is neglected and the window is

assumed at a uniform temperature. So, the internal surface temper-
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ature rise, required to evaluate the resulting heat gain, cannot be
evaluated correctly. Among the drawbacks of this procedure is that a
graphical solution must be obtained each time the mass condensation
rate is to be calculated at a given set of conditions. In order to
properly evaluate the internal surface temperature rise and the
resulting heat gain, the window thermal resistance has been considered
in this study. In addition, a transient unidimensional finite-difter-
ence formultion has been utilized to solve for heat transfer across
the window when condensation occurs. Consequently, a graphiccl solut-
ion is not needed to solve for mass condensation rate. Instead, the
vapour pressure difference and the corresponding mass transfer rate
are evaluated at the beginning of each time interval until steady
state stage is reached. In brief, the present study has expanded
Davies procedure so that it becomes unnecessary to create graphical
solution each time the mass condensation rate is calculated. More-
over, this study expansion allows time-dependent analysis to be

performed.

In order to evaluate the relative accuracy and applicability of
the first approach in predicting mass condensation rdate of atmospheric
vapour, a secona approach has been developed in this study. In this
approach the basic concept of Nusselt's theory of film condensation
has been utilized. Nusselt's theory has the advantage over the mass
transfer theory of being more accurdate in descrioing the condensation
process on vertical surfaces, since it accounts for the effect of the

water f1im and the surface height on the heat transfer process. Yet,
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alinost all condensation analyses in buildings follow the covnentional
mass transfer procedure. Nusselt's theory has never been applied 1in
building condensation, since it is limited to pure vapour condens-
ation. In this study, Nusselt's theory has been modified to account
for the presence of a large percentage of the noncondensable gas
(which is air) to be applicable for atmospheric vapour condensation on
building surfaces. The aim of the modified analysis is to evaluate
the interfacial temperature (Tgi) of the condensate film to replace
the saturation temperature (Tgat) in the equations suggested by
Nusselt's. There has been several studies to evaluate the interfacial
temperature in the presence of a noncondensable gas. However, the
results of these studies are only applicable for mixtures containing
very small amounts of the noncondensable gas ranging from 1% to 5%.
The same analysis has been utilized in this study to solve for the
interfacial temperature for mixtures contianing high percentage of the
noncondensable gas so that the results can be utilized to predict the
interfacial temperatures when atmospheric vapour condensation occurs

on building vertical surfaces.

Heat gain or loss due to surface condensation is evaluated when
the condensation process reaches the steady state stage. Depending on
the conditions and the value of time interval, the number of intervals
needed to reach steddy state stage could reach hundreds. At the
beginning of each time interval the heat balance equations have to be

solved simultaneously to evaluate the nodal temperdature. In addition,
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the mass condensation rate has to be evaluated vy eiyther dpproach at
the beginning of each time interval. Therefore, it is not practical
and almost impossible to manually solve for heat gain or loss due to
surface condensation by this model. In order to make the mathematical
model more practical and ready to be used by buildiny designers, a
computer program written in Quick Basic has been developed. This
program mainly comprises six subprograms by which heat gain due to
external surface condensation on single glazed windows, and heat loss
due to internal surface condensation on single and double glazed
windows can be evaluated using both approaches to predict mass conden-
sation rate. The program outputs have shown thdt mass condensdtion
rate predicted at the steady state stage by the second approach is
always less than that predicted by the first approach at the same

conditions.

In order to evaluate the applicability of each approach in
predicting mass condensation rate, a special prelimindry experimental
set up has been developed. In this experiment, the mass condensation
rate and the corresponding surface temperature rise of a single glazed
window were measured at different conditions simulating indoor and
outdoor conditions. The experimental set up mainly comprises; two
chambers, coolinyg unit, heating box, humidity generator, single glazed
pane, and temperature and humidity measurement instruments. By
measuring the mass of the condensed water and the time needed for

condensation, the mass condensation rate can be measured at different




- 197 -

temperatures and relative humidities. Over fifty experimental
measurement of mass condensation rate and the rise in glass surface
temperature were obtained at different conditions. The measured mass
condensation rate was always less than what is predicted by the first
approach and more than what 1is predicted by the second approdach.
However, due to the difficulty in keeping constant testing conditions
in both chambers and possible errors in taking the readings, there is
no consistency in the degree of deviation between all the measured and
the corresponding theoretical values of mass condensation rates. By
implementing a selection criterion, about half of the measured values
were found to show a reasonable degree of consistency with the variat-
ion of the theoretical values. The measured mass condensation rates
were mainly found to be about 10% less than what is predicted by the
first approach, and about 20% more than what 1is predicted by the
second approach. By evaludting the effect of each possible factor of
deviation and its relative importance and contribution, it was found
that the weasured mass condensation rate has to be more than what is
predicted by the theoretical model for the same conditions. There-
fore, the second approach, which gives prediction of about 20% less
than the measured values, is theoretically and practically justified
over the first appraoch. In addition, the internal surface temper-
ature rise predicted by the model, when the second approach is used,

was found more acceptable when compared with the imeasured values.

By using the second appraoch to predict mass condensation rate on

glazed window, the resulting heat gain or loss due to condensation on
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selected single and double glazed windows can be easily estimated
using the appropriate curve from Figs. 5-11 to 5-26. Figs. 5-11 to
5-14, can be used to evaluate heat gain due to external surface con-
densation on a single glazed window for the outdoor relative humidity
range from 70% to 100%. Heat 1loss due to internal surface condens-
ation on a single glazed window for the indoor relative humidity range
from 20% to 70% can be predicted using Figs. 5-15 to 5-20. Finally,
heat loss due to internal surface condensation on a double glazed
window of 3 mn air space for the indoor relative huimidity range fronm
20% to 70% can be predicted using Figs. 5-21 to 5-26. From these
figures, it can be seen that higher relative humidity and temperdture
in the condensing side and lower temperature in the other side leads
to higner surface condensation heat gain or loss. In addition, it can
be seen that heat loss due to internal surface condensation on a
single g azed window is several times more than that experienced when
condensat ion occurs on a double glazed window at the same conditions.
For examp'e, at 60% indoor relative humidity, 21°C indoor temperature
and -7°C outdoor temperature, the heat loss due to surface condens-
ation is about 20 w/m? for a single glazed window and only 3 w/m® for
a double glazed window. The importance of heat loss due to condens-
ation on double glazed windows 1is increased as the indoor relative
humidity gets higher and the outdoor temperautre gets lower. But, it
is generally negligible at low 1indoor relative humidity., In fact, the
importance of either heat gain or loss due surface condensation can be

evaluatea by comparing the fabric gain or loss (due to temprature
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dif ference) with condensation heat gain or loss at the same condit-
fons. Higher relative humidity 1in the condensing side increases the
inportance of condensation heat gain or loss. Ffor example, at 80%
outdoor relative humidity, 18°C indoor temperature and 30°C outdoor
temperature, heat gain due to condensation is about 5% the conduction
heat gain, while at 100% outdoor relative humidity heat gain due to
condensation is about 22% the conduction heat gain. Similarly, higher
indoor relative humidity increase the importance of heat loss due to
condensation on single and double glazed window as compared to the

fabric heat 1loss.

The outdoor surface condensation and consequently the resulting
heat gain can be prevented by keeping the external surface temperature
above the dewpoint temperature of the ambient air. This can be
achieved by either using double glazed windows or keeping the indoor
air temperature as high as possible. However, in hot-humid climates,
where outdoor surface condensation is more common, the average indoor-
outdoor temperature difference through out the year wmay not be large
enough to justify the use of double glazed windows. Therefore, keep-
ing the indoor temperaure as high as possible remains the only option
to reduce the risk of external surface condensation and the associated

heat gain.

In order to prevent or at least reduce the heat loss due to con-

densation on windows internal surfaces the following recommendations
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are proposed:

i) Single glazed windows should not be considered as a design
option in cold climates, especially when high indoor relat-
ive humidity is a functional requirement of the space.

ii) In cold climates, the controlled indoor relative humidity
has to be maintained as low as comfort and functional re-
quirement would permit.

i1i) Indoor air temperature has to be kept as low as confort

would permit.

As a continuation of this study, it is recommended to apply the
same condensation theory to other low thermal resistance exterior
panels in buildings. Moreover, it is required to experimentally
verify the assumed theoretical model for double glazed windows, and to
investigate the effect of wind velocity on the condensation process.
The effects of surface texture, on which condensation occurs, and sur-
face inclination on mass condensation rate and the resulting heat
transfer are also required to be further investigated. Future studies
should account for variation of humidity level near the window when
condensation occurs, especially, when indoor surface condensation is
considered. The model can be extended so that solar radiation and its
effect on window temperature and consequently on the condensation/
evaporation process can be taken into consideration. Finally, multi-
dimensional analysis may be applied to examine mass condensation rate
near edges and corners, and condensation variation along the window

height.
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APPENDIX A
A COMPUTER PROGRAM TO PREDICT HEAT GAIN OR
LOSS DUE TO CONDENSATION ON GLAZED WINDOWS
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FRiu™

PRIRTY

PrRINT®

PRILT"THIL PHUGRAY FAICULATES ThE MASC COLLENGATION RATE ClW SINGLF ANL
DOUBLE GLAZEL WINDuAS USING Ta0 APPFOACHES.IN ADDITION 1T CALCULATES THF
RELULLTING HEAT GAIN OP LOS3S DUF TO rONLENSATION"

PRINT®

ILPUT"PRESS ENTER TO FOLTINUE ELSF PRINT (F) ",ES '

IF E$="F" (R E$="e" THFN 3806

PRINTY

INPUT"type of window double (¢) or single (s)";A$

PRINT"

IF AS="D" OR Af="g" THEN 120 ELGE 140

PRINT"rote: only indoor corndensation 18 considerd for double glazed windows
"

IF A$="D" OF A$="d" THEN 210

INPLUT" indocr cordernsation (i) or cutdccer condensation (c)";B$
PRINT"

IF As="s" AND B$="o" [HEN 180 FLSF 170

IF Ag=z"S" AND B$="0" THEN 180 FLSF 210
INPUT"varidble conditions (v) or counstant ccndations {¢)";D$
IF D$="v" OR D$="V" THEN RUN "arwaO"

IF D$="c¢" OR Dg="C" THEN 210

PRINT"

INPUT" first approach (1) or second approcach (2)";f
PRINT"

IF AL="D" OR AC="d" THFL 250 FELSF Zbh

IF €=1 THEN RUN "arwa3i®

IF €22 TdFl RUN "monas2"

REL

IF AS="S" AND Be="I" THFN 200 ELSE 290

IF A3="s" AND Bs="i" THFN 300 ELSE 330

IF =1 THEL FUlh "arwac"

IF €z2 THEN RUN "monal"

REM

IF Ag="S" AND B§="0O" THEN 350 ELSF 3uG

IF A3="s" AND BS="o" THEN 35C FLSF 38C

IF =1 THFL RUN "arwai"

IF €=2 THEN RUN “mona"

STLP

FND
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SUB-PROGRAM 1

1¢ DI T(3,101C),A(3),8(3},C F HAV(SCO0),F MCR(505),TOUT(SVC)
TI?%\O),PA(S?OY (3),0(3),F(3),QIHAV(500),F2(8), (5605), 5 ’
20 REM

3¢ INPUT"this suborogram calculates the mass ccndensation rate and the resulting
sessessssheat gain for a single glazed window when outdoor condensation occurs o
teeseseat variadle conditions if you want to use it print (y) else print (n)";8

4G REM

50 IF B$="y" THEN COTOC 80 ELSE RUN"cornd"

60 REM

70 REN #8¥®®speengn ceyes,hill,and moore formula constantsttiesess
80 F2(1)==741,9242

90 F2(2)=-29.721
160 F2(3)=-11.55286
10 F2(4)=-.8635635
126 F2(5)=.10940986
130 F2(6)=.439993
un F2(7)=.2520658
156 F2(8)=.65218606

166 REM #%##8 3oyt of atmcspneric,indcer conditions and winjcw related datadod?
176 REN

180 PRINT™

196G INPUT" averdge indocr temperature in ¢ =";TIAVG
206 PRINT"

210 IN.UT"original ambirent temperature in ¢ =";TQUTO
220 PRINT"

2360 INPUT"cri1ginal cutdcar relative humidity =";PHO
240 PRINT"

250 INPUT"window (OF WALL) height in metersz";L

260 PRINT"

2760 INPUT"glass thickness In meterss'"; M

280 PRINT"

290 IiPUT"time interval in Secondssz";DT

300 PRINT"

310 GOSUb 1870

320 REM the average outdoor(toa),indoor(tia) and wall temperatures(iwl i,
w1ll be assumed as followiry

236 REM

U0 TCA=TOUTO

350 TIA=TIAVG

360 TACA=TOA5

370 TWIA=TIA+6

380 TOAK=TOUA+273
390 TIAK=TIA+273
460 TAOAK=TAdCA+273
1) TAIAK=TAIA+273

420 REM the air properties are evaluated at the assumes averaie film
temperatures whizh is equal to 28 deg. = for outdoor conditions
ana 21 deg. ¢ for indcor conditions

430 REN
uun MEUL=1.4937E-G5
456 LFAI=.0606211

460 KAl=. 625764

470 MEUQO=1.568E~G5

ugh ALFAC=2.216F~05

436 KAD=. G2624

500 TFILMI=(18+24)/24273
50 TFILMO=(25+30) /724273
520 BETAI=1/TFIL4I

530 BETAOQ=1/TFILAC

S40 SEGMA=5.673E-0E

550 FSR=1

560 RAT=3.8%bETal*L"3%(TAIA-TIA)/(MEUL®ALFAL)
EXAL RAD=9.3%3FTAD®L 3% (TCA-TACA) /(MEUQTALFAD)
520 [F PAICIEOY TuEi I5i=.59%Kal®(Pal”,25)/0

560 IF RALID'E NG THEJL HOI=z VSKAIM(RAIT, 422) /0
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L1 IF PAOCTE«GY THEN dCCz.S9*KaC*(RAC*.25)/L

611 IF PACY>1E+G9 THEN HCU=,1#KAO®(PAO".333)/L

620 HRUsSEGMA® FSR® (TOAK“2+THOAK 2 )8 (TOAK+TWOAK)

(%11} HRI2SEGMA®FSR*(TIAK"2+Td JAK"2)*(TIAK«TW IAK)

640 HIsHCI+HR]

656 HOzHCO+HRO

640 KGL=.78

670 DX=M/2

6eh R121/H0

640 R22(1/KGL®*DX)+P 1

700 R3=(1/KGL*M)+R1

6 R2R3+1/HI

720 T(3,1)sTOUTL-(RI/R)®(TLUTOTIAVG)

730 IF T(3,1)>=TSAT~-1 THEN GOTQ 746 ELSF 760

746 PRINT"condensation will not occur at these senditions,start again if you
wish to try at other conditions else press ctrl-break"

756 GOTJ 190

765 GUsUB 2650

77 REM 4ater and vapour croperties are evaluated at assumed cutdcor average

710 REYM temperatures

T7e0 REY

790 REY

£nn ACWL=333

g1 RCWV=.7

86 HEG=250LG000G!

830 KL=z.62

gutr MEUL=. 0007

851 CyV=340

10 QUA=2TNG

876 T(2,1)2TOLTO=(R2/R)*(TOUTu~TIAVG)

aen T(1,1)=sTOUTO~(R3/R)*(TOLTITIAVG)
€96 DO=((Q, B*RONL*(RUCWL-RCAVI*KL"3)/(MEUL"2))".25
1/

qnes D23 ((G, 8% ROWL® (RONL-ROAV)I*KL"3)/(MEUL"2))"(1/3)
PAYY D3=(9.0%FCAL®(RUWL~RUwV)RHF UKL 3) .25
926 DUz (MEUL®(TSAT=-T(3,1))*L)".25

930 D= (L®(TOAT-T(3, 1))/(MEUL®H4FG)).T5

LLIE MW=z18

350 RG=3310!

LI DC=, MOAOG26

aTh RCdA=z1,15

98¢ CVA=21005

990 HD=((DC*HCGO)*( (KAO/ (ROWA®CVARDC))",25) ) /KAC
1660 FO= (KGL®DT)/(ROWRCV®DX"2)

LINRN S=(DT*HI)/(ROJ*CV#DX)

1026 CO3 (HORLT) /(RCW*CV*DX)

1040 CAz(2%"DTHHFG)/(RUNECYRDX)

1040 REM

1050 REN ®8RBRC 1CULATING NODAL TEAPFRATURES AS CCHDENSATION OFrypSessss
1666 REM

1070 N=2

1680 FOR KzN TO 560

1066 GOosuB 2350

100 TMaT(3,£=1)+273

111G MCF(K=1)= (HD"MNR(PA(RK=1)=PC))/(RGETI)
1120 F(1)2T(1,K=1)s(2%S8T](K=1))

e F(2)=T(2,K~1)

1040 FO3)3T(3,Kat)eCARMOR(K1 ) o Z#CCHTLLT(K-1)
1154 B(1)21+(2%FD )+ (2%3)

ARN-1¥ C{1)s=-2%pC

1 A(Q)z=F 3

1180 8(2)=14{Z¥FC)

1190 C(2)==FV

V20 Al 3)2=2%F0

Yo’ B3IV e (2%FD)e (2470

. Jould VRO
17 NEAT A
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1240 GOSUB 1650

12560 GOSUB 2470

1260 REM SeResaRsasamdddipriny ng out the necded informationtfdtssssnssrssens
12706 REM

1250 INPUT"insert the time in se~, at whicph the first temperature 13 needed";
T

106G ILPUT"insert the time 1n sec. at wni~h the last tenper.ture 15 needed";”
2

1360 Us(TI\DT) e

1310 V= (T2/0T) 1
viae PRINT M
V330 PRINTHRRNRASARABMAE tha nodal temperatures at the needed timefRttsdasdaesen

1340 REM
1356 PRINT™ rote: tizindcor faring temperature and t3soutdcor faring temperature

—— - - Sy Y Y - o o e D S D D e A WD T P R G

13860 PRINT "time 1n SEF." "t cel " "t rel ", "13 rel " "nrr xu/ 8"
1376 PRINT "aamcnann Rty L LSO Mo, [T p——] ‘n________n
130 FCR A=d TC VW

1360 PRINT (A=-1)%DT, T(1,A),T(2,A),T(3,A) MCR(A)

166 NEXT A

g PRILT"

14260 PRIIT"the heuat gain near the steady stot2 stagez" CINMAX"w/m™2"

u3n PRINT"the mass condensation rate near the steady state stages",
MSS"ka/s per m” 2"

ruun PRINT"tne indcor fa~ing surfare temperature near steddy states" TELI'e

"

156 IF TS5=0 THEN GOTC 476

1460 PRINT"tn2 time needed to reanh steady state stage=z", TSE"seccngs”

w75 PRINiT ecccrccrcrccccccrcn e cccrceec e rem cccacccmcacccema e n e c e~

14¢E0 PRINT"the maximum interval heut galn roatez" ,QIHMAX"wW/m"2"

1490 PRINT"the minimum interval heat gain ratez",QINMIN'w/m*2"

15606 PRINT "the average heat gain rate =",QAVG"w/m~2"

151G PRINT "the average mass ~ondensation rate durirg rondensation=",

MCPFAVG"Kk2/ sex .per ™~ 2"
1520 PEN
1530 INPUT"dc you want to Know the temperatures at ancther tine interval Y or "

sAd

1546 IF As="y" ThEN GOTC 128G ELSE 1545

1545 PRINT®

1556 INPUT"aZ you want to try at other aonditions yor n ";fE$
156G IF E3="y" THEN 180 ELSE RUN"cona"

1570 REM THIS suorcutine 3SCLVES THE THREE NOLAL EQUATIONS SIMULTANECUSLY AS CLhL.
ENSATICN OCCUF BY TRIDIGONAL MATRIX ALGORITHM

1580 PEM

1566  FOR 122 TC 3

1660 D=A(I)/B(I~1)

1€16 B(I)z8(I)=(r(1~1)%D)

1620 F(I)zF(1)~(F(I-1)%*D)

1636  HEXT I

1640 T(3,K)=F(3)/B(3)

1650 T(2,K)=(F(2)=(F(2)%T(3,K)))/7BC2)
1660 TOHLK)=(F(1)=(C(1)™T(2,K)))/B(Y)
1ET6 RETURL

1680 REM THIS SUBROUTINE CALCULATES THE AVERAGE CONVECTIVE HEAT GAld FATE ANL
FINDS THE MAXIMUM AND MINIMUM CONVECTIVE INTERVAL HEAT GAlu

1696 REA

1700 Hzus0

1716 QINMIN=166

17ac FCR H1=v TC 430

1730 QI={T{ V1, H1)eT( ", H13))/2

17N QIUNAV(A 1) =128 -T (1))

A QINTCT=QINTCTO20AV (YY)

1T IF QIHAVCENICIIUMIN Tufl SIRMI=dINAVIAY)

e IF QilaV GV ) lIMAA L THEN QINAALzLILAV Y,
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1700 LE TE30<T(1, 1) THEN TES3=T(1,H1)

796G IF T(3,H1+1)=T(3,H1) THEN 18606 ELSE 1820

1866 IF T(2,H%+1)aT(2,HT) THEN 1816 ELSE 1820

1816 IF T(1,H1«1)zT(1,H1) THEN GOTO 1840 ELSE 1850

1826  NEXT H1

1830 GOTO 1850

1840 TSS=DT*H 1

1856 QAVG=zQINTOT/H 1

1860 RETURH

1870 REM this subrocutine 2alculates the saturation temperature at the
begining of condensation using keenan,keyes,nill,and moore formula

1880 REM

1890 Fah

19600 FOR X0=1 TO 8

1916 F12F2(X0)*((.65~.061%TOUTO) " (X0~1))

1920 F aF «F1

1930 NEXT X0

1946 TKEL=TOUTO+273.15

1650 L1=L0G(217.99)+({374.136-TOUTO)*F*( .01/ TKEL))

1960 PASzEXP (L)

19760 PAATMzRHO®PAS

1980 PA=229,921%PWATM

1996 FAzLOG(P.)

anen TSATF=79.047+(30.579%FA)+(1.8893%FA"2)

2010 TSAT2(5/9)*(TSATF-32)

2620 IF TSAT>TOUTC THEN TSAT=TOUTO

2030 RETURN

204G PFM

2050 REM this subroutine 2al~uldtes the outdccr,indocr temperatures as a
function of time,also it calculates the partial vapour pressure
at different sutdccor ~crditisns

2060 PEM

2670 FOR Xz1 TO 566

2630 REA ®RERR gssuney function of cutdcsr temperature variatiorn REes

2090 REM

2166 TOUT(X)=TQUTOU~(DT#(X~1)/72G0)

PARIY) ] IF TOUT(X)<TOUTO=1G THEN TOUT(X)szTOUTO=-10

2V20 REM

2130 REM  RSsaRRBes gggymed functidn Of indcoOr variation #¥eeRssssnias

2146 REM

2150 TI(X)sTIAVG«(2%SIN(3,1416%DTH(X-1)/3600%4))

21606 REM

2170 REM #swanan sysyned funation for humidity variation®nssrpsaseass

2180 REM

2190 RHzPHO+DT®(X~-1)/(1440001!)

22060 IF RH>1 THEN RH=1

2210 REM

2220 F=0

2230 FOR X0s' TO 8

2240 F1sF2(XO)IR((.65~. 6V *TOUT(X))~(X0=~1))

2250 F aF«F1

2266 NEXT X0

2270 TKELsTOUT(X)+273.15

2280 L12L0C(217.99)+ ((374.136-TOUT(X))*F* ( .01/TKEL))

2290 PWSsFXP (L)

2300 PWATMaRHYPWS

2310 PA(X)=1D1325 1 #PWATH

2326 NEXT X

2336 RETURN

2340 REM

235G REM this subroutine calculdtes the saturatior vapour pressure at the
window temperature by usirng keenan,keyes, hill ,and moore formula

2360 REM

2370 Fz0

2380 FOR X021 TO §

238 FizsF2(X3)*({.65~(.01%T(3,K~1)))"{XJ=1))
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2400 F=F+F
cuvh NEXT XD
2420 TKEL=T(3,K~1)+273.15

2430 L1=zL0G(217.99)+((374.136=-T(3,K~-1))*F¥(.01/TKEL))

aunmn PAS=EXP(LY)

2450 PC=1013251"P4AS

2460 RETURN

2470 REM this subroutine calculates the averdge mass condensatian rate
during condensation"meravy"

24 80 MSS=1n0

246G FCPR 2=1 TC u56

2500 IF MCR(Z)IKMSS  THEN MSS=MCR(2)
2510 IF MrR(Z+1)=0c THEN GOTO 2560
2520 MINAV=(MCR(Z)+MCR(Z2+1))/2

2536 MTOT=MTOT+MINAV

2540 NUMINT=NUMINT+1

2856 MCRAVGsHTCT/ HUMINT

2560 NEXT Z
2576 RETURN




10
26
3n

46
50
60
10

9(‘

160
110
120
130
1un
150
166
176
160
1960
200
210
2206
230
246
280
260
270
386
290
360
310
326

330
346
350
0
370
30
396
460
{10
420

430
sun
uso
ugh
470
'Y.18
uqn
S0
Sth
526
530
Suh
560
560
ST6
5:%
567

617
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SUB-PROGRAM 2

DiM T(3,1610),M3),6(3),0(3),F(3),GINAV(506),F2(a). (o(505)

RE:"

I{NPUT*this subprogram calculates the mass condensation rate and the resulting
«e.sss heat gain when outdoor condensation occurs on single glazed windows at
.e... cOnStant corditions {f you want to use it print (y) else print (n)";BS$

REM

IF B$a"y" THENK GOTC 80 ELSE FUN"cond”

REM

REM #veee®eyoenan keyes,hill ,and moore formula constants#®stiess

PEM
REM

REY
REM

REM

REM

F2(1)=-741,9242
Fa(2)=-29.721
F2(3)=2-11.55286
F2{4)2-~.8665635
F2(5)=.1094098
F2(6)=.439993
F2(7)3.2520658
F2(3)=.0521866

#*4m®input of atmospneri~ ,indcer ~craitions ano windcw related datathes
PRINT®

INPUT" the indccr temperature in ¢ =";TI
PRINT

INPYT" amorent temperature in ¢ =";TOUT
PRINT

INPUT"outdccr relative humidity =";PH
PRINT"

INPUT"winacw (OF JALL) height in meters-";L
PRINT"

INPUT"glass thickness 1n metersz";M

PRINT

INPUT" time interval in secondsz";DT

PRINT!

GOosuB 1886
the average outdocr(toa),indocr(tia) and wall temperatures(twia,twoa)
will be assumed as fcllowing

TCA=TCUT

TIA=TI

TACA=TCA-5

TdIA=TIA«b

TCAK=TOA+273

TIAK=TIA+273

TWOAK=TW0A+273

TWIAK=TAdIA+273

the air prcoerties are evaluated at the assumed average film
temperatures whicn is equal to 28 deg. ¢ for outdoor conditions
and 21 deg. ¢ for indoor conditions

MEUL =1,48937F =05

ALFAX2,0000211

KAl=z.025764

MEUO=1.56B8E~05

ALFAC=22.216E-NS

KAD=. (2624

TEILMI=(1862U)/24273

TFILMOz(25+30)/724273

BFETAI=t/TFILMI

BETAO =1/ TFILMO

SEGMA=5.673E-08

FSR=1
FAI=9.89GETAIYL I8 (TWIA-TIA)/(MEUI®ALFAL)
FAO=29,.8%BFTAO®L~3# (TOA-TAOA) /(MEUD®ALFAQ)
IF RAICIFSNG THEL HFI=.S59%KAI®(RAI®.25)/L
IF RAIMIFLAHQ THEN HCI=.t9KAI®(RAZI~.333)/L
IF PALCWEehy THEL 100s. SGRALS(RAL™,28)/0
IF RADIFeHS THEL hCl=, 19KAJ#(RAC™.233)/L




626
630
6ul
650
660
670
6806
660G
700
710
720
730
T40

750
760
7
776
786
760
800
310
8ze
830
84G
850
861
876
280
890
SO0
910
9z
930
qun
950
g0
970
985
990
1000
1610
10620
1030
1646
1050
1660
1070
1680
1090
1160
1116
1126
1130
11460
1150
1160
RN id
1186
1190
12060
1210
12260
1236
1240

PRIN

REM
REM
REM
REM

REM
REM
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HRO=SEGMA® FSR* (TOAK 2 +TWOAK"2)*(TOAK+TWOAK)

HRI=SEGMA®FSR*(TIAK "2+TAIAK“2)*(TIAK+TWIAK)

HI=HCI+HRI

HO=HCO+HRO

KGL=.78

DX:=M/2

R121/HC

R2=(1/KGL*DX )R

R3=(1/KGL*M)aR1

RzR3+1/HI

T(3,1)2TOUT~(R1/R)*(TOUT-TI)

IF T(3,1)>=TSAT~1 THEN GOTO 740 ELSF 790

T"condensation will not occur at these conditions,start again it you
wish to try at other conditions else press ctrl-break"

GOTO 1906

water and vapour properties are evaluated at assumed outdcor average

temperatures

RCAL=933

ROWV2,7

HFG=2250006001

KLz.02

MEUL=. 0O0NGSY

CV=840

ROWN=2700

T(2,V)=TCUT=(RZ/R)*(TOUT-TI)
T(1,1)=TOUT=-(R3/R)#(TOUT=-TI)
DG=((9.6"RCAL*(RULAL-RCAV)I®KL"3)/(MFUL"2))" .25
D2z ((9.8*ROAL¥(RCWL~ROWV)®KL"3) /{MEUL"2))"(1/
L32(9.3*RCALY(RONL-RCaV)I*HFG*KL"3) " .25

DUz (MEUL® (TSAT-T(2,1))*L)".25
DS=(L#(TSAT-T(3, )}/ ( 4EUL#HFG))" .75

Mdz18

RG=83101)

DC=.0066025

RCIAz1.15

CVA=1005

HD=((DC*HCO)*((XAU/ (RCAARCVARDE) ) " .25) )/KAG
FOz (KGL#DT)/(POWRCV#DX"2)
S=(DT®*HI)/(ROJ*CVEDX)
CO=(HO*DT)/(ROW*CV #DX)

CA=(2*DT*HFG)/(ROW* CV*DX)

3)

*uasRCALCULATING NOCAL TEMPERATURES AS CORDENSATION OCCUDSHesss
J=1
NzJ 1
FOR K=N TO 502
GOsuB 2060
TM=T (3,K~1)272,15
MCR(K~-1)=(HD*MW* (PA-PC) ) /(RG*TM)
F(1)2T{1,K=1)+(2%59T])
F(2)=T(2,K-1)
F{3)sT{3,K=1)+CARHMCR(K~1)+2400¢TOUT
B(1)21+(2%FQ)+(2#3)
C(1)==2%F0
A(2)==-FGC
B(2)z1+(2%F0)
C(2)=~FC
A(3)==2%FQ
B(3)s1+(2%F0)+(24rQ)

GOsSUs 1590
NEXT K
GGsuB 1706

GI3uUB 2148n

1250 REM CRENRBARNERNINR o rvirg Ul Lok Leuded LGISrRCllnritesAsssssessnnss
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1260 REM
1270 INPUT" insert the time in sec., at which the first temperature is needec
u.T1
1580 INPUT"insert the time in sec, at whicn the last temperature is needeg"
-T.‘_)
1290 IF T2>566%DT THEN T2:5609DT
1300 Uz (TINDT) e 1
1060 V=(T2/DT)+1
1320 PRINT ¢

1530 PRINT'#suussasnasss tne podal temceratures at the needed timeRW#ncesagessen

1340 PEM
1350 PRINT" note: tiszindcer fa~inzg temperature and t3scutdoor facing temperature

13660 PRINT “"time in SEC,","t1 cel." ,"t2 cel.","t3 cel.","mer kg/s"

1376 PRINT n____________"’n____w, "__-_". [P ) ’n______-_"

13u0 FOFR Azl 0V

1360 PRINLT (A=1)#DT, T(1,A),T(2,4,,T(3,A),MCF(A)

1400 NEXT a

1416 PRINT"

1uzn PR1:iT™"th: heat gzain near the steady state staze=z"QINMAX"w/m"2"

1440 PRINT"the mass cordensation rate near tine steady state 3tage="MSS"kg/s
per m"2"

1446 PRINT"the indeccr facing surface temperature near steady state="TESS"e

"

1450 PRINT"temp. ri1se="TESS-T(1,1)"c,"

1460 IF TSS=0( THEN GOTO 1480

1470 PRINT"the time needed to reach steady state stages"TS3"seccnds"

14eo PRINT®

1490 PRILNT"the ma<imun intervai heat gain rate="QIUMAX"w/m"2"

1566 PRINT'the minimum interval heat gain rate="QINMIN"w/m"2"

1510 PRINT "the average heat gain rate ="QAVG"w/m"2"

1520 PRINT *"the average mass condensation rate during condensationz"

MCRAVG"kg/ se~ ,per a°2"
1536 REM
16460 INPUT"de you want tc know the temperatures at another time interval Y or A"
sA3

1550 IF Ag="y" THEN COTO 127G ELSE 1560

1560 PRIKNT"

1570 INPUT"do you want to try at other conditions y or n";E$
1586 IF E$="y" THEN 180 ELSF RUN"cond"

15906 REM THIS subroutine SOLVES THE THREE NODAL EQUATIONS SIMULTANEOUSLY AS CCHC
ENSATION OCCUR BY TRIDIGONAL MATRIX ALGORITHM

1660 REM

1610 FOR I=2 TO 3

16260 D=A(I)/B(I-1)

10406 B(I)zB(I)=(C(I~-1)*D)

1640 F(I)aF(1)=(F(I-1)%*D)

1650 NEXT I

1660 T(3,K)=F(3)/B(3)

1670 T(2,K)=(F(2)=-(C(2)%T(3,K)))/B(2)
Y680 T(1,K)s(F(1)=(C(1)®T(Z,K)))/BOY)
1eyh RETUFN

176060 REM TH1S SUBRQUTINE CALCULATES THE AVERAGE CCHNVECTIVE HEAT GAIN RATE AND
FINDS THE MAXIMUM AND MINIMUM CONVECTIVE INTERVAL HEAT GAIl

1710 REM

1720 QINMINz10G0

1730 FCR H1sY TO 500

1740 Q1=(T(1,H)T(1, Hle1)) /2

17660 QINAV(HY)=HI®(QJ1-T(1,1))

17450 QINTCT=QIHTOTSIIHAV(HY)

Al IF QINAV(HY)CIINMIN THEN QINMIN:2QINAV(HY)
A Rab ] LEOQINAVEEYINMAX THEN JTLvAX=JINAV(HY)
tTan IF TESSCT( Y, V) THEN TESS=T(1,d4)

ven s CFOTL3,HYe? 32T, 00)  THEL 1016 EL3F 1530
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1810 IF T(2,HY47)=T(2,H1) THEN 1820 ELSE 1830
1820 IF TC(1,H1+1)=T(1,H)) THEL GOTO 1850 ELSE 1860
1830 NEXT H1

1840 GOTO 1860

185G 758 =DT*i1

1860 QAVG=QINTOT/ H1

1870 RETURN

1880 REM this subrcutine calculates the saturation tempurature at the
begining of condensation using keenan,keyes,hill,and moore formula
1890 REM

1906 F=0

1910 FOR X0=1 T0 8

1926 F1=F2(X0)¥((.65~-.01%TOUT ) (X0=-1))

1936 F=F+F1

1640 NEXT XO

1956 TKEL=TOUT+273.15

19606 LY=L oG(217.99)+ ({374, 136-TCUTI*F4{ . O01/TKEL))
1976 PAS=EXP(LY)

1686 PAATM=RI*PANS

1996 PA=101325!*PWATM

200606 PA229.921%PAATM

20610 FAzLOG(PW)

2028 TOATF 73,047+ (30.375Fa)+{1.CCG3FA~2)
2630 TSAT=(5/9)*(TSATF-32)

2046 IF TSATTOUT THEN TSAT=TOUT

2056 RETURN

2060 REM this suvrcutine calzulates the saturdation vapour pressure at the
window temoerature by using keenan,keyes,hill ,and moore formula
2070 REM

2080 F=0

2050 FCR XC=1 T2 &

2106 FI1sF2(X0)*({.65-{.01¥T{3,K~1)))"(X0-1))

2110 F=F«+F1

2120 NEXT X0

2130 TKEL=T(2,K=1)+273.15

2146 L12LCG(217.99)+((374.136=T(3,K=~1))#F*( .Gt/ TKEL))
2150 PWS=EXP(L1)

21646 PC=1013251"PAS

217G RETURN

218G REM this subroutine calculates the average mass condensation rate
during condensation"meravg"

219G MSS=10

2200 FOR 221 T0 500

2210 IF MCR(Z)<MSS THEN MSS=MCR(2)
2220 IF MCFR(Z+1)=6 THEh GOTO 2270
2230 MINAV=(MCR(Z)«MCR(Z+1)) /2

2240 MTOT=MTCT+MINAYV

225G HUMINT=HUMINT +1

2266 MCRAVG=MTOT/ HUMINT

2270 NEXT 2

2286 RETURMN
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SUB-PROGRAM 3

e —a —— o —

Déﬁ T(3,10060) ,A03),B(3),003),F(3),QTKAV(SNG) ,F2(B) ,MCR(505)

REM

IHPUT" this subprogram calculates the mass condensation rate and the resulting
heat loss when indoor condensation occurs on single glazed windows at
constant ccrditions if you want to use it print (y) else print (n)";BS

REM

IF B$z"y" THEN GOTO 80 FLSF RUN"corna"

REM

REM enanteseenan,keyes,hill ,and moore formula constantstiesanss

F2(1)==741,9242

F2(2)=-29.721

F2(3)2~11.55286

F2(4)=2-.868563%

F2(5)=.1094n98

F2(6)=2.439993

F2(7)=.2520658

F2(8)=.652 1660

REM #®#¥884nput of atmcspneris,indccer ccngitions and windcw related datak#es

PRINT"

INPUT" the indoor temperature in ~ s";T1]

PRINT"

INPUI"amblent temperature in ¢ =";TOUT

PRINT"

INPUT" indccr relative humidity =";RH

PRINT"

INPUT"the wind speed in meters per second=";dV
PRINT"

INPUT"the wind angle of attack from normal in degreesz";ANG
PRINT"

IPUT"window (OR wALL) neiznt in meters=";L
PRINT

INPUT"glass thickness in metarsz=":M

PRINT"

INPUT Lime drtors-l in sercnds=";CT

GO3Un 1R26

O REM4 the averoge osutdecr{tss),indocsr{tia) and wall tenperatures(twia,twca)

will pe assuned as fcllowing
REH
TIA=T]
TWIazTIA«6
TIAK=TIA+273
THIAK=Td IA+273
REM the air properties are evaluated at the assuned average film
temperat ures which is equal to 28 deg. ¢ for outdoor conditions
and 21 deg. ¢ for indcor conditions
REM
MEUI=1.U4G37E-05
ALFAI=. 0060211
KAls, 025764
TFILMI=(18+24)/2+4273
BFTAI=1/TF ILMI
SEGMA=5.6T73F-08
FSR=1
PAI=0,B8®BETAI®L 3#(TWHIA-TIA)/(MFUIRALFAL)
1F PAICIE«N9 THEN HCI=.59%KAI®(RAI®.25)/L
IF BRAIPVE«G9 THEN HCIz, V*KAI®(RAI".333)/L
HRI=SEGMA®FSRO (TIAK "2+ TWIAK“2) ¥ (TIAK+ T4 IAK)
HIsHCI+HRI
IF ANG=>0 AND ANGC3IO THEN HOz7.77+2.0%WV
IF ANG=>30 AND ANG<H0 THEN HO=7.5+3.26%4V
IF ANG=>60 AND ANGCYCOH ThEN H0z27.52+4. 1%WYV
IF ANG=2>1600 AND ANLGCI40 THEN HO=25.83+42.623%4V
IF ANGe> 1460 AND ANG=<TSN THEN HCz6,Z2T7e2.65%V
KG: =.78

OX=M/ <2




626
636
640
656
660
670
6€E0
h
690
700
716
YAl
720
730
T40
7506
760
776
786
796
800
8¢
LY
836
Bun
856G
860
876
880
866
960
910G
920
930
qun
950
960
970
980
990
1660
1010
10620
1030
1040
1650
1666
1076
1080
1090
1160
1110
1120
1130
11406
1156
1160
11760
1186
1190
1206
1210
"t
1330

,
19

-

PRI

REM

REM temperatures

REM
REM

REM
REM

H

RE
RE
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R1:=1/HI
R2=(1/KGL*DX)eR
F32(1/KGLAM) R
R=R3+1/HO
T(3,1)=TI<(R1/P)¥(TI-TOUT)
IF T(3,1)>=TSAT~1 THEN GOTO 680 ELSE 730
NT"condensatior will rot occur at these corditions,start again if you wis
to try at other conditions else press ctrl-break"
GOTO 196
water and vapour properties are evaluated at assumed 1ndoor average

ROWL=10060

ROWV=.016

HF G=2U4800061

KL=,5

MELL=, 00

CV=840

RQW=2706

CVA=z1005

RCWA=Y.C

Mw=18

RG=8310

DC=.6060026
HD=((DCPHCTI)#((KAI/{RCYAYCVA®Dr))“.25))/KAL
T(2,1)sTI-(R2/R)*(TI~-TOUT)
T(1,1)sTi=(R3/R)N(TI-TOUT)

DO=((9.8*ROWL* (RCWL~-ROAV)*KL*3)/{MEUL"2))".25
D2=2((9.B*FOWLA(POWL-ROWY)*KL 3 )/(MEUL"2))"(1/3)
D3=(9.3"ROAL*(ROWL~RCAV)"HFG*KL"3)".25
DY=(MEUL®(TSAT-T(3,1))%L)".25

D5=(L® (TSAT-T(3,1))/(MEUL®HFG))". 75
FO2(KGL®*DT)/(ROW#CVY¥DX"2)
S=(DTHHO)/(ROW*CVEDX)
CC=(DTH*HI)/(ROA*CVDX)
CA=z(2%DTHHFG)/(ROW*ryvepy)

“nsuwCALCULATING HODAL TEMPERATURES AS CCONDENSATION OFFURSHeass
Jz1

NzJ+1
FOR K=N TO 5062

GOSUB 2000

T™M=2T(3,K)+273

MCR(K=1)=(HD®MA* (PA-PC))/(RC¥TH)

F(1)=T(1,K~-1)«(2%5#TOUT)

F(2)=T(2,K=1)

F(3)=T(3,K=1)«(CANMCR(K-1))s(20%CCNT])

B(1)=z1+(2%FD)+(2%S)

C(1)==2%F¢

A(2)==FO

B(2)=1+(2%F0)

€(2)==FC

A(3)=z=2%F0

B(3)=1+(2*F2 )+ (2%rD)

GC3UB 15606
EXT K

Go3uB 1610
GCSUB 21206
bl """"”"""printxng out the needed 1nrormatxon""""""'""
M
LIPUT"1nsert tne tise in se~, at whizh the first tenperdture is neege!

THPUT" insert the tide in Ser. 3t wnisn the ldast temperature .3 needel’

IE TIOOTESONL ThLEL TI=DTe5Y,,



1240,
1250
1260
1270

1286
1290

"

1406
1310
1326
13306
1340
13560
1360
13710

LIEY-14]
1396
14606
14106

tu2hn

1430
1840
1u56
1u6n
1AS

g
75
1486
U996
15G6

1810
152G
153G
1540
1556
1566
1570
1586
1590
16006
16106

1620
1630
1640
1650
1660
1070
1630
16490
1760
17160
1726
17340
1740
1786
Tel
| R
IRYs

L IR

PRI
PRI
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Us (TI\DT ) o
Va(T2/DT )+
NT "
HT"EARSassRRRNES the nodal temperatures at the needed timetssnisssssssan

REM

PRI

REM
INp

REM

REM

REM
REM

NT" rete: t3szindoor facing temperature and tiszoutdoor facing temperature

-y - -y o o - - - -—-- - oo o o s

PRINT "time in sec." ,"t1 cel.","t2 cel.”" ,"t3 cel." ,"mer kg/s"
1" "

PRINT "-----------_"'"--__u' Wommm n____n’ - oy o

FCR A=V TO V

PRINT (A=-1)%DT, T(1,A),T(2,A),T(3,A),MCR(A)

NEXT A

PRINT™

PRINT"tha total heat lcss near the steady state stage="MSS*HFG"w/m"2"

PRINT'"the convective heat loss rate near the steaay state stagez"
JINMAL N w/mm 2

PRINT"the maximum interval ronvective heat lcss ratez"QIKRMAX"w/m 2"

PRINT"tne minimum interval convective heat loss ratez"QINMIN'w/m 2"

PPINT "the averaze ~gnve~tive heat loss rate="QAVG"w/m"2"

PRINT "the mass condensaticn rate near the the steady state statesz"

MSS'" Kg/ se~ per m"2"

PRINT"the average mass ~crndensation rate during condensatior.="
MCRAVG" kg/ sec ,per m"=2"

IF TS5=0 THE!N GOTGQ 1450

PRINT"the time needed to rea~h stealy state stage="TLS"seconds"

UT"do you want toc know the temperatures at another time interval Y or N

IF A$="y" THEN GOTO 1210 ELSE 1475

PRINT"

[HPUT"do you want to try at other c<onditions y or n";E$

IF E$="y" THEN 180 ELSE RUN"cond"

THIS subroutine SCLVES THE THRES NCLAL EQUATICHS SIMULTANECUSLY AS COND
ENSATION OCCUR BY TRIDIGONAL MATRIX ALGORITHM

THIS SUBRQUTINE CALCULATES THE AVERAGE CONVECTIVE HEAT LOSS RATE AND
FINDS THE MAXIMUM AND MINIMUM INTERVAL CONVECTIVE HEAT LOSS

TTOTAVG=hO
QINMAX =0
QINMINzTGO
H=5606
FCR Hiszt' TO H
Q1=(T(1,HY)+T(1,H141))/2
QINAV(H 1) sHUM(Q1-T(1,1))
IF QINAV(HT)CQINMIN THEN QINMIN=QINAV(H')
IF QIHAV(H1)>QINMAX THEN QINMAX=QINAV(H1)
QINTCT=QINTOT+QINAV(HY)
IF TESSCT(3,H1) THEN TESS=T(3,H?)
IF T(3,H1e1)=2T(3,41) THEMN 1750 ELSE 1770
IF T(Q,H1+1)=T(2,HM) THEN 1760 ELSE 17760
IF T, HT1«1 )T, HY) THEN GOTC 173G ELSE 1800
HEX™ i
GO 1860
TSS=DT M




- 220 -

180C QAVGsQINTOT/H 1

1516 RETURN

1820 REM this subroutine calculates the saturation temperature at the

1836 PE begining of condensation using keenan ,keyes,hill,and moore formula
M

1840 Fz0

1850 FCR X0=1 TO 8

1860 F1=F2(X0)%(( .65=-,01%TI)"(X0-1))

1870 FzF«F1

1880 NEXT X0

1896 TKEL=TI+273.15

1960 L1=zL0G(217.99)+((3T4.136=-TI)*F*(.01/TKEL))
1910 PASzEXP(LY)

19206 PAATMzRH¥*PAS

1936 PAz101325 ! #PWATM

1940 PWs29.921%PWATM

1850 FA=zLOG(PW)

1660 TSATF =70, 047 +(30.5T9%FA)+ (1.8893*FA"2)
19706 TSAT=2(5/9)* (TIATF-32)

1985 IF TSATOTI THEN T3AT=2TI

194G RETURN

2000 FEM tnls subroutine ~al-ulates the saturation pressure at the windcw
temperature using keenan,ae es,hill,and woire fornula
2016 REM

20260 Fz0

2030 FOR X0=1 T0 &

260u6 F1zF2(X0)*((.65~.01%T(3,K=1))"(X0~1))

2050 FzF+F

2660 NEXT XO

2076 TKEL=T(3,K=1)+273.15

gy L12L0G{217.99) ((374,136-T(3,K~1))*F*(.0V/TKEL)D)
209G PAS=EXP(L1)

2160 PC=1013251*PAS

2110 RETURN

2120 REM this subrcutine ~alrulates the average mass ~ordensation rate
during condensation"mecravg"

2130 MSS=10

ZruG FCR Z=1 TO 495

2150 IF MOR{Z)KMTC THEN MSS=4CR(2)
2160 IF MCR(Z+1 el GOTC 2216
2170 MINAV=(MCR( ..* R(Z+1))/2
2180 MTOT=MTOT+M 54V

2190 NUMINT=NUMINT+1

2266 MCRAVG=MTOT/NUMINT

2210 NEXT Z

2220 RETURN
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SUB~PROGRAM 4

DéM T(3,505),A03),B03),0(3),F(3),QIKAV(506) ,F2(B),MCR(505)
REM
INPUT"this subprogram zalzulates tne mass ncndensstior rate and the resulting
.e... heat gain when outdoor condensation occurs on sirzle zlazed windows at
eeses FORSLANT coralticons if you want to use it print (y) else primt (r)";3¢
REM
IF piemy" THEL GOTO 20 ELLE RUN"-ord®
REM
PEM #esesedeangn keyes,hill ,and mocre formula constants#®massas
F2(1)s~741,9242
F2(2)=-25.721
F2(3)==-11.552E6
F2(u)=-.8685635
. 1094698
4395993
2520658
GH21boo
Aut of atmcscheris ,indocr ~onditions and wandCw relatea datatte®

o e e
I e & o @

— o Wy

RE
RENM

PRINT"
INPYT'the 1niccr temperature in ~ =";T]
PRINT
INPUT"amblent temperature in ¢ =";TCUT
PRINTY
INPUT cutdcor relative humidity =";RH
PRINT
INPUT"wirdcw {OPF WALL) height 1in metersz";L
PRINT"
IHNPUT"glass thickness 1in meterss"; 4
PRINT®
LiPUT"time 1nterval 1n seconas=";DT
PRINT"
GO3LD 26uh

REM the average outicer(toa),indcor(tia) ana wall temperatures(twia,twoa)
will Le assuned as following

ToAz"CUT

TIA=TI

TaCazTOA =S

TalAzTIA+5

TUAK=TOA+273

TIAK=TIA+273

TAOAK=TNOA+273

TAIAK=TWIA+273

REM the air properties are evaluated at the assumed average film

temperatures which i3 equal to 28 deg. ¢ for outdoor conditions
ana 2! deg. o for incocr congaitaiorns

MEUI=1.4937F-05

ALFAl=. 0000211

KAI=.035764

MEUO=1Y,568E =05

ALFAC=2, Z16E-GS

Kalz. 02624

TEILMI=2(18e2U) /72427

TFILMO2(25+30) /24273

BETAI=1/TFILMI

BETAO=1/TFILMO

SEGMA=5. 6T3E-C8

FSR=1

Rniz3, SOBETAIN. "38(TJIA"IA)/(MEUI#ALFAL)
RAC=9,3#BETAD®L"3# (TCA-T40A) /(MEUD*ALFAD)
IF RAZCIT 00 ToEL M= 5G%KAI8(RAZIT.25)/L
IF RAIDIESONG THIN HOI= 0 ®RAI®(RALIT.33%)/L
SF RALCYFel sy Thrl nfCe S3%KACHM(RALT.25) /0
TP ORAIDMF Ny THEN HFZz VRRKASH(RAD™..:33)/L

REM




620
630
QU
650
660
670
666
690
700
710
T260
730
740

750
760
786
776
780
790
800
g16
820
836
840
85t
86n
¥id
880
896
Q00
910
9zh
930
SuG
gs5f
360
976
930
996
1006
1010
1620
1030
16040
1050
1660
1670
1686
1696
1160
LR REY
1120
1136
1146
1156
1166
1170
11¢h
1196
1260

PRIN

REM
REM
RE¥
REM

ReH
REM
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HEO=SEGMA*FSP® (TOAK " 2+TACAK "2)#(TOAK+TACAK)

HRI=SEGMA®FSR® (TIAK 2+TWIAK"2)® (TIAK + T4 IAK)

HI=HCI+HR]

HO=HCO+HRO

KGL=.78

DX=M/s2

R1=1/HO

R2=z(1/KCL#*DX)+R1

R3=(1/KGL¥M)+R1

R2R3+1/HI

T(3, 1)=TOUT-(R1/P)*(TCUT-TI)

IF T(3,1)>=TSAT~1 THEN GOTD 740 ELSE 790

T"condensation will rot occur at these conditions,start again if you
wish to try at other conditions else press ctrl-break"

GOTO 190

water and vapour prooerties are evaluated at assumed outdoor average

temperatures

RCAL=2993

RCAV=.7

HFG=2256060661

KL=z.62

MEUL=.00GET

cvzgun

ROWN=2700

T(2,1)=2TOLT-(RE/R)H(TOUTAT])
T(Y,1)=TQUT=(R3I/R)*(TOYT-T])

DO=( (9, 8*PCWL*(FCWL-RULAV)*KL"3)/(MEUL"2))",
D2z ((9.3*RCAL* (RPOWJL-PONV)¥KL"3)/(MEUL*2))"(
D32(9.0%FLwl®(RUnL-FUNV)®HFG*KL"3)" .25
DU=(MEUL*(TSAT-T(3,1))*L)".25
DS=(L*(TSAT-T(3, 1))/(MEUL*HFG) )" .75

MW =18

RG=£310!

OC =, 00024

RCAAZ1.17

CVA=1005

HEUA=1,983F-00

MU= 1.684E-05

MUL=E.7T17E-GT

SC=MU/DC

MVzMd

MG=28.97

AGI=?

3D=.00060

LIus=5

DIO=MEUL*PCAL/(EUA*RCAA)

C0=1/LC

CPLzU186

PRL=CPL*MEUL/KL

X2(MG=MV)/(MG~ABE* (MG~MV})
FO=(KGL¥DT)/(RCWHCYEDX"2)
Sz(DT*HI)/(RCA®CVEDY)

CO1= (HO®CT)/(RCw#rveDX)
CAz(2*DT®*HFG)/(RUA* CVODX)
C1z((9.8%(MG=AV) / (UBMY=2)) /(MC-(MG-HV)I*WB))".25

<5
1/3)

#anenCALCULATING NODAL TEMPERATURES AS CCNDENSATIGH OCrypsessss
J=t
N=502

FCR K=Z2 TO !

GonUB  2asn

o

IF PWSI-PYI=Ch THEN 5LTD 1256
FC1s((9. 8975 0/049vL1%2)5° .29
FO2z(CPLO(TGIMaT(3,K~1)) /(PRLOHFG)) .77




1490
1500

1510
1526

"

18.0
15u0
1£50
1240
15716
1545
15390
1606

1610

16260
1610
1646
1650
10606
1670
1660

VAQ0
1766
1A3

1710
1715
172t
17360
Y240

1780
1760
100
1T G
Liadrle
Voo
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FO3z4*FO19FQ2%HEF G*HEUL/ 3
MCR(K=-1)2FO3/ (HFGYL)
F(1)sT(1,K-1)s(29%5°T])
F(2)xT(2,K~1)
F(3)2T(3,K=1)+CARMCR(K=1)e20C018TCUT
B(1)=21+(2%FD)+(243)
C(1)z=24FQ
A(2)2-FO
B(2)z1+(2%FG)
C(2)s3-F0
A(3)2-29F0
B(3)=1+(2%FD)+(2%C01)
GOSUB 1740
NEXT K
GOSUB 1€50
GOSUB 2650
REM #assdusasnusu®dprinting out the needed INFOrmatiOn¥Nensssaussnsney
FEH

INPUT" insert the time in se2, at which the first temperature is needec

INPUT" 1nsert tre time in se~, at which the last temperature is needed"

IF -T2ODT*500 THEN T2=5G0*DT
Uz (TINDT )«
Vz=(TZ/DT)e

PRINT »

PRILTHeRRARNARENRSR the fcysl temperatures at the rneeded timeR*ssrsvassssun

REN

PRINT" rete: tlzandcor facinz temgerature and t3soutdcor facing temperature

- - > - T ey e D . S8 - e - -

PRIWT "time ir SFF.","t1 cel.","t2 cel.","t2 =el.","mor kg/s"

PRINT Macdmccmnmceems u'"____u' "____", L | ’" ________ "

FOR Asd  TCO W

PRINT (A=128DT,  TLY A, TU2,A8),TL3,3), " PLA)

NEXT A

PRINT!

PRINT"tne nedatl galn near tne steaay state stagea"JINMAX"w/m 2"
PRINT"the mass condensation rate near the stealy state Stage="MSS"kg/s
per m"2"

PAINT"the indocr facing surface temperature rear steady state="TESSWe,
"

IF TS3=20 THEN GOTO 16406

PRINT"the time needed to reach steady state stage="TSS"seccnds"

PRINT ' ccmcewencccnncnaa EE e e
PRINT"the maximum interval heat gain ratez"JINMAX"w/m*2"

PRINT"the minimum interval heat gain rate="QINMIN'w/m" 2"

PRILT "the averuge heat gain rate ="QAVG"w/m~2"

PRINT "the average mass cordensation rate during condensaticn="MCRAVS
"kg/sen ,per at2"

REM
INPUT"Je you want tS Kknow the temperatures at another time interval Y or K

IF As:s"y" THEN GOTC 440 FELSF 1715

PRINT"

INPUT"dc you want te try at sther conditions y or n ",ES

IF E$s"y" THEN 180 ELSE RUN"cond"™
REM THIS subrzutine SCLYES THE THREE NODAL EQUATILNS SIMULTANEOUSLY AS
CONDENSATION OCCUR BY TRIDIGONAL MATRIX ALGORITHM

REA
FCOR 152 TU 3
CsA(I)/E(I-1)
HNN=B)=(C{I-0)02)
FUDI=F{L0=(F({I=)0])
HENT L



181G
18206
18306
1846
1850

1860
18760
1880
1890
1966
1910
1920
1630
1940
1950C
1960
1971
1986
1960
2600
20106
2020
2636
20U0

2650
2060
2070
200
2090
21606
2110
2120
2130
21u6
2150
2160
2176
2180
2190
226006
2210
2220
22130
2240
2250

2266
2270
2286
2296
2200
23146
2320
2330
2346
2356
2360
2370
2380
2360
i
20
2acr

e
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T(3,K)¥=F(3)7B(3)

T(2,K)= (F(2)=(C(2)*T(3,K)))/B(
TC1L,K)=(F(1)=(C{1)®T(2,K)))7B(
RETURN

2
1

)
)

REM THIS SUBPRCUTINE CALCULATES THE AVERAGE CONVECTIVE HEAT GAIN RATE AND

REM

FINDS THE MAXIMUM AND MINIMUM CONVECTIVE INTERVAL HEAT GAIN

H=500

CINMIN=100

FOR H1=z1 TO H2

Q1=(T(1,H1)«T(1,H1+1)) /2

QINAV(H 1)=HI®(Q1-T(1, "))
QINTOT=QINTOT+QINAV(H1)

IF QINAV(H1IKQINMIN THEN QINMINsQINAV(HY)
IF QINAV(H1)>QINMAX THEN QINMAX=QINAV(HTY)
IF TESSKT(1,H1) THEN TESS=T(1,H1)

IF T{3,H1+1)eT(3,d1) THEN 1970 ELSF 1990
IF T(2,H1+1)=T(2,41) THEN 1620 ELSF 19190
IF TC1,H1+1)=T(1,d1) THEY G.TO 26 LSF 2020

NEXT H1

GOTO 202
TSS=DT*H 1
QAVG=QINTOT/H?
RETURM

REM this subroutire ~al-rulates the saturaticrn temperature at the

beginirg of condensation using keenan,keyes ,hill,and mccre formula
REM

F=h

FOR X0=1 TO 8

F1zF2(X0)®((.65-.61#TCUT)"(X0=1))
FaF+F1

NEXT XO

TKEL=TOUT+273.15
L1:LCG(217.99)+((374.136-TOUT)®F*(.N/TKEL))
PAS=EXP (L1)

PAATM=RH®PAS

HUR=.62193*PWATH

WB=1/(HUR+1)

PA=161325 1 #PWATH

PTOT=PA+1013251

Pd=29.921%PWATM

FAzLOG(PW)
TSATF=79.047+(30.5T9#FA)+(1,8893%FA"2)
TSAT=(5/9)*(TSATF~32)

IF TSAT>TOUT THEN TSAT=TOUT

RETURN

REM this subroutine calculates the interfactal film temperature

REM

at a given window temperature and outdoor conditions
REM

WGI=WB
IF PWSI-PVIKO THEN GGTO E340

FOR J=z1 TO 160606

WGI=AGI~SD

PVI=PTOT®{1=dGI)/ (1= (1=-{HV/MG))*uGI)

AES (20GRSC 2RDORWB 28 JCI"2/21 ) (1NWECTINNDEHBNG ")
BEV12(~100RAE*SCRGCI® (WCI-WB) "2/21)0(29SCH WGI¥(WGi-nl)"3)
BE2=~(3%SC"2%4GI 2% (AaGI-AE)"2)

BE=BET+Jf2

CEzUORCOR(WGI-WB)"U/28

DE==E#X#CCH(WGI-dB) "5/3

BC=BE/AE

rC=CE/AE

DC=DE/AE

PE=Cr={Dr*2/3;

QE=Z2r=(Drerc/3)s(2420°3/27)

JEV=(=QF/2)e(-0F/2)
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2u40 ZEs2E1°(1/3)

24546 YE=ZE~-(PE/(3%2E))

U606 SPzYE-(BC/3)

2476 TGl =(SP*HFGY¥MEUL/KL)+T(3,K~1)
2486 TGIF2(9%TCI/5)«32

24860 REN

2800 AZ=Y,8893

2510 B2:-3G.579

2520 C2:79.047=-TGIF

2530 FA1sB2"2

as54n FAOz(FA1-4%p2%c2)

2556 FA=(B2+FAD",5)/(2%A2)

25h6 PAS=(2,718282)°FA

2576 PWSIePAS¥1013251/29.921

2586 IF PVI=PWSI THEN TGIN=TGIl
2590 IF (PWSI-PVI)=<LIM THEN TGIC=TGI ELSE 26106
Zohh IF TGIr=TGl THEN 626

26106 REXT J

2626 IF PWwSIaPVIz<hH TAEH MOR(K=1)2MCR(K-2)
2636 SD=. 0OOOM

26un LiMe=0

2650 RETURN

dbb0 REM this sudbroutine calculates the average mass condensation rate
during ~ondensation"mecrave"

2676 MSS=z10)

26360 FOR Z=1 TO 500=-2

2690 IF MCR(Z)<MSS THEN MSS=MCR(Z)
200 IF MFR(Z+1)=0 THFL GOTU 2750
2710 MINAVZ(MCR(Z)+ACR(241)) /2

27206 MTLT =MTCTel It Ay

2130 NUMINT=NUMINT &1

2740 HCRAVG =MTUT/UHUMILT

27560 NEXT 2

aTer RETURL
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SUB-PROGRAM 5

;2 gE:l T(3,1610),A03),B(3),C(3),F(3) ,QINAV(500) ,FI(3) MPR(505)

36 INPUT"this subprogram talculates the mass condensation rate and the resulting
seseseseaheat loss when indoor condensation occurs on single glazed windows at
...aé....:cnstant conditions if you want to use it print (y) else print (n)";Bs
40 M

50 IF Bs="y" THEN GOTO & FLSE RUN"cond"

60 REM

70 REM ®%#assdeanan Keyes,hill,and moore formula constantstftsesse
80 F2(1):-T41,92u2

96 Fa(2)s-29. 721

160 F2(3)=-11,55286

110 F2(4)=~.8685635

120 F2(5)=.10940098

130 F2(6)=.439993

140 F2(7)=2.2520658

150 F2(3)2.0521809%

160G REM W####%input of atmcsdneris,indser CLrcitions ard windsd related datatese
176 REM

1e0 PRInT™

1960 INPUT"the indeccr temperature in ¢ =";T]

2on PRINT"

210 INPUT" ambient temperature in ¢ ='";TOUT

220 PRINT!

230 IWPUT"indcer reiative humidity =";RH

240 PRINT

250 INPUT" the wind spe2d in meters per sercrd=";dV

240 PRINT"

270 INPUT"the wing argie of atta~k from rormal in degreesz";ANG

280 PRINT"

290 INPUT"winacw (JR dall) heignt in meterssz";lL

360 PRINT"

316 INPUT"2lass thickness in meterss";M

326 PRINT"

330 INPUT"time 1nterval in secocndss";DT

6 GC5UB 198n0

357 REM the average cutdecr(too),indcer{tiu) and wall temperatures(twla,twsa)
willl be assumed as following

360 REM

376 TIA=TI

380 TAIA=TIA+6

396 TIAKsTIA«273

400 TAIAK=TAIA 273

416G FEM the alr properties are evaluated at the assumed average [ilm
temperatures whizn is equal to 29 deg. ¢ for outdcor conditions
ard 21 deg. 2 for irdccr zcsrditions

420 REM

43n MEUI= . 4G37F-05

Q40 ALFAI=, 0000211

4356 KAI=,025764

460 TFILMI=(18+24)/2+2732

470 BETAI=V/TFILMI

ugn SEGMA=5.6T73F =08

490 FSR=1

500 RAI=G.E¥EETAIML IM(TAIA-TIA)/(MFUI®ALFAI)
510 IF PAIC1E+HQG THEN HCI=.59*KAI®(RAI".25)/L
520 IF PAIDDIESGS THEL HAI=. 1#*{AI%(RALI".333)/L
530 HRI=SEGMA®ESP# (TIAK"2+TAdIAK"2)* (TIAK+Td IAK)
544 HI=HCI+HPFZ

550 IF ANG=>0 AND ALGC2O THEN HO=7.T7T7+2.9%WV
560 IF ANG=>30 AND ANGCHN THEN HO=7.543.26%4dV
570 IF AKG=>60 ALL ANGKYGO THEN HO=T7.52+4. 18y
5360 IF ANG=>1060 AND ANGCI4r THEN H)s€.8342.63%4Y
530 IF AMGaO L0 ALL ANG=<1EN THEN HOzH.ZT72.E5%8Y
[ 34 KGL=.7%

£1° SAsi/l




626
630
6uG
&5 1
66!
676
6ED
h
690
766
710
716
726
736
740
756
760
170
780
796
a6
814G
820
gan
Eun
850
13
870
860
&g "
900
g 0
qQo6n
Q10
Gu i
CLIg
S0
97n
ol
996
16060
10160
1020
1630
1040
10660
16060
1676
1620
1660
1100
1110
1126
1130
LR RN
1150
AR NI
1170
AR RN
1190
A\l iy}
120
Apeparys
"o
1540
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R1z21/Hl
REs(1/KGLEDX )+ R
R3z(1/KCLIM) &R
Fz=R3+41/H0
T(3, 1)zTI-(R1/R)*(TI-TCUT)
IF T(3,1)>=TSAT-1 THEN GOTO 680 ELSE 730
PRINT"rondensaticn will not ocrur at these ~onditions,start again 1f you wis
to try at other conditions else pres: ctrl-break"
GOTO 190
REM water and vapour properties are evaluated at assumed 1indoor average
REM temperatures
REA
REM
ROAL=1060
ROWV =,016
HFG=24800001
KL=.0
AEUL =, 018
CV=8un
RCW=2700
CVA=1008
Flwhaz1.C
Mdz 14
FG=B3110
Df =, 6G0G26
MEUAz . GGOOY 72
MU=, 06000123
MUL =1, 7T70F-06
SC=MyU/DC
4VzMa
MG=2e.07
dCl =1
SD=., GOGOO
LIM=5
DC=NEUL*RLAL/ (NEUAMNGW A)
f0=1/D0
CPL=41§n
PRL =C PL*MFUL /KL
Xz (MG=IV)/7(AG=-ADB* (1G=-1V))
C1=2((9,8%(MG-MV)/(U*MU=2) )/ (NG~ (MG-MV)*WB))"~.25
T(2, 1)sTI-(RP2/P)M(TI-TOUT)
T(1,1)sTI-(R3/R)*(TI-TOUT)
Dhiz((9.B*ROWL*(PUIL-RCAV)I®*KL*3) /(MFUL 2))".25
D22 ((9,8*ROWL* (ROWL-ROWV ) *KL"3) /(MEUL"2)) "~ (1/3)
D32(9.B%RCAL®(ROWL-RCAV)*HFG*KL"3)",25
DU= (MFUL*(TSAT-T(3,1))%L)".25
DS=(L¥(TSAT-T(3,1))/(MEUL*FG))".75
FO= (KGL#*LT) 7 (ROWRCVEDX"2)
S={DTHIC)/ (RCARCYRDX)
COV= (CTHHI) 7 (ROWNCVEDX)
CA=(2*DTHIFG) 7 (RCAYCVRDX)
REM
REM deaaurpiryl ATING NODAL TEMPERATURES AS CONDENSATION OCCURSwa®#s
REM
FOR K=3 TJ 502
Gosus 2190
If PWSI-PVI=<O THENW GUTS 1216
FO1=((9.8%L,"3)/(u8MUL"2))".25
FC2=(CPLYTGICT(3,K~1))/(PRLO®HFG))".75
FO3zU*FOVPFO2 ®HFG#MEUL /3
MOR{X~1)sFO3/7(HFGY)
FCV)=T(1,K=1 )+ (29S#TOUT)
F(2)=T(2,K-")
Fl31aT(3 R=")e (Lt R {R ) )e(2RCT18T )
BLY)21e (202 ) (299)
NI E




1260
1270
12806
1290
13060
1316
1320
1330
1340
135ﬁ
1360
1370
"7
13860
;T2

1390
1460
1410
tuzo
1436

1440
145G

"

1466
W7o
1ug6n
1496
15G6
181G
1520
1530

1540
1580
1500
1576

1580

1596
1600
161"!
1620
H.YH

1636
1635
1680
1650
16606

1670
1660
1690
1760
1716
17206
17306
17460
1760
1760
1776

1730
1750
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A(2)z-FO
B(2)z1+(2%F0Q)
C(2)=:-F0O
A(3)=-2%FQ
B(3)=1+(2%F0)+(2%COY)
GOSUB 1660
NEXT K
GOSUB 1770
GOSUB 2590
FE}.‘ !llllll.'llllllprlnt‘ng out the needed lnformdtionllillliliﬁllillli
REM
INPUT"insert the time in se~, at which the first temperature is needed

INPUT" insert the time in sec. at which the last temperature is needed”
IF T2>DT#566 THEN T2=DT*SGC
Us{TI\DT)+?
Vs{TZ/DT)+1

PRINT n

PRINTVANSREERURENEL v he nodul temperdtures at the needed timetdtdvtasnsasen

REM

PRINT" nete: tl=indccr tacing temperature and tlzoutdcor fdelng lemperature

PRINT "time in sec .","t? cel." ,"t2 rel." ,"t? cel." "mer kg/s"
” , " ”" s " " 'll "

PRINT "mmmmanmcceaa® ) facee ammmmm—m——

FCR A=U OV
PRINT (A-1)4DT,
NEXT 4
PRINT?
PRINTthe tctal heat 1css near the Steady Stdate stagez"MSOPHFGYW/m™2Y
PRINT*the ccnvective heat loss rate near the steady state stagez"
IIHMAX W/ m= 2"
PRINT"the masimun intervel ccnvetive heat lcss rates"SiN
PRINT "the average convestive heat loss ratez"GAVG"w/m"2"
PRINT "the average cohvective heat lcss rates"QAVG"w/m"l"
PRINT "the mass condensaticn rate near the the steady state stagesz"
MSC" ka/ sec per m*Z"
PRINT"the averdge mass condensaticn rate during condensaticnz"
MCRAVG"kg/ se= .per m*2"
IF TES=06 THEN GOTO 1610
PRINT"the time needed to reach steady state stage="TSS"seconds"
REM
INPUT"dc you wart to know the temperatures at another time interval Y or K"

IF A$="y" THEN GOTO 1376 FLSF 1635

PRINT®

INPUT"dc you want to try at cther rcnditions
IF E$="y" THEN 180G ELSE RUN"cond"

THIS subroutine SULVES THE THREF NODAL EQUATICNC SIMULTANEQUSLY AS CGNL
ENSATION OCCUR BY TRIDIGONAL MATRIX ALGORITHM

TCLA)Y,T(2,A),T(3,A) ,MTR(A)

LAX"W/m 2"

7 or n";Fg
REM
REM

B
1)=(C(I~1)*D)
I)=(F(I~1)*D)

))/B(2)
))/7801)

THI3 SULRCUTINE CALPULATES Thi AaVERAGE CONYECTIVE dEAT
FINCS THE 'AXIMUM AND INIMUM INTERVAL FONVECTIVE HEAT

T3, K
T(E,K
voea
LLLl
LN o 1N 3
wCLl

FATE ANLL

o
™M
i

e+
i)
i3

T L Ta¥52n
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1660 GINMAX 20
16110 QIHMIN=100
1820 H=500
1836 FOF H1z1 TO H-2
1841 QM 2(T(1,H1)sT(1,H141))/2
1857 CINAV(H1)=HO®(Q1=T(1,1))
1840 IF QINAV(H1)CQINMIN THEN GINMIN=QINAV(HY)
1870 IF QINAV(HV)>QINMAX THEN QINMAX=QINAV(H)
1880 QINTOT=QINTUTJINAY (nY)
1494 IF TESSKT(3,HY) THEN TE3S=T(3,H1)
1900 IF T{3,H141)sT(3,H1) THEN 1916 ELSF 1935
1610 IF T(2,R1)=T/2 1 Thid 1920 ELSE 1920
1926 IF T(1,Hte1)2T( 1, HY) THEN GCTO 195G ELSE 19605
1946 NEXT H1
1940 GOTO 1960
1950 T3C=DTH
19060 CAVG2GINTCT/ZHY
1970 RETURN

1940 REM thls subroutirne ~alculates tne saturatlcn temperoture at the
begining of condensation using keenan,keyes, hill , and moore formula

1990 REM

26006 Fz0

2010 FUR X0=1 T0 &

2026 Fi=F2(X0)8((.65~.01%T2)"(X0=1))

2630 F=F+F1

20u0 NEXT XO

2056 TKEL=TI+273.15

2060 L1=LOG(217.99)« ( (274, 136-TI)¥F*(.01/TKFL))
2070 PASzEXP(L1)

2080 PWATH=RH#PWS

2090 HURz, 62198 * PWATM

21400 Abz21/7(HUR+1)

21106 PAz1613251#PUATM

2120 PTOTzPA+1013251

2130 PAz2G.921*PWATH

2rurc FA=LCG(P4)

Znin TOATF =75 . 0l T«(30.5T3 FA)« {1, 3833%FA"2)
21606 TSAT=(5/9)*(TSATF~32)

a6 IF TSATOTI THEW T3AT=TI

2186 RETURN

2797 REM this subrcoutire calculates the interfaocial temperature at constant
conditions,using (F. ROSE) simplified equaticn

2200 REM

2216 FOR J=1 TO 16GGG

22260 IF PWSI-PVIKO THEN GOTO 2246

22306 WGl=zwGI~SD

22un PVIzPTOT*(1-4GI)/(1=(1~(MV/MG);*WEGI)

2250 AE=(20ONASC 2RDORAB 28 GGI"2/21)+ (1NSSC I*DOPWBINGI ")
2260 BE 1z (=~ 10GWERST® WGI*(WCI~WB)"2/2V)+ (2*SCH*WGI1#(WGI~AB)"3)
2276 BE2:2~(BASC 2#WGI "2 (WGI~WB) "2)

2280 BE=BE 14BF2

2290 CE=UneCO%(WGI-WB)"us28

2300 DEz~Q#X*CO®(WGI~WE)"5/3

2310 BC=BE/AE

2320 CC2CE/AF

2330 CC=DE/AF

J3un PE=CCa(BC"2/3)

2350 CE=zDC-(BCHCC/3)+(2%BC"3/27)

230 2EV2(~QF/2)e(=QE/2)

2370 2E=2817(1/3)

236 YE=lF-{PE/(3%2F))

2390 SP=YF-(C/3)

REIYE TOiz(SPYIFGRNFUL/KL)«T(3,K=1)

hOR S TAIFs ()¥TCI/5) 32

.o Al=V. oz
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2u4n B2:-30.579

2450 C2:79.047-TGIF

2u60 FA1:=B2"2

2470 FACz(FA1-4#pA20CD)

2480 FA=(B2+FAO0",5)/(2%A2)

2490 PWS=(2.718282)"°FA

250G PWSIsPWS*10613251/29.92"

2516 IF PVI=PWSI THEN TGIC=TGI

2520 IF (PWSI-PVI)=<LIM THEN TGIC=TGI ELSF 254n
2530 IF TGIC=TGI THEW GOTO 2550

2540 NEXT J

2550 IF PHSI=-PVI=<C THEN MCR(K~1)zMCR(K=2)
2560 SD=. 60000

2576 LIM=1

2580 RETURN

2590 PREM this subroutine calculates the average mass ~cndernsatidn rate
during condensatisn"meravg"

2860 MES=10

2¢e10 FCR 221 TC 500=2

2620 IF MCR{Z}<MSS THEN MSS=MCR(1)
2630 IF MCR(Z+V)= THEN GOTO Zbsh
2640 AINAV=(MCR(Z)#MCR{Z1) )/
2650 MTLTzHTUT A IhaY

2660 NUMINTsNUMIKNT»1

26706 MCRAVG=HMTCT/NUMINT

2680 NEXT 2

2697 RETURN
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SUB-PROGRAM 6

LM T(7,516) ,A(7),B(T7),0(7) ,F(T),CIRAV(500) ,F2(3),¥r 575}

REY

INPUT"thls subprcgram caiculates the mass condensation rate and the resulting

heat loas when indoor condensation occurs on double glazed windows at
cgnstant ~orditioens if you want to use it print (y) else print (r)";B¢

IF 8sz"y" THEN GCTO 76G ELSE RUN"2ong"

REM

RE4 *Rew880 aeran ,keyes,nill ,and mccre formula ~crnstantstisssuay

REM
PEM

REM

REN

REM

PENM

F2(1)=.TU1,9242
F2(2):=29.721

F2(3)=~71,55266
~. 8685635

emmeymm
sryforafie
B o~~~
T e
L TR LI T T

O~V £
T e o 2
o

ut 5t atmosoneri- ,indcor for31t151LS and wWinacw relatea data¥eeds

PRINT"

INPUT"the indcer temperature in ¢ =";7T1

PRINT!

IhPUT"ambient tenper uture in ¢ =";TCUT

PRINTY

INPUT" indcor relative humidity =";RH

PRINT"

INPUT"the wind speed in meters per se~ond=";AV

PR INT®

IMPUT"the wind angle ¢f attack frem nermal in degrevsz=";ANG

PRINT"

INPUT"winacw (OF #4all) heignt ir metersz";L

PRINTY

INPUT"glass thi~kness in meters(air space 15 taken twice that)=";M
PR INT"

INPUT"time interval in seronds=";DT

PRINT"

GIo3UL 260

the average outdcer(toa),inacer{tia) wnd wall temperatures(twia,twoa)
will be assunes as following

T1A=T!

T IA=zTIA6

TIAK=TIA«273

TW IAK=TAd 124273
the air properties are evaluated at the assumed average film
temperatures which is equal to 28 deg. ¢ for outdoor conditions
ard 2' deg. ¢ for inscer corditicns

MEUL=1,4337F <0

ALFAl=.OOGG211

KAI=z,02570k4

TEILMI=(18e2U4) /24273

BETAl=V/TFILMI

SEGMA=5.673E-~08

FSR=t

RAl=z). BBETAIM 3% (TwIA-TIA)/(NMEUI®ALFAD)

IF RAICIE GG THEN HCI=.59%KAI®(RAI®.25)/L

IF BAIDYESOY THEN HO Iz, 1#KAT*(RAI®.332)/L
HRI=SEGMA®FSR® (TIAK "2+ Th IAK*2)*(TIAK + T4 IAK)
HIzHCleHR]

1F ANG=>G AND ALGC30 THEN MO=zT7.77+42.9%wV

IF ANG=2>30 AND ANGCofO THEN HO=T7.5+3.26%4V

B ALY AH0 ANL ANGOYLN THEL HU=7.52e4, 18,V
SEOANGEI AL AND ANSLYUN THEY 40=26.832.83%4V
SFOARGS> Ve ANL ANSE YT THEL W2, 2Tel.65%aV

NIl T
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617 DX2(2¥Mas2%M) /6

520 KAS=z., 054

630 KAGL=(2%KAS*KGL)/(KAS+KGL)
640 R1=1/7H1

650 P2=(1/4GL*DX)+R 1

660G R32(1/KAGL®DX)+RE

670 Ruz(1/KAS*DX)+F 3

680 RSz (1/KAS*DX )+R U

696 R6=(1/KAGL*DX)+R5

746G R7=(1/KGL*CX)+R6

716 RzRT«1/HO

7206 T(7,1)=TI=(R1/R)®(TI-TOUT)
730 T(6,1)=TI-(P2/R)*(TI-TOUT)
46 T(5,1)=T1-(R3/F)*(TI-TOUT)
750 T(4,1)=TI-(RU/RIR(TI-TOUT)
760 T(3,1)=TI-(R5/R)%(T1-TOUT)
770 T(2,1)=TI-(RH/R)®(TI.TOUT)
736 T(1,1)=TI=(R7/F)M(TI-TOUT)
790 IF T(7,1)> TSAT-1 THEN GOTO 80n ELSE 857

866G PRINT"cordensation Wwill net occur at these corditions,start agdatn 1! you wis
h to try at other ccnditions else press otrl-break"

gin GOTO 180

827 PEM water and vepour properties are evzluated at assumed indccr average

716 REN temperatures

8306 REH

guf REA

287 Ruvlz10a00

§z0 RCAV=z. M5

L0 HF G=2uchinfint

820 L=.5

230 HEUL=. 6m

LTdy CVz3un

916 RUA=2T700

gz0 DO2((I. B PUALH(ROWL=RCAV)IBNLL"4)/(MFLL"2))" . 3Y
930 D22((G.8%RCALM(RONL-ROAVI®KL ") /(MEUL"2))"(1/3}
qun D3=(9.8YRONL*(RCAL~RCAV)®HFG'KL"3)" .2

95h DUz (MELL*(TSAT-"'7,1))%)" .25

96l D5=(L®(TSAT-T(T7, 1))/(MELLRAFL))" .75

970 CVA=1005

) fCaazt.C

990 MAd=z1§

1666 RG=z3310

1016 0C=.0606626

1020 HLz((DCHHC I)#((XAI/(RONASCVA#DC)) " ,25))/KAL
1630 FOs(KGL#DT)/(RCW*aY®DX"2)

1640 S=(DTR*HO)/(RULNRCV#,X)

1050 PCAA=1.3

1666 CVYA=1005

1670 FCA2(DTH*KAGL)/(RULANCVESX" D)

1686 FG= (KAGL®DT)/(PCGAARCVA'DX"2)

1060 FA=z(KAS*DT )/(RCWA%CYASDX"D)

1100 CO=(DTH*HI) /(ROWRCYV#DY)

110 CA=(Z2*DT*HFG)/(RC4*ry2DX)

1126 REM

113 REM $N#WSCALCULATING NODAL TEMPEPATUREC AL CGNDFASATION OFrypsesdess
1140 J=1

1150 H=d o
1166 FCR £zN T2 562

1170 TM=T(3,K=1)+2723

1180 GCSUB 2360

1190 MOR(Ka1 3z (HDOMAY(PASPC ) /(R3TM)
1201 FeV)=T(1,K=1)e(2859T0T)

12160 F(2)=2T(32,R~1)

12210 F(3)=T(z,K-1)

12er F(4)=T(u,&Kk=-1)

1240 F{3)zT(5,4=;




S Gesr o

P
o b33

- 233 -

F(6)2T(6,K=1)

F(T)2T(7,K=1)s (CA®MCR(K=1%))s(29CCHT])

B(1)s1+(28F0)+(293)

C(1)2=-2%FC

A(2)z=FC

B(2)s14FCsFCA

C(2)=-FOA

A(3)==FGC

B(3)s1+FGeFA

f{3)z-FA

A4 )=~FA

B(4)z14(2%FR)

C(4)=z-FA

A(S5)==FA

B(5)=s1+FG+FA

f{5)z=FG

A{6)==FCA

B(6)=1+FL+FCa

f(9)=~FC

A(7 )z=2%FC

B(7)=1+(2%FD)+(2870)

Gu3uB 1g20

NEXT K

GOSUB 1976

COSUB 2u86
REA4 #R#ananansses® pranring cut the needed lnformation HHessssassdussnd
REM

INPUT"1nsert the time in ser, at wnicn tne first temperature 13 needed

INPUT"insert the time i1n sec, at whilch the last temperature 1s needea"

IF T2>500%DT THEN T2z5060G%0T
Us (T1/DT )+
Va(T2/DT)ed
PRINT
PRI;ThO#SERENNNUSIINS rho ncdal temperatures at the rneeded timeRRissassrgssan

REM
PRINT" note: t7=s1naccr facing temoerature and tl=cutdccr facing temperature

PRINT "time 1n sec."” ,"t1 ~el." ,"td cel.","t7 cel.","mer kg/s"
PRINT "eceammmcama=a' Y Mammat Wmme , [ P ’ L
FOR A=Y TOV
PRINT (A=1)%*DT,  T(1,4),T{4,A),T(7,A),H4CR(A)
NEXT A
PRINT"
PRINT "the total heat lcss rate by ~ondensation near the steady
state stagez"MSS*HFG"w/m™2"
PRINT"mass corgensaticn rate near steady state stage="MSS"
kg/ sec .oer m"2
PRILT"the 1ndcer facing temperature nedr steaay state stage="TESS"C,"
IF TSS=0 THEN GOTO 1720
PRINT "the tlme necded to redach Steady Stoate Stages="TS5"seccnds”
PRINT"
PRINT"the Mmaximum interval convective heat loss ratezs"J1HMAX"w/m"™2"
PPINT"the minimun 1nterval convective heat 1loss rates"QINMIN"w/m"*2"
PRIWT"tne dveruge rofvectlve neat less rates"JAV3I"w/m 2"
PRINT"tné average mass rordensation rate during condensation="MCFAVG"
K&/ @7 .per 0" v
REM
INPUT"CZ yOU WALD IS KrZw tne temnperatures at anctner time interval Y or N

IF AT="," THEL CUT. 1520 FLIF 1795
PRINT"
JWPLTM I yCu want 1S try a2t Otrer ccrndilisrns oy 9 " F:




1816
1826

1830
1840
1850
1860
1870
1880
1896
196G
1910
19206
1930
19406
1956
1950
1676

19860
1996
2060
20 (¢
2620
2n1n
2046
2050
2060
2070
2080
chghn
2160
21 1T
2120
2136
2140
2150
2160
21760
21860

2190
2206
2210
2220
2230
2210
2250
2260
2276
2280
2296
2360
2310
2326
2336
z3ar
2350
2360

2370
;33er'.
23190
2400
zurn
Zuzr
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IF E$="y" THEN 170 ELSE RUN"cong*
PEM THIS SUBRQUTINE SOLVES THE THPEF NODAL EQUATIONS SIMULTAKECUSLY AS CONC
REN ENSATION OCCUPR BY TRIDIGONAL MATRIX ALGORITHM
FOR Is2 TO 7
D=A(I)/B(I=1)
B(I)=28(1)-(C(I~1)"D)
F(I)sF(l)=(F(I-1}%D)

NEXT I

T(7,K)=F(7)/B(7)
T(6,K)=(F(56)-(C(6)*T(7,K)))}/B(6)
T{5,K)=(F(5)=(C(5)*T(6,K)))/B(S)
T(U,K)=(F(4)=-(C(4)*T(5,K)))/B(Y)
T(3,K)=(F(3)-(C(3)*T(4,K)))/B(3)
T(2,K)=s (F(2)~(C(2)*T(3,K)))/B(2)
T(1L,K)=(F(1)=(C(1)*T(2,K)))/B(1)
RETURY

BEM THIS suprcutine CALCULATES THE INTERVAL AVERAGE HEAT GAIN RATE AND THE
‘ AVERAGE HEAT GAIN RATE OVER A PERIOD SETWEEN T4C CONDENSATION EVENTS
EM
QliiMaxzn
QINMIN= OO
Hagrr
TE8Sz=50
FOR HY'zY TO H
Q1=(T{1,H1)«T(1,Hie1))/2
QiAV(d1)=HO®(Q1-T(1,1))
IF QINAV(H1)CCIKMIN THEN QINMIM=CIHNAV(HY)
IF QINAV(HY)>QINMAX THEN QINMAXzILAV(H))
QINTOT=QINTOT+QINAV(HY)
IF TESIKT(?,HY) THE. TECI=T(T7,1)
IF T(7,H1+1)=T(7,H1) THEN 2110 ELSE 2
IF T(3,H1+1)sT(3,H1) THEN 212f ELSE 2
IF T(1,d1«1)=T(%,n1) ThEN GOTO 2150 &
NEXT H?Y
GOTD 2166
TSSsDT*H 1
QAVG=QINTCT/H1
RETURN
REM4 thisy subroutine ~al-ulates the saturatlon temperature dt the
begining of condensation using keenan ,keyes , hill ,and moore formula
REM
Fz0
FCR X0=1 TO 8
F1=FZ(XC)#((.65~.014TI) (XC=-1))
F=Fa+F1
NEXT X0
TKEL=TI+273.15
L1=L0C(217.99)« ((3T74,126-TI)®F¥(.G1/TKEL))
PAS=zE XP(L1)
PWATM=FRh®PAS
PAz101325 1 RPAATH
PW=2G.3C1%P4aT™
FA12L3G(PW)
TSATF=70.0UT+(30.57T9%FA1)e (1. BEGI%FAITC)
TSAT=(5/9)*(TSATF-22)
IF TSATYTI THEL TC/T=TI
PETURN
REM tnis subroutine ~alrulutes the saturation pressure at the windod
temperature using keernan,keyes hill,and moore foarmula
REN
Fzn
FOR X3=% 70 ¢
Frzf /L0800 £S5~ 018717 Yar ) )0 1L50=1))
FzFaf?
UEAT ho
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2u3e TKELsT(7,K=-1)+273,15
2uu”. L12LGG(217.9G)« ((374.136~T(7,K=~1))9F%(.C1/TKEL))
2450 PuS2EXP (L)
auLs, PC31G13E51%PAS
2476 RETURN

24E0H PREY tnis subroutine ~alculates the average mass condensation rate
during condensatiorn"meravg"

u9h MSS=10

2500 FCR Z=1 TO 5006

2510 IF MCR(Z)XMSS THEN MSS=MCR(2)
2520 IF MCR(Z+1)=0 THEN GOTL 2576
2530 MINAV=(MCR(Z) +MCR(Z+1)) /2
2540 MTCT=MTOT«MINAV

2550 NUMINT =NUMINT 1

2560 MCRAVG=MTOT/NUMINT

2570 NEXT 2

Leen RETURN
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SUB-PROGRAM 7

DIM T(T,516),A(T),BCT),C(T) F(T7),QINAV(S0G),F2(8) MCR(505)

REM

INPUT"this subprogram calculates the mass condensation rate and the
resulting heat loss when indoor condensation nccurs on double glozed windows
at cornstant conditions if you want to use 1t praint (y) else print (n)}";B8$

REM

IF Bs="y" THEN GOTO 70 ELSE RUN"cona"

FEM ®#88%#8p0unan,keyes,h1ll ,and moore formula constantutessesss

REM

REM

REM

REM

F2(1)=-Tl1.9242
F2(2)=-29.721
F2(3)=-11.55286
F2(4)=-,8685635
F2(5)=.1094n98

F’(7)=.2520655
2(3)=.0521568

K ""' input of atacspheris ,indocr cconditices Jarnd wirdcw related Jgtattee

PRINTY

INPLT"the inaccr temperature in c =";7T!

PRINT"

INPUT" ambient temperature {r ~ =";TCUT

PRINT"

INPUT" indcer relative humidity =";PRi

PRINT®

INPUT"the wind speed in meters per serondz";dV

PRINT®

INPUT"the wind angle of attack from normal in degteesz";ANG

PRINT®

INPUT"window (OR WAL!.) height ir metersz";L

PRINT"

INPUT"glass tnickness {n meters(air space is tuken twice that)z";H4
PRINT"

INPUT"time interval in seconasz";DT

PRINT®

GJOSUB 2374

the average outdocor(tca),indcer(tia) and wall temperotures(twia,twoa)
will be assumed as following

TIA=TI
TAIA=TIA+b6
TIAK=TIA+273
TAIAK=TA IA+273
the air properties are evaluated at the assumed dverage film
temperatures wnich is equal to 28 deg. ¢ for outdoor condgitions
ard 27 deg. ¢ for indcor ccrditions

MEUI=1,uG37E-NS

ALFAI=z.OOOG211

KAl=z.025764

TFILWI (1842 U)/ +272

BETAI=1/TFILM

SEGMA=5.673E-GB

FSkzY

RAI=zN . EOBETAI®L"I#(TAIATIA)/(MEUI®RALFAL)

IF RAICIE«09 THEN HCI=.59'KA$'(FAI .25)/L

IF RAIDIE«NG THEN HOI= 1%KAI®(RAI".3:3)/L
HRIzSEGMA*FSR® (TIAK 2+TAdIAK "2)# (TIAK+TAIAK)
HIzHCIWHRI'

IF ANG=>0 AND ANGCIO THEN HOz7.T772.9%WV

IF ANG:)}G AND ANGCHO THEN HO=7.5432.26%4Y

IF ANG=YE0 ALD ANGKIOGO THEN HOU=7.GC+u,1%aV
iF '"G Y106 AND ANGCIUG THE!N HL=26.81742,63%4V
IF ANG=Y U0 ANl ANGECY 20 Tap'e fuzo 76l E5% .Y
KGL:.?E

LESTI® el
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620 KASs, 54
6 KAGLs(2®KAS®KGL)/(KAS+KGL)
bur Rist/HI
656 R2=(1/KGLODX)F?
660 P3z{1/KAGL®*DX)+R2
676 RuUzs (1/KAS"DX)+R3
680 RS52{(1/KAS*DX)+PU
6410 R6z(1/KAGL®*DX)+R5
760 R7=z(1/KGL®DX )+P6
710 PzR7+1/HC
720 T(T,)sTI<-(RV/R)R(T]ITOUT)
736 T(6,1)2T1=-(R2/R)*(TI-TOUT)
T4G T(5,1)=2TI-(R3/R)®(TI-TOUT)
750 T(U4,1)=TI-(RU/R)®(TI-TOUT)
766 T(3,1)=TI=-(R5/R)*(TI-TOUT)
0 T(2,1)=TI~-(R6/R)*(TI=-TOUT)
780 TV, V)T I~(RT/R)R(TITCUT)
7456 IF T(7,1)> T3AT-1 THEN GOTO 80nh ELSE 856
En% PRINT" crdersation will rct ocrur at tnese rcorditiorns,start azain 1f you wis
h to try ot other conditions else press ctrl-break”
816 GUTC 1&n

821+ PEM watuer and vapour properties are evaluated at assumed indccr average
Ti0 REA Lemperalures

830 REM
8un REM
850 ROWLs10GN
860 ROAV=.016
876 HFG=24800G01
BEn KLz.5
ggn MEUL=z.0ONY
GO0 Cy=z840
91 RUJ=2700
9ar DO=((9.8*ROVL*(PCIL-POAV)®*XL"3)/(MFUL"2))".25
gan D2=((9.B*RUWL® (RONL=ROAV)®KL"3)/(MFUL"2))"(1/3)
Qur D3z(9.B*RCW L (RUNL~ROWV)PHFG*XL"2)",25
8§56 DU=(MEUL® (TSAT-T(7,1))%)".25
e D5=(LY(TSAT-T(7,V))/(MELL#HFG)) ", 78
9706 CVA=16GOS
v ROWdA=2Y, 2
990 Mdz18
1600 RG=8310
1610 DC=,.000026

10206 HCz((DC*HCI)*((KAI/(ROWA*CVASDC)) ", 25))/KAL
1630 FO=(KGL#DT)/ (ROWECV#DX"2)

1646 S=(DT*HO )/ (RuA®CVEDX)

1080 ROWA=1.3

1060 CVAzI005

1676 MEUA=.GOGO1T2

1080 MUz, 0600123

1696 MUL=z1.T76E~06

nen SCMU/DC

1110 MV s MW

1Mo MG=28.97

1130 WGI =

1940 SD=z. 606601

1156 LIMz2S

11060 DO=MFUL#RCAL/{MEUARRLIA)

RN COo=t/00
130 CPp! 24180
1196 PRL=CPL®*MEFUL/KL

1200 X=(MG=MV)/ (MG-dE* (MG=4V))
129¢  FOAz (DT®KAGL)/ (RCW®CV#DX*2)
1220 FGs(AGL DT}/ (RIJa® FVASDXD)
12i% FAz(KAJ®DT/(RCAASFVARDX®D)
Ve S = OTE I AR TVEDY)

124 CA={JPCTORES)/ (RUONRCY DY)




1260
1270
1280
1290
13660
131G
1320
13230
1340
1350
1360
1376
1380
1390
140G
1410
1426
1430
1440
14657
1460
1
1480
1466
1506
1510
1520
15350
1540
1556
1560
15760
1580
1556
1660
1610
1620
1630
1640
1650
1660
1670
",
1680
;T2

1690
1760
1710
1720
1730

1740
1756
1760

"

17760
1780
1790
1861
1810
1§27
1830
1Ean
1%5-
1.
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REM
REM S8wR8CALCULATING NCDAL TEMPERATURES AS CONLCENSATION OCCURS®enne
FOR K22 TO 562
GOSUB 2580
IF PWSI-PVICO THEN GOTD 1350
FO1=((9.8%L"3)/7(4*MUL*2))".25
FO2=(CPL®(TGICT(7,K~1))/(PRLYHFG))".75
FO3=U%FC1#F )I*HF G*MEUL/3
MCR(K=-1}=FO3/(HFG*L)
F(1)=T(1,K-1)+(2%39TOUT)
F(2)=T(2,K=-1)
F(3)=T(3,K-1)
F(4)=T(4,K~-1)
F(5)2T(5,K~1)
F(6)sT(6,K=-1)
F(7)=2T(T7,K=1)s(CARMCR(K=1))+(2%C01%T])
S(1)=1+(2%FD)+(2%S)
F{1)==2%FC
A(2)2-FO
B(C)=1+FC+F2A
C(2)s~-FOA
M 3)=-FC
B(3)=14FG+Fa
C(3)==FA
A(d)=-FA
B(U)z1+(2%F4)
C(4)=~FA
A(5)==-FA
B(S)=‘*FG¢FA
f{5)=~FG
A(6)=~FCA
B(6)=1+4FC+F0A
C(6)=2=FO
A(T)s-2%FC
B(7)21+(2%F0)+(2%701)
GOSuB 2020
NEXT X
GJIsUB 2176
GOsuB 298¢
REl ®SNSSURESRSRY Drinting cut the reeded Information A¥ANeusRsnssanes

REM
INPUT"1nsert the time in se~, at which the first temperature 1s needed
INPUT"insert the time irn se~, at which the last temperature i3 necdeg®
IF T2>DT*5006 THEN T2:=DT5n0
Uz (T1/DT )1
V2(T2/DT)+1
PRINT "
PRILT"ARANSRENERERS tne ncodal temperatures at the needed time®sesssasssssun
PRINT "
REM
PRINT" ncte: t7:zinacCr fazing temperature and tizoutdoor facirng tesperature

PRINT ®
PP:NT“ TO:“TQUT“F." '" ‘!‘lzu‘rlur.n ‘ll P“:" Pnl‘r'(,u‘n 'uhv=u"vum/ u
PRINT' M= TH"m" \" ASs"2#THI"m" ,"CTs" DT"SEC." ," TSAT:"TSAT" "

PRINT®
PRINT "time {n se- . ,"t1 rel " "tu cel.”,"t7 cel." ,"m~r kg/s"
PRINT "mmacacnaa ———t Wl n____u' [ D) amcmamaa
FLF Asy TL V '
pRILT (o=t )807,  TOY A, T8 A, TIT L), TR
NELAT A
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14760 PRINT “the total heat lcss rate by ccndensatior near the steady

state stagezs"MSS*HFG" w/m"2"
1880 PPINT"mass condensation rate near steady state stagez"MS5"

kg/ sec ,per m"2
1896 PRINTthe indcor facing temperature near stesady state stage="TESS"C."
1966 IF T3Sa6 THEN GOTO 1920
1910 PRINT "the time needed to reach steady state stages"TES"seconds"
1920 PRINT"
18136 PRINT"the maximum interval ccnvective heat lcss rate=z"QINMAX"w/m*2"
1946 PRINT'the minimum interval convective heat loss ratez"QINMIN"w/m=2"
1950 PRINT"the average convective heat lcss ratez"QAVG"w/m"2"
1966 PRINT'the average mass condensation rate during condensationz"MCRAVG"
kg/ sec ,per m"2"

19760 PEM
1986 INPUT"de¢ you want to know the temperatures at another time interval Y or N*
tAS
;990 IF As=y" THEN COTC 167 ELSE 19995
1995 PRINT®
2000 INPUT"de ytu wart tz try at cther ccrditizns y or n";ES
20110 IF E3z"y" THEN 176 ELSE RUN"cond"

2620 REM THIS SUBFCUTIHE SCLVEZ THE THREE NCLAL EQUATICNS SIMULTANEOUSLY AS COND
ENSATION QCCUPR Y TRIDIGONAL MATPIX ALGORITHM
263G REM

20u6 FOP =2 TO 7

2050 A(I)/B(I=-Y)

2660 B(I):B(I) (C(L-1)*D)

26076 F(O)=F(I)=(F(I~1)%D)

2046 NEXT I

2090 T(T,8)=F(7)/B(T7)

21010 TO,K)=z(F(6)~-(C(6)*T{T7,K)))/7B(5)
2110 T K)=(F(5)-(C(5)%T(5,K)))7B(5)
21260 T4, K)=(F(u)=(C(u)T(5,43))/78(4)
2136 T(a.K)=(F(3)-(F(3)'T(u,K)))/E(B)
240 T(2,K)2(F(2)=(C(2)%T(3,K)))sB(2)
2150 T(L,K)=(F(1)=(C(V)®T(2,K)))/B(Y)
2106 RETURN

2170 REM THIS subrcoutine CALCULATES THE INTFRVAL AVERAGE HFAT GAIN RATE AND THE
AVERAGF HEAT GAIN FATE OVER A PERIOD BETAEEN T#O CONDENSATION EVENTS

2180 PEM

2190 QINMAX=C

2200 QINMIN=100

axn Hz500

2220 FOR H1=1 TO H

2236 Q1z(T(1,H)eT(1,H141))/2

2240 QINAV (H1)=HO*(Q1-T(1,1))

2250 IF QINAV(H1)CQINMIN THEN QINMIN=QINAV(H1)
2266 IF QINAV(H1)>QINMAX THEN QINMAX=QINAV(H1)
22760 QIUTOT=QINTOT+QINAV(HY)

0280 IF TESSKT(7,H1) THEN TESS=T(7,H1)

229w IF T(7,H141)=T(7,H1) THEN 23006 ELSE 2326
2366 IF T{3,H11)sT(3,H1) THEN 2310 ELSF 232n
2310 IF T(1,H149)=T(1,H1) THEN GOTO 2340 FLSE 2350
2320 NEXT H1

2330 GUTU 2350

2340 T8S2DT*H1

2356 QAVG=QIHTCT/ HY

2360 RETURN

2370 PFM this subroutine calculates tne saturation temperature at the
begining of coniensation using keenan,keyes,hill,and moore formula
2386 REM

2366 Faf

U060 FOR XD=z1 TO 8

Y FUeFC{XO)M({  65~a FVNTS) (X 3=))
J2un FzFeF1

2 HEXT X2

Saar TREL=TIeZT2.'8




2us0
2u60
au76
2480
2890
2500
as1¢o
2520
2530
2540
2550
2560
2570
2580

2590
26C0
2600
262060
26130
2640
2650
2500
2670
2680
2690
2760
AR
2720
273G
2746
2750
2766
27760
2786
2790
2800
2810
2820
2830
2846
2850
28606
2870
2880
2890
2900
2910
2920
2930
2940
29506
2960
2970
2936

2996
30600
3010
3na0
3620
36
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L1aLOG(817.99)( (374, 136-T1)%F8(,01/TKEL))

PWS=EXP(L1)

PWATMzRHE*PWS

HUR2.62198*PWATH

WB=1/(1+HUR)

PAz1G13251 *PWATH

PTOT=1013251+PA

PW=29.9219PWATH

FA2=LOG(PNW)

TSATF=279.0U47+(36.579%FA2)+(1.8693%FA2"2)

TSAT=(5/9)% (TSATF-32)

IF TSATYTI THEN TSAT=TI

RETURN
REM this subroutine calculates the saturation pressure at the windcw
2EM temperature using keenan,keyes,hill ,and moore formula

FCR J=1 T2 10GGG

IF PWSI-PVICH THEN GOTO 2630

WGIzdGi-ST

PVI=PTOT*(1~AGI)/ (1= (1~(MV/MG))I*WGI)

AE=2(200#SC~2¥4D0%WB 2% WGI"2/21 )+ (10#SC 3#DO*WBIWGI"3)

SE1=(-100RWERSr®, I (WGEI-WB)"2/21)+ (29SCOLCI*(WCI-4B) ")

BE2s-(G%SC 2#ACIl 2% (wGi-~nd)"2)

BE=BE1+BE2

CE=UONCO%(WGI-WB) 4/28

DE=-3¥X#CO®(WGI-AE)"5/3

BC=BE/AF

FC=CE/AE

DC=DE/AE

PE=CC-(BC™2/3)

QE=CC~(BCWCC/3)+(2%BC"3/27)

ZF12(-QE/2)+ABS(QE/2)

ZE=ZE1°(1/3)

YE=ZE-(PE/(3%2F))

SP=YE-(BC/3)

TGI=(SP*HFG#*MFUL/KL)«T(7,K~1)

TGIF=(9%TGI/5)+32

A2s1.8893
B2=-~30.579
C2=279.047~TGIF
FA12B2"2
FAJ1=(FA1-Uu®R2#(2)
FAA=(B2+FAD1°.5)/(2%A2)
PWS=(2.718282) FAA
PWSI=PWS®#10613251/29.921
IF PVIzPWSI THEN TGIC=TCl
IF PWSI=PVI=CLIM THEN TGIC=TGI ELSE 293G
IF TGIC=TGI THEM GOTO 2946
NEXT J
IF PWSI~-PVICKO THEN MCPF(K-1}2H4CR(K~2)
SD=.60G601
LIM=1
RETURN
REM this subroutine cal~ulutes the average mass ~ondensdticn rate
during condensation"mcravg"
MSS=10
FOR 2=V TO 500
IF MCR(Z)KMSS THEN MSSzMCR(Z)
IF MCR(Ze1)=20 THENL GOTT 670
MINAV2(MOR(Z)+MrR(241))/2
MTOT=MTOTeM LAY
NUMINT2HUMINT &Y
MCRAVG =M TOT/ Wb 10T
NEXT L

FeTLRN

REM
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APPENDIX B
PROGRAM OUTPUT SAMPLES
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APPENDIX B-1

MORGFNINANNES the nodal temperatures at the needed timefdisesssncens

note: tilzindoor facing temperature and t3zoutdoor facing temperature

TO= 30 C.
Mz .0l m

time in SEC,
0
60
120
180
240
300
360
420
480
540
600
660 .
720
780
840
900
960
1020
1080
1140
1200
1266
1320
13806
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400

the heat gain near the steadv state stages 6.17uUB84 w/m"2

TIz 18 C.

DT 60 SEC.

t1 cel.

23.784T4
23.80519
23.836u1
23.87119
23.90621
23.94015
23.97252
24,00321
24,0323
24.0598
24,08584
24,11053
24.,13382
2U,15583
24,17665
2U.19636
24,215
24,23262
2U,2u4928
24,26511
24,28012
24,29429
24.30764
24 ,3203¢2
24,3323
24 ,34369
24 .,35u45
28 ,36456
24,37413
24,38326
24,39188
24 ,40005
24,40773
24 ,41501
24.,42194
24 ,42845
24, 43461
24 ,440u9
24,44598
24.,45117
2u,4561

RH= 90 %
TSAT: 28.20u47 C

t2 cel. t
24.08806
2u.12197
24.16135
24,2001
24,2371
2u,27217
24,3053
24,33657
24,36623
24,39421
24.42072
24.44588
24, 46955
2u,49194
24.51313
24.5332
24,55217
24,5701
24,58704
24.60321
24.6185
24.63291
24.64647
24.6594
2u.67159
24.68322
24.69416
24,7044
24.71416
24,7235
24.73225
2u.74059
24.74837
24,75578
2u.76287
24.76947
24.77574
2u.78174
24.7873
24,79257
cU.79761

3 cel,

24,39138
24, 47984
24.53399
24.57599
24.61285
24 ,6u668
24.67822
24.70781
24,7361

24.,.76251
24.78774
24.81172
24 .83396
24,.85518
24,8753

24 ,89434
24.91233
24.92931
24.94532
24.9609

24,9758
24.98899
25.00172
25.01416
25.02565
25.03685
25.04713
25.05665
25.06601
25.07505
25.08322
25.09123
25.09844
25.10554
25. 1124

25, 11848
25. 12447
25.13028
25.13534
25.14037
25.14524

----- - 55 T o o - o

6.854508E-06
6.738223E~06
6.660327E-06
6.582122E-06
6.503606E-06
6. 42U4T69E~06
6.385241E~06
6.305913E=-06
6.26613E=06
6.226261E<06
6.146266E-06
6.106142E-06
6.065928E-06
6.025611E-~06
5.985214E=N6
5.944735E=-06
5.904155E-06
5.90U155E-06
5.,863437E-06
5.322716E-06
5.781859E£-06
5.781859£-06
5.740896E-06
5.TU0896E=-N6
5.6998U45E~06
5.658691E-06
5.658691E~06
5.658691E~06
5.617435E~06
5.617435E~06
5.57608E~06
5.57608E~06
5.57608E~06
5.53462E~06
5.53462E-06
5.,53462E~06
5.493062E~06
5.493062E-06
5.493062€=06
5.493062E-06

the mass condensation rate near the steady state stages 5,283648E-(6

kg/s per m"2

the indoor facing surface temperature nedr steadv statez 24.53964 ¢,

the time needed tp reach steady state stagez B8GUC seconds

the maximum
the minimum
the average
the average
kg/sec.per m

interval heat gain rates 6,174884 w/m"2

interval heat gain ratez 8.364024E-02 w/m*2

heat gain rate =z 5,32365 w/m"2
mass condensation rate during condensations §5,34539E~06

c2
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SUNEUNERENNSY tne nodal temperatures at the needed timefPRtrsasnsnes

note: tistndoor facing temperature and t3zoutdoor facing temperature

B L L L L Y Y P T L L L DL T . o - A D e 0 A e

TOs 30 C. TI= 18 C. RH= 100 %
Mz .0t m DTs 6G SEC. TSATz 30 C.,
time in SEC., t1 cel. t2 cel. t3 cel. mer kg/s
0 23.78474 24 .08806 24.39138 1.,217202E-05
66 23.82007 24 .,1466U 24,.54419 1.1786Q4E~05
120 23.87384 24 .2144 24.63707 1.,156G36E-05
180 23.9336 24.28093 24 .70885 1.,139761E-G5
240 23.99363 24.,34u26 24.7TT164 1.126685E-05
no 24.05173 2u,40u24 24,8264z 1.113559E-05
Y RETE P AT 24,46093 24.88339 1,160381E-05
420 24,15965 24.514u4 24.93u06 1,08713E=~05
486 24.20926 24,5649 24.98167 1.07T191E-05
5S40 24,25615 24.61259 25.02682 1.067202E-05
600 24.30047 24.65767 25.0654¢9 1.057181E-05
660 - 2u4,34233 24 .70024 25.10975 1.047128E~05
720 24.38185 24.74042 25. 14767 1.040409E=-05
780 24.41923 24.77846 25.18378 1.030302E-05
840 24,45Uu51 24.81433 25.,21759 1.023546E-05
900 24,48785 24, 8uB24 25,2497 1,0167T4E-05
966G 24.51937 24,8803 25.,28009 1.006589E-05
1020 2u.,54907 24 .91045 25.30836 1.003187E-~05
1080 24.57716 24.93905 25.33558 9.963703E-06
1140 24,6037 24.96605 25,3613 9.895389E-06
1200 2u.62877 24.39152 25.38513 9.826905E-06
1260 2u.65238 25.0155 25.40768 9.7926E-N6
1320 2U.6THT 25.03822 25.42927 9.723889E-06
1330 24.63577 25.05961 25.44936 G.683459E-06
1440 2u,71566 25.07985 25.46856 9,654996E~06
1560 24,7345 25.6G39062 25.48679 9.585959E=06
1560 24,75223 25.11702 25.50361 5.551372E=-06
1620 24 .76896 25. 13461 25.51966 9.516747E~06
1680 24.78475 25.15007 25.53485 9.482073E-06
1740 24.79967 25.16524 25.54921 9.U4u736E-06
1800 24,81376 25.17957 25.56274 9.412602E-06
1860 24 ,.82706 25.19308 25.57548 9.412602E-06
1920 24.8397 25.20598 25.58791 9.377811E=-06
1980 24.85166 25.21817 25.59945 9,3U29TUE~D6
2040 24.86295 25.22964 25.61023 9.308084E~06
200 24.87358 25.24042 25.62033 9.308084E-06
2160 2u.88365 25.2507 25.63021 9.273152E-06
2220 24.89317 25.26637 25.6393 9.238191E-06
2230 24.90211 25.26544 25.6U7T4 9.238191E~06
2340 28.91059 25.27807 25.65602 9.203168E~06
2400 24.91857 25.28617 25.66359 9.203168E-06

the heat gain near the steadv state stages 10.38212 w/m"2

the mass ccndensation rate near the steady state stage= 8.386002E-06
Kkg/s per m"2

the indoor facing surface temperature near steadv statez 25.05399 c.
the time needed tQ reach steadv state stages 12600 secconds

the maximum interval heat gain ratez 10,38212 w/m"2

the minimum interval heat gain rate=z .1U4UU865 w/m"2

the averdge hecat gain rate = 9.47537) w/m°2

the average mass ccndensation rate during condensation= §.991214E~-06
K@/ sec,.per m*2




244 -

SRESURBRNINNN the nodal temperatures at the needed timefttssvsssaisce

note: tizindcor facing temperlture and t3soutdoor facing temperature

TO= 34 C. TI= 24 €, RHs 90 %
Mz .01 m DT= 60 SEC. TSATz 32.15934 C.
time in SEC. t1' cel. t2 cel, t3 cel. mer kg/s
0 28.77849 29.04008 29.30168 6.542907E-06
60 28.79742 29.07152 29.38371 6.305913E-00
120 28.82611 29.10769 29.4331 6.186309E-06
180 28.85792 29.14313 29.47129 6.065928E-06
240 28.88972 29.17666 29.50423 5.935214E-N6
360 28.92035 29.205827 29.53449 5.904155E-06
360 28.94944 29,23802 29.56265 5.3227106L-06
420 28.9769 29.26599 29.58896 5.781859E-06
480 29.00284 29.29243 29.61408 5.699845E~00
540 29.02727 29.31728 29.6374 5.658691E-n6
600 29.05031 29.34075 29.65963 5.57608E~00
660 - 29.07196 29.36274 29.68018 5.53462E~0b
720 29.09235 29.38349 29.69975 5.493062E-06
780 29.111589 29.40306 29.71827 5.451396E-06
8uo 29.12973 29.,42154 29.73574 5.40962E-06
9Ccn 29. 14684 29.43696 29.7522 5.3257“85-06
960 29.16284 29.458517 29.76714 5.325748E-0b
1620 29.17796 29.47058 29.78186 5..~3bUBE-n6
1080 29.19221 29.485069 29.79556 5.241437E-06
1140 29.20562 29.49873 29.80836 5.19911E~06
1200 29.21822 29.51151 29.8201 5.156661E~06
1260 29.23002 29.52349 29.831u6 5.156661E-N6
1320 29.24119 29.53u489 29,8423y 5, 114106E=-06
1380 29.25171 29.54557 29.8524 5.071432E-00
1440 29,26155 29.55555 29,86164 5.NT1U32ELNG
1560 29.27655 29.56503 29.87072 5.06280636E-06
16560 29,27958 29.57389 29.87895 5.028636E-06
1620 29.28734 29.58232 29,887062 4.935713E-06
1680 29.29558 29.59017 29.89427 4,985713E~06
1740 29.3029 29.59763 29.90141 4,942673E-06
1800 29.30973 29.60u55 29.90776 4,942673E-06
1866 29.31619 29.61112 29.91403 4,942673E-06
1920 29.32232 29.6174 29.9201 4,899499E-06
1380 29.32805 29.6232 29.92538 4,899499E~N6
2040 29.33345 29.6287 29.93062 4,899499E-06
2160 29.33859 29.63395 29.93569 4,.8562G8E-0G6
2160 29.34336 29.63877 29.9u4002 4,856208E-06
2220 29.34785 29.64333 29.94435 4,856208E-G6
2280 29.3521 29.64768 29.94854 4,856208E-0C6
2340 29.35617 29.65165 29.95258 4,81278%E~D6
2400 29.35992 29.65562 29.9559 4,812784E-NH

the heat gain near the steadv state stages 5.498047 w/m”
the mass condensation rate near the steady sState stage: u 68172506 kg/= per m*

tne indoor facing surfice temperature near steadv state= 20,42228 c.
the time needed tg reach steady state stagez 11520 seconds

the maximum interval heat gain rate=z 5.498047 w/m"2

the minimum interval heat gain ratez B.082537E-02 w/m"2

tne average heat gain rate =z 4,991877 w/m"2

the average mass condensaticn rate during condensationz 4,.735633E-34
kg/eec,p2r m"2
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sesnvrtscanes the nodal temperatures at the needed Lime#resRsasresss

note: tisindoor facing temperature and t3zoutdoor facing temperature

-------- - " - - - -

T0s 3u C.
Ms 01 m

time in SEC.
0
60
120
180
240
366
366G
420
480
546
500
6606 -
720
18C
840
900
960
1020
1080
1140
1200
Y
1320
1380
1440
15600
1560
1620
1680
1740
1800
1860
1920
1960
2040
2100
2160
222
2280
2340
2400

the heat gain near the steadv state stages
the mass condensation rate near the steadv

kg/s per m"2

the indcor facing surfuace temperature near

TIs 18 C.
DT= 60 SEC.

tt cel.

25.81781
25.85727
25.91711
25.98342
26.,04988
26.11399
26.17496
26.2326
26.28693
26.33814
26.38639
26.43183
26.47467
26.51499
26.55295
26.53871
26.62245
26.65424
26.68u12
26.71226
26.73879
206.76378
26.78732
26.80947
26.83039
26.85009
26.86363
2€.83616
26.90263
26.91817
26.93275
26.94645
26.95935
26.97148
26.983
26.99389
27.00415
27.0137
27.0228
27.03135
27.03939

RHs 90 %

TSAT: 32.15934 C.

t2 cel.

26.22773
26.29317
26,368u9
26.4u4219
26.51223
26.57828
26.64055
26.69919
26.75436
26.80636
26.85535
26.90147
26.94498
26.98589
27.02u442
27.06071
27.095

27.12727
27.15757
27.18613
27.21307
27.23845
27.26234
27.28481
27.36608
27.32607
27, 34437
27.362%¢0
27.37941
27.39521
27.40996
27.42385
27.43693
27.44925
27.46099
27.47207
27.48248
27.49224
27.50138
2TL81003
27.51824

t3 cel.

26.63765
26.80834
26.91113
26.59026
27.05944
27.12259
27.18156
27.23662
27.28864
27.33758
27.38367
27.42698
27.46803
27.50635
27.54257
27.57667
27.609M
27 .6394

27.66773
27.69461
27.71578
27.74387
27.76631
27.78738
27.80754
27 .82627
27.84415
27 .B6C6E
27.87645
27.89139
27.90506
27.91808
27.93037
2T7.94104
27.95323
27.96366
27.97343
27.98253
27.99102
27.99936
28.00697

11.05878 w/m"2

1.361261E-05
1.311756E-05
1.283636E-05
1.26UTTUE-DS
1.24581TE=-05
1,229947E-05
1,214009E-05
1.197999E-05
1.185141E-05
1,172234E-05
1.159282€-05
1., 1877 35E-05
1.1..496E-05
1.126685E-0%
1.1168U5E-"5
1.110269E~05
1,100381E~05
1.090462E-05
1.,083834E-05
1.077191E-05
1.070535E-05
1.063365E=-G5
1.057181E-05
1.053833E-05
1,047 128E=-05
1.Q437T71E-05
1.037T043E-05
1.033675E-05
1.0303G2€~05
1.023546E-05
1.020163E-05
1.016TTUE-0S
1.013383E-05
1.013383E-0%
1.009988E-05
1.006589E-05
1.003187E-05
9.997812E-06
9.997812E-06
9.963703E=-06
9.929566E-06

state stage= 9,585959E-06

steadv statez 27.16981 ¢,
the time needed to reach steadv state stages 14340 seconds

the maximum interval heat gain rate=z 11,05878 w/m"2
the minimum {nterval heat gain ratez ,1613675 w/m"2
10.2353€ w/m"™2

the average mass condensaticn rate during condensaticnz 9.715854E-06

the average heat gain rate

wg/Cec .per "2
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APPENDIX B-2

Gs20faNEaNest the nodal temperatures at the needed timetdodsssacsnse

note: tisindoor facing temperature and t3soutdoor facing temperature

_——aeem - - - Y L L ] P L L L L - -

TOs 30 C. Tl= 18 C. RHs 90 %
Ms .0' m DTz 60 SEC. TSATs 28.2047 C.
time in SEC. t1 cel. t2 cel. t3 cel. mer kg/s
0 23.78474 24,08806 24.39138 1.21694 JE =05
60 23.82006 24, 14663 24,.54416 1. 171711E-05
120 23.87362 24,21405 24,63617 1. 14433E-05
180 23.93293 24,27995 24,7068 1.123217E-~05
240 23.99225 24,34238 24.76816 1.10483E-05
300 24.04937 24, 40117 24, 82419 1.088002E =05
360 24.10358 2U, 45646 24,87633 1.0723E~05
420 24, 15474 2u,50845 24,92516 1.,057551E-05
460 24, 20292 24.55735 24,97102 1.043685E~05
540 2u. 2u825 24,60333 25.01412 1.030609E~05
600 24.29088 2U4,64656 25.05463 1.018307E-05
660 . 2u. 33097 2u,66722 25.09272 1.00672E~0Y
720 24.36867 24,72544 25.12853 9.95L023E-06
780 24, 40412 24.76139 25.1622 9.8553E-06
840 24, 43745 2U.79518 25.19386 9.758614E-06
900 2u. 46879 2. 82696 25.221362 9.66TUIUE-Ob
960 24.49825 24.85683 25.2516 9.5816U43E~06
1020 24,.52595 24,8849 25.2779 9.500996E~06
1080 24.55199 24.91132 25.30263 9.425018E-06
1140 24,57648 24,9364 25. 32588 9.353627E-06
1200 24.59949 24.95947 25.34773 9.286295E~06
1260 24.62113 24,981 41 25.36827 ). 22304 8E-06
1320 24. 64147 25.,00203 25.38758 9.163494E-06
1380 24.65059 25.02142 25.40573 9.107374E-00
14540 24.67856 25.03964 25.42279 9.054699E-06
1500 24.69546 25.055677 25.43883 9.005154E-06
1560 24,71134 25.07287 25.4539 8.958529E~06
1620 24. 72627 25.088 25.46807 8.714572E-06
1680 2U. 7403 25.10222 25.48139 8.873407E-06
1740 24, 75349 25.11559 25.493N 8.834592E-06
1800 24.76589 25.12816 25.50567 8.798103E-06
1860 24,77754 25.13998 25.51673 8.7637BU4E-06
1920 24.7885 25.15108 25.52713 8.731535E-06
1980 24.7988 25.16152 25.5369 8.70122€-06
2040 24,.808u7 25.17133 25.54608 8.672673E-06
2100 24.81757 25. 18055 25.55471 8,6U5825E-06
2160 24.82612 25.18922 25.56282 8.620666E-06
2220 24.83415 25.19736 25.57045 8.596928E-06
2280 24,811 25.20502 25.57761 8.5T4637E-06
2340 24,8438 25.21222 25.58435 8.5536035E~06
2u00 24.855u8 25.21898 25.59068 B8.533999£-06

the heat gain near the steadv state stagez 9.610453 w/m*2

the mass condensation rate near the steadv state stages B8,225573E-06
k3/s per m*2

the indcor facing surface temperature near steady statez 24.95965

c

the time needed ‘to reach steady state stages 10140 seconds

the maximun interval heat gain ratesz 9,610453 w/m"2

the minimum interval heat gain rate=z ,1444557 4/-"°

the average heat gain rate =z S.54.7- /- "2

tne ave~age mass condensation rate during condensationz 8,.356922E-06
kg/sec .per m"2
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S998800909108 1he nodal temperatures at the needed timettesssnssssas

note :

tisindoor facing temperature and t3soutdoor facing teuperacure

T0s 30 C.
Mz .01 m

time in SEC.

60
120
180
240
300
360
420
ugo
540
600
660
720
780
B4O
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400

the heat gain near the steady state stage:z

1I= 18 C.

DT 60 SEC.

t1 cel.
23.78474
23.83965
23.92291
24.,01506
24.10721
24, 195092
24,28008
24. 35949
24, 43423
2u,50453
24.57062
24.63274
2u.69114
24, 74602
24.7976
24, 84607
24.39162
24.93442
2u,97464
25.01242
25.04793
25.08129
25.11263
25.14207
25.16974
25. 19572
25.22014
25.24307
25.26462
25.28485
25.30386
25. 32172
25. 33849
25. 35425
25.36905
25. 38295
25.396
25. 40826
25.41978
25. 4306
25. 44076

RH=z 100 §
TSATs 30 C.
t2 cel. t3 cel, mecr kg/s
24.08806 24.39138 1.891894E~05
24.17911 24.62889 1.820898E-05
24,2839 24.77185 1.777801E-05
24.38628 24.88155 1. 744554E-05
24.48326 24.97679 1.715551E-05
24.57454 25. 06375 1.688957E~05
24.66036 25.14462 1.664139E-05
24.74104 25.22034 1.640818E-05
2u4.81688 25.29142 1.618858E-05
2u4.88817 25.135819 1.598168E-05
24.95518 25.42093 1.578663E~05
25.015816 25.47989 1.560287E=05
25.07735 25.53529 1.542985E-05
25, 13299 25.58736 1,526677E~05
25.18527 25.,63628 1.511315E=05
25.2344 25.68225 1.496855E-05
25.28057 25. 72545 1.483243E-05
25. 32395 25.76604 1,470429E-05
25.3647 25.80417 1.458367C~05
25. 40301 25.83999 1.447023E-05
25.43899 25.87365 1.436332E~05
25. 4728 25.90527 1.426288E-05
25.50456 25.93497 1.416842E-05
25.5344 25.96288 1.467954E~05
25.56243 25.9891 1.399582E-05
25.58877 26.01372 1.391718E~05
25.61351 26.03686 1.384329E-05
25.63675 26.05859 1.377375E-06
25.65858 26.079 1.370837E~05
25.67909 26.09817 1.364696E-05
25.69835 26.11618 1.358921E-05
25.71645 26.133 1.353498E-05
25.73344 26.14899 1, 348381E-05
25. 74941 26. 16391 1.343583E-05
25.76u4 26.17793 1.339076E=-05
25.77848 26.19109 1.334832E=-05
25.791M 26.203u6 1.33085E~05
25.80u14 26.21507 1.327114E-05
25. 81581 26.22598 1.323591E-05
25. 82677 26.23622 1.320299E-05
25. 83706 26.24584 1.317179E-05

14,.82821 w/m"2

the mass condensation rate near the steadv state stagesz 1.759109E-05

kg/s per m"2

the indoor facing su-face temperature near steadv statez 25,59754

¢
the

the maximum
the mininum
the average
the
Kg/ sec .per m

interval heat gain rate:
interval heat gain rates

time needed 'to reach steadv state stagez 10500 seconds

14,82821 w/m"2
. 2245352 w/m"2

heat gain rate = 13.40087 w/m"2

average mass ccndensation rate during condensations

"2

1. 2897QUE-D5
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S90800RRRNNEY the nodal temperatures at the needed tinetilesscsssess

note: tisindoor facing temperature and t3soutdoor facing temperature

- - - - - - - - - - - - - -

T0= 34 C. TIz 24 C. RHz 90 %
Mz .01 m DTz 60 SEC. TSAT=2 32. 15934 C.
time in SEC. t1 cel. t2 cel. t3 cel. mer g/ s
0 28.77849 29.04008 29.30168 1. 11481E-05
60 28.81074 29.09365 29. 44144 1.062688E-05
120 28.85929 29.15471 29.52413 1.031693E-05
180 28.91265 29.21392 29.58693 1.008109E-05
240 28.96567 29.26963 29.64108 9.876863E~-06
300 29.01639 29, 32174 29.69021 9.691263E-006
360 29.06422 29.37043 29.713565 9.51932£~-06
429 23.10908 29. 41564 29.77794 9.358945E~06
480 29.15105 29.45847 29.81742 9.209145E-06
540 29.1903 29. 49821 29.85429 9.068BBUE-D6
600 29,22599 29.53536 29.88873 8.937613E-06
660 . 29.20127 29.57007 29.92092 8.8146B83E~-06
720 29.293N 29.6025 29.95098 8.699856E-06
780 ‘0 29.32325 29.6328 29.97908 8.592431E-00
8u0 29.35122 29.66112 30.006533 8.491779E-06
900 29.37736 29. 68758 30.02936 8,.397891E-n6
960 29.40179 29.71231 30.05278 8. 309834E~00
1020 29.42461 29.73541 30,07419 8.22765E-06
1080 29.44593 29.75698 30.09419 8.150697E-06
1140 29.46586 29.77715 30.11288 8.078729E-00
1200 29.48447 29.79599 30.13033 8.01141TE=06
1260 29.50186 29.81359 30, 14664 7.9486BUE-DG
1320 29.5181 29.83003 30.16188 7.889981E-06
1380 29.53328 29.84539 30, 17611 7.834919E~06
1440 29.54745 29.85973 30.189m 7.T78I656E 04
1500 29.5607 29.8734 30.20183 7.735655E~06
1560 29.57307 29.88566 30.21343 7.69076E~06
1620 29.584583 29.89736 30.22427 7.648B6E-036
1680 29.59543 29.90829 30.23439 7.609658E-06
1740 29.60552 29.9185 30.2u385 7.57T3065E-06
1800 29. 61494 29.92804 30.25269 7.538849E-06
1730 29.62374 29.93695 30.26094 7.506871E-06
1920 29.63197 29.94526 30.26865 7.47701E-06
1680 29.63964 29.95304 30.27585 T.449142E-06
2040 29.6u682 29.9603 30.28258 T.422923E-06
2100 29.65352 29.96708 30.28886 7.39878E-06
2160 29.65978 29.97342 30.29473 7.375856E-06
2220 29.66563 29.97934 30.30021 7.354655E~06
2280 29.67109 29.98486 30.30533 T.33U69BE-06
2340 29.6762 29.990013 30.310%2 T.31615E-06
2400 29.68097 29.99485 30.31459 7.298812E~06

the heat gain near the steady state stage= B8.2B315 w/m"2

the mass condensation rate near the steadv state Stages 7.052922E-06
kg/s per m"2

the indocr facing surface temperatu-e near steady states 29.74841

¢ .
the time needed 'to reach steady state stages 8GU0 seconds

the maximum interval heat gain ratez 8.28315 w/m*2

the minimum 1nterval heat gain ratez ,1377387 w/m"2

the average heat gain =ate = 7.,u20462 w/m"2

tn2 averale maes condenfatior *ate furing conjeneatisrz T, TL2UUELDY,
kg/ sec ,per m"2
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S0RONBD099080 the nodal temperatures at the needed timetstesadsasssp

note: tisindoor facing temperature and t3soutdoor facing temperature

T0= 34 C,
Mz .01 m

time in SEC,

60
120
180
240
300
360
420G
g0
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400

the heat galn near the steady state stage=
the masas condensation rate near the steadv

kg/s per m"2

the indcor facing surface temperature near

[

Tls 18 C.
DTs 60 SEC.

t! cel.

25.81781
25.87725
25.96706
26,06617
26.16498
26.25983
26.3uG56
26.43399
26.51324
26,5775
26.55726
26.72255
26.78382
26,8412

26.89499
26.94539
26.99262
27.03688
27.07835
27. 1172

27.1536

27.18TM
27.21967
27.2496

27.27764
27.303N
27.32852
27.35158
27.37317
27.39339
27.41234
27.43008
27.446T71
27.1462217
27.47685
27.49051
27.5033

27.51528
27.5265

27.531M
27.54685

RH= 90 %

TSATz 32.15934 C,

t2 cel.
26,22773
26. 32629
26.43922
26.54915
26.65296
26.75038
26.84172
26.92735
27.00763
27.08267
27.15341
27.21952
27.28148
27.33955
27.39397
27.44496
27.49275
27.53753
27.57948
27.6187°¢
27.655¢62
27.69C12
27.7Z244
27.75273
27.781
27.80767
27.83256
27.85588
27.87773
27.89818
27.91735
27.93529
27.951
27.96735
27.9826
27.9964u1
28.00935
28.02146
28.03281
28, 04344
28.05339

t3 cel.

26.63765
26,894 T4
27.04819
27.16533
27.2667

27.35897
27.U44456
27.52448
27.59926
27.66936
27.73502
27.79655
27.85422
27.90825
27.95888
28.00633
28.05078
26.09243
28.13145
28.16601
28.2022%
28.23434
28.26439
28.29255
28.31892
28.34363
28.36677
28.38844
28.40875
28.42776
28.44557
28.46225
28.47787
28.u9251
28.50621
28.51905
28.53107
28.54233
28.55287
28.55275
28.572

15. 32941 w/m"2

2.050385E=05
1.964738E-05
1.913167E~05
1.873553E-05
1.839127E-05
1.807641E-05
1.778332E-05
1,.750866E~05
1.725067E-05
1.700829E~05
1.678035E-05
1.656633E-05
1.636512E-05
1.61T7608E-05
1.599869E-05
1.583212E-05
1.567569E-05
1.552879E-~05
1.539108E-05
1.526174E-05
1.514034E-05
1.502655E-05
1.491973E-05
1.481968E-05
1.47257€=-05

1.463756E-05
1. 455499E-05
1. U447754E~05
1. 440489E-05
1.U433687E-05
1. 427303E-05
1.421328E-05
1.415721E~05
1,810469E-05
1. 405549E-05
1.400938E-05
1.396609E-05
1. 392567E-05
1.388764E-05
1. 3R5214E~05
1.381887E~05

state stagez 1,3326U1E-05

steadv state= 27.69'88

the maximum interval heat gain ratez 15,3294t w/m"2
the minimun interval heat gain ratez ,2430887 w/m"2

the ave-age heat gain rate = 13,873 w/m"2

the averaje mass rondensation rate during condensations 1,3553U6E-05

Kt/ sec ,per "2
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APPENDIX B-3

SRSRRIVABAANS the nodal temperatures at the needed timetttRecsncssssa

‘note: t3sindoor facing temperature and ttaoutdoor facing temperature

- 0 20 o > o - = o - e - - . - Y - - - - -

TOz-10 C. TI= 24 C. RH=z 30 % WVz 4 m/s
Mz .01 m DT= 60 SEC. TSAT=z 5.396284 C.
tine in sec. t1C, t2 C, t3 C. mer kg/s
0 =-1,72263 -~ 4534321 8157654 4.550223E-06
60 -1.710495 -. 4320864 .872183 4.5016E~06
120 ~1.692345 ~. 4075102 .9070994 H.UT1423E-06
180 -1.672593 -.3837585 9338521 4. 44B825€-06
2u0 -1.653224 ~.3616519 .956703 4, 428436E-06
300 ~1.634957 -. 3412685 «9771249 U,410718E=-06
360 -1,618022 -.32252 -9956961 u,394538E~0b
420 -1.606239 ~. 3052869 1.012694 4,379735€E-06
430 ~1.588004 -.2894499 1.028291 4,366167E~06
540 -1.574777 -. 2748966 1.042616 4,353672E-n6
600 -1.562619 -.2615233 1. 055775 4,.342159E-06
660 _ ~1.551447 ~-. 2492344 1.067866 4. 3431608E~006
720 -1.54118 -.2379423 1.078977 4,321893E-06
780 ~1.531747 -. 227566 1.089186 4,312968E~06
840 -1,523077 -.2180313 1.098567 4,304725E~06
900 -1.515112 -. 20927 1.107186 4,29718E-06
966 -1,507792 ~.2012195 1.115107 4,290227€E~06
1020 ~1.501066 -. 193822 1.122384 4,283862E-06
1080 ~1.494886 ~. 1870245 1.129072 4,.278013E-06
1140 -1,4892G7 -. 1867785 1.135217 4,272596E~00
1200 -1.483989 ~. 1750392 1. 140864 4,26T64E-06
1260 -1.479194 ~. 1697655 1.146052 4,2631078E-N6
1320 ~1,474788 * ~.1649197 1.150819 4,258899E-06
1380 -1.470739 -. 160467 1.1552 4,255021E-06
1440 ~1,467019 ~. 1563757 1.159225 4,251523E~06
1506 ~1,463601 ~. 1526162 1.162924 4,2u8253E~06
1560 -1, 46046 ~-. 1491618 1.166322 4,245243E~06
1620 -1,457574 -. 1459877 1.169u445 4,242516E-06
1680 ~1,454923 - 1430711 1.172314 4,239985E~0C6
1740 -1.452486 ~. 1403912 1.17495 4,237665E~06
1800 -1.U50247 -. 1379287 1.177373 4,.235562E06
1860 -1,44819 ~. 1356659 1.179599 4.233593E-06
1920 -1,446299 -. 1335867 1.181645 4,231781E-06
198G -1, 444562 -. 1316764 1.183524 4,230102E-06
2040 ~1.442966 -. 1299212 1.185251 4,228597€-06
2160 ~1.4415 ~. 1283083 1,186837 4,227193E-06
2160 ~1,440153 -. 1268264 1,188295 4,22591E-06
2220 ~1,438915 ~. 1254647 1,189635 H,224T734E-G6
2280 -1,437777 ~-. 1242136 1.190866 4,223658E~06
2340 -1.436732 ~. 1230638 1.191997 4,222629E-06
2400 =1.,435771 -. 1220075 1.193036 4.221754E=-06

the total heat loss near the steady state stage: 10,4Ud16 w/m"2
the convective heat 1loSs rate near the steadv state stages 7.121775 w/m"2
tne time needed to reach steady state stages 9240 seconds

the maximum interval convertive heat loss rates 7.121775

w/m"2 )

the minimum interval convective heat loss ratez 1451321

w/m"2

the average convecrtive heat loss rate: 6.536383 w/m"2

the mass ccondensation rate near the the steadv state stages 4,2V1356E~06
kg/sec per m*?2

the average md®s condersaticn rate during ccondensaticrs 4, 01870 3E-NG

g/ sec .per m°2
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800890000800 the nodal temperaturez at the needed timet#tssovsnnsse

‘note: t3sindoor facing temperature and tlzoutdoor facing temperature

- - > - - - - - ot o

T0z-10 C. TIsz 24 C. RHz 80 % WVz 4 m/=
Mz .0V m DT= 60 SEC. TSATs 2G.3298 C.
time {n czec, t1Y C, t2 C. t3 C. mer kg/s
0 -1,72263 - 4534321 .8157654 3.199822E-05
66 -1.,637298 -. 303325 1.212508 3. 165258E-05
129 -1.509677 -.1305182 1.458002 3. 143 424E-05
186G ~1,370866 3.646G82E-02 1.646029 3. 1264 TUE-N5
2u0 =1.234658 .151835 1.80657 3.111839E-05
ki =1.1656357 . 33505¢€ 1.949987 2.0985378-n8
1ph ~.9872138 NTEY LT 2.080348 2.086535E-05
yar -.B7753¢5% .58774253 2.199514 3.075372E-05
460 =.7765472 .6988915 2.30899 3.065059E-05
540 -. 6637345 .80n9827 2.409367 3.055534E-05
600 ~.5984699 .8947u89 2.5015469 3. 046 T36E~NS
660 B -.5201532 .0308652 2.536217 3.638637E-C5
720 ~. 4482251 1.059952 2.6639u7 3.031108E-05
780 ~-. 382168 1.132682 2.735325 3.024%86E-NS
840 ~. 3215054 1.199278 2.800867 3.017806E-05
qnn -. 2657983 1.260525 2.861051 3.011921E-05
960 ~. 2146438 1.316 7606 2.916313 3.006501E-05
1626 -. 1676706 1.368408 2.967054 3.001509E-05
1080 -. 1245383 1.415828 3.013644 2.996906£~05
1140 =3.4933U3E-02 1.4593€3 3.056422 2.9926T1E-05
1200 -U4.856B845E~02 1,499347 3.095697 2.988773E-05
t26n =1,517902E~02 1,536053 3.131758 2.985184E-05
1320 1.5478D4E-N2 1.568756 3.16U4860 2.981883-05
1380 u,362579E-02 11,6007 3.195263 2.978B8U6E-NS
1y 6.946927E-C2 11,6291 3.223Mm 2.97605E-05
1500 9. 210655E-02 1,655 Q4 3.243792 2.97348uENn5
1560 L1498 1.679141 3.272315 2.971121E-05
1620 L 1349813 1.701128 3.292911 2.968948E-n5
1680 .1533432 1.721313 3.313737 2.966949E-05
1740 L 17062011 1.739844 3.331939 2.965115E-05
1800 . 1856779 1.756857 3.348649 2.963428E-05
1860 . 1998866 1.772477 3.36399 2.961879E-05
1920 212931 1.786816 3.378074 2.,960454E-05
1980 . 2249065 1.79993 34391603 2.959148E-05
2040 .2359006 1.812066 3.402872 2.957G45E-05
aron . 2459937 1.82316 3.413759 2.956841E-D5
2160 .2552596 1.833346 3.423773 2.955825E£-05
222n0 . 2637561 1,842697 3.432956 2.954891E-05
2280 2715751 1,851281 3.441386 2.954 OUE-05
2340 . 2757442 1.859161 3. 4486126 2.95325E-0S
2400 .2853256 1.866396 3.45623 2.952531E-05

the total heat losc near the steadv State stage=z 73,0265 w/m™2
the convective heat loc2 rate near the steadv state stagez 49.79265 w/m"2
the time needed to resch zteadv state stagez 9900 ceccnds

the maximum interval convective heat loss ratez 49,79265

w/ mt2 )

the minimum intervdl cornvective heat los:z ratesz 1.02057

w/mt2

the averade ccnvective heat lccs =atez 46.G0228 4/m"2

the mazc conjencatiorn rate near the the steadv state cStages 2. 9UUL22E-~05
K3/ 22 pe= n°2

tos avemyle M3ZT cerdentatlon rate 2urin? ccrndencatiorn: 2.950107F.08

Kg/ cec per &°2
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o $ERA32RSNRENE the nodal temperatures at the needed timelittdnsassncs

‘note: t3sindoor facing temperature and tiszoutdoor facing temperature

- .- - - - .-

TOz=12 C. TI= 21 C, RH= 30 % WVz 4 m/s
Mz .0' m DTz 60 SEC. TSATz 2,842636 C,
time in sec. tY C, t2 C. t3 C. mer kg/s
0 -4.083612 ~2.869754 -1,65592 3.7T0539E-06
60 ~U4,073547 -2.852061 -1.609126 3.736205E-06
120 -4.,058472 -2.83164 ~1.580066 3.714B1TE~00
180 -U,0u2043 -2.811871 -1,557748 3.698159E-06
240 -4,025911 -2.793445 -1.538654 3.684276E-06
360 -4.010683 -2.77643 -1.521564 3.67165E~-06
360 -3.996531 -2.76076 -1.506003 3.660118E-06
420 ~3.983458 -2.7461336 ~1,09174 3.649548E-06
480 ~3.9714M -2.733064 -1.478636 3.639838E~06
540 -3.96032 -2.720851 -1, 466585 3.630901E-06
660 «3.950113 ~2.709613 -1, 455499 3.622668E-06
660 - -3.940719 -2.699273 =-1.445299 3.615103E-06
720 -3.932076 -2.689758 -1.435914 3.608121E-06
780 -3.924122 -2.631004 -1,427279 3,601683E-06
840 ~3.916805 ~-2.672949 -1,419334 3.595763E-06
900 ~3.910071 -2.665537 -1,412023 3.590336E-06
960 -3.903875 -2.658718 -1.405297 3.585307E-06
1020 -3.898176 . ~=2.652uu3 -1.399108 3.580705E~06
1086 -~3.89293 -2.646669 -1.393413 3.576457E-06
1140 ~-3.888104 -2.641357 ~-1.38817u 3.572549E~06
1200 -3.883663 ~-2.636469 ~1.383352 3.568965E-06
1260 -3.879577 -2.63197 =-1.378916 3.5h56U2E =06
1320 -3.875818 -2.627833 ~1.374835 3.5626E-06
1380 -3.872359 ~2.624026 -1,37108 3.559808E~Gb
1440 -3.869177 -2.620523 ~-1,367624 3.557201E-06
1560 -3.866249 -2.617299 ~1,3644485 3.55U4835E-06
1560 ~3.863554 -2.614333 -1,36152 3.55264 3E-06
1620 -3.861075 -2.611605 -1.358828 3.550636E=006
1680 ~-3.858793 -2.609093 -1.356352 3.548799E~00
1740 ~3.856695 ~2.606783 ~1.354073 3.547086E-06
1800 -3.854763 -2.604658 ~-1,351977 3.545531E~06
1860 -3.852987 -2.602702 ~-1.350047 3.54L0THE~06
1920 ~3.851352 -2,.,600902 ~1,348273 3.5U2766E-06
1986 ~-3.849847 -2.599246 -1.346639 3.54154E 06
2040 ~3.8u8u463 -2.597723 -1.345137 3.540396E-06
2100 ~-3.84719 -2.596321 =1.343754 3.539356E-06
2160 -3.846019 -2.595032 -1.342u483 3.53842UE-06
2220 ~-3.844941 -2.593845 =1.341312 3.537548E~06
2280 ~3.843949 -2.592753 ~-1.340236 3.5367HUE-06
2340 -3.8439236 -2.591749 =1.3349245 3.535997E-05
2400 ~-3.842197 ~-2.590825 -1.338333 3.535326E~06

the total heat loss near the steady state stagez 8.7481 w/m"2
the convective heat loss rate near the steady State stages 6.005914 4/m"2
the time needed to reach steadv state stagez 8580 seconds

the maximum interval convective heat loss rates 6.005914

w/n"2

tne minimum i{nterval ccnvective heat loss rates .12G3783

w/m"2

the average convective heat lcss ratez 5.4£66202 w/m"2

the mass condensation rate near the the steady state stagesz 3,52746E-00
Kg/sec per m*2

the averaze mass ccndensatior rate durirng condensationz 3.532834E-N5
«g/sec.per m°2
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9980808009008 the nodal temperatures at the needed timeffddsassssnas

‘note: tisindoor facing temperature and tlsoutdoor facing temperature

----- - > . > o - > 7 - P o S S D D TS G Y P O T Y o D 0O Y U

TOs=-12 C. Tls 21 C, RH= 30 % WVs 8 m/s
Mz .0\ m DTz 60 SEC. TSATz 2.842636 C.
time in sec., tY1 C, t2 C. t3 C. mer Kg/s
0 -6.795775 -5.450678 -4,105587 5.4289E-06
60 ~-§,7823N ~5.425533 -4,038451 5.386955E-06
120 -6.762694 -5.397169 -3.99722 5.361099E~06
180 ~6.741928 ~5.37034 -3.966248 5,341626E~06
240 -6.722142 -5.346035 ~3.94048 5.325U415E~-06
36¢ ~5.704033 ~5. 32426 -3.918105 5.311274E-GC6
360 -6.687718 ~5.30u815 -3.89835% 5.298797E-06
420 =6.673111 ~5.287468 -3.83051 5.28771E-D6
480 -6.660068 ~5.271999 -3.865188 5.277818E-06
5S40 ~§.648429 ~5.258205 -3.851267 5.268995E-06
600 -6.638049 -5.,2u45904 ~3.838857 5.261127E-06
666 . ~6.625794 ~5.234936 -3.827792 5.254104E~06
720 -6.62054 ~5.225157 -3.817925 5.24783U4E=-06
780 -6.61318 -~5.216437 -3.809129 5.242254E~06
8uo0 ~6.606618 ~5.208662 -3.801286 5.237271E-06
00 -6.600767 ~5.201729 -3.794293 5.232793E-06
960 «6.595551 ~5.195548 =-3.788057 5.228833E-06
1020 -6.596899 ~5.190036 ~3.782497 5.225308E=-06
1080 -6.586752 ~-5.185122 =3. 77754 5.222139E~06
1140 ~-6.583053 ~5.18074 ~3.773119 5.219332E~06
1200 -6,579755 -5.176833 -3.769178 5.216802E-~06
1260 ~5.576815 ~5.173349 =~3.765664 5.214555E-06
1320 -6.574194 ~5.170244 -3.762531 5.212575E-06
1380 -6.571856 ~5.167474 -3.759737 5.210789E-06
1440 «-6.569772 -5.165005 =3.757246 5.209181E-N6
1500 -6.567914 ~5.162804 ~3.755026 5.207782E-05
1560 -6.566258 -5.160841 ~3.753046 5.206524E~06
1620 -5.56478 ~5.159091 =3.75128 5.205387E-06
1680 -6.563463 =-5.15753 «3,749706 5.204379E-06
1740 -6.562289 -5.1556138 -3.748302 5.203486E~056
1800 ~6.561242 -5.154898 -3, 747051 5.202681E-06
1860 -6.560308 -5.153791 ~3.745935 5.201974E-06
1920 -6.559475 -5.152805 -3, 7U4GY 5.201332E-06
1980 -6.558734 =-5.151926 -3,744053 5.200763E=-06
2040 -6.558072 ~5.151142 -3.743262 5.200267E~06
2100 -6.557u82 -5.150443 ~3,742557 5.199813E~-06
2160 ~6.556955 -5.149819 ~3.741928 5.199422E-06
2220 -6.556486 =-5.149263 ~3. 741367 5.199041E-05
2280 ~6.556068 -5.148767 ~3.740867 5.19874E-06
2340 -6.555694 ~5.148325 =3.740421 5.19844T7E-06
2400 ~6.555361 -5.147931 ~3.740023 5.198187E-06

the total heat loss near the steady state stagez 12.88634 w/m"2
the convective heat loss rate near the steadv state stagez 9.803663 w/m"2
the time needed tc reach steady state stagez 6300 seconds

the maximum interval convective heat loss ratez 9.803663

w/m"2 )

the minimum interval ccnvective heat loss rate= ,2714337

w/m°2

the average convective heat loss ratez 8,913393 w/a”"2

the mass rondensation rate near the the steadv state stages 5.196105E-06
kg /sec per =m°2

the average Mmass condensdaticr rate during condensation= 5,109748E-06
Kg/sec.per m"2
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APPENDIX B-4

$eRESBUlIINAY the nodal temperatures at the nseded timettittbocessds

note: t7sindoor facing temperature and ti1soutdoor facing temperature

L R e e e e e R T 2 T T T L L L L R e T e Y

T0z-32 €, Ti= '8 €. A= 40 % WVz 4 m/3

Mz 004 n AS=z .008 m DT= 60 SEC. TSAT: 4,249453 C,

time in sec. t1 C, t4 C, t7 C. mes Kg/s

0 ~25.51772 ~13.23692 ~.9561234 5.095201E-0%
60 ~25.5156 -13.20198 ~.8539067 5.0 BOSUE-DO
120 -25.51149 -13.16583 ~.7949589 4,9599TUE-~06
180 ~25.50538 -13.1318% -. 7341436 4.908513E-D0
240 =25.49921 -13.10028 ~.6793394 4, 861954E-06
300 -25.49136 =13.467102 -.029787 4.31900dE~D0
350 ~25,4841 -13.04395 ~.5849291 4,781255E-00
u29 =-25.47615 ~13.01894 -.5442827 4,746 383E-00
48" ~25.46819 -12.99585 ~.507u213 U, T1462E-Nb
540 ~25.45033 -12.97457 ~-. 4739091 4,685766E-06
600 ~25.45267 ~12.95436 ~. 44358593 4,659464E-05
660 - -25.44527 ~12.93691 ~. 4159761 4,635554E-00
720 ~25.43819 -12.92032 -~ 3708706 4,613728E-0b
Tot =25.43%45 ~12.90506 ~. 36380309 U.593895E-Nb
aun -25.42507 -12.399104 -, 3472019 U,575721E-N6
9no -25.41905 -12.87817 -. 3283123 4,55923E-n6
960 ~25.41302 ~-12.866135 ~. 3110419 4,5U4u168E-04
1727 ~25.40314 -12.85553 ~.2953552 4,5304812E-0%
10845 =-25.40322 -12.84559 -.2810%'5 U.517879E-0%
1140 ~25.39463 =12.83643 ~. 2619701 4,506U452E-~00
1200 -25.39437 -12.82813 ~+2560581 4,495996E-06
1256 -25.139042 -12.82047 ~-.2u519n8 U, 4RO UDEE-NY
1326 -25.38677 ~12.81347 ~.2352753 4.47TT3E-N0
1330 ~25.38339 ~12.80755 ~. 2202255 4,803 13 3E~00
16U =-25.13%027 -12,80%v7 ~.2179608 4,462509E 04
150G ~-25.31739 ~12.79573 n. 204230 U, U55357E-~15
1560 ~-25. 37474 =12.730%6 ~-.2n35374 4, U89 B2YE-DH
1620 ~-25.3723 -12.785635 -. 197249 L UUE2TUE=DO
1630 ~25.37005 ~12.78222 -« 191505 4,439215E-06
1746 -25.36799 =12.77844 ~. 1862603 4, 43USQUE-DO
1800 ~-25.36609 =12.77493 ~. 1814685 4,430365E-06
1850 ~25.136U35 -12.77182 -. 1770908 4, U26502E-06
1920 ~-25.36275 -12.76893 ~. 1730913 4,422986E-06
1980 -25.36128 -12.76623 ~. 169437 4,41976E-06
2040 ~25.35993 -12.76385 ~. 1660977 4,416308E-06
2160 ~-25.135869 -12.76164 ~. 1630461 4461 33E-N6
2169 -25.35756 -12.75962 ~. 1502574 4, UY1H21E-0h
2220 =25.35653 -12.75777 ~. 1577093 U, 4093858406
2230 ~25.35558 ~12.75607 ~-.155381 4,467326E-C9
23460 =25.3547 ~12,75452 ~. 1532527 4, 40546E-04
2409 ~25.353N «12,75131 ~. 1513071 4,403722€-0%

the total heat lcss rate bv condensation near the cteadv state =tazes 10,8753L
w/m*2
the time needed to reudch steadv state stage= £700 Z2conds

the maximun intervsl convective heat lczs ratesz 4,123112 /m"2

the minimum interval convective heat los” rates 2,536632£-02 w/m"2
the average convective heat loss rates 3.56733 w/nm"2

tne average mats coniencation rate 4urin? condentatinns U, U52223E-04
K@/ cec .per m°2
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Suossanensses the noual temperatures at the needed timetwsssnstssane

note: t7sindoor facing temperature and tiszoutdoor facing temperature

- - " - B L L T T T T P - -

TO02-32 €, Tiz 18 C, RHz 80 % WVz 4 m/2

Mz ,004 m A5z .008 m DT= 60 SEC, TSAT= 14,.47533 C.

time in sec, t1 C, t4 C, t7 C. mer kg/s
o] ~25.51772 -13,23692 -.9561234 2.153681E=05
66 ~25.5087% -13.08923 ~. 5663336 2.120384E~05
120 ~25.49133 -12,93647 -.2750252 2.094779E-05
180 -25. 46768 -12.79298 -1.825282E-02 2.071753E-05
244 ~25. 43954 -12,65974 .2129366 2.050858E-05
360 =25. U0 549 «~12,53637 LU21TU6Y9 2.031313E~D5
160 ~25.37575 -12,82235% .61054 69 2.013582E-05
420 ~25. 34224 12,91 .7813857 1.997338E~05
4 80 ~25. 303866 -12,2201 9360818 1.98246E=-05
54n0 ~25. 27556 -12,13679 1.076249 1,9688U6E-05
600 =25.24333 -12,04863 1.203327 1.956391E-05
bou . ~25. 21224 -11,97314 1,318569 1.945002E~05
720 -~25. 1825 -11,90381 1.423213 1.934584E~-05
T30 ~25. 154212 -11,84019 1.518198 1.925068E-05
8un -25.1275! -11,78185 1.6G4475 1.51637E=-05
9ne -25. 10276 -11,72838 1.682872 1,908418E~-GS
g6n -25.07879 -11,6794 1.754132 1.901161E-05
1620 =~25. 05575 -11,63454 1.813925 1.894527E~5
mnen =-25. 03621 -11,59349 1.87785¢4 1.88B8473E~05
114G «25. 6171, -11,55592 1.931u45 1.832WUSE=-05
127" ~2h.9G943 ~11,52157 1.980248 1.877893E-05
1260 ~24.98365 -11,409015 2.02uU646 1.873284E=-GS
1320 ~24.9679 ~11,46%43 2.065062 1.85908E~05
1380 ~24.953%2 -11,43518 2.7018% 1.855236E-05
Tuun ~24, 940U 11, 41119 2,135368 1.861734E=N8
1650 -24.92917 -11,38923 2.165885 1,858535E-55
1560 =24.9182% -11,36927 2.193682 1.855616E =05
1620 ~24.90323 -11,35099 2.219054 1,.852954E=-05
1630 -24.39903 -11,3343 2.2u2074 1.850522E =05
1746 24, 89058 =11,31905 2.263093 1,848304E =05
1800 -24,38283 ~-11,306518 2.2822u6 1,846278E-05
1860 24,8757 ~-11,292u4 2.2997 1.844U33E-05
1920 =24, 86922 ~11,28085 2. 315607 1.84275E=05
1940 ~2U4. 86326 -11,27027 2.330104 1,B41214E 05
2040 =24, 85781 -11,26061 2.343319 1.839812E-05
2100 =24, 85282 -11,2518 2.355363 1.839531E-35
2160 24, Bu 825 -11,24376 2.366343 1.837369E =05
2220 =24, 84405 -11,23642 2.376352 1.836305E~05
2280 24, 84026 -11,22973 2.385477 1.835334E-05
2340 -24,.83€673 -11,22362 2.393795 1 83LUUEBE =05
2400 ~24.8335%9 -11,21805 2.401379 1,833643E~05

the total heat less rate bv condencation near the steadv state stagzes 45,26857
w/m=?2
the time needed tO reach steadv state stages 9180 seconds

the myximum interval convective heat locc rate=z 17,16148 w/m"2

the: nininum interval convective heat locs ratex ,1G717G3 w/m"2

the average convective heat loss ratez 15,3968 w/m 2

The averuze meZs condenctatiorn rate durinz ccrndenczatiorz 1,833191E-05
K¢’/ cec . pe= m"2
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Spetdnasenses the nodal temperatures at the needed timettencanstiees

note: t7=indoor facing temperature and tisoutdoor facing temperature

- . - " - - - - - - - - - - - - - - . - - -

T0=z~32 C.
Mz 004 m

time in sec.

60
120
180
240
360
369
uzd
4an
sun
660
590 -
720
730
s4n
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1930
2040
2100
2160
2220
2280
2340
2u00

the total heat losz:s

w/m"2
the

the
the
the
tne

Tl: 21 C.
ASz .008 nm

t1 C.
-25.07275
~25.07207
-25.07078
=-25.06901
-25.06692
~25.06461
-25.06213
~25.0596)3
-25.0572
=75.05475
-25.05236
~25.050006
-25.04786
~25.04578
-25.04381
=25.04195
~-25.04021
-25.03859
~25.03708
~25.03567
-25.03437
-25.03316
-25.03205
-25.03102
-25.03007
~25.0292
-25.0284
~25.02766
~25.02628
-25.02636
~25.02579
-25.02527
-25.02479
-25.02435
-25.02395
-25.02358
-25.02325
-25.02294
-25.02266
-25.0224
=25.02217

tine needed to reach steadv

maximum interval convective
minimum inte-val convective
average convective heat loss rates=
average mas:s condensation rate during condensation: 1, 373163E-06
kg/sec.per m"2

RH=
DT=

30 %
60 SEC.

ty C.
-11,94893
~11.9379
-11,92651
-11,91584
-11.90595
~-11,39531
~11,88%37
-11,3306
~11,87343
~11,86084
~11.86079
~11,85523
-11.85012
-11,34544
-11.84115
~11,83722
~-11,83362
~11,83032
~11,8271
~-11,8245>
-11,82203
~-11,81972
~11.81761
~11,81568
-11,81392
~11.812N
-11,810383
-11.80949
-11.80826
-11.80714
~11,80612
~11.80518
-11.80433
-11,80355
-11,80284
-11.80219
-11,8016
~-11,80105
-11,80056
~11,80011
-11.7997

heat los:z
heat loss

WVz U m/s

TSAT= 2.842636 C.

t7 C.

1. 174879
1,204006
1.225594
1.204767
1,261907
1,277362
1.29131)
1.303524
1.31533

1.325654
1.335007
1. 343436
1.351177
1.358156
1.364493
1.37025

1.375481
1.380238
1.38u563
1.333499
1.392081
1.39534

1.398308
1.401011
1.403473
1.405715
1.407758
1,40962

1.811316
1.412863
1.4148273
1.415558
1.416729
1.817798
1.418772
1.41966

1,420u47

1.421209
1.421883
1.422u497
1.423058

rates
1.105359 w/m"2

1.61146E=06

1.583635E-06
1.562995E~06
1.544785E-06
1.5283196E-056
1.513572E~-00
TL,EAANTTSNG
1.48316-36

1. 477153E-06
1. U457243E-06
1,.458232E-06
1.45G0109E-06
1. 442672E-06
1,435QUUE-06
1.42983E-N6

1. 424285E-05
1.41923E-06

1. 41U63E=N6

1.410476E-086
1.,406697E~GC0
1.403195E=-06
1.400051E=-D6
1.397202E-06
1.394612E-N6
1.392185E-06
1.390053E-N6
1.388064E-N6
1.386253E-06
1.384638E-06
1.383133E-06
1.381757E-0€
1.380524E~06
1.379385E-06
1.378356E~06
1.377416E-06
1.375556E-06
1.375747E-G6
1.375038E-D6
1.374396E~06
1,373803E-06
1.373237E-06

rate bv condenzation near the steady state Stagesx
ctate ctages 7380 seconds

ratez 1,2646% w/m~2
8.029735E~-03 w/m"2

3.39165,
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SERNNNEININSe tne nodal temperatures at the needed timeWtetenesnnuns
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T0=-32 €. Ti= 21 C. RH= 30 % WVz 8 m/s
Mz 004 =z AS=z .N08 m DT= 60 SEC. TSAT= 2.842636 C.
tine §n sec., tIV C, te €, t7 C. mer kg/s
0 ~-27.55963 -13.79895 6.174088E-02 2.556673E-N6
60 -27.55864 «13.78079 . 1097584 2.613663E~06
120 -27.65677 -13.76212 < 1455531 2.581496E-06
186 -27.65432 ~13. 74471 1770465 2.553719E-06
240 ~27.6515 -13.72957 .20535M1 2.527547E-06
360 -27.6485 -13.71335 .2308664 2.50U4U76E~06
0 =27.64544 ~13.70047 .253838) 2.483584E-06
uzte 27,0424 -13.689'¢ .274673 2.464733E-26
43n ~27.63945 =13.67692 2934463 2,447637E-06
5un ~27.63662 -13.66657 21640G3 2.432212E-06
600 -27.53394 -13.,65734 . 3257425 2.418275E-06
119 . ~2!.6314u1 =13.04806 .3386063 2.U40552UE-D6
129 =27.62905 ~13.64115 .3521443 2.394192E-G6
731 -27.62683 -13.63414 .3634365 2.383%813E-95
Run -27.62u87 ~13,62778 . 3737472 2.3T44UBE=I5
960 =27.8211 ~12,622 .3830121% 2.355953E-05
950 =27.62' N -13.61676 .3914338 2.358258E-05
1020 =27.61974 =13.612Mm .3990381 2.351315E-06
1080 =27.6183 =-13.6077 4059214 2.344995E-06
1140 =271.6170" ~13.00379 L4121517 2.339311E-05
1200 ~27.615482 ~-13.60025 LU177921 2.334119E-05
1260 ~27.61474 =13.5976G4 422898 2.32941E-06
1320 -27.61375 -13.59413 4275201 2.325206E-05
1360 -27.61235 ~-13.59149 4317057 2.321361E-06
unn -27.51203 -13.5891 43540953 2.317393E-06
1506 =27.6113 ~13.58694 . 43892356 2.314712E-06
1560 ~27.61062 -13.58498 4420329 2.311883E-06
1620 =27.61051 -13.5832 JH4u8u53 2.309296E-06
1680 -27.60946 -13.58159 447393 2.305975E-06
1740 -27.60896 -13.58014 4495997 2.,304B43E-06
1800 ~27.60851 -13.57882 .4517881 2.302931E-06
1860 -27.50809 -13.57762 . 4536793 2.301186E-06
1920 ~27.60772 ~13.57654 .4553915 2.299587E-06
1930 -27.60738 ~-13.57556 LU569416 2.298185E-06
2040 =27.60707 -13.57467 4533456 2.295902E-05
2100 ~27.60579 ~13.57387 LU4596173 2.295739E-N6
2160 =27.60554 ~13.57314 4507687 2.294598E-05
2220 =27.60632 -13.57248 L4618117 2.29359E-06
2280 ~27.60611 -13.57188 4627553 2.29283E-06
2340 =27.405Q2 -13.57134 46361 2.292032E-05
24nn -27.60575 -13.57085 .4643835 2.291332E-06

the total heat loz:z rate bv condensation near the steadv state stage= 5.665578
w/m*2
the time needed to ~each steadv cstate stage= 7620 ceconds

the maximum interval convective heat lo%3 rates 2.2379'5 w/m"2

the mininum interval convective heat lofc rates 2,014893E-02 w/m"2
the average convective heat lo.s rate=z 1.963917 w/m"2

the average mazs condencation ~ate du=ingz condensation= 2.292535E-06
hg/ =20 .pe= o2
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