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ABSTRACT

An  analytical and- experimental étudy of the
characteristics of the distributions of the pressure
differentials induced‘by temperature difference across the
building envelope ( which is termed in general as " thermal
effect ") is presented in this thesis. The thermal effect
in the buildings is 1investigated analytically and

experimentally in two major categories: thermal effect
without considering the effect of floor separations and .
thermal effect considering the effect of interﬁal flow
resistance imposed by floor separatiéns.

Emphasis was placéd on the effect of the floor
separations within the building on the profiles and patterns
of the preésure differentials across the building envelope
induced by Ehermal effect, the effect of non-uniform
temperature distribution of air, and  the effect of
mechanical ventilation. =

To vérify thé analytical study, two different typeé of
gimulated high-rise model buildings were used, which were
made of copper tubes having 50.8 mm I. D., 2.5 -ﬁh in
thickness, and 18.3 m in length., One of the model buildings
was designed to have only the exterior wall openings
distributed along its elevation without floor separations,
while the other was designed to have’ﬁgive floor levels

divided by the specially made cassette plate assemblies that

»
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enable flogr openings between floor separations to be

simulated. _ _

The rgéults of the present énalysis, based on the
enefgy eéquatiions applied to the twé different tyﬁes of high-
rise model *buildings, have been shown to .agree fairly well
with those obtained from thHe present experimental programs.
The study showed that the iFhermal effect equations ‘can
carrectly estimate the pressure différentials across the
exterior eﬁclosures of buildings induced by the temperature
differences if tMe value of the neutral pressure leval is
known so that the thermal effect in the high-rise buiidings
could be characterized with neutral pressure level( NRL ),

The study also confirmed that the distribution of the
pressure difference due to the thermal effect is strongly
affected by the relative magnitude of resistance to flow the
in exterior envelope to the resistance to flow across floor
separations,. and that their relationships can be
characterized with a non-dimensional gparameter A *.

However, the present analysis apa}ied to the actugl
buildings showed that the effect ofrﬁloé} separations on the
pressure differentials across the wall is not significant in
the actual buildings due to sufficient interconnections
between floor separations. As a result, the thermal effect
in the actual buildings appeared to be governed mainly by
the distributed patterns of the openings on the exterior

wall of the building with elevation.

A .
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It also has been shown in the study that the the
pressure differential induced from .the operation of

mechanical ventilation appeared to be almost linearly
additive to the pressure differential due to the thermal
effect if the air is introduced or taken ougvgf the building
space ﬁniformly by the mechanical ventilation. The result
has been show% that depending on its applied pattern, the
mechanical ventil%tion appeared to result in shifting up or
down of NPL and the profile 6f pressure differentials.across

‘the exterior wall due to the thermal effect.

iii
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CHAPTER I
INTRODUCTION

Studies onm thg: energy consumption for the buildings
show that over one half of the energy consumed in the
commercial and residential buildings is for space heating
and cooling [1]. This space air conditioning load is caused
by losses or gains due to heat transmission, by air
infiltration, and controlled ventilation by operation of

mechanical ventilation system.

In contrast with the relatively easy process of
predicting the Theat tra;smission loads in heating,
ventilation, and air conditioning ( HVAC ) of the building,
the infiltration is the most complicated problem which

.results in an uncontrolled air flow into buildings.
Recently, as buildings are constructed so as to be further
insulated thermally, air infiltration becomes a more
important component in the design and operation of building
space air conditioning systéms.

When the building, especially in the heating season, is
subject to the environment associated with the temperature
difEEEEnce - between inside and outside, and the wind, it
unavoidably experiences air leakage or infiltration through

the cracks or crevices existing on the exterior enclosure at

various levels. The operation of the mechanical ventilation



e

system for a%r conditioning may also contribute fo the|air
leakage. ‘

The air leakage or the air infiltration into the
building is known to be the direct result of the pressure
differences due to the driving forces mentioned above. The
air infiltratién resulting from the forces has been shown to
have a éignificant influence on the various aspects of the
‘building performances in a number of ways [2, 3].

The air infiltration 5ue to the thermal force, induced
from the difference in the density ;f the air inside and
outside, appears to be substantial in high-rise or multi-
story buildings during the heating séason, especially where

a considerable difference of température is observed [2, 4,
3, 6,.7]. L
Even for one- or two-storey houses, the thermal effect
in the heating season "is known to be 2a major source
resulting in air infiltration [8].
- Since the thermal effect, or force, is shown to be the
major source causing the air infiltration 1in high-rise
buildings, it is very important to have correct information

aboqt the characteristics and behaviours of the thermal

effect in the buildings for an accurate estimation of HVAC

load.

e < §

2 —



In the winter season in the building, if not affected
by the other forces like wind or mechanical ventilation, the
dense air outside tends to displace the lighter air inside
by forcing its way in at the bottom of the building, and
pushes the warmer air out at the top. The air infiltration,
therefore, is induced, and this affects éhe' heating or
cooling loads. in the air-conditioning ﬁys;amTAas well as the
cost of the building operation. |

The air flow induced by the thermal effect can also
cause functional problems in building operations, and
discomfort‘ or hazardous enviromment for the building

;. -~ -
ocggggnts\{Z, 3]. These problems may include the following:

‘l) Uncomfortable air currents and annoying wind noise
may occur in the vicinity of doors, elevﬁté& shafts,
stairwells, and fire tower doors.

2) Due to the infiltration or the exfilfration induced,
the thermal load may differ significantly from design values
in some local areas, such as a reduced temperature of the
main entrance floor, thus requiring excessive duantities of
heat tec provide a more comfortable space conditioning.

3) In the case of fire in high-ri%e buildings, the
smoke dispersion through stairways, service and elevator

shafts could be a potential hazard.



Y

o

4) M;isture condensation and freezing problems as the
air exfiltrates from upper floors.

5) An excessivé pressure‘differeﬁce across a particular
enclosure may cause difficulty in its operation(e.g., the
door openings such as the main entrance door, the roof-top
doors, and the elevator doors) . |

The problems mentioned above can be reduced by a number
of modifications- and designs in the building éonstruction,

but this process requires a firm understanding of the
‘ﬁﬁéracteristics of the thermal effect. For example, if an.
excessive force is needed to open a single door, the use of-
a Eevdlving door or two-door vestibules in the critical
areas, sgch as the main entrance, can be a way to reduce the
functional problems. ° Interrupting doors in stairways may
also provide a means of controliing air currents and
pressure differences between floors.

Another alternative is to pressurize or depressurize
the particuiar areas by excessive .air supply or exhaust
through the air handling systems, but this involves an
addition of heating or cooling load in the building
operations.

It requires a thorough understanding of the thermal
effgct imposed on the building under <consideration in order
to determine the methods or modifications needed _ for

reducing the air infiltration and functional problems.

e
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The thermal effect in the building is the same as the
stack effect in the chimney. The natural draft force
produced in the chimney depends on the temperature
differences between the flue gas and the outside air, as
well as the height of the cﬁimney. . N

When the air temperature inside a building is higher
than that of the outside, the thermal effect certainly
produces a negative inside pressure, and an inward air flow
at the low level openings and a positive inside preés&ge and
an outward air flow at the high level openings.

During the cooling season, the flow directions and the
pressure pattern within the building are reversed when the
inside temperature 1is lower than that of the outside.
However, their effects are generally much less significant

than > the previous case because of the relatively small

~ magnitudes of temperature difference.

The nature of the thermal effect of the building in the
heating'season can be explained with aid of the graphical
presentation in Fig.l1l.1 dualitatively.

Since the pressure difference is zero at mid-height,
the distri?ution of the pressure differences across the
exterior wall would be shown as in Fig.1.1.

The pressure difference caused by the thermal effect
increases with the temperature difference between inside and

outside, and with the height of the building. Hence, it



would be appropriate to consider the thermal force to be ome
of the major causes of air infiltration in high-rise or
multi-story Buildings, during the heating season.

It is usually known that the pressure difference due

to the thermal can be calculated from the following

equation: <)
L

(AP =K (1= L -2

Q 1 (1-1)

where

(AP) = preésureldifference écross exterior wall
" induced by thermal effect(Po;Ri), Pa.
T, = inside air temperature, K.
T ‘= outside air temperature, K.
K' = 3.44x10° Pa.K/m.
z_ = neutral pressure level, m.

z = height of opening from reference, m.

Assuming that the neutral préssure level exists at the
mid-height of the building, and neglecting the effect of
resistance to flow within the building, the estimated
thermal effect per story would be 0.1 Pa/°C.story ( one
"story being assumed to be 3.6 m ) from Eq.1.1. .

In reality, the construction of the high-rise or multi-

story buildings are not as simple as the case illustrated in



‘The buildings are not completely open inside, nor
ntérior separations between stories completely
airtight. - There are passages for air to flow directly
through the floors, and thefe are stairwells, elevators and
other vqriohs service shafts that allow the air to permeéte

through the floors.

\

Furthermore, the leakage openings existing in the
exterior walls of a building are not always distributed
simply from bottom to top. If the openings at the bottom or
top are sufficiently larger than others, the refulting'
preésure distributions would be different than that of the
previous one. In addition, the temperature profile of air
within the building also may be varied along the height due
to the induced «flow by thermal effect.

Intuitively, the distributions and profiles of the
pressure difference due to. the ermal effect may depend
upon the resistance to flow ox the air permeability of the
building components, such as the exterior walls and the
interior separations within the :building, as well as the
temperature environments imposed. ,

In buildings with no intermal floor separations or a
relatively small internal resistance to flow, the pressure

differences induced by the thermal effect act on the induced

flow paths existing at the exterior enclosures of the

building.



In building constructions with floor separations, the
. resistance to flow within the buzlding is supposed to be
increased due to serial resistance caused by ‘the floor
separations. Hence, the resulting pressure differentials
across the building enclosure may be reduced. Therefore, in
this particular case, the thermal effect or force may depend

upon the relative magnitudes of the resistance to air flow
at the exterior enclosure to that of the interior separation
within the building.

In addition, the profiles of the pressure differentials
induced by thermal effect also may depend wupon the
distributed patterns of air temperatures in the building
environmenté.

—

Little information is provided, at the present, about
the characteriékics and behaviour d% the bhérmal effect in
the high-rise or multi-story buildings. The information
about the prediction of the thermal effect in the building
asgessed thus far is mostly provided by the ASHRAE HANDBOOK
[9], but its availability is very limited. Even the only
method presented by ASHRAE is found to be incorrect [10].
Particularly, the information about the effect of internal
geparations and temperature distributions of air along
elevation on the distributions and patterns of pressure

differentials, and the relationship of the resistance to

flow at exterior openings to the resistance to flow at the



interior separations within the building is . entirely
unknown.

In this study, the major problems afofamentioned will
be analyzed through analytical modelling and experimentally
investigated wusing simulated m;del building, speciélly
designed for these purposes. ‘

The thermal effect equations and the computational
models for wvarious types of the building constructions and
environments will be developed first. Then, the computed
profiles and patterms of the pressure differentials will be
compared with the experimental results from the simulated
building model.

As a last step, the characteristics and behaviour of
the thermal effect in the building, including the neutral
pressure level will be studied in detail, with variatioss of
important pertinent parameters using the anglytrcal>ﬁodel

tested in the second step.



CHAPTER II
LITERATURE REVIEW

With "the advent of a priority status for energy
l’ .

10

conservation, the importance of air leakage, or infiltrationm

rate of buildings has become of great concern recently.

In this chapter,  the characteristics of the air
, infiltration and thelstudy results thus far, including the
comparisons of measuring techniques, will be reviewed
briefly."

In the first part, the physioclogical aspects of air
infiltration and the majorlmeasurement techniques will be
discussed. In the second part, the methods used to estimate
air infiltration are reviewed and compared. In the third

part, the field measurement results on the thermal effect in

actual buildings will be reviewed.

2.1 ATR INFILTRATION AND ITS MEASUREMENTS

The air infiltration is defined to be the uncontrolled
flow of air into the opening in the building envelope driven
by the pressure difference across the exterior wall due to
the ambient effect.

Infiltration 1is ©balanced by an equal amount. of
exfiltration since there can be no net storage of‘air in the

building, except for transient conditions.
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As stated earlier, understanding infiltration is
critical to any building energy conservation program, since
it is a primary source of energy loss in the buildings.

Furlhermore, it has been shown that the air flow
induced by the pressure forces, such as the thermal effect
or the wind, could also cause functional problems in the
building operations, and discomfort or a hazardous
environment for the building occupants [2, 3].

However, at the present time, we are far more capable
- of predicting and calculating the ﬂ;at transmission losses
through the enclosure than the losses due to the air
infiltrafion_ [11]. Several explanations with respect to
this disparity need to be mentioned. |

The heat transmission . losses thfough the building
envelope can be easily predicted because the heat transfer
is shown to be, linearly proportional to the temperature
difference, and does not depend strongly on any other
driving forces.

The air infiltration, on the other hand, depends on the
pressure difference between the inteFior—and the exterior of
the building but® is not linearl® proportional to it.
Furthermore, the driving forces or the pressure differences
resulting in the air infiltration are caused by the
uncontrolled ambient physical effects, such as the local
direction and speed of wind, and temperature differences

between inside and outside of the building [12].

>
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‘The heat transmission losses can be characterized by

means of one parameter, the thermal resistance. But the air
inﬁiltration, until now, has had no equivél;nt quantity. It
is, therefore, obvious that it is more difficult to'prediét
and to model the . air infiltration than the heat
'transmission.

Due to these reasons outlined above, for a careful
analysié of the energy requitements gnd better environméntai
conditions for the buildings, the air infiltration 1is
required to be measured directly. However, this process is
not always practicable or easy to manage.

There are two major methods of measuring the air
leakage rate or air tightness of a building at the present
time; the tracer gas dilution method and the fan
pressurization technique.

N
2.1.1 Tracer Gas Measurement

The tracer gas measurement technique is a well known
standard method for the direct measurement of air
infiltration wunder the variables of ambient wind and

: - |
temperature conditions. This method is based on the basic
principle that an inert or inactive gas can be easily
detected in dilute quantities.

If the tracer gas does not react and is not absorbed on
the materials of the building énd furnishings installed, its

flow rate through the building!envelope would provide an
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accurgte” analog the air infiltrated v{nto the building.
ASTM Standard E741-83 specif{es a standard tracer dilution
method for air infiltration measurement f11].

A great ;dvantage of measuring the infiltration with
the tracer gas method is that it provides a means to measure
the air inf%itration rate under more or less mnatural
conditions. However, it 1is expensive.and time consuming to
obtain a complete characterization of air infiltration using
this method. It is aisq considered to be difficult to use
on é large scale sﬂructures, such as the high-rise buildings
for a routine test [13].

The tracer gas measurement of the air infiltration rate.
is based upon the principle that the tracer gas diffuses
uniformly éhroughout the ventilated space in the building,
and the decrease in concentration as a function of time
elapsed is monitorted.

The rate of change in the amount of the tracer gas in a

ventilated space may be represented as the following

relationship [13]:

-
« wa

veS o_ o .
dt COV + G R,
where

V = volume of ventilated space.

¢ = concentration of tracer gas in ventilated space

at the time of t. f

¢ = concentration of tracer in the outside air
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v = rate at which air leaves theHGéﬁtiléted space
in volume per unit time.
G = net rate of generation of tracer in the
ventilated spaée. |
an | i

If therconcentration of the tracer gas in the inflow
air is negligibly small (that is, c¢_ = 0) and if no tracer
gas is generated or absorbed within the space, Eq.2.1.1,

reduces to

dc::_izc
& v (2.1.2)
which may be solved to give
S A |
Ln = . =¥t It : (2.1.3)
init :
where
Cinit © initial concentration of tracer at t = O._
I = air change rate per unit time (v/V).

-

If the right hand side of Eq.2.1.3 is ploéted against
elapsed time in hours, the slope of the line becomes -1 and
it repr%sents the infiltration rate.

The plot of concentration vs. time on a qsgi-log graph
gives a straight line if the tracer concentration is uniform

in volume and the infiltration rate is constant. Several
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periodic injections would give a grOup‘of straight lines.
EQF slope of each straight section is the air infiltration
rate for that time interval.

Some characteristiés ,0f ideal tracer gast have been
listed by Lagus et al. [9, 13]. | i

Helium and hydrogen are among the first gases used as
the tracer gases., Helium can be determined in concentrations
of the order of 0.5 percent using thermal conductivity
measurements.

Hydrogen, although less compatible than helium, can be
measured in lower concentrations. Kathometers for this
purpose have been used [9, 13].

The thermal- conductivity of the air containing tracer
gases, such as helium and hydrogen, is determined relative
to the initial thermal conductivity. Helium has great
stability and is known to be non-toxic. The low molecular
welght of helium gas makes the measuremént of thermal
conductivity ea§¥ to perform.

Carbon dioxide (C02) has also been used as a tracer
gas. Nondispersive infrared gas analyzers have been
developed now, which can analyze the carbon dioxide gas in
concentrations as low as a few parts per million. Carbon
dioxide is easy to momitor, but it has some disadvantages.
For instance, there are background concentrations of CO2 in
the order of 400 to 600 ppm in the 'building air, and the

occupants generate significant quantities of it.
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Sulfur hexafluoside (SF6) has become populsr as s-
tracer gas [13]. it can be conveniently detected und
measured in concentrhtions of a few parts per billion with
electron capture detector}

- Sulfur hexafluoride is known Eo be'non-flammable and
‘comparatively non-toxic. The high sensitivity with which
the tracer gas' may be measured is not without certain
problsms. For example, the leakage from regulators and
other sources that might go snnoticed with other gases can
lead to significagé contamination and measuring error when
SFc is used as a tracer, gas. ¢
" On the other hand, the high sensitivity makes it
eminentiy;feasible to perform tracer measurements in large
buildings [13]. ' - : -

Mixing problems have been shown to present a major

" sdurce of error in' the measurement of air infiltration by
. )
e

the tracer gas dilution method [9].

Use of E§.2.1.3 implies that the tracer gas must be
uniformly mixed throughout the test space, so that the
concentration of tracer gas which is measured accurately
represents the concentration in the space. In multi-room
itructuref this may not always be feasible and special

procedures are required.

Y

Apart from the problems of a non-uniform mixing rate,
which would invalidate the assumptions leading to Eq.2.1.3,°

(/—ﬁpere are other non-instrumental difficulties that can
a

rise.
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The loss of tracer gas by means of other than leakagé-

can be a good example. For instance, the condensation of
gas may occur or the chemical reaction may change tracer
concentration in a manner which causes confusion in the
results obtained [9].

Another non-instrumental difficulties <can be the
recirculation of air and tracer gas via adjoining rooms and
external air intakes. It is often possible for the air
. containing tracer to be removed from the region of interest

and returned at a lower concentration at some later time.

This recirculation would result in an air infiltration rate,

that is lower than the actual 'one in the structure.

2.1.2 Fan Pressurization

The tracer gas procedures provide a measure of air
leakage rgtes under more or less natural conditions, since
they are conducted under the natufal ambient wvariables.

These procedures are time consuming, éxpensive and not
easy to handle in practice, based on the fundamental
assumption, that air and tracer gas are uniformly mixed
throughout the measurement intervals. It is, therefore,
obvious that the tracer gas method is subject to certa%n
degrees of uncertainties due to its own inherent
characteristics outlined previously.

Where the air tightness, or leakage characteristics of
the building ‘are of major concern, apart from weather

conditions, the fan pressurization or - depressurization
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methods have been applied widely [8, 14, 15]. Since the
fan, or blower is employed for the infiltration measurement
in this method, this particular procedure can characterize
the air leakage rate in‘the building, independent of weather
parameters, such as wind and temperature.

Equipment required for the measurements include a
blower, a flow meter, a‘pressure gage, and possibly a smoke
source, or an infrared scanning device to locate leaks [9,
11, 15].

A fan, or blowerris sealed into the building envelope
such as a window or doorway, and allowed to move air into or
out of the bui¥lding at a measured rate. The pressure
difference between inside ang’ outside is measured as a
function of flow rate of air.

A scaled down version of this approach is also applied
for measﬁring air leakages of building components, such as
windows, doors, and wall sections [14]. One of the
applications of the method in particular, is to identify the
air leakage paths in the ©building enclosures. By
alternatively sealing different parts of the house, or
building with plastic sheets, Tamura [15] was able to
determine the fraction of the total air leakage through
different components of the building envelope such as the

roof, window, and doors.

>

18
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The principle of the method 'is based dpn the flow

through a orifice area, which may be expressed b

Q= C Qﬁé)“ 2.1.4)

b

where

Q = flow rate in volume per unit time

C = flow coefficient

P = pressure difference measured between inside
and outside.

n = flow exponent.

Eq.Z.I.A would have a form of a stréight line in a log-
‘log plot where n is the slope of the line. Dividing both
sides of the equation by the voiume og the ventilated space,
V,.converts the air flow rates into. the air changes per unit

time.

One of the advantages of the fan pressurization method

is that it is paratively easy to perform the measurement,

except for 1 e buildings, and would be useful to predict

the overall characteristics of air leakage or tightness of

the building compgnents.

Using the pressurization mézhod,-6;E\isxgonfronted with
the problem of comparing 1eakiness from hou;é_to house or
~ from building to bu@}iiﬂg;”/kronvall [11] atteapted to make
such comparisons for a number of Swedish houses using the

-
parameter Q/A ( flow rate/ surface area ), and then derived



a relationship between pressurization tests and the tural

infiltration. The results showed that this proces§ appears

to be limited and not sqccessful.

Fan-induced air exchange rates are usually shown to

-

present much larger values than the normal or natugél air
leakage rate, obtained from the tracer gas>method [11].

Some study results showed that there may be a ‘spall
difference between pressurization and depressurizatiom, due
to elements in the building enLlosures, which can act

'gsomewhat as flap valves, causing errors arising from the

blower rating calibration [11]. é

2.2. METHODS OF CALCULATION FOR AIR-INFILTRATION
" Most of the models or methods for estimating the
iéfiltration developed thqs far are shown to be air leakage
models in general [9]. In the methods preéented; it has
been shown .thét assumptions should be made as to which
components of the building are subjected to infiltration and
‘which are subjected'to exfilt?étiﬁn, in order to convert:the
leakage calculations to the air infiltration estimates.
ASHRAE and others have presentéd several methods or
models for estimating and calculaﬁing the air infiltration

into the building 9, 11, 12]. Here the representative

methods are cutlined and discussed.

-t
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2.2.1. Air Change Method

The ASHRAE [9] recommends an air change method for the
calculation of air infiltration rates for a building. This
method is known to be a rule of thumb approximating the
amount of air infiltration with the past experience 1in
practice.

This method suggests dividing the total leakage rate
obtained from the procedures by two to achieve the egtimateé
infiltration rate into the building.

This method also cautions that the air change method
mentioned above has a size effect, in which the extra large
rooms with relatively small window aréas (e.g.,jextra high
ceilings) could be expected to have a lower volumetric
exchange rate than small rooms with large window areas.

The results—of the estimated infiltration rate in- the

houses obtafned from the air change method have been

compared with those from the tracer gas measurements /?].
In'theﬁstu y it has been repdrted, that in a particulaf?case
the differefces getween.both results could be more than 50
. . p

Consequehtly, it can be seen that the air change method
can provide only a gross estimate in the prediction of
infiltrafioﬁ at.best,‘EOr the residential housings, because
it is mainly based on the apéroximations gathered from the
past experiences for residential housings, as represented

above.



2.2.2 Empirical Estimation Methods

Another méthod is the empirical method, based on past
experiments and obser&ations in the field study of
‘{nfiltration in actual residential buildings [9, 11, 16].
ItJis'possible to consider this method as a compromise
method between the dir chahésnggthod, and the crack method
which will be discussed later “in the study.

As mentioned earlier, the air infiltratidn inte the
building is not only a function of the tightness of the
building envelopes, but is also {nfluenced by the wind
velocity and the tempefature difference between the inside
and outside. The main concept of this method, 1is to
correlate'ﬂair infiltration with the major influential
factors affecting on it from an empirical view point, and
derive an empirical correlation equation.

A number of empirical equations for correlating the air
infiltration with the parameters mentioned above have been
developed.

Dick and Thomas [11] have carried out a study of two
groups of houses. One was in a- compaﬁatively exposed
location so that the wind had a dominant effect on the

infiltration. The other group of houses was located in more

22

protected areas, so -that under some conditions the effect of’

the wind was predominant, and under other conditions the
effect of the thermal forces was dominated the air

infiltration rate.

bs
w
=2
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Their. results have shown. that the relative effect of
the wind pressure to the thermal fofce appeared to be Vz/
AT, where V was wind speed in miles per hour and T'was the
inside-outside__;emperathre differences in F. From the
results obtained they developed an experimental graph, which
is shown in Fig.2.2.1, where I/V and I/AT 0.5 are plotted
against log v2 / AT, where I is the infiltration rate. '
The figure shows that when log vZ/AT> 0.3, I/ ATO:?
increases as Vz/ AT increases, since 'the thermal effect
induced by temperature‘difference no longer dominates the
mechanism, and the effect of the wind force becomes the
governing factor.
When log V2/13T <0.3, I/V increases as VzﬂﬁT decreases,
the effect of the thermal effect is predominant. Thus, in

this particular study, they proposed that the air

infiltration rate may be represén&sgkﬁiihvterms of the

parameters of T and V. T T ~—

Bahnfleth‘et. al. [li] have conducted measureme;zg of
air infiltration by using ‘;he tracer gas method/ in
residential houses, and their results indicated that ukder
constant wind speed, . the infiltration :ate' was shaewn
basically to have a‘linear functional relationship with the

| temperature differences between the inside and outside,

while under constant temperature differences, it was shown

te be linearly proportional to the wind speed.
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ASHRAE [9], and Coblentz ana_Achenbaqh {11] presented
relationships of the parameters found in the study by

Bahnfleth et al.[17] mentioned'.above inﬁ the form of the

following empirical correlation equation.
I = A+ BW + CT ' ‘ (2.2.1)

where
" W = wind speed.

T = inside-outside temperature difference.

A, B, C = empirical constants derived from

measurements at the site.

In the study, it has been shown that the constants, A,
B, and C, in the equation vary significantly frém site to
site. It was proposed that one should account .for the
location of the house when using this empirical equation as

a predictive model of infiltration rat house.

Some typical values - of the cgnstants
different classes of residentidl housks are esented in the
- form of tables in the ASHRAE HANDBOOK [9].

/g%epsy et al. [11] reported the results of measurements
on several houses, logging nearly 2000 hours oé data. In
their study a number of correlation formulae were developed
and tested, considering such factors as wind velocity, Qind
direction, temperature.differehce, crack lengths, and other

parameters. From the results obtéined,-they proposed the

following empirical formula:



)

I =8G Vsap, +2AP, (2.2.2)

.

B =a ségtistical regression coefficient.
G = total crack lengph over infiltration exposures.
APth= pressure difference due to temperature
difference.

AP _ = pressure difference due to wind effect

The equation presénted above was developed as a
compromised estimating method between the optimum predictive
values, considering various pertinent parameters that have
an influence on the infiltration; with the simplicity of the
empirical correlation modelﬁsgggested by Coblentz et al. [9,
11 ] including the crackAlengths, etc.

By including the crack length, G, in the above
relationship, they found that the same relationship could be
applied with a reasonable accuracy for all of the houses

p -
studied.

-

It has been shown that the empirical methods discussed

above will provide a useful means for gross approximations

25

of air infiltratiom. However, there are important areas

where one should be careful before applying the method in

the calculation of infiltratiomn.
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For example, the wind direction and the sheltering
effect provided by the surrounding environment, such as
other buildings and trees, were not considered sufficiently
in its formulation to warrant accurate estiﬁation.

"Furthermore the empirical methods reported hitherto
are made from efperimental observations conducted for small
residential houses or buildings with low structures [9].
‘Thereforg, it is obvious that these methods have limitations

. {
in their application for estimating infiltratiom.

2.2.3 Crack Method

The next method is the cfack method, which is knowﬁ to
be the most common and repreéentative one. It 1is usually
regarded as more accurate and reliable t%an others-as long
as the pressure differentials and léakage charééteristics-of
" the building are ewvaluated properly.

The method is based on the fundamental concept that a
building may be considered as having a certain porosity or
permeability of air with overall leakiness through

enclosures, such as windows, window frames, doors, door

~ -

frames, etc.

It is well un&etstbod that air infiltration 1s fhe
ﬁatﬁral uncontrolled flow of air through cracks,. holes,
etc., acrosé Ehé building envelopes by thé driving.fogces.
As a result, the infiltration may be correlated with the-
pressure difference induced by the ambient driving forces

which is acting on the flow paths involved.
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The crack method calculates the air ‘flow produced by
the pressure differences acting on eachﬁair leakage path.
This method is also applied as the basic pfinciple for the
air leakage test of 'building enclosures or building
components mentioned above, using the pressurization
technique with a blower or fan fo, 11].

From the concept aforementioned, it might be aééumed
that the air flow through cracks is proportional fo_the
applied or acting " pressure difference across the flow
passage raised to some power. Hence, the basic equation
which serveé to characterize the conditions above may be

presented as follows:
Q=c¢ (AP)" | (2.2.4)

where
Q = volume flow rate of air
C = flow coefficient, volumetric Eléw rate per unit
length of'crack; or unit area, at a unit pressure
difference
APt= total pfeséure differehce across the buiiding
envelope
n = flow.exponent, depending on the character of

the flow ( 0.5 < n < 1.0 )

7
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Since the method conveys the fundamental assumption
that the.air leakages into the-buildings'throughlcracks and
crevices can be expfessed as a function of the pressure
differences, it requires the determination of the quantity
of driving forces that.cause the air leakages correctly.

The total pressure difference resulting in. the
infiltration in the building, shown in Eq.2.2.3, can be
considered to be the pregsure differences caffsed by the
wind, the thermal effect, and the mechanical ventilation.
With the asshmption that these forces could be linearly

additive, it may be written as:

AP, = (AP), + (AP)y + (AP) o ¢ (2.2.4)
where
‘APW = pressdre difference induced by wind.

APth = pressure difference induced by

thermal effect.

=

AP

vent~ Pressure difference induced by

mechanical ventilation. :

If the correct information on each major component of

the pressure differences' constituting the totdl pressure,

-
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-
x4

force inducing the infiltrationm, as shown in Eq.2.2.4, is

available, the air infiltration caﬁ be easily predicted

accurately, provided that the value of C and n are known.
However, at the present time, it has been shown that a

)-
reliable procedure for estimating these components of the

total pressure difference as’ ell as' the interaction Bétween‘\
the components constituting Lhe driving force resulting the
air leakages-have not yet bedn developed [9, 11].

The pressure differenc //gggpﬂ§§ the wind 1is the
difference between the outside and inside pressure caused by
the wind on the building. The presgure difference due to
the wind has been shown to éepend on the élevation because
the wind varies with elevation, the characteristics of the
enclosure, and the wind direction.

It is well known that the air flow due to the wind
_around and over a building creates localized regions in
which the static pressure is above or below that of the
undisturbedi airstream.

The wind pressure is positive on the windward side,

resulting in an inflow of air into the building.

-

Conversely, it is ﬁegative on the leeward side, resulting in
an outflow of air from the building. Pressure on ﬁhe other
sides is negative or positive, depending on the wind angle
and shape of the building under consideration.

The characteristics of the wind pressure in the
building aforementioned are confirmed through the wind

tunnel testing of a building model by Lee et al. [18]. In



30

that study, they also reported that the linear summation of
pressure diffe;en;}als due tb the wind action and mechanical
ventilation cannot be taken as the ~equivalent of the
pressure differential due to the combined action of the two.

~ ASHRAE [9] has shown that the pressure difference

across the windward wall due to. the wind action alone can be

given as:: _ ;
. N
pw - Pi - W L (2.2.5)
1/n
L+ (A /80 .
where

P = wind pressure.
A = leakage area.
n = flow exponent
and subscripts are
w = windward.

i = inside,

L = leeward.

- As sﬁo&n in Eq.2.2.5, the pressure difference due to
the wind 'a%tion is affected by the ratio of AW/AL which
represents the wind direction and leakage'érea.

ASHRAE refers to a number of papers on the wind effect
[9]. In.the referenced results, it has shown that square
type building with a quartering wind angle, which is 45
degrees to the wall, .experience an infiltration leakage iqto

the building on two sides and out of the building on the
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other two sides.

It shows aiso that for the case of a wind which is
normal to one wall, infiltratién occurs through one-quarter
of . the sides. Thus, the result shows that the effective wind
pressure 1is influenced strongly by the wind direction.

In estimating the wind pressure, one has to account for
the effect of the terrain on the wind velocity, which ifs
due to large~scale roughness near the structure and provides
a shielding effect in the building [9].  For a tall
building, the variations of wind velocity with elevation
should also be considered.

Hill and Kusuda [19] measured the infiltration in a sealed
room with a window crack of given dimensions. With a
simuitaneous monitoring of the pressure differénce across
" the crack tbey found that the flow due to the wind appeared—
to be a ‘pulsedl dynamic phenomenon, and that the air
change rates measured by the tracer gas method.were less
than those predicted from the average pressure differences

across the cracks, particularly at wind velocities greater

than 8 Km/h. -

~

The results showéd that under the wind effect; the air
infiltration is primarily the result of a pulsation process
at the cracks, and that the air flow occurs into and out of
the room simultaneously.

The ASHRAE [9] also referred to a number of papers
about the thermal effect. In order to determine the pressure

difference across the exterior wall due to thermal effect,



32
\

Eq.l.l'was proposed. For the determination of the neutral

pressure level(NPL), ASHRAE recommended the following

equation; ”
. _ . _
z A = _ (2.2.6)
L b2 :
AT
where

Aq = area of ldwer opening.
A, = area of top opening.

H = height of building. ‘ ' ~

The method to estimate the NPL ﬁhown in Eq.2.2.6,
which is derived by neglectlng flow resistances at the
openings, 1is appllcable only for a simple case having
exterior wall openings at the top and bottom levels only
with no internal floor partitions between floors, ané'
uniform température distributions along eievation. It hee
been shown by aﬁ anelytical and experimental investigation
using a modellbuilding [10] that Eq.2.2.6 is not correct for
the simple openlng cases descrlbed before

Available information on the NPL for dlfferent types of
building construction 1is very limited.. Since the real
building is not as simple as in the case of Eq.2.2.6, it 1is
evident that the method could not be used in the actual

situations.
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The distributions and patterns of - pressure

differentials. induced by thermal effect in the building are

\
affected by the internmal partitiong, stairwells, elevator

shafts, utility ducts, vents, and mec anical supply, and the

exhaust system.

_As stdted earlier in this study, the estimagsgn -of
infiltration using the crack method depends on the
information about the ﬁressure force. However, the accuracy
of the cfack ﬁethod for calculating the air infiltrationm,
as presented beforé, is restricted by the difficulty. of a
correct estimation of pressﬁre differences induced by the
major ;omponeﬁts, éuch as temperature and wind, even though
it is known to be an accurate method for the prediction of
infiitration, provideq that the values of  C and n are
- corréctly known or available. |

The study results reported hitherto [11] have shown
that due to incorrect estimatiom of the pressure difference
caused by the driving forces, the crack method presented the
results either too low or too high from the actual one [11].

Huot et al. [11] demonstrated that by overestimating
the pressure difference,-.which ‘4s about 25 Pa, an air
exchange rate calculated from the crack method can be more
than three times the one measureﬁ.for an apartment building
with the tracer gas method.

Bahnfleth et al. [17], on the other hand, reported-a

reasonable agreement between the infiltration rates by the



crack method, and those obtained by the helium tracer gas

measurements. Doeffinger [11] reported that for a measured
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e . 4
pressure difference of 7 Pa, the infiltration values were

. T
approximately 10 % of the tracer-measured values.
Janssen et al. [16] showed that the crack method tends
to overestimate the infiltration in small -houses and

4 . . .
underestimate infiltquion in large residential houses.

2.3 FIELD MEASUREMENTS OF THERMAL EFFEQT IN BUIkaNGS

The major purpose of the ‘field investigation was to
evaluate the overall tharacteristics of air infiltrabion and
.the‘patterns of the pressure differences caused only by the
thermal effect, or in combination with the effects of the
wind, and the mechanical ventilation.

Tamura and Wilson [s] have inug%figated the
. Lo

distribution of the pressure differences in a nine storey
office building under the influence of the thermal effect
only as well as under the combined actioms of the mechanical
ventilation arnd the the;mal effect. The height of the
building above the grouﬁd was about 34 m to the main roof
level, and 41 m to the top of the @enthouse. The internal
dimensions of a typical floor were 23 m X 81 m and 3.6 m
between the floors.

| The pressures were ‘@easured at varoius time in the
evening_whgn the buflding was not occupied during periods of

low wind speed to provide wide range of outside temperature.



Prior to the tests, all windows, entrance doors and
connecting doors between inside partitions were closed. The
pressure differences across the exterior wall were then

measured by using a portable pressure gage at four floor
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levels. Pressure measurements were also conducted under

conditions of turning off the mechanical ventilation and
closing dampers in the ducts joining the interior zone air-
conditioning units to the fresh air shaft, The profile of
the pressure differeﬁces along the elevations which was
obtained from this test is shown in Fig. 2.3.1(a). Oth¢r
measurements were taken when the fresh air shaft intake, the
return air shaft exhaust dampers, and the connection betwéen
the stairwell and pentﬁouse were alsc sealed.

This additional sealing, as shown in Fig. 2.3.%t(b),
presented a noticeable - effect on. the pressure profile,
indicating that a signific§nt air flow occur through the
closed dampeﬁs prior to sealing. Dug to the additional
sealing, the location of the NPL was shown to bel moved from
72 % of the height of the building to 62 7.

The results, obtained fr%ﬁ measurements taken over a
wide range of'the outside air Eemperatures, showed that the
NPL was not affected by the temperature differences between
the insi&e and outside under the provided conditions of
crack openings, but the slope of the pressure difference
line was shown to be increased in proportion to the
temperature diffefence between the inside and outside of the

building.
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The pressure measurements across the stairwells and
elevator dogrs were conducted with mechanical wventilation
both on and off. Concerning the direction of the air flow
in the building, the results _shewed- that without 6peration
of the mechanical ventilation, the air flow 1s upward across
each floor, except from the first floor to the basement,
and air flows into the lower half of the vertical shafts
from the first floor and out of the upper half inta the
_floor area.

With the mechanical ventilation system ou, the effect

of pressurization om the pressure distribution line was

observed. The effect of the operation of the mechanical
ventilation resulted | in lowering the NPL, causing a
decrease in pressure difference across the entrance, and an
increase across the top level.

. Tamura and. Wilson [6] also have conducted other
subsequent measurements on three multi-story commercial
buildings. BuildingéI'A and B, consisted of 44 and 34
stories respectively and were commercial office buildings
in Montreal. . -Building C, 17 stories; was a: government
office building in Ottawa. ‘

All the buildings were rectangular in shape, with
stairwells, elevators and various service shafts located in
the core of the buildings. Pressure measurements to
investigate the thermal effect were carried out over a range
of outside air temperatures when the buildings were not

occupied.

=i\
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To minimize the effect of the wind action on the data

reduction, the measurements were taken when the wind speed

was under 16 Km/h. With the mechanical ventilation system

| on and off, the pressure measurements were carried out for
the three buildings, |

The results obtained in these tests indicated a generai
similarity with the previous results for the nine story
building. 1In the results, it has been shown that the slope
of the pressure distribution line representing the pressure
differences across the exterior 'wall along height had the
same trends that presented in Eq.1.1. ‘

The locationm of the mneutral pressure levels in the
three builazngs are shown to be approximately 40, 35, and
.52% of the building height-'for Building A, *B, and C(,
respectively. The measurements made over a various range of
outside air temperatures indicated that the neutral pressure
levels in the buildings appear not to be affected by the
temperature differences as were found 1in the previous
measurements.

The pressure differences across the exterior wall are
shown to be approximately linearly proportional to the?
corresponding absolute temperature differences.

The measured results indicated that in all the
buildings investigated, the pressure differences between
floors in the building were shown to be relatively small,
except between the ground and the first f£floor  due to

i - .
sufficient openings pzovided by exhaust ducts, elevator and



gervice shaft cracks, etc.

Large pressure differences between floors. were observed
in all buildings wherever there were air tight separations
be£ween floors. Especially large pressure differences were
shown to exist between.the ground floor and the following
upper floors, presenting a congiderable effect of the
internal floor separations on the pressure profile.

é;th the operation of- the mechanical ventilation
systeﬁ, the pressurization effect was observed in Building
B.and C, which caused a corresponding shift of the pressure
differential curve across the exterior wall to the left in
general, lowering the neutral pressure level. On the other
hand, the effect of the i;eration of the mechanical
ventilation in Building A was sﬂown not épparent.

The results also showed, that the pressure difference
across the various internal separations were increased By
the operation of the mechanical ventilation system, and in
some cas€s there was a non-uniform pressurization between
floors with the ventilation system in operating conditions.

Lee et al. [4] have conducted a .measurement of pressure
distributions on a tweﬁEy-story compartmentalized building
which was a student residence at the University of Otbéq?,
for 5 months of the winter season. The building was
approximately 56 m high, 22 m x 27 m in floor section and
3.6 m high between floors.

The pressure differences across exterior walls were

measured at four different floor levels. The results showed

N
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that the pressure difference across the doors in the same

floor within the building were negligibly small.

For the vreduction of the hermal  effect, the
measurements for Ehe'pressuré differen¥es were carried out
when the wind speed was less than 1.0 m/s..

The neutral pressure level in the‘building was found to
be located at 70 % of the height of the building when it was
not occupied. However, it was raised t§ 90 % of the height
of the building during the occupied period, when the
mechanical \ventilation system and elevators were operating.

The results obtained showed that the'thermal effect was
- one of the major driving forces for thel pressures
differences causing the infiltration all through) the winter
season. | | {

The resulting pressure difference due to thermal effect
only was shown to be comparéble to the pressure of the wind
induced with a positive pressure of local mean speed of 12
m/s. The effect of the mechanical ventilation system on the
pressure profiles in the building was found to be less than

a quarter of that caused by the thermal effect.

The results above indicates that for cocld weather or J

.

—

heating season the thermal effect comprises the major

portion of the driving forces causing the infiltration’ in

the high-rﬁéﬁgbuildings.
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2.4 NUMERICAL ESTIMATIONS OF THERMAL EFFECT
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Barret and Locklin [3] have carried out a computatiomal -

analysis of the thermal effect in. the gh-rise buiiding

using a hypothetical 75 storey officef building model with
curtain wall construﬁtion.

- In the analysié, the example building w%s divided into
a total of 37 unique spaces co rising 7 occupied zones, 13
elevator shafts, 1 staifway, 3 equipment floors, and |13
~elevator maching rooms.

By assuming the flow characteristics of all paths and a
linear pressure profil; with elevation given by Eq.l.1 for
the building, the thermal-effegt air flow quantities and the
pressure differentials. were evaluated for all building
components.

The calculation of the air flow quantities for the flow
paths involved were determined from the conventional crack
flow equation using iterative pqeyedures until the results
were met the balanced condition of -‘mass conservation in
total.

Through the analysis it has been shown that a
computational analysis of this tybe is useful to identify
'thg nature and location of problems created by the therﬁal
effect in a particular building. Tamura and Wilson [20]
have carried out a computational analysis of the
distribution of the pressure differences due to the thermal
effect using a mathematical model with equivalent orifice

openings in the major building enclosures including the
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floor separations.
In the analysis, the mass flow through the orifice
openings was based on the crack flow equation, Eq.2:§f3,

.assuming flow exponent of 1/2 to 1.0. Initially a model was

made of a three story building, which was expanded up to

ten stories later. !// _

Using the model, a computer program was formulated to
solve all the unknown ﬁressures inside the building using
the crack flow equation of Eq.2.2.3 and.floy balance through
the orifice openings of the external wallg, the floors and
the vertical shafts.

In.the results, it has been shown that with 'a high
resistance ﬁo upward flow within the bﬁilding, the pressure
differences across the exterior walls was reduced, and those
across the interior floor 'partitions were increased. The
results also indicated, that with a significant resistance
to upward air flow, it is gﬁéZible to minimize the effect
of the thermal preséure differeices.

The study also presented, that providing an excess air
supply or exhaust at _the corrééponding floor could be
another alternmative to reduce the pressure difference
causing infiltration due to thermal effect.

Tamura and Shaw [21] presented an air infiltration
model of the thermal effect which was derived from the crack
flow equation of Eq.2.2.3 and the thermal effect equation of

Eq.1l.1.

P
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“ In the development of the model a cogrggtion\factor was

introduced to Eq.1l.1, in order to comsider the effect of the

1)

resistance to flow within the building on the distributions

of pressure difference across the exterior wall, due to the
. -0

interior floor partitions and the vertical distribution
pattern of exterior openings in the wall.

Assuming a constant cross sectional area, and a uniform
distribution of leakage opening with height, the following

model was presented:
rd
T (:; )n‘*’+ t
Q. =C S (0.03~ H
3 W P )
TiTO nLJ + l

(2.4.1)

—— me e

Qs = tgtal rate of infiltration due to thermal effect,
-cfm/s.
-~ _EF_ﬂ floé—égefficient,ﬁfm/sq.ft.in of water.
Y = correction factor.

= barometric pressure, lb/sq.in.

P

h = vertical distance from NPL, ft.

T:'= teﬁperature difference, T, - To’ F N
g l=_ratio of building height to NPL.

H = height ¢f building, ft.

n, = flow exponent for exterior wall.

S = perimeter of the building, ft.

For the calculations of the air infiltratiom, they
suggested the use of the values of n, and C_, determined by -

the field measurement, using fan pressurization in actual
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building wiﬁh an arbitrary assumption of the correction
factor, 7.

The wvalues of the flow exponent and the. flow
coefficient, n, and G, were presented in three majqr groups
according to tﬁeAair tightness of the building envelope from
their air leakage tests in buildings wusing the fan
pfessurization tests [15, 23, 25]. However, the values of .
the correction factor, ¥ , and the ©NPL were assumed

arbitrarily in the calculations of air infiltration in the

method.
™
Since the NPL and the value of the correction factor
are not only unknown, but also not easy to determine for
various actual situatioms, it is very doubtful that the
proposed method can be a correct and a predictive one.

&

2.5 CONCLUDING REMARKS

From the overview the study results reported thus far,
‘it is clear that ‘the air leakage or the infiltration in the
buildings appeared to be very difficult to quantify Dbecause
it is not only a function of building tightness and
configuratiﬁ& but also of the ambient variables, and the
mechanical ventilation.

Several\“@tﬁndard formulas have been developed to
estimate tﬂe Qip infiltration rates [9], but they still are

rough”approxiﬁétions at best, since the information on“thg

‘mechanisms inducing the air leakages is not well understood

due to its inherent complexity resulting from the

L



unpredictable parameters, such as ambient variables.
¢Existing test results also showed that the validity of

the models for an estimation of the air infiltration
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P .
"Hé;éribed in Section 2.2, mainly depends wupon the

.-“

correctness of the informatiom provided about the, pressure
d}fference acting on the flow paths, as well as the
characteristics of the openings in the bulldlngs.

~The leakage characteristics of the building enclosures
can be found tPrough the fan 'pres3uriiation method
indirectly (9, 23, 25, 261. However, the pressure
differentials resulting in the infiltration still is shown
to be very difficult to determine correctly.
| Hence, for the correct estimétion of the air
{infiltration, a method which is reliable and correct, should
be developed to quantify the ptéssure differentials
governing the infiltration into the building.

_As presented previously, -information on the
infiltration-measuraments of actual buildings is still very
limited and rare, especially in the hiéh-riée or multi-story
tuildings. | - '

As inditated ea:lieriﬁin this study, most’ of the
predictive or calculating models for infiltration have been
made on singlé family homes or lou.levtl residential units.

Through a number of fleld measurements in multi-story
buildings, it ~ has been observed that the pressure
differences due to thermal effect, canlbe one of the major

forces which induce air infiltration in the high-rise or

]
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multi~story building during tﬁe heating season.

Therefore, it is very important to have a complete
~understanding about the ’pﬁaracteristics of the thermal
“effect in the'building correctly in order to estimate air
infiltration in high-rise buildings. However, the
information obtained on the thermal effect in the high-rise
building has been very limited [9]. ‘ Furthermore, the
existing method thgt serves for this purpose is shown to
apply.only to .simple, and limited cases, and is not reliable
due to its incomplete performance [10].

Direct measurements 6f.the_air infiltration due to the
thermal effect in actual high-rise Dbuildings . can “be
.conduéted, but thiﬁ is ‘mot always feasible and easy to
process, nor is it econéﬁical to manage in practice.

Moreover, from the logical point.of:view, it is not
practical to isolate ﬁhé oéher-effectsﬁ such as wind, and
mechanical ventilation, from direct ﬁeaéufement results,
conducted for the purpose of studying the Fhermal effect in
the actuallbuildings.

There may also be other errofs expected from the air
flow paths,.like supply and exhaust ducts,.used for the air
conditioning of the building space, and the operatioﬁs of
elevatcrs, etg.," which contribute to . .sufficient
interconnections of air‘flow between floors affecting the

e

measured results.
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To obtain accurate and practical iuformation about the
characteristics and behaviors of the vhermal effect in real
buildings, it is very important to carry out both analytical
and expérimental investigatioﬁs by using specially designed
experiméntal models, which can isolate thé thermal effect

. -
from the other factors described above.
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CHAPTER IIT

ANALYSIS

3.1 THERMAL EFFECT IN BUILDINGS

As stated earlier, the thermal effect in buildings has
a close physical similarity with the stack effect in the
..matural draft chimney. The natural draft force produced in
the chimney is. well known to be dependent upun the
temperature differences between the flue gas and the air
outside, as well as on the height of the chimney.

In the heating season, a similar action takes place in
the building, even though the temperature difference of the
air between inside and outside is much less than that of the
chimney.

The thermal effect occurring in the building can be
illustrated by the aid of the graphical representations for
different types of buildings, as shown in Figs.3.1.1 to
3.1.6.

In Fig.3.1.1, a heated building which has no internal
floor separations and uniform temperature distributions with
height, is presented. The building in the figure is shown
to have a single opening at the bottom level only. The
distributions of the pressure both inside and outside with
height are shown in the‘figure.

In this particular case, the maximum wvalue of the
pressure difference due to the thermal effect occurs at the

top le#el, as shown in %E?/ figure, and the profile of

T~
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pressure differentials with height is expec£ed' to be
governed by the bottom opening. )

Since steady and unifdrm distributions of temperatﬁres
are.assumed for bbth sides of the building, in the absence
of wind and mechanical ventilation, the pfessure of the
inside and outside of a;r should be equal at the level of
the bottom opening. “ - \

As can be seen in the figure, the pressures both inside
and outside of the building are shown to decreése with
elevation because of the reduction of air column weight
gcting above. -

The figure also indicates that since the air outside is
more dense than that inside, the wvariation of the pressure
with the height outside is more rapid tﬁan that of the
inside. Therefore, the Pressure within the building is
higher than that at the outside at all levels above the
épening.

The example shown in Fig.3.1.1 can also have a
similarity with an extreme case of a building with
sufficiently larger single opening at the bottom tian
other;.

Fig.3.1.2 -illustrates another example, showing the
reverse case of Fig.3.1.1. In this building, the single
opening is placed at the top level of the building.

As a result, the pressure of both inside and outside of
the building would be equal at the top level, and the

pressure of the air inside is expected to be less than that
Y .
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at the outside at all lower level. Hence, the m?ximum
pressure difference dué to the thermal effect would act at
the bottom level as shown in the figure.

In actual buildings the openings through which air may
infiltrate or exfiltrate are distributed in the exterior
wall of the building at various vertical elevations.

Fig.3.1;3 illustrates an example of an i@ealized heated
building with no internal floor Separations, having openings
of equal size and shape in the exterior wall at the top and
bottom level only. Since’the air within the building is
iighter than that at the outside due to heating, it tends to

rise upward and escape through the top opening, whereas the

colder air outside flows- into the botto ning to displa?e’—\\
it.
In addition, since the openings gt the top\and bottom

-are of equal size and shape, the resiskzﬁgp to flgw imposed
by the openings is expected to be the same at both openings.
' Cbnsequently, the distributions gf the pressure differences
due to the thermal effect at]gﬂﬁ?openings would be of equal
in'@agnitudé. |
;‘As shown in the figure, the lines representing the
presgures are shown to cross at the mid-height of the
building at the point where there is no pressure difference
across the ex£erior wall.
This level, where the inside and outside pressures of

the building is identical, is called "the neutral pressure

level (NPL)". Therefore, %n-fhe example shown in Fig.3.1.1,

]
i
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the neutral pressure level is placed at the bottom opening
level. Couve}sely, as in the case shown in Fig.3.1.2, the
neutral pressure level exists at the top opening level.

In the figures, it may be noted that the pressure
difference acrogs the exterior wall is shown to incébase in
proportion to the distance from the neutral pressure level.
From a theoretical point of view, as shown in Eq.1.1, the
difference in the slecpes of the lines representing inside
and outside preséure is expected to increase as the
Eemperature difference between inside and outside increases.
Therefore, the pressure differences across the exterior wall
would increase correspondingly..

If the opening at the bottom level, as shown in the
figure, is larger-than than that at the top, imposing less
resistance to flow, the pressure difference across the
opening at the bottom would be less than that across the
opening at the top. TEg\oppositqfcase would occur if the
opening at the top level is larger than that of the bottom.
This alteration of the resistance to flow in the openings
result in a shift of the inside pressure line and the
location of the neutral pressure level in the building.

Suppose a building with a very large single opening
at the top or bottom with respect to the other openings at
different level. In this case, the resulting profile of the
pressure difference across the exterior wall would be the

same as shown in Fig.3.1.1 or Fig.3.1.2, correspondingly.
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The characteristics of the thermal effect for the
simple case presented in Fig.3.1.3 have béeh+investigatéd
both experimentally and analytically [10]. The study has
shown that the behavior of the thermal effect in this type
of building depends upon significantly the characteristics
of the exterior openings.

Fig.3.1.4 1illustrates another wvariation oifthe case
which was shown in Fig.3.1.3. In this case exterior
openings of equal size and Whape are distributed with
elevation in the exterior wall.

In this case, the line representing the pressure of the
air inside within the’ building may be somewhat different
from the case which is shown in Fig.3.1.3, depending on the
diStributed pattergf of the exterior wall openings. If the
resistance to'flow\imposed by_each opening is exactly same,
the neufxal pressure level i§'expected.to be located at the -
mid-heiZZ) of the bui}ding.

If the distributed pattern of the exterior wall
openings along the height is non-uniform, on the other hand,
the lines representing the air pressure inside and outside
would cross somewhere between the bottom and top opening
levelk.

In this case, as has been shown in figure,'-the‘ air
outside would infiltrate through the openings below the NPL
and the air inside would exfiltrate through the openings

above the NPL.



Fig.3.1.5 represents a hypothetical building with
completely air-tight floor separations at ea;h floor level,
and openings of equal siée and shape in the,g;terio; wall of
each story, at the top and bottom. Thus, it can be assumed
that there cam be no ﬁpward flow of air between floor
separations. , : 3 _

Since there 1is no air flow through the (floor
separations in this case, each floor level may act
independently, and the thermal effect in each story is
expected teo be unaffected by that of another level. It can
also be seen that there would be an inflow at the bottom
opening and an outflow at the top opening of each floor,
since each floor has its own particular NPL. _

In theory, ,the sum of tﬁe pressure diffigﬁﬂgés across

=0
the floor levels, plus the press@:gfdtfiﬁrence across the
exterior walls at the top and bottom of the building should
be equivalent to the total thermal effect for the total
building height which has been presented in Fig.3.1.1 or
Fig.3.1.2, |

In practice, the high-rise or multi-story buildings are
not completely open inside, as has been shown in Fig.3.1.4,
nor are the floor separations between floors completely air
tight, as illustrated in Fig.3.1.5. It is well known that
there are various passages for the air to flow through the
floor separations in the actual Dbuildings. The

interconnections providing the air flow paths between floors

usually consist of the stairwells, elevator and various
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service shaftiéthat extend through the floors.

A tyﬁzggl ample~of the case described above 1is
illustrated in Fig.3.1.6, which represents a heated building
Fith uniform distribution of the openings in the exterior
wall and floor separations.

" The general pattern of the air flow induced by thermal
effect 1is expeéﬁed to be the same as that presented in
Fig.3.1.4. The air infiltrates into the building at the
bottom, flows upwards through the openings in the floor
separations, and exfiltrates through the exterior wall
openings in the upper level.

Since steady and uniform distribution . of the
tempefature with height in both inside and outside are
assumed, the slope of the line ‘representing- the inside
pressure would be the same as shown in Fig.3.1.4 or
Fig.3.1.3. However, there may be a discontinuity of the

inside pressure line at each floor due to the resistance to
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flow within the building, contributed by the floor

separations as illustrated in the figure.
In the analysis of the thermal effect in the building,
it is necessary to consider the effect of the resulting

flow due to the pressure difference on the building

environment.

The flow occurring within the building may cause a
variation in the heating load from floor to floor, and
therefore would. have some implications for the distributions

'\

of the air temperature inside with elevations.



With regard to the distribution of the pressure

differentials due to the thermal effect in the buildings, as
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demonstrated before, there could be two extrema: the open

type buildings which have negligibly small resistance to
flc‘>w within the building as shown!in Fig.3.1.4, and the
story type buildings which haferair tightness between floors
as illustréted in Fig.3.1.6. {

This ;implies that one‘ can represent* the building
relative to the value of the resistance to flow or to the
permeability of the building components separating floors.

The permeabilty to air can be described as the
property‘ofpa building compoment to let air pass when it is
subject to pressure difference, which = 1is another
representétion of the resistance to flow, exerted by a
building component. R -

In a building with an open type construction, which is
the case shown in Fig.3.1.4, the influence @f thermal effect
on air infiltration would be subgtantial. On the other hand,
in the stor{/)ynﬁgiigﬁjlﬁggt\ whith is the case shown in
Fig.3.1.6, there are small buoyancy effects only within
every floor due to discontinued /floor permeability, and
consequently the air infiltration due to thermal effect is
small. Thus, it 1is advantageous to have air-tight floor

partitions to minimize air infiltration.
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3.2 THERMAL EFFECT EQUATIONS
3.2.1 General Description -

We may choose a differential element of mass ?f air,
dm, with sides dx, dy, and dz as shown in Fig.3.2.1. The
element of air in the column shown in the figure can be
considered as étationary .relative to the stationary

coordinate system presented in Fig;3.2.1. From simple force
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equilibrium in the differential element, we understand that’

the only two components of forces may be applied on it.
These forces are: body force and -surface force. The only
body force that must be considered in this problem is due to

gravity.
— &
For the differential air element, the body .force, dFB,

~ dFg = g dm = g pdV , (3.2.1)

where g is local gravity, is the density of air, and
dv is the volume of Ehe element. In the coordinate system
shown, dV = dx dy dz, so

.t

. dFg =" p g dx dy dz ) (3.2.2)

—y
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Since the air in the column is assumed to be static, no
shear stresses can be predent. Thus the only surface force
is the preﬁsure force.
| Let the pressure at thé center, 0, of the element be P.
To determine the pressure force at the faces of the element

in the direction considered, we may use a Taylor s ries
expansion of the pressure about 0. By using this
srepresentation, the pressure at bottom face of the element

is

P

_ . _dpdz |
Pootton™ F ~ &5 2 . (3.2.3)

The pressure on the upper face of the element is

- dp dz ‘ (3.2.4)
P P 7 .

Combining all such forces gives the net surface force

acting on the element. Thus,

=(p-dpdz ' dp d
g =(P-FTFraxdy-(p+ RFy g ay (3.2.5)

Collecting and canceling the terms, we obtain

-

_, _d |
dF  =( EE ) dx dy dz (3.2.6)

TFe

v
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Sihce_no other kinds of force may be present in the
present model, it is allowed to combine surface and body
forces that we have developed to obtali the total force

acting on the air elemenrt. Therefore, we have

. dF = dF_ + dFy

-‘"\.3

= (- %B +pg) dx dy dz

(3.2.7)
or omn a unit volume basis
dF - -
dx dy dz dz P8

(3.2.8)

Since we are dealing with the static element of air, it

Bécomes
(3.2.9)
E=ap=0

where a is acceleration of the element.

Substituting £for dF/dV from Eq.3.2.8, we obtain

dP -
“a@ TPe=0 (3.2.10)

This equation is the basic pressure-height relation of

static fluid. This equation also indicates that it has been
= :

formulated on the assumption that ~the pressure is

independent of the coordinates, x and y, and it only i3



e . . |
- : o \

dependént upon z. To determipé the pressure distribution
in the static air fiéld, £q.3.2.10 may be‘integratéd
"with the appr;prigte boundary conditions.apéligd.
;
3.2.2 Thermal Effect Equation with Uniform Temperature
" Distributions in Vertical Elevations '
\Ep/ﬂfaer to determine the pressure from Eq.3.2.10, a;
" stated earlier, tﬁe variation of thg density of fluia, p and
the - gravity'"forcé{ g, must be known ;s function of
‘efevation. = ‘
- - It has beén5sggyﬁ that;%he,p;;ssure variation in the
sthtiévair column ctan be described by the -basic pressure-

height relation of the stat;cAfluid;

4

E’“"g o , : (3.2.11)

S ' »
. {; The air can be taken as an ideal gas and have the ideal

-

gas equation of state is;

-

p= PRI A ' (3.2.12)

-~

L s

‘where R is. the .gas constant and T the absolute

temperature.
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In a particular situation, in which the variation of

the air temperature with elevation of the building is

‘mihimal, it may be assumed that the distribution of the ai

-

temperature is uniform with height.’

Hence, with this idealization- that the temperature

distribution of the inside and outside of the building is’

constant, and uniform with height, we have that To(z) =

.
.f&j}
!
}

\
e

Ti(z) = constant.

Using these assumptious, Eq.3.2.12 becomes

dp

I ="Pg'= constant . (j_2.13)

-

LY
With the simplification through the substitution of

Eq.3.2.12 into Eq.3.2.13 and with its rearrangement, the
follawing 1is obtainéd;

P _ _ 2
- N dz . . (3.2.14)

To determine the distributions of the pressure,
Eq.3.2.14 should be integrated by applying the appropriate
bouﬁdary conditions.

If the pressure at the reference level, z is

o’

designatéd as Pf! then the pressure; P, at the elevation .z

is feund By the integration of Eq.3.2.14 as:
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P - _ _E_' - ' E '
( ) - ( ) ( A ) o
Ln "“pr R T 272 o , | (3?2.15)

Therefore, the pressure variations with the elevation

‘of the air within the building would be

Pi:(ppi-exp[- R.%(;:—zr)] ‘ N (3.2.16)
w

where the subscript i is the air inside.

Since th;a thermal effect is defined as the pressure
differentials across the exterior wall of build.ing, the
pressure difference between inside and outside at the
difference of the elevation from the reference level, (z-

zr), would be
AP(z-2_) = P_(2-2_) - P (z-z_) (3.2.17)

By substitution of Eg.3.2.16 into Eq.3.2.17; we have

the following;
AP(z-z_)=(P_) exp[- 5 (z- - .
r r?OEYP[ RTo (Z': 41-_)] (Pr)iexpL- §%{z~zr)} (3.2.\L§)

In order to determine the pressure differential from

Eq.3.2.18, we may assume that there exists a part&ci.llgr.

4 o~

o

&
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elevation where the pressure difference between inside and
outside of the building becomes zero owing to the different
pressure gradient of fhe air at both sides. This level was
defined ‘as the neutral pressure level.

With the application of the assumption, and taking the

neutral pressure level as the reference level, we obtain

~
e w -
D v - " -—

(AP= (2, { exol - ﬁ%g(zn‘ D) - exol - Rz~ ) (3.2.19)
. 1

where subscripts, th and n, refer to the pressure
difference induced By thermal effect, and the neutral
pressure level, respectively. .
For the determination éf the pressure difference due to
the thermal effect in a more simplified manner, we may use a
series method for the exponential terms in Eq.3.2.19.

LY

Neglecting the higher order terﬁs, we have

(AP) =K (3 - )z 2)
Q 1 h

[+

" (3.2.20)

- where‘K'=Pog/R ¢
The equation presented above, Eq.3.2.20, is the basic
thermal éffect eéuation which relates the pressure
differénce across the exterlor wall .to the temperature
difference between the air_ inside and outside, and the
building height.’ This " is also applicable for the case

having uniform temperature distributions along elevationboth

inside and outside.
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3.2.3 Thermal Effect Equation with Non-Un&form Temperature
Distributions with Building Elevations

As presented previously, information on the temperature
distribution is required to .determine ~th& pressure
difference across the exterior wall. As a hresult, a
témperature profile within building with hi}ght must be
assumed to determine the distributidn of the pressure
differences considering a non-uniform temperature
distribution of the air iﬁside. »
| In ord to obtain the pressure difference under these
temperatureﬂ‘:}nditions within the building, it will be
assumed that the temperature distribution of the air within
the building depends upomn elevationJoﬂlyL_and is _a linear

. ~
distribution with hekght as follows:

Ti(z) = Ti(zr) + bz

. . . o
where bi is temperature gradient of the inside ( C/m).

Substituting the one above into Eq.3.2.14, the pressure

dtftribution within the building can be expressed as
by

’

' dz - i
=‘%[gu9¢?n] _ (3.2.21)

1

L3
!

~

If the pressure at the reference level, Z_., is denoted
as Pr’ then the inside pressure, Pi, at elevation z is found

by integration of Eq.3.2.21:
_ F -



P(z-zr) Ti(zr) i.bi(z—zr) .
W5y Jin™F v Lol T (z) ] (3.2.22)

where the subscript, in, refers to the inside of the

building.
{

. . ‘
Hence, the pressure difference between inside and

outside the building at a certain level can be written as

follows:

AP(zz) = B (2.) expl~ &~ (zz,)
N - '
Ti(zr) * bi(z—zr) bR (3.2.23)
T, (z) ]

- Pi(zr)[

With the assumption that the - pressurg difference
between inside and outside at the neutral pressure level is

nil and taking the level as the reference elevation, ‘the
: : <

following equation is obtained:

L4

gz

| (AP) = P (z dexp[- ﬁ% 1{ 1 - expl- —"]
e : T.(z )Y+b.z = g— | RTO
- 1(20)‘blz + b.Rj

] i
Ti(zo)tbizn

(3.2.24)

where z, denotes the bottom opening level.
The equation,‘AEq.3.2.24, is the thermal effect
equation, whicg_determines the pressure differentials across

the exterior wall at the given level due to the thermal

-
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effect, under a non-uniform distribution . of | the air

)

<
To apply this-equation for the case with a negative

temperature inside alone. )
slope of- the air temperature inside, the ~sign of the
temperature slope, b, cq:respondingly will be.altered.

« As shown in the derivations, it is subjected to thel
restrictions that the temperature distribution of the air
inside depends on the vertical direction only and has a
linear ferm of distribution with elevaﬁions. From Eq.3.2.24
" we can see that for the <calculation of‘ the pressure
differential in this case, it 1s required to have the
information om the neutral pressure level and the gradient

e

of the air temperature inside.
g

¥
Thus far, as has been demonstrated in the derlvathg of

Eq.3.2.24, we have only taken into account the effect of the
non—ueifqrm distributions of the air temperature inside om
the pressufe difference due to thermal effect 1in the
building. |

lHowever, in practlcal 51tuat10ns, it can be expected
that both the air temperature inside and outside may VS?}
with ~ the elevations. To deterpine the pressure
differentials due to the thermal effect considerieg these
temperature variation both ingide and outside, the same Arﬂ,
assumptions are applied in the derivation of Eq.3.2.24 wil&“
be aﬁplied for the outside air and inside air. Hence, the

temperatyre of the air outside is;

Y

Y

\



T, = To(zr) + bz ‘ (3.2.25)

where the subscript o denotes the outside..
Substituting Eq.3.2.25 into Eq.3.2.14, and taking the

same procedures used in the derivation of Eq.3.2.24, the

following is obtained:

-\

AR(z) = P (z)) [

To(zo) * boz + BOR

]
To(zg)

. . g £
+ . 2 .
,To(zo) * bozn ] boR [ Ti(zo) * biz ]; biR (3 26)
TO'(ZO) Ti(zo) + bizn

[+

f This is the basiq-equation for the thermal effect to
determine the pressure differential due to thermal effect
considering a linear temﬁeratgre distrgbutions of the air
inside and outside with t&s elevatiofis in the building. As
shown in the equation: theﬂtemperature gradient of the air
inside and outside and the neutral pressure level should be
given in order to evaluate the pressure differentials with
the elevations of the building. Also the equation is

subjected to the restrictions were applied 1in its

dérivations.

65
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3.3 ANALYTICAL MODEL FOR THERMAL EFfECT ANALYSiS
3.3.1 Model without considering Effect of InMgrnal Floor
Partitions

It is expected that the profile and distribution of the
pressure differentials induced by the thermal effect in
high-rise building may depend upon factors related to the
constructions, the design, and the environment of the
building involved, such as the distributed pattefn of the
efterior wall opening holes, the types of floor separatioms,
and the temperatures.

In the building with a relatively loose air tightness
between floor sepqgations,“%he flow resistance within the
building will be shown to be negligible, causing no pressure
difference across the floor.partitions provided.

As a result, it is possible to comsider that the

pattern and the distribution of the pressure differentials

produced by the thermal effect will be governed mainly by -

the conditions and designs of the exterior openings existitg

in the wall. _
On the other hand, in the building with air tight floor
separati;ns, the distriﬁutions of the pressure differentials
induced by thermal® effect may be the result of the
ipteraction between the exterior wall openings, and the
floor openings provided. N
For the solﬁtion of the problems outlined above, the

case of a particular type of building with negligible

resistan%g to flow inside, having sufficient
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#

interéonnections of air flow between floors, will be
regarded in the analysis first.

The schematic diagram of the analytical model for this
type of building is presented in Fig.3.3.1, in which only
the exterior wall openings are distributed along the
élevations of the building. In the model, the opening holes
associated with cracks or creviceé in the exterior
enclosures contributed by the doors and the windows; are
represented by the equivalent orifice opening area of the
exterior wall (A&).

For the analysis of the thegmal effect in this type of

—

Building, the following major assumﬁtions would De
“iélroduced:

(1) The air temperature inside the building is higher
than that of the air outside with elevations.

(2) The conditions of the flow field at the opening V)
hole involved are steady, .ifginar and hydrodynamically
smooth. \\\

(3) There is no wind or mechanical ventilation acting
on the building.

From these assumptions, the pressure difference across
the exterior enclosures of the building will be solely due
to the temperature differences between inside and outside.
Hence, it is expected that the resulting pressure
differences induce an air flow field at the openings,
existing on the exterior enclosureg as represented in

*~ Fig.3.3.1.
/;_8

/



The pressure differentials induced“by thermal effect

resulting in these air flows in the ©building . may be

at the corresponding opening hole involved, which is

68

represented by the steady flow energy equation for the f?zf
n

expression of the conservation of energy.
Applying the assumptions made above and the energy
balance relation, the pressure difference across an opening

hole in the enclosure can be represented as follows:

_ \ |
(Ap), = (APlolss)kﬂ_\ f . (3.3.1)

]

where subscript k refers to the position of the opening

considered, AP denote all the pressure losses occurred

loss
in the flow path, respectively.

The term associated with the pressure loss, shown in
the left side of Eq.3.3.1, at the flowlthrough the opening
hole consists of the pressure loss contributed by the
friction loss due to the inmer surface of the opening, the
form losses at the entrance and exit, dé@g to abrupt

: S
alterations of the flow area at the opening considered.

Hence, we have | \\
AY Fi
“ (AP) = (APg +AP. ) | (3.3.2)
£a 3

. where subscripts, fl and fr refer to%form losses and

friction losses, respectively. f

(3



Also applyiﬁg the

respective definitions

above, the pressure losses can be represented as

/

1 2
(APfl)k =0 (K, * Kext) 7PV ]k

and

(APgy, = f%

2
eV

P r—
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described

(3.3.3)

(3.3.4)

With the apblication of the assumption that the induced

_éir flow at the opening holes is 'steady and smooth 1in

transition, the friction coefficient, f, shown in Eq.3.3.4

may -be. represented as

£= &
Red
where L
/}I dx
X
- v 0
C:
L
dx
0
and
= 6&
Cop 6

o

(3.3.5)
~.

(3.3.6)

(3.3.7)



With the substitution of Eqs.3.3.3 to Eq.3.3.3 into the

 basic equation, Eq.3.3.2, and by rearranging, the pressure

difference across thewépehing hole due to the induced flow

is given as | . :J

(AP), . 1 = L 3.3.8
k IPV'ZELKfl +fD]k ( )

where 2= Kfl is the summation of the form loss factors

at the opening involved such as K Ke.» and Kre'

ext’?

“

If thé configuration of the crack or qrevices of the
opening is assumed to Se a thin rectangular type, in which
spacing y is very small as shown in Fig.3.3.2, then the flow
can be treated as that between parallel plates ‘and the
equivalent diameter of the crack hole, De, Would be D, = 2y,
~ where y is the spacing between plates. ”

Hence, the friction factor in Eq.3.3.4, assuming fully

developed laminar, for this particular case will be :

f 4 ( 3 Re;g) . . (3.3‘.9)
|
where
Y172
. Dg = 2°rz) (3.3.10)
Gty "
. 1

( . and ¢ may be given by Fig.3.3.3 [27].

* i
. —_
1,
L . . " .

70
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From the physical considerations of the flow induced by
the thermal effect, the flow of air below the neutral
pressure level is inward. Thus, taking " the pressure
differentials resulting in an inward flow into the building

as the negative pressure difference, the energy equation,

Eq.3.3.8, can be represented as

1 L |
(AP)k -tffp‘fz( ZK§1)+CV_%7[: ]k- - (_3.3.11)
v}

Hence, applying Eq.3.3.11 for the present’ model
represented in Fig.3.3.1, the pressure differentials across
"the opening holes are given as follows:

o

For openings pléced below the NPL

1 ‘ | - -

(AP)mz 7[9V2(K+[{ )+pv2(Kre) . (3312)

- ' ' F -
A ( ’ * Gy E Z)b] . :
5 'And.jor_openlngs placed above the NPL * .

(AB) (,_;' 2 ok s '

n zr[Pa a (KR, ) ‘+ PV C(K,) 2 | (.3.3.13)

HL gy (BL l
"GV Ja G2
J .

where subscripts, m and n denote the ‘positiOn of

openings placed below and above the NPL, respectively. o :y

ro,
L}
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For the solution of the problems in the present model,
in addition to the 'energy‘ equation presented, we can
formulate a relation of the mass conservation in the induced
flow field in the model.

‘From the physical considerations in the model, tﬁe
amount of the inflow of air into the system due to th;rmal
effect, should be equal to that of the outflow from the

system. Thus,' the mass balance in the building can be

written as:

i-;;l(p\' Ad, T JL":(M"A)C“t (3.3.14)
where M and N are the summation of the o@ening number
existing below and above the NPL, respectively.

In order to formulate the analytical model to obtain a
numerical solution for the present model, the c0rfesponding
‘number of energy equations of Eq.3.3.8 can be set for the
exterior openings in the building shown in the figure. In
addition, the continuity equation, Eq.3.3.14, can be made
for the system, corresponding to the number of the exterior
openings provided.

For the purpose of formulating the analytical model in,
the building, it is required to rearrange the pressure terms
shown in the left hand side of Eq.3.3.8 appropriately
through manipulations, using the energy balance relations

between the openings to be interrelated.



Since the pressure terms representing the inside and
outside pressure at the given elevations of the openings can
be interrelated between the opening positiouns by the energy
conservation corresponding to the difference of elevations,
the computational model to _ calculate the pressure
differentials due to thermal effect finally, is reduced to

the set of non-linear equations, having the corresponding

73

number of unknowns of the openings involved in the induced’

flow by thermal effect in the building.
3.3.2'Model considering Effect o% Floor Partitions

As we .know, in prﬁctice multi-story or high-rise
buildings are neither open in the‘ inside nor airtight
between floor separatious.

For the purposé of.qbtaining more realistic solutions
of the thermal effect in buildings, the presence of the
floor separations within the building as well as their
interactions with the openings existing in the exterior
enclosures should be taken into account.

As a result, it will be expected that the patterns of
distribution of the pressure differentials induced by the
thermal effect in this situation will show differences to
the profile of the pressure differentials compared to that

for the case discussed in Section 3.3.2.
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Intuitively, for a building having considerable air-
tightness between floors, there can be minimal air flow
between floor partitions, so that each floor may act
independently and the thermal effect induced may not be
influenced %y others.

On fhe other hand, for buildings with plenty of
interconnections between floor separations, the resultant
thermal effect may be influenced by other floors owing to
the upward movement of the air inside resulting frém reduced
resistance to flow within the bupilding.

For the correct esaimation of the pressure
differentials of this case, a complete understandings about
the characteristics and behavior of the thermal effect in
this type of building, 1is strongly required.

The schematic diagram of the énalytical model of the
building with intermal floor separations is illustrated in
Fig.3.3.4. In the figure, it shows that for this type of
model the openings in the floor separations as well as the
openings in the exterior wall “are distributed with
elevations.

In the analytical model, éhe opening holes associated
with cracks or crevices in the floor separation, which are
formed by the elevator doofs, stairwells, and wvarious
service shafts, are lumped together and represented by an
equivalent orifice opening hole in the floor separatioq
(Ap).‘ Conversely, the cracks or crevices formed by the

windou and doors, existing at the exterior wall per unit



floor level, are repfesented by the eéuivaient exteriqf
orifice openihg of the wall (A ).

In the model, the exterior wall openings at each floor
are made to be placéd at the top and bottom of each fldbr,
and the opening in the floor separation is made at thé the
floor partition of each floor, as presented in the figure.

In order to formulate the analytical model, the major
assumptfbns to be applied in this type of building would be
the same as that of the case which has been discussed in
Section 3.2.

Additional assumptions to be made for this case are,
that the air flow within building is upward and steady, and
that éhe resistance to flow imposed by the floor separation
is not negligible.

With the application of the yassumptions described
above, the pressure diffeEEqE}als across the openings can Be

presented from the energy balance relations as follows:

For the openings placed.at the exterior wall

(APEZ=(APHA~AP
where the subscript, k, denotes the position of

exterior openings at the wall.

75

fr Jx , (3.3.15).



For the openings existing at the floor separations

(QP)P = (Apg + AP ) (3.3.16)

76

where subscript, p, refers to the position of the floér_

separation.

With the application of tbe basic assumptions made
above, the energy equations %epresenting the pressure
differences across the opening h%les for the present mo&el,
can be presented as follows, taking thé pressure difference
inducing inward flow into building as the negative quantity:

For the exterior openings
o ST L
(AP)k.—tz-[pvz(EKfl) +CV(JILD_I£) ]k o (3.3.17)

For the openings existing at the floor partitions

‘ . 1 - L
(AP, =5 L pvz(szl) +C V(f"D—Z) I (3.3.18)

where subscript, p, denotes the position of the floor

partition in the building.

e —

In addition to the formulation of the energy equations
showing the pressure differences across the openings
involved, the mass balance relationship in the flow system

in the building induced Ey thermal effect can be made.
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Since the total inflow. into the building should be "

balanced with the total outflow from it, the mass

conservation in the model as a whole, can be represented as

follows:

M ' N . o

Z(p . =

i=l(' VA) JEl(aov A e | (3.3.19)

where M aqa N are the total numbers of the exterior
openings undergﬁing an inward_'and outward flow in the
building respectively.

As presentéd earlier, the number of the energy
equations showing the pressure difference across the
openings and the mass conserfation equations—_to be
‘formulated depend upon the corfe5ponding number of the
openings in the building involved in the air flow caused by
thermal force, including the openings in the floor
partitions, for the solution of the problem.

For the purpose of processing the analytical model
formulated from mass and energy balance in the building for
thebéomputational work iﬁ order to determine the pressure
difﬁerence across the openings, it is required to rearrange
the.
energy equation to be intérrelated with the one in the other
equations. '

Since the ternms representing the inside and outside
pressure at the given elevations can be interrelated with

another from the relation of energy balance between the

pressure terms shown in the left hand side of each
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openings, the analytical model is finélly_transformed into a
set of non-linear equations, having the saﬁe number of
unknown of flow velocities.

In this computational model, consequently, the number
of equations of energy and mass balance is increased more
‘than that of the previous case with no floor partitions.
Hence, the process of the computational works to be done can
be more complicated and difficult than that of the previous

model. ' _

T
3.4 NEUTRAL PRESSURE LEVEL

As shown in the derivations of the thermal effect
equations in Section 3.2, the distribution of pressure
differentials across the exterior wall due to the thermal
effect are shown to be increased with distances from the
neutral pressure level.

As discussed in the derivations of the thermal effect
equgtions, the neutral pressure level is very important
information in the calculation of the pressure differentials
induced by the thermal effect in the buildings. It is shown
that if the neutral pressure level 1is given,.the pressure
difference can be determined from_ the thermal effect
equation for various cases. |

The method of finding the neutral pressure level can be
obtained from the analytical model developed in Section 3.3.
By interrelating the steady flow energy equations with the

thermal effect equation at the corresponding opening, the
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neutral pressure-«level can beucalcuf;ted.

First, the case with a uniform teﬁperature distribution
with elevation ' will be.considered. From the logical poinE-
of view, if the thermal effect equation, Eq.3.2.20, has a
validity for these cases, the pressure difference across the‘u
opening td be comsidered should be identical with that of
the pressure differential obtained from the analytical model
described in Section 3.3.

Applying this physical comdition to an opening existing
on the exterior wall, we may proceed as follows:

For any opening below the NPL, the pressure difference

- across the opening can be given from the energy equation:

(Ap); = (? - P.).

out in‘i .

1 roudy = .7 L -
=3 [PVE(T Ky CV(JiDj )1, (3.4.1)

where the. subscript i denotes the position of the
opening below NPL in the exterior wall.
For any opening above the NPL, the energy equation is

as follows:

(AR5 = CPoye = Big)y
= %[Pvz(zxﬂ)fav(%%)}j (3.4.2)

where subscript, j, refers to the opening position

N

above the NPL, in the exterior wall.
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If we let

.1 _ '
X f[Pvz(IKfl) "'CV(—";'?L) ] (3.4.3)
Then,

(AP)i = X

(AP)j = -Xj (3.4.4)

From the thermal effect equation, Eq.3.2.20, the
pressure differentials across the openings induced by

thermal effect are giveh as follows: "

(F)

o'n & 1 1 .
(A P)i=' —"'—R——( T—'-' —'-)(zn_.zi) (3.4-5):
o L
(P) .
(ap)m —2n % (L L1 - 2 (3.4.6)
R T T,

where zZg and zj refer to the opening level existing

below and above the NPL, respectively.

If we let
P
R T T. R
o) 1

Then,
®
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(A.P)i- A'(zn - zi) . - (3.4.8)
(A P)j- A'\(‘zrl - zj)

Equating Eq.3.4.4 with Eq.3.4.8, and simplifying by
collecting terms, the following is obtained:
2z, + ( Xj/xi) z,

S | (3.4.9)

1+ ¢ xj/ X;)

The equation above, that 1is, "Eq.3.4.9, 1is the
generalized solution for deter@ining the neutral pressure
level of thé case with a uniform temperaturé‘distribution of
the air inside and outside with elevations. As has been
shown in the derivations, it is subject to the restriction
thaﬁ the pressure differentials due to the thermal effect
can be predicted by the thermal effect equationm, Eq.3.2.20.

| From Eq.3.4.9, the value of the neutral pressure level
can be obtained. As can be seen in the equation, the NPL is
shown td have a close relationship with the resistance to
flow at the openings, which is represepted in terms of Xi
and Xj. Hence, it is obvious that the neutral pressure
level depends upon the characteristics of the opening in the
building enclosures; a; expected.

If we consider a simple case with the exterior openings
at top and bottom level only, then, it becomes that in

Eq.3.4.9 zi=0 and zj=H. Denoting 1 and 2 as the opening
)
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positions at the top and bottom levels of the building,

respectively, we have

L+ (Xy/ Xp) (3.4.10)‘

o]
-

U
3

1 2
= T ~ L
7 [P V() + & v<—% 1,

3| —

-

[PV (2K = € V(J’”;%)].}

For an ideal case, particularly, in which the flow
resistance to flow in the openings is negleoted, Eq.3.4.10

simply becomes as:

. H
Z = (3-4.11)
o A T
-1 .2 1
1+ (: )7 ( T_)

- Q

The equation above, Eq.3.4.11, as shown in the
derivations, is applicable only in the particular case with
oéehings at the top and bottom level only, in the building
having a uniform temperature distributions and a negligible
resistance to the flow in the openings involved. Thus, it
is to be applied only where these restrictions can be
satisfied for the physical situations.

In addition, it is interesting to note thaﬁ Eq.3.4;11
is identical with the expression on the NPL which is

recommended by ASHRAE [9] for the present case. Hence, it



can be deduced that the method provided by ASHRAE [9] is
only applicable for the simple and idealized cases, in which
the'resistancé to flow imposed by openings is neglected.

As described in the -derivations of the thermal
equations, Eq.3.2.24 and Eq.3.2.26, one can consider the
cagses with a non-uniférm distribution of the temperatures
with elevations in thé buildings.

In these particular cases, the solution for the neutral
pressure level also can bé found by applying the same
procedures taken inm the development of Eq.3.4.9. ‘

As an example of the process, consider the case with a
non-uniform temperature distribution of the air inside only,
in which the wvariation of temperature with respect to
elevation is Ti(z)=Ti(zo)tbiz.

Interrelating the energy equation, Eq.3.4.4, into the
thermal effect equation for thié case, Eq.3.2.2%4, at the

corresponding openings, the follbwing is obtained:

For. any opening below the NPL

gz. g2z TJ(Z ) :
X.=p 1 _ _ %", 10
1 =P (2 Jexpl RTOJ{l explz RTo][Ti(zO) b?zl] } (3.4.12)

i+

o

™
+

1+

For any opening above the NPL

_ B
bz, ¥ B
ey } (3.4.13)
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gz. gz  T.(z )
X.= - P (z exp(s =) {1 - exp(z == ][>
] 0 "o RTO RT0 Ti(zo)
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-
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Collecting and simplifying the terms, the following is

obtained:

- B
82, ( )+blz * biR
‘ - e“P[ +RT ][T (Z )+b J] ‘

X.

e -
;} exp[* éi_(zj zi)] + = T, (z )+b z bgR (3.4.14)
. "o (- ewp[+RT LS R e F) P

This is the NPL equation for the case with a non-
uniform temperature distribution of the air inside only with
height. This- equation is subject to restrictions, that
Eq.3.2.24 can be valid, and that the air inside omly has a
linear variation of temperature with height.

As 1illustrated -io Eq.3.4.14, the final expression for

the neutral pressure level is shown as not being as simple
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as that of the case with a uniform distribution of the-

temperature. To determine. the NPL, as shown in Eq.3.4.14,
an iterative method 1is required,. assuming an appropriate
initial value corresponding to the given physical conditions
as expected from the solution.

In this case, it can be seen that the neutral pressure
level depends upon the characteristics of the openings as
well as the temperature distribution of the air inside.

_Additionally, another different case can be cdomnsidered
with a non-uniform temperature distributions of the Mair
inside and outside with elevatioms. Applying the'identical
procedures used in- the derivations in Eq.3.4.14, the

following is obfained:

Ve



For the openings below the NPL (/

To(zo) : bozi ]°Ei§

i o' n T,(z)
(3.4.15)
TS )+bD a2y R Tl h.] Bfﬁ
T (z) T. (’ )bz
For the openings above the NPL
T (2 )b 2, 5
2f"Te"ry bR
<= P (e ] [———"—ri;*] o
J("o) '
- _ 2 _ (3.4.16)
3 (:o):bo' ].bOR[TO(ZO 0 ]]'bx' ‘
S SN SSERETEN
Simplifying and putting the terms as follow
T (= ):b‘:;:§i§ Tﬁ(zﬂ):ﬁ T, - DI (:ﬁ):o z :;%7
A =[ » TC‘ ~ s ..] S [ Y \; (-Q)-.] DO- [TQ(?\,)’“-_‘ b "“'\
=) forto Littel Titn
8 ,rTo(:o):bo:?} OR [la(z;):bozn:+5:§[ o(:o):ai:;} <57
8 - ¥ - H ) - . P
Tz, T,z ) (20202,

Then, finally, we obtain

X,
—_— - E = O :
X, A (3.4.17)
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Owing to the variation of both the air temperature -

outside and inside, the expression of the NPL solution for
this case is shoﬁn to be somewhat lengthy and complicated;
In this case, to determine the NPL an iterative method 1is
required assuming an: appropriate initial wvalue, which

corresponds to the physical conditions in the building.

3.5 METHOD OF SOLUTION
In the development of the analytical models, as stated
earlier, it has been shown that the energy -equations

formulated, corresponding to the number of openings involved

in the building, should be rearranged to obtain a feasible

solution by interrelating between the openings at different
levels with applications of energy balance in order to
determine the pressure differentials analytically.

'In addition, it has been shown that in the process of
such manipulations, the terms representing the velocity in
the .energy equation, as shown in the right hand side of
Eq.3.4.2 also can be interrelated using mass conservation
between the openings at different levels.

Through these processes, the computational model
results in a set of equations represented in terms of the
velocity. The total number of equations, as well as the
number of unknowns in the computational model, are identical
to the numbers of the openings involved in the flow field
induced by the thermal effect in the building. Ih the
computational model, the set of equations which is professed

B ’ yd
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with the procedures above takes the following matheméticalA

functional form:

fl(‘v12, vzz,....vnz, Vir Voo ....vn)'= 0

2 2 2
EoC vi®y vpTyeerevy ™y vy Vg ceeav) “,P

(3.5.1)
2 2 2
fn( Vit VotV Ty Vi Vg ....vn) = Q
or simply
fl(v)uo ) -Vl'-q
f2( V) = where ¥ = Vo ‘
(3.5.2)
fn( vV)=20 | L vy

H

In Egs.3.5.1 and 3.5.2, v —and subscript a is the
velocity, and the number of the openings to be considered in
the problem, respectively.

In general, a system of n equations in n unknowns, X{9

X5, Yy X is called nonlinear if one or more of the

equations is nonlinear because it cannot be written as [28]:

ax + by +cz + = constaht
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where x, y, z are unknowns and a, b, ¢ are arbitrary

constants.

Since the equations formulated in the computational

4

model to calculate the pressure uifferentials, as shown in

Eq.3.5.1, include non-linear terms, a special method to -

solve the problem presented is required.

In the present study, two types of computa?ional models
are . formulated for two different kinds of building
construction. One of these models is for the building
without floor partitions, andb the other for the building
with floor partitioms.

In the model for the building with no floor'partitioné,
it is designed to execute the calculation of pressure
differentials with variations in the number of the exterior
wall openings along the height of the building as well as
various pertinent parameters, such as the characteristics of
the openings, temperature distributions, etc.

On the other hand, in the computational model for the
building with floor partitions, the calculation of the
pressure differentials is designed to be carried out with
variations in the number of floors as well as various
pertinent parameters, including the opening characteristics,
physical dimensions of the building, and temperature
distribytions, etec.

Both of types of computational models are also designed

to calculate the neutral pressure level using the method



pfesented in Section 3.3, after having completed the
computations 6f the pressure differentials for each opening.

The method used in the solution of the set of non-
linear equations: in the computational model is based on
Newton's method which is known to have an advéntage of
converging quadratically if the initial guesses are near the
r60t3 [28]. In the method, the values for the‘unknowns are
determined by calculating the given function with a small
perturbation for each of the variables in turm, to improve
the accuracy of the estimation.

In both of the computational models; the computationé
are made to be 1n1t1ated w1th the 1n1t1a11y assumed values
of the veloc1ty of air in the openings involved for the case
under consideration. When the convergence is obtained, the
next procedure to satisfy mass conservation in the system to
be andlyzed is taken.

In the program of the combutational hodels, several

decision making steps are provided to check convergence, and

89

error finding routines are used. For the case ' resulting in’

discrepancy between energy and ma¥s balance, the program is
also made to reiterate the velocity terms until the mass
balance is met in the building as a whole,

All the computatioh carried out to obtain the numericél
solutions of the compﬁtational models are performed by using
the main frame computing facilities (Amdahl A) at the

University of Ottawa.
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The values for .the coefficient, E;, as - has been

presented in Eq.3.3.6, are estimated from reference [29].

-The gxamplés of the calculated values for Ex using Eq.3.3.6

are presented in Table 3.5.1.
The values for the viscosity of air wused in the
computations are calculated from the empirical correlation

suggested by Sutherland as follows EE?]:

|

T To‘*S . )
F-=%(T—)(T—+S) : (3.5.3)
‘ o
where

{ = viscosity of aif, N.s/mzr
T = Reference Tenpérature( 273.0 K)
T Referencg “(1.72 x lO‘SN.s/mz)
S

= empirical constant( 110.0 ).

In & computations for the cases with an uniform
temperature distribution with elevation, the. air
temperatures in the openings in the flow are taken the same

as the wall temperature at the corresponding level, measured

in the experiment.

For the cases with a non-uniform temperature
distribution, the air temperature in the openings 1is made

the same as the corresponding wall temperature profile along

the elevation, measured in the experiment.

R
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The effect of a small amount of perturbation in the air
temperature in the openings involved in the flow appeared

marginal on the calculated results, such as the pressure

.

differentials, and NPL, for both computational models.
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The values of form loss factor which is used for the

computation of the present models are; KC=O.5, Kext=1.0 and

Kre~1.0 respectiyely.
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CHAPTER IV
EXPERIMENTAL STUDIES

In the previous discussion, a theoretical analysis of

the characteristics of the thermal effect was examined for

the wvarious dirferent cases that most 1likely could be
encountered in buildings in practice.

in addition, the Baéic equations to determine the
pressure differentials induced by thermal effect also were
developed for these cases.
| Since the main objectives of the present study are to
obtain an accurate -means to’ pfedict the pressure
differentials due to the thermal effect and to provide
better insight into the characteristics and behaviour of the
thermal effect, it is required to conduct sufficiently
informative investigations through experimental studies.

To study in detail the characteristics and behaviour of
the thermal effect for wvarious differemt situations which
may be expected in the actual building, the problems to be
iﬁvestigated in the study are classified into two méjor
fundamental categories:

(1) thermal effect neglecting the effect of floor
separations within building and

(2) thermal effect'considering the presence of floor

separations withim-building.
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For the purpose of étudying the problems outlined
above, two types of specially designed model buildings are
made, of which one is non-partitioned and the other floor
partitioned. - _

Using - these experimental ‘model buildings, the
characteristics and behaviors of the thermal effect in the
buildings are investigated experimentally for various ranées
of temperatures, for different distributions of exterior and
interior partition opénings, for ventilated conditions and
for different number of floors. The details of the
experimental apparatus, | instruments, and experimental

procedures will be discussed in the following sectious.

4.1 EXPERIMENTAL APPARATUS
4.1.1 Model Building with No Internal Floor Partitionms

A schematic configuration of the expérimental apparatus
used for simulation of thermal effect in buildings with no
internal floor separations is shown in Fig.4.1.1.

The model building is basically made of a main test
section, pressure and temperatufe measuring devices, power
supply and control system with measuring loops, a’
ventilation system consisting of a blower and piping system
with flow control and measurements, and a data acquisition

system.
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The essential configurations and dimensions of the
major components constituting the system are illustrated in
Figs.A.l.l' to 4.1.6. The details of the systems-' are

presented in the followings.

A. Test Section:

A plan view of the test section set-up used for the
cases with no internal floor partitioms is shown in
Fig.4.1.1.

The basic concept of the test section design for this
particular cases 1is to simulate a-high-rise'buildingrwith
negligible efféct of floor separations on the air flow
within building due to sufficient interconnections between
floors.

In this type of building construction, as discussed
previously,-—the flow resistance within the building imposed
by internal  floor separations may be considered
insignificant due to existence of various interconnections
between floors such ag stairwells, elevator and service
shafts, and exhaust ducts, etc. . !

In this building environment, it can be anticipated
that the distribution of the pressure differentials with
elevation induced by the thermal effect is mainly governed
by the condition provided by the exterior openings existing

on the external wall of building.



In order to meet the requirements prescribed above, a

special test section shown in Fig.4.1.1 is fabricated. For
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this purpose the test section has distribution of the ‘

exterior wall oﬁenings with height only, having no
provisions of intermal floor partitions within it.

The test section is made of a copper tube with 50.8 mm
I.D. end 18.3 m in length. Both ends of the test section
are -QOnnected to a piping system which leads to the
ventilation system with flow control loop by uéing 25.0 mm
copper reducers.

The outer surface of copper tube for the test sectionm
is drilled at the designated positions to install the
exterior opening tubes, pressure and thermpcouple.taps which
will be explained later. |

The details of the major components for the test
section assembly and the place where the set-up of the
testing apparatus is situated will be discussed in the

following pages.

B. Exterior Openings:

In order to simulate -the equivalent crack openings in

the exterior wall of the building, six openings are provided

on the test section in four different elevations as shown in

Fig.a.l.z.

In this test section, two openings of identical size
and shape are installed at top and Dbottom levels

respectively.

f
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All openings are made of copper tubing as is the test
section tube. The configuration and dimensions of the
exteribr. wall openings installed are gllustrated in
Fig.4.1.2.

As shown in the figure, the construction of each
opening hole is made of two sections, a and b, which have
different flow areas to exemplify the effect of flow
resistance at the openings.

Section a is made of 2.5 mm drilled hole in the test
section tube. Section b is made of coppef tubing of 5.0 mm
I.D. and 551 mm long. The tubings are soldered on the
drilled hole which is made in the test section.

Subsequent to these solderings, each opening is trimmed

to remove remaining debris or chips.

C. Heating Sections:

T

One of . the most important experimental requirements to
achieve the simulation of thermal effect in the building is
to produce the designated temperature distributions along
the testing section.

To accomplish ' the teaperature distributions 1in the
model building, as required by the objectives of this study,
the heating system of the test section is designed in a
particular manner.

The heating system in the test section is made of
multi-zone systems which divides the test section into

twenty independent heating sections.
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Each heating section in the test section is 0.91 m in
length. The power supply and control for each heating
section is designed to be manipulated independently by its
own variable trénsformer.

As a preparatofy step to fabricate the heating sections
on the test section body, the outer surface of the copper
tube in the test section is entirely covered with) layers ofi

thermal resistant electric insulating paint.

1 ———

After finishing the above electric insul&tipn
carefully, the coated surface of the test sectiou is again
wrapped with three layers of 50.0 mm wide fiberglass tapes
to secure electric insulation between the heating wire and
the test section body. |

As the next step, seventeen gage nichrome wires ( 20 %
Cr, 80 % Ni, resistivity 1.3352 Q@/m ) as a heating element,
are then wound around the electrically insulated test
section surface described above. The winding is in 40.0 mm
pitches over every 0.91 m length of the test section.

As a result, twenty independent heating sections in
total are made. Then, each heating section is connected to
its own electric power supply circuit loops consisting of a
variable transformer and a power supply with measuring

loops.
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D. Thermocouples:

For the measurement of temperatures in the present
experimental studies, K-type (Chromel-Alumel) thermocouples
are used.

A schematic diagram of the thermocouples installed on
‘the test section is illustrated in Fig.4.1.4.

In order to measure the température distribution of the
test section wall with respect to -height, as shown in the
figure, one thermocouple is spotwelded at the center of each
heating-sect&on before the electric imsulation procedures
mentioned above are done.

In addition, another six thermocouples are spoiwelded
at various levels of the test section as shown in Fig.4.1.4
to supplement temperatﬁre measurement at the corresponding
positions with the séme procedures described above.

The thermocouples used for temperature measurements of
the inside and outside air of the test section will be
represented in detail later in the following subsection

which deals with the instrumentations.

E. Ventilation System:

To investigate the effect of the mechanical ventilation
on the profile and pattern of the pressure differentials
induced by the thermal. effect, a ventilation system is

iiﬁtalled for the test section as shown in Fig.4.1.5.
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The system 1is designed to carry out the function of
preiéurization .and depressurization on the test section
spaces, with excess supply or exhaust of air at the top or

bottom elevations of test: section as shown in the figure.

The system Eonsists of a blower with capacity of 1.4 m3/min,

flow control system and flow measuring devices.

The supply and exhaust line of air into the test

‘section is made of 25.0 mm I.D copper tube and is then
connected to the test section by copper pipe reducers at fhe
top and bottom of the test section as shown in Fig.4.1.5.
The flow loop of the air 1is 'designed to pass through a
control system consisting of three sets of rotameters (
Brooks type: R-8M-25-4F, range: 0.1 to 71.0 L/hr ) and
directional control valves. v ° *

The flow control system in the test section is designed
‘to perform the flow lrﬁge adjustment and to choose flow
directions according to the experiméntal requirements for

the purpose of pressurization or depressurization at the top

or bottom position of the test section.
. ¥

4.1.2 Model Building with Intérnal Floor Partitions
A schematic view of the experimental apparatus used for
investigations of the thermal effect in the buildings with
internal floor partitions is presented in Fig.4,1.7. |
The model building is basically similar to the test
System déscribed in the subsection 4.1.1. It consists of a

A .
main test section, pressure and temperature measuring

bR
2

weii#

ity
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devices, power supply control and measuring loop, and a data
acquisition system.

In the system; as shown in Fig.4.1,7, the main test
section has floor partitions and no ventilation. system.
The essential configuration and dimensions of the major

components of the model ©building are illustrated in

Figs.4.1.7 to 4.1.11.

A. Test Section: "

~ -

A schematic view of the test section set-up for the
experimental study to examine the <characteristics and
behavior of thermal effect in the cases with internal floor

L

separations 1is sﬁown in Fig.4.1.7.

Théhigudg;Eptal purpose of this test section design 1is
to simulate a multi-story or high~risé building with
significanf internal flow resistances. .

In practical sltuations, in actual building
construction, we know that no buildings are open in the
inside or air tight Dbetween floors. Hence, for more
practical interpretations én thérmal effect - in the
buildings, the effect ‘of internal separations should be
included in the problems Eorbe investigated. |

To acc0mpli§h the requirements explained above, the
test section shown in Fig.4.1.8 was deéigned.'To simulate
the floor partitions in the real buildings the test section

is designed to have five floor separations along the

height
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which have a floor opening hole as well as the exterior wall
openings at‘each flo&r.
| The test section is méde of'copper tube with 50.8 mm
I.D. and 18.3 m long in total height. It is jnternally
separated into five stories .along' the height 'by four
cassette plates inserted between flanges mounted every 3.6 m
length of the test.section tube.

The .height of each floor in the test section is
designed to be 3.6 m long the same as the usual floor level
height of actual buildings. The cassette plates separating
each floor are made of aluminium plate of 3.0 mm thick.

The flanges for mounting the cassette plates are
designed to allow remové} gnd re-insertion of the éassetté
plates at the gap of the corresponding flanges. They are
also designed to maintain air tightness between floors
except for the floor partitioﬁ opening hole at the center. of
each cassette pléte.

As. shown in Fig.4.1.9, each set of cassette plates is
designed to havg a circular opening hole which is made to be
placed at the center of the cross section of the test
section after being inserted into the flange to simulate the
eéuivalent floor partition openings in the floor separations
in the buildings.

The flanges for jointing the tesf, section tubes and
mounting of cassette plates are made of'copper plates 20.0

mm thick.

uye
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The details of the flange design and construction are
showﬁ in Fig.4.1.9.-

The flanges, machined according to the design
.specifications as shown in Fig.4.1.9, are soldered with test
sectiop‘ copper tube at both ends and assembled by joint
bolts with insertion of an asbestos gasket 2.0 mm thick
between the upper and lower flanéZS. N

Subsequent to assembling the flanges, the test section
tube is then arilled at theﬂdesignated positions according

to design details to install the pressure and temperature

measuring taps, and exterior wall openings.

B. Exterior and Floor Partition Openings:

To simulate the exterior wall crack openings existing
in the building wall, four openings are provided at each
floor section of the test section, of which two openings are
installed at the top and the other two at the bottom of each

floor section as shown in Fig.4.1.8.

All exterior wall openings are made of copéer ﬁubing
5.0 mm I.D. and 75 mm long. The openings are soldered at
the drilled pésitions'of the test section and then trimmed
to remove remaining debris or chips.

The floor gpartition openings between floors are
simulated by the opening hole in the cassette plates
described before. To investigate the effect of the

variations .of the area of floor opening between floors on
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the pressure profile, fifteeﬁ sets of cassettes plates,
which have different opening diameters ranging from 1.0 to
20.0 mm, are fabricated for each flange.

| All the cassette plaées in the identical set for a
flange are designed and machined to have the same tolerance
for fitting into the correspondingéflange gaps except for

the diameter of the opening hole that is made to be placed\ww
-~

at the center of the cross section of the test section.

C. Heating System:

"For the purpose of achieving any required wall
temperature distribution.- of the test §éction along
elevations, each floor of the test section is constructed
with four heating sections, which becomes then twenty
sections in total for the whole test section. |

In the construction of the heating section for this
test section, the identical method and design of fabrication
described in subsection 4.1.1 are applied. Each heating
section is 0.91 m in length and its own power suﬁply'is
controlled by its individual control circuit loop consisting

of a variable transformer and measuring circuit.

D. Thermococuples:

In order to measure the temperature distribution of the
test section K-type thermocouples are wused in the
experiments as before.
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To measure the wall temperatures in the test section

with height, ‘Zne K-type fhermocouple is spotwelded on the
outer expdsed shrface of the test section at the center of
each heating sS®ction before —constructing the. heating
se;£ions aforementioned. |
All other ‘thermocouples 1installed to measure the
temperatures of inside and outside air will be described

later in detail in the following subsection on

instrumentation.
4,1.3 Installation of Test Sections

For the completion of installing both the test
sections, several preparatory steps described below are

taken.

After finishing the fabrication of the heatiﬁg

“p
sections, the entire test section is again carefully wrapped
with two layers of 40 mm wide fiberglass tape to protect and

to insulate heating wire as shown in Aig.4.1.12.

g Following the above step, the performance of the
{;lectric insulation between the test section tube and
heating wires at each heating sections are tested with an
electric resistance meter ( mega ohm tester ).

In this testing process, if any faults or defects are
found, the procedures are done again from the beginning.
When these testing procedures -are carried out successfully,
the test section is then covered entirely with 40 mm thick

glassfiber

104
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thermég insulation, By providing carefui. éttention to the
taps: of pressure and 'temperature measurements,, exterior
openings, and the wiring of ‘thermofbuples and heating
séctiqns in order to reduce the heat 1oss through the test
section wall.

Aé__qoted .previously, ‘the primary objective of the
present study is to carry oﬁt an investigation. on the
characteristics and behaviors of the thermal effect in
building. Hence, it. is very important to perform theéé
experimental studies under favorable situations which can
eliminate wind effect and external adverse interferences
induced by .gusfy aif streams and disturbances due to
surrounding - environment, or the other factors.

To avoid as much as poésisle the adverse effect of the
surrounding environment aid due .to the unﬁsual_height of the
test sgections, bothf\thst sections are situééed in the
stairwell of the D section of Cglonel By Hall of the
University of Qttawa. ‘

| An example of the plan view of the installed test
sectioﬁ is illustrated in Fig.4.1.6. As can be seen in the
figure all the wiring from the test sections is extended
through the walls into the adjacent'laboratory room( D006 of
Colonel By Hall) where the data acquisition system and power

controls are situated.
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4.2 INSTRUMENTATION
4.2.1 Temﬁgrature Measurements

A. Experiments with No Floor Partitions:

In the experimental apparatus with no fioor partitions
thirty eight K-type thermocouples in total are usef) for
temperature measurement of the test section wéll, and of the
inside and outside air at aifferent elevations of the test
section. |

'As mentioned in the fabrication of the test sectionm,
twenty thermocouples are spotwelded on the surface of the
test section at the center positioﬁ of each heating section

to measure the wall temperature of the test section with

»”

height.

In addition, another eighg.thermocouples are spotwelded
at various levels of the test section as presented in
Fig.4.1.4 to supplement the temperature measurements at
those positionms. |

To measure the temperature distribution of the air
within the test section ’with height, five .K-type
thermocouples, thch are sheathed with stainless steel tube

with 152 mm length

nd 0.82 mm 0.D., are inserted into the
temperature ayuripng taps provided in the test section at
five different eldvations., These taps ére made of seventeen
gage stainless tubing and silver-soldered at the
predeterminéd positions during fabrication of the test

section. Example of the thermocouple tapping is illustrated

in Fig.4.1.4.
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Five additional thermocouples are mounted on the
outside surface of the completed test section at the same
elevations of the thermocouple taps that are ﬁeasuring the
temperature of the air inside, to measure the temperafure
distributions of- the surrounding outside air along ‘the
height. |

The positions of the thermocouples installed in the
test section are illustrated in Fig.4.1.4, in which
thermocouples are represeﬁted as positions #1 to #38. The
positions #1 to #20 represent the thermocouples for wall
temperature measurements, the positions #21 to #25 are the
thermocouples for inside air -temperature, and the poéitions.
#26 to #30 are the thermocouples for outside air temperatureﬂ
measurements, respectively.

Another eight thermocouples, represented as #31 to #38,

are the thermacouples supplementing at the positionms.

B. Experiments in Test Section with Floor Partition:

In the test section with five floor partitions, forty
one K-type thermocouples‘ in total are wused for the
measurements of temperatures.

As described in the fabrication of the test section,
twenty thermocouples are spotwelded on the surface of ghe-
test section at the center of each heating sections to
measure the wall temperature of the test section with

height.



108
Another six thermocouples are spotwelded to supplement
the twenty thermocouples mentioned above at top and bottom
level of each floor of the test section.
To measure the inside air temperature distributions
with height ten stainless sheathed K-type thermocouples, 152
mm long and 0.82 mm O.D., are inserted into the temperature
measuring taps of the test section and its end tips are
placed at the center of the cross section of the test
section.
Anoﬁher fivé thermocouples are installed on the outside
"wall of the completed test section at the mid-height of each

floor to measure the temperature distributions of the

outside air with elevations.

The positions of the thermocouples installed in the
test section with floor partitions are 1illustrated in

Fig.4.1.11.

C. Measurements:

All the thermocouples from both the test sections are
connected fo the terminal board of the control panel which
is situated in the adjacent laboratory room ( D006 of
Colomel By Hall ) with extensions and linked to a switching
board made of three sets of two way rotary switches.

The control.panel for the thermocouples is designed to
measure temperature at a specific point by turning the

rotary switch 1in sequence through a specially designed

circuit loop.



The bositive side of each thermocouple is connected so
as té pass thtough the ice-junction peint via the rotary
switch. |

An example of the detailed circuit diagram of the
thermocouple connection is shown in Fig.4.2.1. By turning
the rotary switches to a selected position-in sequence the
EMF in D.C. from each thermocouple is processed by theldata

acquisition system through the predetermined chanmel of the

scanner which will be described later.

4.2.2, Pressure Meaéurements

. The measurement of the pressufe differentials across
the wall of the test section in both experiments are carried
out with MKS Baratron type 220B pressure transducers with
maximum pressure head of one torr (133.3 Pa) and 0.15 %
error at full scale.

In the experiments using the test section with no floor
partit&ons, seven sets of the pressure transducers are
employed. For the experiments using the test section with
floor partitioms, tem sets of the pressure transducers are
used. |

The positions of the pressure taps and transducers
installed in both test sections can be found in Figs.4.1.3.
and 4.1.10, resﬁectively.

All static pressure taps in both test sections are made

of seventeen gage stainless steel tubing 76 . mm long. Before

A
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installing ﬁhe heating'section on the test sections these
.taps are silver-soldered at the designated drilled hole and
then trimmed. A typical installed -configuration of the
static pressure taps in both téSt sections <can be found in
Fig.4.2,2, -

In the present study, the measurements of the pressure
differentials acr¥ss thé exterior wall of the test sections
at the.specific level have been referenced to the outside
pressure of the test sections at the corresponding level of
the static pressure tap installed.

To measure the pressure differentials between the
inside and the outside of the.test section at the elevations
of the static pressufé taps, one of the two pressure ports,
the positive side, of each pressﬁre transducer is connected
to the static pressure tap installed in the test section at
the corresponding elevations with fléxible tygon plastic
tubing. -

The other pressure port of eacﬁ transducer is connected
to a 90 bend of seventeen gage stainless steel tubing which

is mounted on the insulated outer wall of tﬁ;‘ﬁﬁ§€>section

at the same level of the static pressure tap w;YH/the same

I - !
h

{; * kind of plastic tubing. Fig.4.2.2. illustrates an ‘example

of the completed comnection of pressure taps at the test

o

section.
ince the positive side of all the pressure transducers
15 connected to the static tap of tve test section in the

installations, the pressure differential causing the air
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infiltration is designated as the negativé‘quantity in the
study. ' |

The D.C. signal from the pressure Eransducefs installed
in the test sections is linked to the channels of a HP
- gcanner in the daéa " acquisition system with shielded,
electric cable of“{;ree wires from the test section to the
laboratory room( D006 of Colonel By Hall ) where the data
acqﬁisition system is situated.

Since the pressure measurements in‘ the present
experiments are at the order of Pascal, which is extremely
small, simul taneous measurements of the pressure
differentials at all elevations is very important to obtain
Ehe accuracy and reliability of é;perimental data acquired.
For the accomplishment of this purpose, the pressure data
readings are taken simultaneously through the channels of
the scanmner correspénding to the number of static pressure
taps installed in the test sectionms.

In the cases of experiments with no floor partitians,
the measurements of nressure differentials generated in the
form of D.C. signals are taken through seven channels of the
sﬁanner, _channels #2 to #8, of the data acquisition system.
For the case of experiments using the test section with
floor partitiouns, the D.C. signals from the transducers are
taken through ten channels of the scanner channels #2 to

.

#11, of the data acqu;}ition system.
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4.2.3. Power Supply, Control and Measurement

Following the completion of the fabrication and the
performance testing of the heating sections in bothy test
sections, both end terminal wires of each heating segtion
are connected to its own power cable, (600 V, 15 A,three
wires). The power cables are then extended from the test
section through the walls to the control panel situated in
Room D006 of Colonel By Hall as shown.in Fig.4.1.6.

To assure the proper performance of the wirings and
electric insulation of each heating section in the test
sections, another performance test is taken with an electric
resistance tester ( mega-ohm tester ) carefully.,

In the experiments of both test sections, twenty sets
of variable transformers with 1 Kw capacity, 110 V and 10 A
are used to supply and control the power reﬁuired for
heating of the testJSection to produce the thermal gffect.

As mentioned bef%;e, each heating section is designed
to have its ownm circuft loop supplying aﬁd measuring the
power to it. The power supply to the heating section 1is
measured by both a digital voltmeter and ammeter using a
control panel consisting of five power bars, groups of
sockets, and two rotary switches. A plan view of the set-up

of power supply and control panel is shown .in Fig.4.2.3.
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4.3 CALIBRATIOﬁ OF INSTRUMENTS
4.3.1 Thermocouples

Every thermocouple bead to be installed in both.test
sec;ions'wés made by a tﬁermocouple welder,4taking carefﬁl
standard procedures. The tﬁermocouples, Kftype(chromel—
alumel), used in the present study are éalibrated indirectly

using a thermocouple which is made from the same spool- of

wire.

-
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The thermdcoupﬁes' made for ther testing purpose are

calibrated against a Fisher NR 15-155 standard precision

thermometer having a temperature controlled oil bBath in the

range from 20°C to 1qg°c. An example of the thermocouple

=
calibration is presented in Fig.4.3.1.

&2
As ‘can be seemr in the figure, 1in all range of
calibrations, which is within the experimental operations,
the thermocouples made from the same spool of wire are shown

to indicate fairly close agreement with the tempersture

readings from the precision thermometer.

4.3.2 Pressure Transducers

.~

In addition to- the temperature measurement, the correct,

measurement of the pressure differentials is another very

important requirement that should be fulfilled. Due to the

great® importance of the correct measurement of the

pressure differantials induced by the thermal effect,

S

~
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several demanding testing procedures are taken before any
pressure measurements are executed in all the experiments.

As the‘ initial step of installing the pressure-
transducers in thé test section, all the . pressure
transducers to be used are calibrated against the original
calibration record of-each unit supplied by the manufacturer
in order to check whether or not it performs properly in the
calibrated ranges according to the specifications.

For this calibration procedure, first, the pressure
transducer is zero~adjusted according to the manufacturer's
instruction manual until it meets the tolerance of 0.001 v
of D.C. output(0.013 Pa) by connecting the positive side of
each transducer to its own negative siae port with the same
size plastic tubing as the pressure port diameter.

After the above zero-adjustment. procedures are done
properly, each pressure transducer is then calibratea to
obtain a correlation of the ﬁressure measurement in units of
D.C. output voltage against the static water pressure head
in units of Pa by using a specially made device shown in
Fig.4.3.2. The device is made of a precisioﬁ type height
gage with 1level adjustment knob and two glass tubes
connected to the pressure pdrt with plastic tubing.

The D.C. output of the pressure transducers is obtained
by changing the increment of head height of the positive

side port alone by turning the knob of height gage.



All (i:c. oﬁtput feadings are taken by a digital
voltmeter “with an auto célibration function, which
constitutes the data acqulsition system for the present
study. |

Thg results are compared with the original calibration
record of its own unit supplied by the manufacturer. An
example of " this result is presented in Fig.4.3.3. The
reéult shows that the agfeement between the testing results
aqd the calibrated rgcords supplied by the manufacturer
appears to be fairly good, especially in the measuring
ranges of the present experiments. |

The pressure transducers that were taken through the
above calibration procedures satisfactorily were installed
in the test section at the designated positions. Before
- taking any measurements, the p;;ssure transducers are zero
" adjusted again at the installed position if required.
4.4 DATA ACQUISITION
4.4.1 Data Acquisition System

~The data acquisitiom system‘used in all aspects of the
present exgerimental studies is a system consisting of a
Hewlett Packard (HP) desk top computer and four other HP
peripheral instruments. |

" Fig.4.4.1 illustrates a schematic diagram of the data

acquisition system used in the present study.

>
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The details of the data acquisiﬁion system will be

Apresented in Appendix A-1.

4,4,2. Data Acquisition Procedures

" The data acquisition for the present experimental works
is designed to have the following systematic procedures to

acquire and proceés the experimental data:

N\

(Step #1) In this first step of € ta acquisitio
process, all the variables and arrays for data readl
processing ~are ' initialized and all the instruments -are

addressed.

(Step #2) This stage includes the branching routines
for all errors expected to be encountered in the instrument
malfunctions, storage medium overflow. etc., as the

debugging prodéss.

(Sfep #3) In this step, the computer requires a file
name Eof’the data sto e of the current experiment to be
fed into the compute

2

(Step #4) In this step)of the data acquisition process,
the preliminary test of the temperature’ﬁ{gtfibug}ons with

.

elevations for those test sections having predetermined

openings or partitions are executed. "

e
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Temperatures of the inside air, the wall, and the
outside air of the test section along the height of the
building are scanmed for all the ©positions where
thermocouples are placed as shown iA Fig.4.4.1 through the
HP Scanner by turning the 2 channel rotary switch knob in
sequence. This preliﬁinary measurement of temperatures is
repeated until  the inside air and the wall temperatures of
the test section are stabilized and meet to the required
conditions of the present experiment along all the

elevations of the test section.

(Step #5) This is the step executing the temperature

measurement for.~the present experiment. Subsequent Qb

obtaining the required temperature distributions in the test

section, the temperatures at all the positions where

thermocouples are installed are measured through the HP
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\

Y

scanner by turning the 2 channel rotary switches in sequence

manually.

(Step #6) This is the step of the data acquisition loop
designed to execute the pressure measurement. In this steﬁ,
the computer starts to measure the pressure differenﬁials
across the exterior wall of the test section at the
designated elevation under predetermined temperature

o

difference and opening c;;E;hions.



The pressure measurements are taken 1in sequence for
all the pressure taps installed in the test section shown
in Fig.4.1.3 and Fig.4.1.10., Each measurement at a position
is taken as the arithmetic average of 50 individual readings
for a time period of 20 seconds. All of these measuremeﬁts
of the pressure differentials are automatically performed by

the system using channels #2 to #11 of the HP Scanﬁer.

(Step #7) In this étep,' the wvoltage and current
supplied tc each heating sections of the test section are
read with an ammeter and a handheld type digital voltﬁeter
'by manually turning the rotary switches plaéed om the power
control panel in sequence from heating sections #1 to #20
shown as in Fig.a;l.A or Fig.&ff?ilf The data acquired from

this step are fed into the computer manually.

(Step #8) Affer all the data are acquired, they are

processed and tored in the cafsette tape cartridge. In

addition, a hard copy printout of the processed data 1is also

produced from the printer/plotter.”

o
(Step #9) As the final step of the data acquisition,
the system either'starts a new set of experiment or stops
and ends at the réquest of the operator. The flow chart of

the data acquisition procedures outlined above can be found

in Fig.4.4.2.
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4.5 EXPERIMENTAL PROCEDURES
4.5.1 Preliminary Testing of System

Before perfofming any data acquisition procedures
Aescribed in the previous sections in the experiments for
both the case with no floor partitions and the case with
floor partitions, several preliminary procedures are taken

to assure the performance of the experimental apparatus and

119

to provide favorabl% conditions irequired to create the

thermal effect in the test sections.

A. Inspection of Electric Wirings and Insulations
Since a significant number of electric and thermocouple
wirings are involved in both test sections, as described

earlier in the experimental apparatus, it is necessary to

inspect thoroughly the performances of all wiring and the’

electric insulaEion of the thermodouples and of the heating
sections to ensure the proper implementation of the testing
systems.

Following the test of the electric insulation of each

heating 'section installed in the test section with electric

resistance meter, the power for each heating section 1is

switched on " at the predetermined voltage scale of the

variable transformer for three hours. Then, they are

checked again to test if there are any malfunctions in their

performance such as the failure of -electric insulation or

local overheating, etc.

»
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Finishing the previous testing of the performance of
heating sectioné, the connected wirings and performance of
the electric insulation of the thermocouples, including the
meaéuring loops,-are inspected with an electric resistance.
meter and a digital voltmeter.

In this testing procedures, the electric insulation
between thermocouples spotwelded in the test sections and
the A.C power supply for pressure transducers and the
heating sections is especially emphasized to prevent the D.C
signals generated by thermocouples from interfergnce by any

A.C signals which could come from improper electric

insulation.

B. Testing of Test Sections

———

Subsequent to conducting the inspections in the step A

described above, the experimental systems are switched on
and set to idle for more than 12 hours iﬁ?\bhﬁhéf%isﬂéigi
experimental condition to obta%n a stabilized temperatureﬁ\
‘distribufions of the inside air in the test section in both P
:types of experiment. | Y
In the aforementioned testing operation of the \\
experimental apparatus,- the power supply to the test
sections is adjusted to have the temperature difference
about 60°C between the inside and the outside of the test
section along th& height through continuous monitoring of

power supply and temperatures distributions im the test

sections.



Aftet obtaining the uniform and steady: temperéture
difference between the inside and outside of the test
sections along the elevatioms, the performance of both test
gections and eéch pressure transducer installed in the test
section 'is inspected using the well known intrinsic
attributes of the thermal effect in the building . under
uniforﬁ temperéture differences with height, _which 1is
represented in Sectiom 3.1 of Chaptér.

In the testing procedures for the test section with no
floor -partitions, the exterior openings provided in the wall
shown in Fig.4.1.2 are closed except the one positioned at
the bottom level. .

For the above opening arrangement and temperatures, as
presented earlier, the pressure difference at the bottom
opening should be nil and the maximum pressure difference

induced by thermal effect would occur at the top level of

the test section logically as shown‘in Figh3.1.1.

Due to the §iven temperature distriButions t profile
of the pressure differentials due to thermal effect should
be linear with elevation, and the magnitude of the maximum
pressure difference which occurs at top opening level can be
calculated from Eg.3.2.15 of the thermal effect equation.
This characteristic of ‘the thermal effect has been shown in
the previous study[10].

Consequently, this characteristic of the thermal effect

could be employed as the testing criteria of the performance

of the test section to check whether it has any leakage of
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heated air exégpt for the opéiiing at the bottom orl top
level. Also it could provide an excellent criteria for
indirect performance testing of the differential type
pressure transducers to be useq in the presenﬁ experiments;.

Applying the stdps mentioned above, the test sections
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as well as all the pressure .transducers are tested before

taking them into experimental operatioms.

The functional test of pressure transducers is carried
out by measuring the pressure differentials at differené
elevations throﬁgh interchaﬁging the .cpnnéq;iqg‘htygon
plastic tubing with the others at different levels in
sequence at the installed position. Then, the measured
results are compared to the calculated differentials from
Eq.3.2.15 for each given condition.

The 1identical proceddres are also applied in the
performance test of the test séction with floor paftitions.
In this case the test section is tested for two different
modes.

First, the test section is tested in the same manner as

the one¥ without floor partitions by removing 'all four

cassette plates from the flanges and closing its gaps with

sealing tape as well as enclosing the exterior openings’

except a single opening at the top 1level. Under this
particular condition of the exterior wall opening

arrangements, ten pressure transducers installed on the test

section with floor separations are also checked applying the

same procedures taken previously. -
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Secondly, subsequent to conducting the above test
succesgfully, the functional test of each floor in the test
section‘is carried out after inserting a cassette plate with
no opening hole into the corresponding flanges which
" provides a complete gir tightness between the floors. A
typical example of this particular testing result for the
test section as well as the pressure transducers, by the
procedufes described above, are presented in Figs.A.S.} to

4.5.2.

4.5.2 Simulation of Thermal Effect
A, Experiments using Test Section with ﬁo Partitions e~

The simulation of the thermal effect in the test
section is carried out through cafeful and cautious
adjustment of the power supply to each heating section with
continuous measurement of the current and voltages supplied
and the-temperature distributions of the wall and inside air
with elevation.

This procedure 1s continued until Vthe desired
temperature distribution of wall and inside air with ‘height
are achieved with maximum allovable deviations of % 3°C at.
each level or point frém the designated temperature for the
experiment. |

The temperature difference between the inside and the
outside of the test section to simulate the éhermal effect
in the test section 1is feﬁerenced to the average air'

temperature of the outside along the»égight, where the test
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section is situated. The range of the temperature difference
across thé test section wall. applied for these experiments
were between 25 and 60°C (25, 30, 40, 50 and 60).

The simulation of the distributed patterns of the
exterior wall openings of the building were carried out by
openiag or closing the exterior wall openings bfqvided in®
the test secfion. wall in sequence under the imposed
temperature difference for the experiment.

The pressure differentials across the exterior wall
with elevations are measured for different arrangements of
the exterior wall openings while maintaining the temperature
differences required for the ongoing experiment through
continuous monitoring of power supply and temperatures in
the test sectionmn.

Subsequent to the completion of the measurements of the
pressure profiles due to thermal effect alonme for the
various distributed pattern of exterior wall openings and
different temperature difference, another series of pressure
measurements are also carried out with operation of the

ventilation system of the experimental apparatus described
in Section 4.1.

The measurements of the pressure differentials for
investigating the.effect of the mechanical ventilation on
the thermal effect are c Fried out forlthe'given opening
mode under thermal effect alone as well as under the

operation of ventilation system with variations of air flow

rate.
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The air flow is either exhausted out of or supplied
into the test section while Lkeeping the designated
temperature differences for the ongoing experiment through
continuous.monitoring'of power supply and temperature.

The pressure measurements also are conducted with
variatioﬁs of the position of supplying or exhausting air
into or out of the'test'secti?n by alternating thg £flow
directions as well as flow rate in the flow control loops.
In both tests the flow rates are varied from 0.47 L/hr to

3.0 L/hr.

B. Experiments using Test Section with Floor Partitionms

The temperature difference between inside and outside
of the test section to simulate "thermal effect in the test
section, as in the case with no partitioms, is referenced to
the average ﬁemperature of the outside air where the test
section 1s situated. The range 'of the temperature
difference across the test secﬁadn wallnapplied for these
experiments was between 25 and 60°C (25, 30, 40, 50 and 60),
which is the same as the previous cases.

The procedures taken to obtain the required temperature
distribution in the test section in this experimentation are
the same with those taken in the case with no partiti ﬁ;t&fw

The simulation of exterior wall openings are copducted
by opening or closing of the exterior wall openings in

sequence.

\
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The number of floor levels are simulated by altering or
removing the number of the cassette plates 'installed in the
flanges. Whenever an alteration of floor number in the test

" P I3 Ld 13 * + -
section 1is required, the 1dent1Fal testing procedures

described in the subsection 4.5.1] are conducted again to
- test the test section prior to execution of experiments.

The wvariatiop of the openiing hole in the floor
separations are car;ied out by in efzﬁgﬁgfﬁg the cassette

plates installed with another one in the same set having

different opening holes at the corresponding levels.

C. . Experiments having A Non-Uniform Temperature
Distributions with Elevation

The distribution of a non-uniform temperature of the
.air 1inside along the height of the test section are
simulated through adjustments of the power supply to each
heating sectionsgin both the test sections, which results in
a temperature profile of the test section wall with

-

elevation corresponding to the patterns of the power
supplied. |

In both experiments, using the test section without
floor partitions and the test section with floor partitions,
two different profiles of the temperatﬁre differences along

the test section height are employed; A T(z)=30.0 + 3.3z and
AT(z)=90.0~-3.32.



In addition, the temperagure différenqe across the
exterior wall for these cases, the same as before, is
referenced to the air temperature of the outside where the
tést sections are situated.

For the measurement of the pressure differentials with
elevation for the above non-uniform temperature distribution
of 1inside air” with variations of exterior openings, floor

\

openings, and number of floors, the identical procedures
. . § .
aforementioned in the experiments of A and B are taken in

both experiments of the case without partitions and the case

" with floor partitions. -
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© CHAPTER V
RESULTS AND DISCUSSIONS

5.1 VALIDITY OF THERMAL EFFECT EQUATIONS

In the present study, the validity of the thermal

effect equations, Egs. 3.2.20 and 3.2.24, are examined

through comparisons with the corresponding experimental

results.

-

As the first attempt, EqQ.3.2.20, which is for the case

- with uniform temperature distributions of both - inside and

outside air with elevation, is tested.

| As"éﬁgwn in Eq.3.2.20, the pressure differentials
across the wall for this particular case at given
temperatures and buildiﬁg height ‘are presented to depend
upon the value of the coefficient K' which represents the
slope of the pressure difference profile‘due to the.thermaL
effect.

In order to vérify Eq.3.2.20 as the one to determine
the pressure differentials, the coefficient K' obtained from
theory is compared to the experimental results.

\The values of K' from the experimental results are
obtained for different arrangements of exterior -‘wall
openings, internal fioor openings distributions, and floor

partitions under various temperature differences,



Fig.5.1.1 shows the results for the case with no
internal floor partitioﬁs, ana Fig.5.1.2 is for the case
with floor partitions. 1In the figures, the value of K' is
ploited against the difference of' the recipqocél of the
absolute—temperature between‘ the inside and outside of

building.
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The tests shown in Fig.5.1.1 were carried out with

variation of distributed patterns of exterior wall openings
along the eievations under’different temperature differences
between .inside -and outside of the test section. The ﬁést
results presented in Fig.5.1.2 were carried out with

~variations of exterior wall openings, floor partition

openings, and number of floors under different/ temperature

differences between inside and outside.

The theoretical wvalue of the coefficient K' can be

obtained as follows, assumihg that the atmospheric pressure -

is 1 atm at ground level:

(5.1.1)

= 3.47x10° K/m
where
g = accelération due to gravity (9.81 m/secz)'

P0= standard atmospheric pressure (101.3 KPa).

R = gas constant of air (286.8 J/Kg.deg C).
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In all the test results,*as rép:esented in the figures,
*the values of the coefficient K' obtained from the
experiments of both partitioned and.noh—paftitioned cases
y

are fairly constant and close to the calcQlated value from

the theory given by Eq.5.1.1.

For the case with no intermnal floor par
3

it is#

shown to be approximately equal 3.53x10” ‘Pa.K/m. In the

results from the.-case with intermal floor partitioms, it is

shown to be about‘3.50x103

Pa.K/m. The slight difference
between both experimental results is believed to be mainly
due to the different atmospheric pressure at the time of

experiments.

4

The test results, as demonstrated above, show that the

agreement between the theoritical and the experimental value

of the coefficient.K'is excallent in both cases.

" from these results, it can be stated that the value of
"K' is not affected by the distributed patterns.of exterior
wall openings, the presence of floor partitions within the
building, and the temperature difference between inside and
outside.

It is also interesting to noté that the behavior of the
air movement in high-rise buildings 1is well predicted by the
ideal gas equation of state, and that the assumptions
applied in the derivation of Eq.3.2.20 are well justified.

The results presented in Fig.5.1.1 also agree well with

the finding in the measurement in an actual building

reported by Lee et al.[4] with respect to Eq.3.2.20, which



showed that the value of K' is conéistent, and neither
affected By the temperature differences across the exterior
wall nor by the wall opening distribusions. | .

From these results, consequently, we may ¢cpnclude that
for the' cése with uniform .temperaﬁure distributions with
height of building the thermal effect equation, Eg.3.2.22,
can be used with great confidence to dﬁtermine thg pressure

N

differentials across the exterior wall induced by thermal
effect if the neﬁtral pressure level ( N?L ) is known.

" In tﬁe present study, the validity of the thermal
effect equation for the case with non-uniform distributions
~of air temperature with elé;ation is also attempted.

'In theory, as pfesented in Section 3.2 of Chapter III,
thgxpressure differentials due to thermal effect having a
”ﬁﬁn—uniformity of temperature "~ along the elevation is
believed to be determined from Eq.3.2.24 or Eq.3.2.26
depending on the temperature environment of the air.

In the developments of Eqs.3.2.24 and 3.2.26, both the
profiles of the inside and outside temperatures of air are
assumed to be linear along the elevation,

In the present study, the wvalidity of the thermal
effect equation, Eq.3.2.24, which is for th%‘particularﬁcase
with non-uniform temperature distributions ;%vghe air inside
ﬁnly, is examined by using.the experimental results.

For the purpose of testing ihe validity of the thermal
effect equation for this® particular case, the computed

pressure differentials across the exterior wall, which is
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from Eq.3.2.24 using the value of the neﬁtral pressure level
obtained from experiment, ére compared with the pressure
differentials across the exterior wall measured from the
experiments.

Fig.5.1.3 presents an example of the teét results
compared with the computed pressure differentials from
Eq.3.2.24 for the ~case  with non-unifeem temperature
distributions of the air inside only along the height, in
which the temperature difference between inéide and outside
air with elevations is given as AT(z) = 30.0 +3.3z (°c/m)
and T (z) = 283.0 K. '

Fig.5.1.4 illustrates another test result for the case
with the reversed temperature profile of Fig.5.1.3, in which
the temperature difference between the inside and outside
air with eleéations "is © AT(z)=90.0 - 3.3z( °C/m) and
To(z)=283:O K.

Fig.5.1.5 presents the test result obtained from the

experiments using the test section with four floor levels
having sufficiently large floor partition opening in each

floor separations.

Fig.5.1.6 illustrates an other exé@ple of the test results
obtained from the test section ;ith two floors having
sufficiently large opening in the floor partition. In both
figures, Fiés.S.l.S and 5.1.6, the temperature difference

between inside dnd outside with elevations is AT(z)=30.0

+3.3z (°C/m) under constant outside air temperature which is

.
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To(z)—283.0 K.

As shown in all the test results, it can be seen that
the agreements between experiment and theory are fairly good
in all the cases investigated. Consequently, it leads us to
conclude that Eq.3.2.29 can be épplied to determine the
pressure differentials aﬁross the exterior wall due to
‘thermal effect having this particular type of temperature

profile.

5.2 THERMAL EFFECT IN BUILDING WITH NO FLOOR PARTITIONS AND
UNIFORM TEMPERATURE DISTRIBUTIONS. _
5.2.1 Effect of Exteriér Wall Opening Distributions

In buildings with construction of negligibly small
resiétance to flow within the inside, as stated earlier, it

could be expected that the total pressure forces induced by
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the thermal effect may be mainly distributed along‘exterior‘

wall openings.

As a result, the profile of the pressure differentials

across the exterior wall due to thermal effect is belie#ed

to be affected by the distribution of the exterior wall"

- openings in the building along the height.

In the pfesent‘study, the relationship of the érofile
of pressure differentials across the exterior wall with the
‘distribution of the exterior wall openings ;long ‘the

elevation is examined for the building of the type described

above in both experiment and analysis.
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In the experimental study, the distribution of the
pressure differentials across the exterior ﬁ;ll with
elevations are measured for a wide range of temperature
differences with variation of distributions of the exterior
wall openings ﬁsing the test section with no internal floor
partitions, which is presented in Fig.4.1.2 of Chapter iV.

Figs. 5.2.1 to 5.2.3 represent. the examples of the
reéults showing the pressure profiles obtained from these
experiments using the‘test seczion with no floor partitions.

In the experiments, the wvariation ~of the exterior
openings distribution along the heiéht are achieved by
opening or closing the opening holes instalied in the test‘
section in the wvértical direction accérding to thé&
pre@etermined sequence and procedures.
| Fig.5.2.1 represents the profiles of the pressure
differentials across the exterior wall which are measured
from the experiments having a temperature difference of 60

°C between inside and outside of -the test section with’
variations of distributed patterns of gxterior wall openings

in the test section.
-

Figs. 5.2.2 and '5.2.3 illustrate another examples of
the profiles pressure differentials obtained with the
temperature differences of 40°C and 250C, respectively.

As can be found in the figures, these results indicate
distinctively that uﬁdér the imposed temperﬁture difference
between inside and outside, the profiles of the pressure

differentials across the exterior wall due to thepmal effect
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appear to be affected significant}y-by the distribution pf
the exteriof_ﬁall openings along the elevation.

In the results, in additiom, one caﬁ observe “that the
location of the neutral pressure level .in this type of

building clearly depends on how the exterior wall openings

are distributed along-the elevation, whereas the slope or

gradient of the pressure profile is comstant for a given

temperature difference.

To e?amihe the accuracy of the present analytical model
for this \type of building, the profiles of the pressure
differentials across the exterior wall with elevations are
also calculated from the model shown in Section 3.3.1 of
Chapter III by applying the identical experimen?al
conditions. ' |
. The examples of the computed results from the
:numerical model are presented in Figs. 5.2.4 to 5.2.6, in
which ~the results are compared to the corresponding
experimental.

‘Fig.S.Z.ﬁL illustrates the comparisoﬁ of the pressure
differential profiles obtained from the present model with
the expe;iment for the case with four vertical digtribution
of exterior wall openings. _

.Figs. 5.2.5 and 5.2.6 represent other examples of the
comparison of the computed pressure profile from the

analytical model with the experiments for different

' distribution of exterior wall opening in the test section.

M

£

-
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No comparisons, except for the cases with openings at

top and Dbottom, of the present results with ASHRAE

recommendation are possible since ASHRAE has profided only

the information only for the case with openings \at the top

and bottom.As can be seen from the figures, the;gnalytical

-and experimental results show an excellent agreeme in all

the cases studied.

Consequéntly, it can be said that the accuracy of the
numerical solution from the present model is satisfactory
and reasonable. In the analytical results, it is-'also
revealed that the pregsure profiles and the location of the
neutral pressure level are strongly influenced"by the
patterns-of the distributions of the exterior wall opeﬁings.

From the present results, we may conclude that for tég
building of construction having small resistance to air flo
inside, the profiles of the pressure differentials across
the exterior wall due to tﬁermal effect and the location of
the ~ne\{tral pressure level mainly depend wupon the
distributed patterns of the exterior wall openings in the
vertical direction as well as the resistance to the induced
flow imposed by the exterior wall openings.

It also can be seen that in this particular type of
'lbuilding, the prediction of the pressure profile due to the
thermal effect requires advanced knowledge of the
distributed pattétns qXQ;he exterior wall openings as well

as the characééﬁ&stics of the ~openings,



N 1%y

§42722Effect of Temperature Difference across Exterior #all

s

As discussed in Section 5.1, the thermal effect

equation, Eq.3.2.20, has shown - that the pressure

differentials across the exterior wall due to thefmal effect

are proportional to the difference of thg reciprocal of
aBsolute temperature difference between inside and outside
of the building.

To investigate the effect of t%mperéture difference on
the patterns 'and profiles of the pressure differentials
across the exterior wall, the measurements of the pressure
differentials aiong the height of the test section are
ébnducted with variatiouns of'température differences for the

given distributed pattern of the exterior wall openings iﬁ
the test sectionm,

In the experiments for this purpose, the temperature
differences across the wall of the test section are varied
from 25 C to 60°C (25, 30, 40, 50, 60).

Figs. 5.2.7 to 5.2,10 represents the examples of the
results obtained from these experiment and analysis.

In the figures, the pressure differentials across the
exterior wall with elevations are plotted against
tempefature differences across the exterior wall under given
distributed exterior wall opening pattern.

Fig.5.2.7 illustrates the .result for the case with

<luniform distributions of exterior wall openings in the test

section vertically. Figs. 5.2.8 to 5.2.10 present other

examples of the pressure profiles obtained from the cases
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. with differeﬁt temperature differences as well as different
exterior wall opening arrangements.

For the purpose of testing the accuracy of the présént
model for this case, the ©profiles of - the pressure
differentials across the exterior wall are also calculated
from the analyticai model by applying the identical set of
data imposed in the experiments. The calculated results are
represented in the corresponding figures as shown in Figs.
5.2.7 through 5.2.10.

From the examination of Fiés. 5.2.7 to 5.2.i0, it can
be seen that the agreements between the.computed”zesults

.from the present model and the experimental results are
fairly clbse‘in all tﬁe cases‘investigated. Furthermore, it
confirms again that the accuracy of the present analytical

model for all the cases is reasonable .and satisfactory,

including the basic assumptions employed.

observe an important characteristic of-#fie thermal effect in

In the results presented in ;§§{ figures, dne can
the building which should be ‘noted. Thevcharacteristié is
that the neutral pressure level ( NPL ) in this particular
t}pe—ﬂf;building construction is shown to be hardly affected
by the teﬁperature difference across the exterior wali but
influenced mainly . by the distributed patterns of the
exterior wall openings along the elevation.

Fig.5.2.10 illustrates a typical test result of the

particular case having a single exterior wall opening.at’ the

top level only, which is a good illustration of the accuracy

-
/
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of the experimental procedures taken,

In all experimen;s executed, this important
characteristic of the'pressure profile due tplthermal effect
'is employed as the accuracy testing criteria for the

experimental procedures, the performance of test sections,

and the pressure transducers installed in the test section.
This requirements were also fulfilled imn all the

4

experimental cases investigated in the present study.

5.2.3 Neutral Pressure Leve} ( NPL )

Since the pressure dif%erences_across the exterior wall
can be computed from Eq.3.2.20 as long as the correct value
of the neutral pressure level is known, the neutral pressure
level can be the most useful parameter in characterizing the
thermal effect in .the buildings. Therefore, it is desirable
to find a_reliable method to prediét the neutral pressure
ievel for the . different ©building construction and
environment.

In the results demonstrated in Sections 5.2.1 and
5.2.2, it has been found that for the building having
uniform temperature  distributioms along - the height and -
negligibly small resistance to flow inside, the neutral
pressure' level is significantly influenced by the
distributed patterns of exterior wall opeﬁings but ‘almost
independent of the temperature diffefence between the inside

and the outside of the building.

™~ .
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As stated earlier, Eq.3.4.9 is proposed to determine
the neutral pressufe level for this particular type of
building analytically. To evaluate the accuracy ana
dependability of the method presented in the present model,
which is shown as Eq.3.4.9, a series of tests are carried
out for various cases. |

Typical results of the tests executed for the purpose
are presented in Fig.5.2.11 tc¢ Fig.5.2.13, in which [NPL-
NPL(exp)]/NPL

(exp)® |
difference for different pattern of exterior wall openings

100 1is plotted against temperature

. since the neutral pressure level already appears to be

invariant.

Fig.5.2.11 shows the comparison of the neutral pressure
level fsr the case with unifoim exterior wall openinés along
the elevation. Figs. 5.2.12 and 5.2.13 represent other
eiamples of the compariséns for different exterior wall
openings. f

As can be seen in the figures, it has been shown that
the agreement between the present model shown as Eq.3.4.9
and the experimental results are excellent in all cases
illustrated, in which the maximum deviation between both
results is less than 5.0 Z. Consequently, it has been
demonstrated again that the present analytical model

developed in Section 3.4 of Chapter.III is dependable and

satisfactory. \\\'
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5.2.4 Characteristics and Behavior of Thermal Effect in
Builélngs with Uniform' Temperature Distributions and No
Internal Floor Partitions

It hﬁg been shown in the prev1dus dlscu551on that the
pfeqsuggfﬁgifferentials -due to the thermal effect can be
determinéd directly from the thétmal effect equations by
knowing the value of NPL for given state of building
constsuétion and environment.

Hencq% it ‘is obviogs thét the thermal effect qf/
building can be represented by the characterization of NPL
in actual states for practical purposes.

In the previoug ézschssion, it has been shown that our
analytical model, Eq.3.4.9, appears to be in excellent
agreement with experimental results and to be a reasonable
aethod to predict NPL. Hence, we can apply the present
model confidently to study the characterlstlcs and behavior
of the thermal effect in the bu11d1ng

In the present study, a series of analyseé are carried
out to iﬁvestigate the ~§ttributes and behaviour of the
thermal efffct with vériations of pertinent parameters by
using the model of Eq.3.4.9 for the building having
neéligibly small resisténce to flow within the inside.

Fig.5.2.14 illustrates the relationship of the NPL with

the temperature differences across the exterior wall for

vatious distributed patterns of exterior wall openings;
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In the figure, it confirms again that the NPL appears

to be almost independent of the temperature differences but
‘appeats only to depend upon the distrisuted patterns of the
'exterior wall openings with eievations. In the figure, the
reéults oﬁ the experiments .;rg also presented with the

analytical results.
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This observation on the <characteristics of NPL,

presented in Fig.5.2.14 is consistent with the field test
result reported by Taéura [5] and a previoﬁs study by the
present author [10].

Consequently, it can be deduced that to predict the
thermal effect fdr‘ the Dbuilding having 1insignificant
internal flow resistance under éiven temperature difference,
the_correct'infbrmation on the distributed patterns as well
as the characteristics of the exterior wall- openings 1is
required.

VAnotherpattempt to investigate the relationship of the
physical dimensions. of the building with thermal effect is
cdnducted with the present model. Fig.5.2.15 illustrates
‘the effect of the,building height- or the vertical dimensions
of the building on the NPL obtained from the present
analysis._l

Tn the figure, the ratio of the NPL to building height,

NPL/H, is plotted against the ratio of building height to

the reference height of the test section used in'experiments

(18.3 m), H™.



The teéts are done for qaridué distribution of extefior
wall openings; In the results, the NPL apﬁears to be hardly
affected by the physical dimension of the building in the
vertical direction for all the cases studied as presented in
the figure.

Fig.5;2.1§ illustrates an exampie of the énalytical
result . where “only the openiné hole at the bottom, or top
1evgl of building is varied whereas the other exterior
openings ére kept constant at the initial condition.

In the figure, the ratio of the NPL to building Height,
NPL/H, is plotted against the ratio of the -opening hole
area, at the bottom or the topt level, to the original total
exterior wall opening area in the exterior wall, Awb#’ or

A *, respectively.

wt
The result shows that the relative magnitude of a
single opening at the botfom, or the top level to the total
opening area appears to have strong effect on the location
of the NPL depending on its magnitude comparable to others.
As Awb*’ or Awt* increases, NPL/H shifts dowﬂ or up rapidly
as shown in the figure.
It indicates that when Awb* or Awt* is 60 or over the
NPL reaches at the bottom or top exterior wall opening
level. From this result, it can be deduced that, if the
eiterio; wall opening existing at the bottom or the top
level for this particulgr type of building is significantly
larger than others, the pressure differential profile across

the exterior wall due to'thermal effect could be identical
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to that of the case with a single exterior wall opening at

bottom or top level only.

5.2.4 Effect of Ventilation on Thermal Effect

The air infiltration or leakage into the building, as
mentioned earliér, is the direct result of the pressure
differentials across the exterior envelope caused by thermal
effect, wind and the mechanical ventilatiﬁn within building.

In the results obtained from field measurements of the
pressure differentials in the actual buildings, thé{thgrmal
effect is found to be a major factor in air infiltration in
the heating season [1, 2, 4, 5, 6].

In high-fise or multi-story buildings, in general, the
operation of the mechanical ventilation is shown to have a
pressurization or depressurization effect on the existing
pressure distributions within building. Depending on its
applied pattern, it may result in shifting down or up the
neutral pressure level, and decrease’ or increase in the
pressure difference across the exterior wall at the

corresponding levels [5, 6].

It is also generally assumed that the pressure force

r

induced by mechanical ventilation is linearly additive to

the pressure d;ffefence due to the thermal effect for

o

estimation of ‘the total pressure force resulting in °

infiltration in the building.
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This effect of mechanical ventilation on the profiles’

of pressufe differentials induced by the thermal effect is
‘dbserved in field measurements of pressureé “in éétual
buildings.by Tamura et al. [5, 6].

In the present study, a series of experiments were
conducted to investigate the effect of | mechanical
ventilation on the profiles of the pressure differentials
across the exterior wall induced by the thermal effect\in a
building with no. intermal floor partitions.

The éxperiments for this purpose were performed by
using the testing apparatus presented in Fig.4.1.1. The
experiments evaluafing the effect of ventilation were
conducted after achieving a predetermined tempéréture
difference across the test section wall uniformly with
height td produce the pressure profiles due to the thermal
effect. »

Subsequept to achieving the designated temperature
differences with height, the pressure differentials across
the exterior wall of the test section with elevations
induced by thermal effect are measured for given distributed
wall opening patterns without operation of the- ventilation
system.

Following the procedure stated above, new pressure
measurements are then conducted with operation of the
mechanical ventilation system supplying or exhausting air

into or out of the test section space. In the experiments,

the effect of the mechanical ventilation on the pressure
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profile due to thermal effect only is carried out by
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supplying air into, or by exhausting air from, the test,

section space inside with operations of tﬁe mechanical
ventilation system shown in Fig.4.1. 5 The flow rate of air
supplied or exhausted intec or out of the test section space
by the wventilation system are varied from 0.47 to 2.82
L/hr, whichlis the proper rate for the test.

In the process of all the experimental measurements of
investigating the mechanical ventiiation, there are no
apparent observation of adverse expefimental conditiouns,
.such as disturbances, or disruptions of pressure
differential profiles, and temperature distributions along
the elevations of the test chtion'due_to the operatioms of

the mechanical ventilation system.

This is believed to result from the fact that the rate
of air flow supplied into or exhausted out of ‘the \test
section space is negligibly small compared to tRe volum

the test section, so that it takes mo:e‘than three hours

accomplish® one air .change with z:;/ usual experimental-

conditions imposed.

Figs.5.2.17 ‘to 5.2.18 illustrate the typical examples
of results obtained from the experimenks investigating the
effect of the mechanical ventilation on the pressure profile
due to. the thermal effect only.

Flg 5.2.17 presents the experimental results obtained
for the case with openings at the top and the bottom level
only under temperature difference of 60 °c.

.

i



Fig.5.2.18  illustrates other examples of  the
experimental results ‘having four exterior wall openings
along asight. |

In all the results presented in the figureé, as
expected, the operation of the mechanical ventilation system
-has resulted in a pressurization éf depressurization efféct
on the pressure differential profiles across the exterior
wall due to thermal effect only, depending upon the imposed
ventilatidn mode of excess supply or exhaust of air.

By supplying excess air into the inside space of the
test section, 1t has ©been  shown that the effect of
pressurization of inside 'space appears at all elevations
uniformly, _and results in the corresponding decrease and
increase of pressure differentials across the exterior wall
with elevations. In the figures, it can be seen that
shifting down of the mneutral pressure level and the pressure
profile debend on the amount of the air supplied into the
test section. . -

Conversely, it shows that when the air within the test
section is discharged out by the blower in excess of supply,
the effect of uniform depressurization with elevations is
observed, which shows exactly the opposite'result of the
case above.

From tbe_:esulté shown in Fig.5.2.17, it 1is important
to note that the magnitude of shifting the pressure profile

and the NPL due to supply or exhaust of air appears to be

not linearly proportional to the air flow rate supplied or

147
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exhausted.

This can be explained from the functional relatiomship
of the flow rate with the pressure difference acting on :hé
flow paths, which depends on the characteristics ogithé flow
as well as the opening.

The comparison of Fig.5.2.17 and Fig.5.2.18 can be a
good illustrationm of this particular case. As can be seen
in the figures, the case with openings at the top éné.the
bottom only has resulted in a larger pressurization or
depressurization fof the same air ;iow'rate than the case
having four exterior wall openings along height. This is
b:lkeved to result from the different opening characteristic
of the building. | '

This result can be explained obviously from the fact
that, as the enclosure of the building has more opening wall
holes, therefiore, it would have _} reduced effect on the
resultiné ijiZure profile due to the mechanical ventilation
since it has more leakage areas.

Fig.5.2.19 shows an example of the experimental results
represénting the effect of mechanical ventilation on the
thermal effect in the case with four exterior wall openings
with elevations.

In the figure, the profiles of° the pressure

differentials obtained from different temperature difference

as well as different patterns of mechanical ventilation are

compared.
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The mechanical ventilation, as shown in the figure,

resulted in pressurization or depressurization on the
pressure profile for all different temperature difference.
The résulting pattern of the pressure profile, whieh is
préssurized or qépressurized, is shown only to.depend on the
ventilation mode applied for the test section space. The
sagle trends are ébserved in all other experiments for the
cases having different exterior wall opening pattermns.

X In this particular result, it should be noted that the
gradient of the pressure differential profile with elevation

is consistent for a given temperature difference in spite of

the fact that there is the effect of mechanical ventilation'

causing pressurization or depressurization on the building

space. : N "

In the study, the effect of apply%ﬁg//Eiﬁﬁfieﬂ“ of
mechanical wventilation on the préssure profile due to
thermal éffect only is also‘investigated.

The study for this purpose is carried out by suﬁplying
air into, or by exhausting air from the test section either
at the top or at the bottom of the test section as shown in
Fig.4.1.5. ;

Since the thermai.effect results in an upwafd flow inm
the building inside, it 1is possible to assume that ‘khe
profile of pressure differentials along elevations resulting
from thermal effect plus mechanical ventilation may be

affected by the position at which the mechanical ventilation

is applied.
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The air supplying into the heated building space at the

top by mechanlcat‘veﬁ«ikﬁtlon is in opposite flow direction
—N

to the air flow due to thermal effect within building, in

which the supplied air flow by the ventilation would be in a

" counter flow " with that of the thermal effect.

On the other hand, the air exhausting from the heated
building space at top by the mechanical ventilation is in
the same direction with the air flow within the. building
resulted from thermal effect, in which the exhéusting air
flow by the ventilation would be be in a " parallel flow "
with that of the thermal efféct.

Hence, it can be expected that the resultant profile of
the pressure differentials across the exterior wall from
both ‘mechanical ventilation and thermalg effect may be
affected by the pattern of the air flow applied into the
building space by mechanical ventilation.

In Figs. 5.2.17.-and 5.2.18, the profiles of the
pressure differentials which result from mechanical
ventilation of different applied position are shown, in
which the mechanical ventilation is applied either at the
top or at the bottom of the test section.

' Fig.5.2.20 shows the effect of position of application
of mechanical ventilation on the pressure differentials
along the height due to -thermal effect ohly for the case
having four exterior wall openings with height and

temperature difference of 60°C.
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In the figure, the pressure difference between the
abgsolute pressure differential of the ventilation plus

@

thermal effect, | va 'l, and the absolute pressure
differential with the thermal effect only, [P, 1, at the
correspohding elevation, is plotted against height of the
test section for different air flow rate of the ventilaion.

From the result shown in Fig.5.2.19, it can %e seen
that there appears to be somé effect of the position of
application of the ventilation on the resultant pressure
profile, especially in the counter flow mode, ranging from -
0.6 to 0.8 Pa,

However, due to small magnitudes of the resulting
difference above, the overall effect of the position of
application of mechanical ventilation appears to be' the
corresponding elevation, is plotted against height of the
test section for different air flow rate of the ventilatioﬁ.

From the results presented in Fi;s. 5.2,17 to 5.2.19;
it has been shown that, for the range of the parameters
studied, the pressu d rentials\ induced by the
mechanical ventilation appears To bel almost linearly
additive to the pressure differentialq due to thermal
effect only if the pressure imposed by the mechanical
ventilation is applied uniformly on the building space.

The results described above can be interpreted from
straightforward logic, in that the resulting internal
pressure of any confined space due to the extermal( source,

such as  mechanical ventilation, depends  upon the

e



152

)

characteristic of the openings existing in the enclosures as
well as the distribution of the pressure across the exterior

enclosure.

Since there are no disturbances of the exterior
pressure due to external sources, such as due to wind, and
the mechanical ventilation is applied uniformly into the
test section spadé in the present experiment, the préssure
difference across the exterior wall in the building should
be the direct result of the thermal effect plus the
mechanical ventilation. applied, depending on the
cﬂaracteristic\of the exterior wall openings. '

Consequently, it can be concluded that the variation of
the profile of the pressure differentials \gérossl the

jﬁi&{;or wall due to both thermal effect and the mechanical

ventilation is related directly to the opening
~

. characteristics as well as the applied pattern of mechénical_

L4

y
ventilation.

5.3 Thermal Effect in Building with Internal Floor
Partitions and Uniform Temperature Distributions
5.3.1 Effec} of Internal Floor Partitions )

In the previous discussion, we only considered the
effect of the resistance to fl;; due to the exterior wall
openings on pressure differeﬁbes across the exterior wall.

This was based on the basic assumption that the internal

resistance to air movement within inside is negligibly small

>



_area existing in the exterior wall for each floor GAw), A

>

’ ~

due to the presence of sufficient interconnections between
floor separations. ‘

However, the real multi-story or high-rise buildingé
are neither completely open nor air tightl between floor
partitions. Hence, it is obvious that for more realistic
and accurate prediction of the characteristic and behavior
of the thermal effect, the effect of the flow resistance or
the Eermeability ;ofuair. flow within the building on the
resulting profiles of pressure differentials across the
éxterior'wall should be intérpreted correctly.

For the solution for this type,of problem, therefore,
it is desirable to find a parameter which can represent a

relative permeability of air flow or relative resistance to

air flow between the building components existing in the

exteridor emvelopes and the floor separations.

In the present study, in both experiment and analysis,

.the relative magnitude of the resistance to air flow in the

floor partitions to that of the exterior walls are
characterized with the ratio of the opening hole area

existing in the floor separation (Ap) to the opéping hole
' %

P
Thus, the vresistance to flow imposed by the floor

separations is. represented by the multitudes of Aw in the
results obtained.
To investigate the effect of the internal Ffloor

partitions on the pressure differential due to the thermal

153



154

effect, . the measurements of the pressure differentials’

across the exte sor wall with elevations are carried out
over  various temperature differences and different

arrangements of the opening holes in the exterior wall and

floor partitions by using the partitioned test section

described in Fig.4.1.10 of Chapter IV.
Fig.5.3.1 iliustrates an example of the profile of
pressure differentials across the exterior wall obtained
from the experiment of the case with two floors.
In this expefiment, the height of each ‘floor level is
made to be 7.2'm by removing the partitions installed at H

1
and H3 position and using the cassette plate with no hole at

H, in Fig.4.1.10 to magnify the pressure drob across the

floor sepa}atién at H, position.

- _As shown in Fig.5.3.1, the pressure difference across
the floor partition, appears to decrease gradually as the
floor opening is increased more than the exterior 'wall
openings at each floor. In the experiments, the value of
AP* is varied from 0.1 to 1.5 by interchanging the cassette
plate at H, position of the figure with the one having
different opening diameter.

For a very small value of Ap*, as expected, the
pressure difference across floof partition increases
significantly due to the increased resistance to air flow in

the floor partition. Correspondingly, the thermal effect in

each floor appeared to be less affected by other floors.
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o . The-analytiéql result obtained from the present model

for this case shows that the agreement with experimental
' *
p

. N Fig.5.3.2 shows another. example of the experimental and

Kl

" results is shown to be excellent at all values of A

analytical results.-obtained for the ‘case with four floors.
fn ;his study, the height of each floor level is made to be
_éa§3l6 m, and the fléof partition at Ha in‘Fig;ﬁ;lilO isg closed
by 1nstalln\¢/;he’casset*e plate wlch no opening hole.
In the figure, the pressure differential proflles
across the_egterior wall with elevations'are represented in
1;_ terms of the ratio of AP/Aw as in Fig.5.3.1 for given :
f%empetature_qnd exterior wall openinﬁypaggérn.
Fig.5.353 pfesents'ahother'exémple of the s’.udy result

-

v which was conducted for a case with a different variation in
& r .

the dist:iﬁption.of the flooruopenings wiEh height from the
égse‘ shown"in Fig.5.3.2. .In this experiment, tﬂe floor
opening at the.positiqn H1 is varied only while‘the-athers
are kept constént as.ApT = 10.0 for the same condittons of
" temperaturge and exterior.opening.pattern sﬁown in Fig.5.3.2
In the figﬁre;'the aﬁgly;ical result for this case is also

~

-presented togethgr.
From the examination of Figs. 5.3.1 to Fig.5.3.3”-we
can observe distinctively the ezffect of the relative

E magnltude of flow resistance of floor openlng to exterior

wdll openings on the profile of pressure differential across

f the exterior wall‘ﬁipng elevations, and that the_EffEZE\Ea\

L]
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be predicted analytically. | )
As the ratio of "the floor opening areé to the exterior
wall opening area increase, in both experimental and

analytical results, the pressure ' difference across floor

sufficiently. large value of Ap*’ the profile of pressure
differentials “with height finally appears to Eorm.of a
straight\l}ne along height regardless of the presence of the
floox separétions.

Since the pressureldifferential across enclosures of

N
the building should be related closely with the
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- separations decreased correspondingly, and at a

characteristics of the openings existing on it, the

- variation of the pressure dlfferential profiles, which are

illustrated in Figs.5.3.1 to 5.3.3 corresponding tc the
value of Ap*’ are obvioué:and coincidefwith that anticipated
in advance in the analxsis of Chgpter IIT.

With - reduced rt;istance to ‘Flow beﬁween floor
separations, the thermal effect in each floor is shown to be
influenced mutually due to increased upwafd air movement
from lower flocr to floor above, and finally the pressure
profile develops the same. pattern of the non-partitioned
building*presented in Section 5.2.

As shown in the figures, it can be seen that for the
case with sufficiéntly large value of A *ﬂ the profiies of

the pressure- differentials across the exterior wall are

. shown to be governed solely by the distributed pattern of

s



the exterior wall openings with height.

Conversely, it shows that if the resistaﬁce to flow
impoéed by the floor sepérations is substantial compared to
_that of the exterior wall openings, the resulting profile of

pressure differential across . the exterior wall would be

" 1)

the story type ~as shown in Fig.3.1.5, in which the
" thermal effect in each floor appears to be independent from
others due to significant resistance between floors.

In this particular case, the thermal effect in each
floor acfs'iddependently, and hence each floor has its own
‘particular NPL corresponding to the distributed pattern of
exterior wall dpenings at the floor level, and results in’a
smaller pressure differentials ac;oss the exterior wall.

For‘the prediction of the thermal effect, consequently,
in the ‘types of building qanstructions with floor
partitions, it is very‘important to have correct knowledge
of the relative magnitude of/resistance to-flow of floor
‘separations to the exterior openings ét each floor as well
as the distributed patterns of the exterior walls alcng the
elevation. ‘

In the results shown in Fig 5.3.3, another interesting

example of the thermal effect in a building having different

arrangement of floor partition openings with elevation can \\4

be found. 3
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In this particular example, as shown in the figures,
the floor opening at position of Hl is varied oply frgm Ap*'
= 0,25 to 10.0 while the others are kept at Ap" =10.0.

As the floor opening area at the floor separation at H,

position decreases, the pressure drop across the floor

" increases correspondingly. Hence, it results in a reduced

pressure differential across the exterior-.wall _ag'.the floor
£, -

level.

With this particular type of floor opening arrangement
in the floor separations, the bottom fldor appears Lo be
split from the upper levels due to the increased.resistance
to aif flow at the H; position.

The resﬁlt, presented in Fig.5.3.3, shows that with
incréased air tightness of a specific floor separation, the
interaction of the thermal efféct at the corresponding floor
from others can be reduced. |

In the results presented in Figs.5.3.1 to 5.3.3, it is
worthwhile to note that the profile of the pressuré
differential‘\is consistent for the given temperature
difference in all cases despite the presence of the floor
partitions with height. This characteristic of the thermal
effect is mentioned .in the discussion of the validity test
of the thermal effect equations in Section 5.1. 7"

In addition, the results presenEed in the figures also
confirm that the accuracy of the nﬁmerical method of the
present model for this type of thermal effect analysis 1is

quite feasible and reasonable in all the cases studied.
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5.3.2 Effect of Temperature Difference ‘

From' the previous discussions, one can realize. that,
for the building with -no floor partitions, the ~pressure

-differentials across the exterior wall due to thermal

S et

effect, are shown to be proportional to the differenpé'of
the reciprocal of absolute inside and outsidg temperature
for the given value of the neutral pressure level. //

Furthermore, it has been shown that, for this
;ifticular type of building, the neutral pressure level
" appeared to be invariant Qith the temperature diff;rence,
while it is strong affected by the distributed patterns of
the exterior wall openings. ’

However, informatiom about the effect of temperature
diTference on the thermal effect in buildings with -£ioor
partitions is little availdble.

In the present study, the investigation og the effect
oF temperature difference across the exterior wall on the
préésure profiles in the building with floor partifions is
conducted in both experiment and analysis.:

A series of experiments for this purpqse-are carried
out foE various ranges of temperature differences with
different _arrangements of exterior and interior floor
openings, és well as. the number of floors by using the test

!

section described in Fig.4.1.10.
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Figs.5.3.4 to 5.3.7 represent typical examples of these

experimental results. In the figures, the analytical

results obtained from the present model are also presented

together and compared.

__iﬁ_ihe résults, it can be found that, for the cases
with floor partitions, the ﬁressure differentials across the
exterior wall due to thermal effect are also proportional to
the reciprocal of absolute temperétﬁre differences between
the inside and the outside for given opening arrangements.

In addition, it represents- that the neutral pressure
level for the provided opening cond%tions appears to be not
affected by the temperature differences. This observation

exactly coincide with the characteristics of the thermal

effect in the building with no intermal flcor partitions

presented in Section 5.2. , J

fl
Consequently, it can be concluded from these results

that, for the floor partitioned type of building, the

profiles of pressure differentials across the exteriof wall,

are mainly governed by the characteristics of the openings

invelved in the induced flow by thermal effect, and the

gf?:c‘ of the temperature difference on the thermal effect

e

in thi% particular building has a similarity with that of

- the building without floor partiﬁions.

v/
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5.3.3 Existence of Critical Ratio of Floor Opening Area to
Exterior Wall Opening Area ) ‘)
As demonstrated earlier, the prediction 6f the profiles
of the ‘pressufe diffgrentials across exterior wall with
elevations becomes more difficult when intermal floor
separations exert résistance to flow within thé building.
Also-‘it has been ' shown that, in the partitioned
building, the pressure difference across the exterior wall
has a functional relationship between the resistance to flow
through.exterior wall relative to that through the floor

3

separations.

¢
In the results shown in the previous section, the

ratio,. Ap*, is pres%?ted te be an important parameter
showing a significant effect on the resulting pressure
differential profiles due to the thermal effect in the
building‘wibh.floor partitions. ) |

" As the.value of ‘Ap-}c becomes sufficiently large, the
érofile of the pressure differential with elevation appears
to havq,close similarity with that of the building with no

partitions as, if there were no floor  separatioms with
height.

Conversely{ as the ratio of Ap* decreases considerably,
each floor,.in effect, is shown to be an independent single
stéry building at the situated levels, and the profile of
the pressure differentials in the whole building appears to

have a series of sHarp turns between each floor separation.

.H .{,,‘ hY ”

v
-
. Z
.
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Hence, it results in a considerably rédqced pressure
differences across the exterior wall at ‘top and bottom
level. .

s In the results, it has been shown that there.exist a
particular value of the ratio of A *, which presents
negligibly small pressure difference between the floor
. separations\¥with elevations, and finally represents a
straight pressure differential line from the top to the
bottom elevations of the building for the given number of
floor separations as well as distribu£ed pattefns of the

exterior wall openings at each floor.

In dealing with the thermal effect in the building with

p“3_

negligiblf small pressure drop between the floors with
!

floor partitions, the particular ratio of. A showing
elevations, could be a very convenient intdicator in the

analysis of the problems involde. -

*

For this purpose, th% pargmeter, P, is introduced in
the study. The paramete®, P*, represents the ratio of
pressure difference acrosé a certain ﬁloor partition (APP)
to the total pressure differential induced by the thermal
effect at the corresponding £floor UQPS) for given floor
height and temperature difference.

-In doing so, a non-dimensional parameter, A will

deon
p crt’?
be considered in the present study. The parameter 1is
defined as the particular value of the ratio of Ap to A -
resulting in a val of P° is less than 0.01 between floors

with elevations of the Huilding, is to be considered.
!
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o~

Hence, from the respective definitions above, it can be

*

. * -
seen that, as the ratio of Ap approaches to Ap ert for the

corresponding floor numbers and distributed pattern of
exterior wall opening at each floor, P* becomes nearly zero
and the profile' of the pressure differentials across the
exterior wall would be in the shape of straight line from
top to the bottom of the building.

In this particular case, the profile of the pressure
differentials across the exterior wall with -elevations

becomes identical to that of " the open shaft type building

" as shown in Fig.3.1.4, in Ysich the resulting pressure

differential profile is mainly governed by the distributed
patterns of exterior “wall openings due to negligible

resistance to flow within the building.

o

% s
Conversely, when AP becomes smaller than A

p ert? the

pressure difference between the floors increases, and the
resulting pressure profile with the building height has
sharp turns at each floor separation as shown in Fig.5.3.2.

If the value of Ap* is substantially smaller than

*

Ap Crt,'the profiles of the pressure differentials across
!

the exterior.wall would be .the same as that of " the story

’

as shown in Fig.3.1.5.

"

type building

In the results presented in Figé.5.3.1 to 5.3.2, it has

e
"

been shown that the ~value of has a functional4-

Ap crt
relationship with the number of floors as well as the

CoaN /
distributed patterns of the exterior wall openings at each
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floor. Figs.5.3.1 }o 5.3.3 show that, for-the buildiné Qith
two and four levels; the values are shown to Le 1.5 and 7.0,
respectively.

The existence of the critical value of A " in the
pressure differential profile across the exterior wall in
the building has very important significance 1in the
understanding of the characteristics and behavior of the
thermal effect in the high-rise buildings.

With the assumption that all the openings in each floor
partitions as well as in the exterior wall elevations are
identical in size and shape in the building, a correlation
of the, critical wvalue of Ap* to the\_number of Eloor§ for
differént distributed pattern of exterior wall openings in
each floor is computed from the analytical model which 1is
prasented in Section 3.3.

The computational model for this analysis is made to
handie the number of floors from 2 floors up to 30. 1In this
analysis, the dimensions of exterior wall and floor openings
and floor height of eaih floor are assumed to be the same as
those of the test section shown in Fig.4.1.8.

Fig.5.3.8 illusﬁrates the relationship of the critical
value of Ap* to the number of floors obtained from the
present model. In the figure, the Ap*crt is plotted against

the number of floors for different modes of exterior wall

L 3 - - - ‘\
opening distributions at each floors.

e
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As shown in the figure, the critical value of Ap*
increases gradually as the number of floors increases as
expected.

' The results also show that, depending on the
distributed pattern of exterior wall openings at each floor,
the criticél value of AP* can vary for the given number of
floor levels.

However, the critical wvalue of AP* becomes almost
asymptotic, reaching a certain limiting value for the given
distributed pattern of exter}or wall opening at each flpor
despite the number of flabrﬁjincreasesl

From the thermal effect equation, Eq.3.2.20,. it can be
seen that, for the imposed temperature difference,. the
pressure difference across the exterior wall due to the
thermal effect increases with  height of building
correspondingly. Hence, as the number of floors in the
building‘ become progressively higher, the pressure force
induced by the thermal effect enlarges proportionalrﬁh

Also the serial resistance to air flow within the
building, %hich is imposed by the floor separations,
. increases in proportioﬁ"to the number’ of , floors in the
building. However, the resistance :tg flow within the
bui}ding contriﬁuted by the series of floor partitions may
not to-be enlarged rapidly ifmpared to the pressure force
caused by the thermal effect for the imposed temperature

~
difference and provided building height. b

t
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The limiting value of the critical value of A * for tﬁe
cases shown in Fig.5.3.8, is between 8 and 18, depending on
‘the distributed pattern of the exterior wall openings at
each floor. Based on this result, it can be saié that,
if the distribution aund configuration of thg openinés in_the
exterior wall and- floor, separations at each floor with

height in the buildings is identical to the .cases shown
- in Fig.5.3.8, the critica} value of Ap* will not exceeq more
than 18 for any number of floors. -

In the analysis made tﬁus far for the characteristics
of Ap*crt’ the openings existing in the exterior wall and
floor partitions are assumed to be an orifice type opening
as shown in Fig.4.1.8.

In addition, the floor openings in the floor
separations within Building are mhde to be a single orifice
hole placed at the center of each floor cross section with
elevations as illustrated in Fig.4.1.9.

In actual building constructions, it is well knoﬁn that
the crack openings in the floor separations are not placed
in a4 single place, especially such as the elevator door
cracks and service shaft cracks. In addition, these crack
shapes, including exterior waLl cracks, are usually shown to
be in thin .rectangular shapes in pracsiff//as shown in

Fig.3‘=.»3.z.' j}

Consequently, it is necessary to take account of the
relationship of the shape as well as the number of the
openings in the building components with the characteristics,

~

~



of the_critical value of Ap*. These problems will be

. discussed in Sectiomn 5.6 later.

5.3.4 Characteristics of Thermal Effect in Partitioned
Buildings.
Since it is known that the pressure differentials can

“ be determined from the information on the neutral pressure

167

level, as stated earlier, it is important to have complete .

understanding about the characteristics of the
neutral pressure level for the accurate prediction of
thermal effect in the building. '

The characteristics and behavior of the ‘'neutral
pressure level in the partitioned buileing are also
investrgated in the present study in both er%eriment and
analysis.

Fig.5.3.9 illustrates an example of the reeult showing
the effect of number of %loors on the neutral pressure f;;
the case in which Ap is greater than Ap ert”

In the figure, the ratio of NPL to building height,
NPL/H, is plotted agalﬁst number of floors. iFor this
analysis, the height of eacP floor is made to be 3. 6 m and
the distributed extericr wall openings at each floor are

" made equal in size and shape as shown in Fig.4.1.8.

As shown in the figure, the neutral-: pressure level

appears, to be not affepted by the number of floor

. : s * *
.separatpoes for the cases if AP is greater than Ap ert;
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But the neutral pressure level for this particular case
is shown to be rinfluenced by the diétribuﬁed modes of
.exterior wall openings at each floor.

Fig.5.3.10 illustrates another result presenting the
effect of temperature dlfference across the wall on the
neutral pressure level for the case with four floor levels,
in which the ratio of NPL to building height, NPL/H is

plotted against temperature differences ranglng from 10 to

60 C

.,

In the analysis, the distributed type of exteriorm wall
openings '‘at each floor is‘fﬁried as shown in the figure. As’
can be seen in the figure, NPL is shown to be not affected
by the teﬁperature difference across the wall in all the
cases studied.‘

This characteristic of the thermal effect is exactly
identical with that of the case with no internal floor
partition. Consequently, it can be concluded that, for the
partitioned building, the neut¢ral pressure level is ‘also
hardly aﬁfected by the temperature difference, and is mal?lv
governed by dlstrlbuted patterns of the exterlor wall.
openings as well as the floor openings. 2

Fig.ﬁps.ll repfesents an example of the analytica1\
result sﬁowiﬁg the effect of. enlafgement oﬁ a slngle'
exterior wall opening placed at the bottom or top level
-shown in the figure while keeping the others unchanged.

In the figure, the ratioc. of NPL to building height is

plotted against the ratio of the sirigle opening hole area to

L
" g -



the original total exterior wall opening area formed by all
).

This example can be an interesting case for the thermal

exterior wall openings (Awtot
effect in actual buildings in which large .top or bottom
openings are exist in the building.

In the figure, the case I is the case of enlarging the
bottom hole only, and the case II is the case of enlarging
the top hole only, respecﬁively. As can be- seen in the
figure, when the single hole at bottom or top level

increases the neutral pressure level shift down or up

rapidly.
For the extreme case, in which A * or A ° is 60 or
wb wt
- greater, the NPL 1s shown to be located at the elevation of
the bottom or the top opening of the building as if the
building had only one single opening at. the corresponding
elevation. The analysis is based on the assumption that the

analytical model based on Eq.3.3.8 can be applicable.
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5.4 EFFECT OF NON-UNIFORM TEMPERATURE DISTRIBUTIONS ON
THERMAL EFFECT

In actual buildings, the patterns of the pressure
differentials across the exterior wall with elevation and
the induced air flow caused by the thermal effect are shown
to be complex combifnations of the components including the
efféct of the distributed pattern of the ex£erior wall
openings, the resistance to flow of series of internal floor

partitions, and the excess supply or exhaust air brought by

the mechanical ventilation system. L

These patterns of the air flow induced by the thermal

effect are evident from the profiles and magnitudes of the

pressure differentials across the exterior wall in the

buildings‘which gre’preéepted in the previous.discussions.
Considering the flaw pattern ¢f. air within the building

describea above, it is probable to expect thaé the induced

upward air flow or air current through wvarious floor

separations caused by thermal effect may result in an non-

uniform distributions of the temperature with elevation
within the building environment.

As a.result, it can be estimated that this non-uniform
distribution of inside air with elevations would have a
certain effect on the patterns and profiles of the pressure
d;fferentials across the exterior wall due . to thermal

effect.

170
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Thus far, with respect to the temperature distributions
of inside and outside air, we have only applied fhe
assumption that the temperature distributionms éf both
ou%side and inside air are uniform along the height of the
building. Hence, it 1is required to investigate the effect
of this nbn-uniformity of temperature distributions on the
thermal effect in the buildings.

In the present study, the investigation of the effect
of non-uniform distribution of the inside air temperature on
the pressure differential profiles resulting from the
thermal «effect are carried out by both experiment and
analysis for the partitioned and 'non-paftipioned building
cases. |

In the experiments, in both. non-partitioned and

._partitioned test section model buildings, the temperature

differences across the wak} are made to have a linear

1

distribution along the height, which is AT(z) 30.0L+ 3.3z
(°C) or AT(z)=90.0-3.3z (°C) for the given outside air

temperature conditions where the test section is situated.

5.4.1 -Effect of Non-Uniform Temperature Distributions of
Inside Air on Thermal Effect in Non-Partitioned Building
Fig.5.4.1 illustrates an example of the experiméntai
fesults showing the pressure differential profiles across
the exterilor wéll of the test section with elevations ‘for
different exter;or'ﬁall opening arrangements under a non-

uniform temperature distributions of inside air.
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Inhkhese experiments, the temperature difference with
'height is made - to increase with elevations, in which
AT(z)=30.0 +3.3z (OC) for given outside air temperature as.._

shown in the figure.

Fig.5.4.2 presents other exaﬁples of the. experimental
results showing the effect of non-~uniform temperature
distributions of inside wall in the non-partitioned building
for various distributed patterns of exterior wall openings.
In this specific case, the inside wall temperatures are made
to decrease with elevationé as shown in the figure, in which
temperature difference is AT(z)=90.0-3.3z (°C). |

In Figs. 5.4.3 and 5.4.4, it caﬁ‘be found that the
profile of the pressure differentials across the exterior
wall with elevations is shown to be in the form of curves
due to the non-uniformity of ‘temperature difference with
elevations. .

However, it should be noted that the location of the
neutral pressure level appears to depend upen the
distributed pattern of the exterior wall openings while the
curvature of the pressure profiles is counsistent for the
provide temperature profile in all the cases studied.

With application of the present analytical model, the
effect of the temperature gradient of the inside wall on the
profile of pressure differentials with elevations due to
thermal effect are examined. Fig.5.4.5 illustrates an
exampleqof the result for the case with uniform distribution

of exterior wall openings with elevation. In the analysis,
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. the temperatﬁge gradient of the inside wall is varied from
0.1 to 3.4°C/m. | .

As can be seen in the figure the pressure differentials
across the exterior wall increase as the temperature slope
of inside air_inéreases as expected, but the location of the
neutral pressure level for a given pattern of exterior wall
openings appears to be nearly independent of the temperature
slope of the inside air.

It is 1interesting to note in this result that as
temperature gradient b reduces, the profile of the pressure
differentials across the exteridr wall approaches to the
linear §hape. This is identicalrto that is observed in the

results of. the uniform tem

re distribution§ with
elevations, and is expected from thelanalytical solutionm.
Fig.5.4.6 illustrates another example of the analytical
result representing the effect. of “the femperafure slope of
the inside air on the neutral pressure level .for various
exterior wall opening distributions.
In the analysis, the temperature difference between the
inside and the outside with elevations, i1s assumed to be
AT(z)= 30.0 + bz. The slope of the inside temperature is
varied from 0.0 to Q.OOC/m while the outside tempe;atﬁre is
kept constant. In the figure, the ratio of NPL to building
height, NPL/H, for different patterns of exterior wall

openings is plotted against the temperature slope of inside

air.
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The neutral pressure level appears to increase slightly
initially .as the temperature slope of the inside air
increases for all different patferns of - exterior .wall
6penings, but it becomes glmost asymptotic and constant
beyond the temperature slope of 0.8°C/m in all the cases
studied as shoﬁﬁ in the .figure, ' For b > O.SOC/m, the
neutral pressure level appears to be independenf of the
temperature difference across the exterior wall along the
“height, which is identical to the characteristics of the
neutral pressure level observed in the cases having uniform
temperature distributions with elevations.

Compared to the NPL of the <c¢ase with uniform
temperature distributions, the vaiue of the NPL obtained
from the non-uniform temperatﬁre distribution of the
JBuilding inside has shown approximately 4.2 7% higher value
when b is over 0.8°C/m in all the cases examined.

| From observation of the result presented in Fig.5.4.6,
we cégw conclude that the eéffect of the inside air
temperature slope on the pressure differentials induced by
the thermal effect appears to be marginal in the buildings
with no partitions if the temperature slope of the inside
air is less than 0.8°C/m with elevations.

Fig.5.4.7 illustrates the analytical result showing the
effect of the building height on the NPL with variations of
exterior wall opening distributions. 1In the analysis, the

temperature difference between the building inside and
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outside is assumed to be AT(z)= 30.0 + 3.3 z (°C) with
elevations.

In the figure, the ratio of NPL to building height,
NPL/H, is plotted against the ratio of building height to
the reference height of the test section which is 18.3 m.

‘This result exactly coincides with the characteristic
of NPL observed in the previously discussed cases with
uniform temperature distributions along the height.

v
5.4.2 Effect of \ﬁon-Uniform Temperature Distributions of
Inside Wall on Thermal Effect in Building with Partitions

The effect of non-unifo;m temperature distributions of
inside_wall on the profile of pressure differential due to -~ °
thermal effect in the buildings with floor partitions 1is
investigated by both experiment and analysis.

For the experimental investigations, the test section
with 'floor partitions which 1is presented in Fig.4.1.8 of
Chapter IV is used. For the analytical studies, the model
developed in Section 3.3 of Chapter III is applied.

Fig.5.4.8 illustrates an example of the pressure
differential ©profiles acro§s< the exterior wall witH
elevation for the case of four floor levels with non-uniform
temperature distributions of inside air.

‘In the experiment, the temperature profile pf the
inside air with height is made to be the same as the one
shown in Fig.5.4.1, and the floor openings at each floor are

varied by interchanging cassette plates with different
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opening diameter.

As presented in the figure, it shows that as the fatid
- of floor opening areé to the exterior wall opening area in
each floor, Ap*,.incfeases, the pressure difference across
floor separations reduces, and at sufficiently large value
of Ap*’ the pressure curve becomes almost continuous from
the 'top to the bottom of -the test sectiop.

It is also interesting to note frdm this result that
the pressure differential curves of. different AP* develop
symmetrically at the mid-height of the test section as Ap*
increases while the curvature of the pressure differential
line-is consistent.

In thig‘particular case, when Ap* is 8.0, the pressure
difference | across floor separations  appears to be
negligible, and the profile of the pressure differentials
with height becomes almost a continuous curve. To test the
accuracy of the present model for this particular case, the
corresponding analytical results are also presented in the
figure. together. The agreement between experiment and
analysis is shown to be fairly close in all the cases as
illustrated. -

With applidations of the present analytical model, the
effect of non-uniformity of . inside wall temperature
distributions on the thermal effect in the floor partitioned
buildings is examined further.

Fig.5.4.9 presents an example of the results showing

the ecritical wvalue of A for the c¢ase with non-uniform
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distributions of inside air temperaturé with height for
various of number of floors. In the analysis, the
configurations of floor and exterior wall openings at each
.floor are assumed to be identical, and the profile of the
temperature differencé-with elevations is made to be AT(z)=
30.0 + 3.3z (OC). Also the height of each floor is assumed
to be 3.6 m.

As iliustrated in the figure, the critical value of Ap‘}’r
increases as the.number of floor separations increases due
to the effect of serial resistance to air flow within the
building by the floor partitions. This is identical to what
we observed in the results for the building with £floor

partitions having a uniform temperature difference along the

height.

%
The resultant wvalue of the critical wvalue of A

P
obtained from this case appears to be nearly the same as
that of the partitioned building with uniform temperature
distributions. From these results, it can be deduced that’
the effect of the nom-uniform distributionsﬁbf inside wall
is shown to be insignificant on the critical value of A .

Figs.S.ﬁ.lO to 5.4.11 present the results showing the
effect of the temperature slope of the inside wall on tﬁé
pressure differential profile due to thermal effect for the
different exterior opening distributions in the building
with four floors.

In the ‘analysis, the ratio of floor opening to the

exterior wall opening at each floor ( Apx) is made to be
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*
greater than Ap ert

inside wall temperature along eljiiifbns is varied from 0.1
to 3.41C/m.

in all the cases, and' the slope of

It can be seen in the figures that the ‘pressure
differentials increases as the temperature difference across
exterior wall increases, and that the profile of pressure
differentials with ‘height becomes ~ almost linear when the
temperature slope of the inside wall reduces increasingly.
These results coincide with the those found }n the results
of the thermal effect without partitions undér non-uniform
temperature distributions.

Applying the same condiﬁions employed for the case in
Fig.5.4.11, the study to examine the characteristics of the
thermal effect in partitioned building under non-uniform
distributions of inside air‘is extended further.

The results representing the effect of the temperature
slope of the inside wall on the neutral pressure level for
various distribufed exterior openings are illustrated in
Fig.5.4.12. In the figure; the ratio of NPL to building
height, NPL/H, is plotted against the temperature slope of

the inside wall with height."

—~

In the figure, we can observe that the different
distributed mode of exterior wall opening at each floor is
shown to have its own distinctive location of the neutral

pressure level for given floor opening condition.
It also shows that, as the temperature slope of the

inside wall with elevation increases, the ratio of NPL to
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building height, NPL/H, increase initially but becomes
‘almost constant beyond b = 0.8°C/m in all cases stuﬂied.'—

The effect of témperature slope of the inside wall on
the NPL, which is shown above, is identical with that
observed in the non-partitioned case discussed in the
" previous section. The values of NPL over b = 0.8 'C/m
obtained from this case are shqyn to be approximately 4.2‘%
higher ‘than that of the case having floor partitioms with
uniform temperature distribution.

Hence, if we consider this substantial magnitude of the
limiting value of the temperature slope of the inside wall,
resulting in 4.2 % of the relative difference with the NPL
from uniform temperature dijstributions, it can be said th;t,
.in practice, the effect of non-uniform temperature
distributions of inside wall on the neutral pressure level
is marginal.

Fig.5.4.13 illustrates an example of the analytical
result showing the effect of bhysical dimensions of the
building on NPL can be found, in which NPL/H is plotted
aéainst the ratio of bﬁilding height to the reference
heightof the test section used, 18.3 m..

In the results presented in the figures, we can confirm

again that the effect of physical dimensions, vertical, of
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the Buifﬁiﬁg on the thermal effect is also shown to be
negligibly small in the partitioned building, under non-
uniform temperature distributions of the inside wall with
elevations alomne.

Consequently, we can reconfirm from the analysis that
the pfessufé differential profiles induced by the thermal
effect in the building with floor separations is‘ mainly
governed by the distributed mode of the exterior wall
openings as well as the openings in the floor separations
including the number of floors even if it is under the
effect of the non~uniform temperature distributions of
inside walliwith elevatioﬁs. -

5.4.3 Effect of Both Non-Uniform Temperature Distributions
of Inside Wall and Outside Air with Elevations on Thermal
Effect |

In the present study, thus far, only the effect of the
non-uniform distributions of the inside wall temperature
with elevations of building on the pressure differential
profiles due QZ the thermal effect is takem into
consideration. =~

However, in real situations, it is possible that both
the inside wé‘i'and outside air tempefature may vary with

——

elevations. As a result, it is worthwhile to examine the
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effect of the non-uniform distributions of both the inside
wall and outside air temperatures on the thermal effect in
the buildings. ~

With applications of the present analytical model
developed in Section 3.3 of Chapter III, the investigations
for this _purpose are carried out. Since the presSure
differentials across the exterior wall at given eléva£ions
can be found from the thermal effect equations if the NPL is
known, the analysis for this study is mainly dome on the
characteristics of—-the Ineutral pressure level under the
effect of both non-uniform distributions of the inside wall
and outside air temperatures.

Fig.5.4.14 illustrates a typical example of the
analytical results obtained for the purpose mentioned
previously for the case with floor partitions, in which A *

* .
is greater than Ap In the figure, the ratio of NPL to

crt’
building height, NPL/H, is plotted against the height of the
building for given distributed pattern of exterior wall and
floor opening at each floor. The profile of temperatdre
distribution of both sides with height is assumed to be
linear in the analysis and its respective profiles of
temperature are indicated in the figure.

” The analytical results obtained from four different
profiles of temperature difference distributions along the
building elevation are presented in the figure. Type I 1is

the case with non-uniform temperature distributions of the

- inside wall! only, type II 1is the case with wuniform

ya
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temperature distribution of botﬁ tﬁéfinside wall and outside
air, type III is the,case having linear increase of both the
inside wall and outside air temperatire with height, and
type IV is the case in which outside air  temperature is
decreasing with height whereas the inside wall temperature
is increasing with elevation, respectively.

In the results, as represented in the figure, we can
observe that the case of .type I, having non-uﬂ;}orm
~distributions of the inside wall alone, is shown to have
higher value of NPL/H than others. Conversely, the case of
type IV has appeared to give lower NPL/H than others.

As shown in the figure, the maximum difference between
the highest and the lowest value of the NPL/H-is shown to be
less than 'STO % in these particular results. The same
trends are also ébserved in other cases with -different
distributed exterior wall opening patterns, and also in the
case with no floor partitions.

Based. on these results, we can obtain several
interesting conclusions. First, the eftect of non-uniform
distributions of inside or outside air temperature with

' height is shown tgﬂbe marginal on the value of NPL within
practical ranges of temperature difterques between the
inside wall and outside air in the building.

Secondly, considering the substantial magnitudes of the
assumed temperature slope of the outside aif compared to'the
standard atmospheric air [30), which is less than -0.010C/m,

the actual tﬁhperature distribution of outside air may be
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considered to be uniform in the problem analysis of the
thermal effect in the high-rise buildings.- -

Finaily, considering the maghitudes of the relative
errors, as shown in the figure, between maximum and minimum
values of the NPL wunder the eftect of non-uniform
distributions of the inside and outside air temperature, the
effect of the non-uniform temperature distributiohs of the
inside wall on the profiles of pressure difterehtial due.to
thermal effect in the actuallbuilding environment also can

be considered to be insignificant. _ '

5.5 CALCULATION OF AIR-INFILTRATION OF THERMAL EFFECT
5.5.1 Gemneral Descriétions ‘of Air Infiltrétion due ‘to
Thermal Effect

As stated earlier, the patterns éf the pressure
differentials across the exterior wall induced by the
thermal effect ia the actual buildings are shown to be .
dependent on the complicated interactions of the distributed
patterns of exterior wall openings and floor openings in the
internal floor separations as well as the temperature
environment.

The patterns of the air flow induced by the thermél
effect in the building enclosures are obviously evident from
the profiles and magnitudes of the pressure differentials
across the various building components represented in the

previous discussions.
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The amount of air infiltrated or exfiltrated through an
opening hole existing in -the building enclosures may be '~
calculated on the basis of the total pressure difference
across a crack openihg hole which occurs from the air flow
induced by the thermal effect. (

As presented earlier, it has been shown that thﬁ method
of calculating the air leakage or infiltration through
building enclosure by using the pressure differences acting

on the'leakage path or component is known as the crack flow

method which is expressed by: ‘

Q = C (AP)" - (5.5.1)
N .

For the application of this method to determine the
amount of flow througﬁ the‘opening,,one can see that the
correct information on the pressure differentials across tﬁé
opening, the flow coefficient, C, and the flow exponent of
the building enclosures is required.

However, it should be noted that ﬁhe equation of the
type shown in Eq.5.5.1. lacks generality because it is not
dimensionally homogeneous. That is, it is in conflict with
a fundamental law of fluid mechanics;  Reynolds law of’
similitude. Therefore;‘the derived crack flow.eqﬁation in

the investigation for a specific case can only be valid for

identical cases, and hence it has limitations in its

oA



applications.

The total pressure drop across an opening hole
occurring in the air flow due. to the thermal effect in the
building enclosure can be presented by the energy equations

as illustrated in the anglytical'models discussed in Section
3.3 of Chapter III.

The total pressure difterence across an opening hole in
the induced air flow in the building enclosure is estimated

to consist of four major components: form .losses due/fto
sudden contractions of flow area at the openings; the girm
iosses ,due to sudden expansions of flow area at the
openings; the friction loss due to inner surtace of the
openings

Hence, it can be written as

total APfr +APent +APext _ (5.5.2)

AP

where

ZlPtotala total pressure difterence across the opening.

‘APfr = friction loss due to inner surface

APent = form losses due to sudden contractions at the
opening.
APext. =-form losses due to sudden expansions at the

. openings.
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Applying the above respective descriptions for the

total pressure ditferences across the opening, we have

AP =1, L
rotal” 5PV Kene* Koy * £5 (5.5.3)
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As a result, from the above functional relationship ¢f

the pressure difference with the flow in Eq.5.5.3, one can
see that the velocity of air flow througﬁ the opening hole

can be expressed in terms of the total pressure drop as

(5.5.4)

_ ponsequently,.if can be found that the velocity 6f.air
tlow through the opening hole can be-z;lculated if the total
pressure difterentials across the opening hole as well as
the characteristics of the opening hole are both known.

As demonstrated in the previous discussions, it has
been shown that the analytical models, developed in Section
3.3 of Chapter III, are shown to be reliéﬁlé and accurate to

calculate the pressure difterentials across the openings due

to thermal etfect for various temperature distributions, for

difterent types of distributed patterns of exterior wall '

openings as well as for difterent building floor

constructions.
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Furthefmore, the thermal effect equations, presented in
Chapter III, are also proved through expériﬁental tests to
be a method to determine the pressure differentials across
the exterior wall induced by thermal eftect if the value of
NPL is known accurately.

Also it has been shown that the characteristics ot the
the thermal effect in the building could be characterized by

the NPL, which has been extensively investigated for various
types of building environment and congjiﬁctions in the

present study.

Consequently, it can be seen that the velocity of the
air flow through the opening hole induced by the thermal
etfect can be determined since the pressure difterentials
due to thermal eftect acting on the flow path can be found
‘trom the present analytical model for given.characteristics.-
of the opening.

Hence, with knowledge of the air flow wvelocity, the
amount of -air infiltratiom throﬁgh an opening hole can be

calculated by continuity relation at the corresponding

opening as

W= Vn A : (5.5.5)

where -
Q;, = amount of air flow thrdugh the opening.(m3/sec).

Vi, = velocity of air flow through the opening (m/sec).

*

1l

area of the opening hole (mz).
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If a building 1is considered as having a certain
porosity with overall leakiness, then the total flow balance

for the building can be expressed as

j;nQdA'fout Qaa | (5.5.6)
. ™ .

where
inddA = sum of air flow. into the building

Q

= sum of air flow out of the building

out “out

Since the openings placed below NPL jinduce infiltration
and the openings placed above NPL expefience exfiltration,

the total air tlow balance can be also represented as

RN

N M
2( cAr™), =X c/_\P“)j ~ (5.5.7)

-~

i=1 j=1

where

i= opehings below NPL

j= openings abpve NPL

N= total numbér of openings below NPL.

M= total number of openings above NPL

5.5.2 Correlation of Air Infiltration Calculation due to
Thermal Effect

As mentioned earlier, it has been shown that, the
pressure differentials across the opening hole due to

thermal effect can be determined from the present model,
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developed previously, for different types of building
construction and temperature profiles. In addition, the
pressure difterentials across thé qpéning holes in the test
sections are also measured experimentally for various casesgs

Consequently, using the pressure differentials obtained
trom the above procedufesh it is possible to determine the
amount of air flow throuéh the opening holes from the
nuﬁerical method presented in Section 5.5.1.

Since the amount of air flow and the pressure
differentials across the opening hole are available, we can
proceed to correlate the crack tlow equation, Eq.5.5.1, with
the preséﬁre differences and air flow rate through the

opening hole.

By re-writing the crack flow equation, -Eq.5.5.1, in the

" logarithmic representation, we have
Ln(Qh) = Ln( C ) + n Ln(A P) (5.5.8)

Since the amount of air infiltration through the
opening hole, Qh’ and the pressure differentials across the
hole are known, the plot of a logarithmic linear graphic
representation for different flow rate and pressure
differentials is possible. Therefore, it is straightforward

to find the value of the flow coefticient, C, and the flow

exponent, n.



A computer program has been formulated to calculate the
numerical wvalues of the flow coefficient and the flow

exponent for different types of building construction, which

is the partitioned cases and the non-partitioned cases, with

variations of the characteristics of the opening holes:

In the computations, the préssure differentials across
the opening hole due to thermal etfect are varied from 5.0
to 30 Pa, which are the pressure difterences measured at
the temperature differences between 2; and SOOC by using the
test seétions in the present study.

In the analysis, the characteristics of the opening
hole are represented as the ratio of the opening hole length
to opening hole diameter, L/D, which is varied from 0.5 to
300.0 in the computations.

Fig.5.5.1 illuék;ates an example of the correlated
result for the cases with no internal floor partitions. In
the figure, two different types of exterior wall opening
patterns are compared. .

For the case with openings at top and bottom level

only, the correlated equation is shown to be;

Q, = 3.02x107%(ap)0-81 (5.5.9)

For the case with four openings in vertical

190
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Q, = 3.43x2078(ap)0+33 (5.5.10)

- In the figure, ‘the case having four exterior wall
openings with elevation is shown to have a larger value of
flow coefficient and a smaller value of flow exponent than
that of the case having openings at the top and the bottom

only, due to the increased number of opening holes per unit

wall area.

Fig.5.5.2 presents another example of the correlated
result of the pressure ditferentials acreoss the opening hole

with the flow rate for the cases with internal floor
partitions. )
In this analysis, the value of Ap is taken to be

greater than A_"

P crt'for given conditions, having the same

distributed pattern of exterior wall openings at each floor.
In the figure, the results of the two cases, of two floors
and of four floors, are compared.

The correlated equations of both cases are shown to be
almost identical even though theré is a difterence in the

: *
number of floor partitions since the value of AP for the

e

"~

partitioned case is greater than Ap ert®

Fig.5.5.3 illustrates a result representing the eftect
of floor separations on the correlated equation of the
pressure difference with the flow rate. In this figure, the

case without floor partitions is compared to the case with

two floor partitions having identical exterior opening mode.
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The correlated equation for the case with no floér
partitions appears to have a significantly lérger value of C
_Ehan that of the case without partition, whereas the flow
patterns in both cases are quite similar.

The result shown in the figure indicates that the flow
coefficient is related to the pressure difterences as well

as the characteristics of the openings representing .the

- resistance to flow in the building enclosure.

As stated earlier, the correlated equations presented
in Figs.3.5.1 to 5.5.3 are valid only for buildings with
identical characteristics of the openings as the model
buildings of the present study.

The study to.examine the relationship of the opening
hole characteristics with the flow coefficient, C, and the
flow exponént, n, have been carried out for both paftitiqned
and non-partitioned cases with variations of the ratio of

hole length to hole diameter. In the analysis, for the

x

partitioned cases, the Ap“ is made to be greater than AP ort

for the corresponding fioor number and exterior openiug
distributions.

Fig.5.5.4 shows an example of the results showing the
relationship of the flow exponent, n, with the ratio of the
opening hole length to opening hole diameter, L/D, for the
case with no floor partitions. Fig.5.5.5 1illustrates
another example of the results obtained for the case with

floor partitionms.
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The flow exponent, n, increases as the ratio of L/D
increaseSa:~Also the value of the flow exponent is shown to
vary from 0.5 to 1.0 as expected from the theoretical point
of view, relating the flow rate to the pressure drop in the
flow path. This also agrees with the range of the flow
exponent, n, in ASHRAE HANDBOOK [10]. |

It is interesting to note in Fig.5«>».4 that, for the

~case with four exterior wall openings along the elevation,
the flow exponent, n, increases much slower than for the

1

case with openings at top and bottom only as the ratio of
L/D increases.

This ilLuétrates a good mfxample showing the
relationship of the flow exponent to the resistance to flow.
Since the case with four exterior openings has less flow

\\resistance than the latter, the effect of increased ratio of
L/D appears to be less sensitive initially.

Fig.5.5.5 represents another result showing the effect
of opening characteristics on the flow exponent for
partitioned cases.

In the figure, both cases of two floor partitions and
four fI%or partitions are compared. _

It can be foggﬂ in the figure fhat, for the partitioned
cases, the eftfect of increasing the ratio of L/D on the flow
exponent appears to be slight difference in both cases, even
though there exists a difference of floq; numbers. However,
the value of the flow exponent, n, is between 0.5 and 1.0 as

shown in Fig.5.5.5.



The relationship of the flow Coefficient, C, with the
opening hole characteristic is also investigated for both

partitioned and non-partitioned cases. In the -.analysis, the
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same conditions employed in the study of the flow exponent

are applied.
- Fig.5.5.6 presents an example of the result showing the
relationship of the flow coefticienf; C, with the ratio of

L/D for the cases with no floor partitions.

The minimum value of the flow coefticient, C, s
supposed to be zero, which can be the case with no opening
hole in the enclosures for sufticien#ly large value of L/D.
In this result, the maximum value of the flow for the cése
is shown to be 19.53 x 107° m3/s.Pan for very small value of
L/D.

In the comparisons of both cases in the figure, it can
seen that the effect of the ratio of ﬁ/D on the flow
éoefficient appears to be affected by the characteristic of
the openings existing in the wall, which implies the
relationship of the flow coefficient with the flow
resistance.

In the figure, it also shows that, for fhe case with
four exterior wall openings, the flow coetficient appears to
be reduced less slowly initially than in the case with top
and bottom openings only.

Fig.5.5.7 illustrates another example of the result

showing the relationship of the flow coefficient with the

ratio of L/D for the case with partitions. 1In this result,
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it caﬁ be found that the maximum wvalue of the flow
coefficient, C, is approximately 9.5x10°8 m3/s.Pa“, and is
shown to be significantly lower than that of the case with
no floor partitions due to the effect of the floor
pgrtitioﬁs.

It also show that the effect ot the opening
characteristics on the flow coefficiént, €C, 1is almost
identical in both case due to the existence of floor
partitions.

From the overview ?f the present study results, it can
be seen that the calculatfon of air infiltration due to
thermal  effect is possible from the crack flow equation,
Eq.5.5.1, by applying the pressure ditferences obtained from
the present study.

Moreover, the -present result has shown that the
analysis of the relationship of the flow coetficient, C, and
flow exponent, n, with the wvarious types of opening
characteristics provides an insight on the characteristic of
air infiltration due to thermal effect in the building.
However, the equations, 5.5.9 and 5.5.10, aré only valid for
a specific case having the idéntical opening characteristics

presented in the present study.
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5.6 APPLICATION OF PRESENT STUDY
5.6.1 AParamekE}c Study applied to a Large Model Building

v

As presented previouslf, the analysis of the thermal

effect in the building, thus:far, is made only for the cases

ot the simple models, and these results have been evaluated-

through the experimental observations of the idealized model
buildings.

Since the analyt}cal models developed in thélpresent
study have been shown to be reliable and accuréte, it is
possible to extend its application for the analysis of the
thermal effect in actual buildings.

In-the construction of actual buildings, it is well

Iknown that the crack ppenings in the floor separat}ons are

&,

not situated in a éingle'place like the model building used

in the present study. FurtHermore, the configuration of the
\2§%ck openings, including the exterior wall openings, are
usually shown to be in-thin réctangular shapes in etfect, as
presented in Fig.3.3.2. |

Consequently, it is necessary to conduft the present
analysis of‘the thermal effect.in the building by taking
account of the opening condition pointed out above as well
as by applying the data of actual building dimé%sidns.

As the first part of these analyses, the concept ot the
equivalent opening diameter, which is shown in Eq.3.3.10, is

applied for the exterior wall and floor partition openings

-
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in the computation of the pressure profile using the present
analytical model. In the analysis, the floor height and

area are made to be 3.6 m and SO0 m x SU m, respectlvely, to

'51mulate actual buildings.

Flg 5.6.1 presents the analytical result showing the
etfect of the crack opening shape on the wvalue of Ap ert”

In the figure, the value of Ap crt is plotted against the

number of floors for two different types of distributed

pattern of exterior wall openings at each tloor.

k) . - w-'-.‘.
In the results, it can be seen that the effect ot the

configuration of crack openings on the value of Ap*crﬁ
appears not to be significant in all the cases stﬁdied, and
the overall trends in the.analysis are almost identical to
the result presented pggv%ously in Section 5.3..

In actual buifaiags,\the crack openings in the floor
separations, such as. the elevator and stairway door cracks,
the cracks in the various service shafts, etc

., are neither

situated in one place nor existed as one single opening in

any floor partition. As a result, these opening conditions

described above should be included in the analysis.
Fig.5.6.2 shows an example of the analytical result
presenting the effect of dividing the single floor opening

oD

into multi-holes on the value of Ap ert for the cases of
having two floors and four floors.
In the analysis, the number of floor openings per floor

partition, which is assumed to be the same in the shape and

the dimensions at each floor, is varied from 1 to 2> for the
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ditferent number of ffnorsb In this analysis, the total

opening area occupied bytthe holes in each floor separation

*

D ert for the case

is kept constant and the same as the A
having one single floor opening.

As shown in the figure, the value of A increases

* .

p crt
gradually as the number of floor opening in a floor
separation increases. This is believed to result from the

increased resistance to flow in the floor partition by
" .

P crtlof the single hole case into multi-

dividing the A

openings.
Fig.5.6.3 presents other examples of the analytical

result showing the effect of dividing the floor opening in

each floor separation into multi-holes on the wvalue of
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AT . for a building, in which the fractions of floor

p crt

e

opening at each floor partition, An", is varted from 1 to 10
for ditferent number of floor levels as shown in the figure.

In the anaiysis, the ~floor height, the floor
dimensions, and the floor opening length of the building are
made to be 3.6 m, 2> m x 4U m, and 200 mm, respectively.
Also the equivalent diameter and the crack lengfh of the
exterior wall openings are assumed to be 2.0 mm and /5.0 mm.
The dimensions and contiguration of the openings, and the
tloor plan of the building are made to be similar to
Building C which is shown in Table 5.6.1. |

As shown in the figure, it can be seen that by dividing
one single floor opening into multi-openings at each floor,

* . . s
the value of Ap crt 1S increased. - The results indicate that

AT o
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* .,
the value of Ap ert 1S increased much more than that of the

-

case with one-floor opening, shown in fig.5.3.15, due to the
extended length of floor crack opening as well as the eftect

of dividing the floor opening at each floor into multi-
%

p crt
increases asymptotically as the number of floors increases

openings. The figure also shows that the value of A

. ' *,
for difterent value of An For the cas®of twenty fLao:§<

* . . , : .
the value of Ap crt is *shown to be frqm 32 to 43 depending

%
on the An .
5.6.2 Application of Present Analysis to Actual Buildings

The profile of the pressure. differentials due to

‘thermal effect is obtained trom the present analytical model

for several real buildings listed in Table.5.6.1. In the

analysis, the data ‘shown in Table.5.6.1 are applied. The
results of these analyses are presented in Figs.5.6.4 to
5.6.6.

Fig.5.6.4 shows the result for Building A of
Table.5.6.1, which is a compartmentalized residénce building

for students in the University of Ottawa. 1In the figure,
+

the preseﬁt result is compared with the experimental test

result by Lee et al [4].

In Fig.5.b6.5, theg present analytical result for
Building E which is a nine.stopy government office building
in Ottawa, listed in Table:S;b.l, is presented with the

field test:result by Tamura and Wilson |5).. Fig.5.b.b6 shows
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the present analysis for Building C which is a seventeen

e

story government office building, listed in Table.5.6.6.

As :can be seen in the figures, the profile of the.

preésure ditferentials from the present analysis appears to
be 'linear along the elevations for all the buildings
analyzed. In addition, as has been shown in ‘Figs.5.6.4 to
5.6.5, the pressure profile of the present result appears to
be quite close to that of the measured result for the actual
buildings.

These results can be explained from the fact that in
actual buildings, as can be seen in Table.5.6.1, there exist
a large number of various cracks which intercounnect the air
flow within the building between floors.

As shown previously, the profile and distribution of
the pressure differentials along height in the building
ﬁaving floor partitions are showﬂ to be closely related with
the relative magnitude of resistance to flow in the exterior
wall opening to the resistance to flow in the floor
separations.

The results shown in Fig.5.6.3 indicates that the

. * .
maximum value of A is not greater than 45 for the cases

p crt
investigated. As shown in Table.5.6.1, it can be seen that
even if one single. door crack of the elevator alone is
considered in the actual buildings, the wvalue of Ap* is
significantly greater that the value of Ap*crt presented

above.

Fi——
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From the overview of the results shown above, one can

conclude that the /&

pressure purofile

ect of the floor separations on the
the thermal eftect is negligibly
small because of sufficikgnt interconnections between floors
which are formed by various cracks in the floof partition,
such as the elevator doors and shafts, the stairways and
stair'shafts, the exhaust air ducts, and the various service

shafts. =

Moreover, it has been shown that the analytical model

201

presented in the present study can accurately predict the

thermal effect in actual bulldings.
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CHAPTER VI o

CONCLUDING REMARKS

In the present study, the characteristics and behaviors
of the thermal etfect in high-rise buildings  are
investigated both analytically and experimentally. From the

present study results, the following major conclusions can

be drawn:

(1) Validity of Thermal Eftect Equations

The thermal effect equations for difterent tempeEature
distributions of air along the -building elevation are
derived from the assumptionﬁihat'the air in the building
environment can be considered in a statié state, and the
assumption that the air ;an be modelled from the equation of
state of ideal gas. |

Through experimental tests using model -buildings, the

thermal effect equations have been shown to be wvalid for

determining the pressure difterentials across the exterior

~wall with elevations due to thermal etfect if the..neutral

pressure level is known correctly.

202
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(2) Significance of Neutral Pressure Level in prediction of

the Thermal Effect’

Since the thermal eftect equations afe ‘'shown to  be
reliable to estimate the pressure différentiais across the
exterior wall of the building induced by thermal effect as
long as the neutral pressure level is provided accurately,
it has been shown that the thermal effect in the buildings
can be characterized with the neutral pressure level fér
various different types of building constructions and

temperature differences.

(3) Eftect of Temperature Difterences Across Exterior Wall

on Thermal Etfect

The pressure differentials across the exterior wall due
to the thermaL etfect are shown to be proportional to the
reciprecals ét the absolute temperature difterences between
inside and outside of the building.

However, the temperature difterence between inside and

outside appears to - -have /Alittle inftluence on the neutral =~

pressure level in all-the|cases investigated.

(4) Eftect of A {Non-Uniform Distribution of Inside Wall
Temperature with Hlevation
In the present study results, it has been found that

the distribution and protile of the pressure difterentials
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across the exterior wall with elevation depend on the
distributed pattern of the air temperature inside and
outside with elevation.

However, the present result has shown that the eftecf
of a non-uniform distribution of the témperaturé of the
building inside oun the neﬁtral pressure level appears to be
not significant within the practical range of temperature in

actual building environments.

(5) Profiles of Pressure Difterentials Across the Exterior

Wall Induced by Thermal Effect

The present study result has been shown that the thermal
etfect in the high-rise buildings can be categorized into
the two distinctive types depending on the relative
magnitudes of resistance to flow in the exterior enclogures
to the resistance to flow within the building: the case of
" open shaft type " in which the pressure profile has no
sharp turns élong the elevation due to the‘negligible effect
of floo;!separation, and the case of the " story type " in
wﬁich the rthermal etfect im each floor appears to
act independently, resulting in thé pressure profile having
a sharp turn along the elevation due to the eftect of floor
separations.
In the case of the " open shaft type ", the profile of
~pressure differentials across the exterior wall has been

shown to be mainly affected by the distributed pattern of
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the exterior wall openings with elevations. :

In the second case of the " story type ", the profile
of the pressure ditferentials has been shown to be dependent
on the relative magnitude of the resistance to flow in the
exterior wall openings to that in the openings of the
interior floor separaticus.

In the extreme case, which has significant resistance
to flow in the floor separations compared to that in the
exterior enclosures, the profile of the pressure
differentials along height are shown to be a discontinued
type between floor levels, and it has resulted in the.
reduction of pressure differences across the exterior wall
correspondingly.

The study result has shown that, for this particular
type of building cbnstruction, the thermal effect can be
characterized with a non-dimensional. parameter, A *, which
represents the relative resistance to flow in the exterior
openings to the resistance to flow imposed by the openings
in the floor separations which are consisted of the cracks
of the wvarious éhafts, service ducts, and etc., within the_
building. |

The result has also presented that, in this type ot
building, there exists the critical wvalue of AP*
representing the particular value of,Ap*, resuliting in a
negligible pressure drop between floor separations for given
distributed patterns of exterior wall openings per floor as

well as the floor numbers.
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The study result has been shown that the wvalue of
Ap*crt appears to be dependent on the number of floor and
the distributed pattern of exterior wall openings at each

floor. .
(6) Eftect of Mechanical Ventilation on Thermal Eftect

The effect of mechanical ventilation on the thermal

etfect has Dbeen investigated in the present study

\ .

v
\\

experimentally.

The investigated result has been shown Hjhat the
mechanical ventilation results in the eftect of
pressurization or depressurization on the profile of
pressure differentials across the exterior wall due to the
thermal. effect depending on the applied pattern of the
ventilation. The resulﬁ has also shown that, if the
mechanical ventilation is <dpplied wuniformly into the
building space{ the pressure profile appears to be shifted
-uniformly along elevation depending on the -applied pattern
of the ventilation.

In the present study results, it has been shown that
the position of.épplying mechanical wentilatiom into the
building space, which supplies or exhdusts the air into or
out of the building space, appears to result in a negligible
effect on the. profile and distributibn of the pressure
ditferentials along elevation due to thermal etfect plus

mechanical ventilation. fﬂ
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(7) Effect of Physiéa} Dimensions of Building on Thermal

.Effect

In the study results, it has been shown that the effect

of the physical dimensions of building, Llateral or vertical,

b1

appears to Dbe mnot significant on the profile and
B
distributions of the presgure difterentials induced by the

thermal effect.
(8) Estimation of Air Intiltration due to Thermal Eftect

The present study result has been shown that the air
infiltration due to the thermal effect can be estimated with
the crack method. The results obtained- from the crack
method have 'shown that the tlow coefficient, C, and the ftlow
expoﬁent, n, appear to have a functional relationship with
the distributed patterns of the exterior wall openings as
well ‘as the opening characteristics in the .fﬁoor
separations. i 7

It has also been shown that if the characteristfts<::;>

the openings in the building are identical to that ot

i

can bp calculated from the present method presented here by

knowiyjg the pressure differentials. "

pres%;f‘model, the air infiltration due to thermal effect '
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(9) Significénce of Present Study Results in Engineering

Practice

The following important conclusions may be drawn from
the present study results infthe view points of engineering

dpplications: ' B

a) The pressure difterentials due to the thermal effect
can be computed by applying the. energy equations to the flow
paths in the building enclosures, and that the present
énalytical models developed from the energy equations is

accurate and reliable.

b) The pressure difterentials due to thermal eftect in
the building can be estimated accurately from the thermal
effect equation if the correct information onm the neutral

pressure level is available.

c) The eftect of resistance to air flow in actual
buildings, which is imposed by the floor separations, is
‘shown to be negligibly small on the profil?s of the pressure
differentials across the exterior wall induced by the

thermal eftect due ito sufticient interconnections between

tloors provided by various shatts and cracks.

208
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In the results, it has been shown that even one single

elevator door crack in the existing buildings can provide

sutficient opening. area to result in negligible pressure

" difterence between floors.

d) The pressure difterences of the mechanical
ventilation and the thermal effect in the building appear to
be linearly additive if the mechanical ventilation -is
introduced wuniformly along the elevation on the entire

building space.

e) Since the effect of floor separations on the
pressure differentiays due to thermal effect is shown to be
insignificamt, the profile oé pressure differentials'with
elevations due to thermal effect in the actual buildings
could be considered as the one which is observed in " ‘the
open shatt type Euflding ", P

Therefore, the distribution - of the pressure
différentials across the gi%erior envelope due to the
‘thermal effect are estimated to be mainly dependent on the

distributed pattern of the exterior wall openings with

elevations in the building. -

————



f) For the building having airtightness between floor
separations, the pressure differentials due to thermal
effect across the exterior wall becomes small. e

However, fér the “building Thaving sufticient
interconnections between floor ‘separations, the pressure
diétetentials across the exterior wall due to thermal etfect

is larger than that of the case above. - In this particular

210

type of building, the pressure difterence 'induced by the

thermal eftect can be one of the major force resulting in

air infiltration.
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System used in Experimental Study
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Fig.5.2.18 Effect of Ventilation on Thermal Fffect(Top and Bottom Opening)
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APPENBIX A-1
DATA ACQUISITION SYSTEM
P

The details of the data acquisition system used in all
aspect of the present experimental studies is described as
follow. Thig is a system which is consisted of a Hewlett
Packard ( HP ) desk top computer and four other HP
peripheral instruments. '

(1) HP 9835A Desk Top Computer .

The desk top computer constituting the data acquisition
system has memory capacity of 115 K bytes, complete I/0
capacity, a built-in tape cartridge drive for data storage
on cassette tape ( 217 K byte per tape ), and an interactive
key board with a.12" green monitor. .

*The computer is used throughout the present study for
the data atquisition of experimental data, data—érocessing,

data storage, and data reductions.

(2) HP 34554 Digital Voltmeter
The digitgl‘voltmeter included in the data acquisition
system has a cap;city of up to 24 readings per second with 1
micron-volt sensitivity, true RMS, auto system testing and
auto-calibrat%gn capability. This digital voltmeter is used
" for all_ teméerature and pressure measurements. All the
measurggﬁatfaata are in the form of D.C. signals from either

the pressure transducers or the thermocouples.
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" (3) HP 3495A Scanner
The scanner usea throughout the  experiments has
capacity of 20 channels. The 20 channels of :eférencé
assembly are used for the purpose of scanning ~either the
pfessure differengials or temperatures in the testing
apparatus. This scanner has taken the role of linking all

the external instruments to the data acquisition system.

(4) HP 7245A Printer/Plotter.

This instrument has the capability of being a printer
as well as a plotter. All the experimental dat; obtained
.and processed by the ﬁomputer are printed out by this
printer/plotter. In addition to this purpose of process, the

printer/plotter is extensively wused during the data

reduction.

(5) HP 98035 Real Time Clock.

The real time clock comnected to the computer is used
as a real time reference as well as a trigger mechanism.
Besides being wused to trigger the diéital voltmeter at
certain time intervals for the acquisition of experimental
data, this is also employed to set the system on idle for
stabilization of the pressure transducers before taking

regular measurements.



APPENDIX- A-2 ERROR ANALYSIS
(1) Calibration of Thermocouples

Every thermocouple beads to be installed for each test

323

model building in the present study were made from the same

spool of the thermocouplé wire supplied by manufacturer.
Also every thermocouple beads were made by thermocouple

welder with careful attentions.

Two of the thermocouple beads which were Tade for each
test section were randomly selected and calibrated against a
Fisher NR 15-155 standard precision thermometer having a
temperature controlled oil bath in the range from 20 to 100

C.

In the calibration procedures above, readings from
thermocouple were taken for each predetermined measuring

point with a &igital voltmeter, HP 3455A,-with 1 micron-volt

sensitivity and auto calibration capabilty, via channel # 1
of a scanner, HP 3495A, and then ‘were compared to the
reading from the thermometer. The results obtaingﬁ from
thermocouples were processed by a desk top computer, HP
9835A, which produced a hafd copy of the processed data such

as the listing of measurements, the standard diviation, and

etc,.



324

As shown in Fig.4.3.1, each bead'which was selected wsas

tested for eleven testing temperature points with the above

procedures, A typical example of the abpve calibration
result is shown in Table A.2.1, in which thé selative error
between temperature readings from the standard thermometen@i

and the values from thermocoulpe is pfesented.

As shown in the table, the relative error appears to be
"small and is not greater than + 1.0 % or &+ 0«5 C for all the

ranges tested. For all other cases, the same trend shown

above was observed.
(2) Temperature Distributions along Test Section Elevations

Fig.A.2.1 1illustrates a typical example of the
temperature distributions of the test section wall, the air

inside, and the air outside along the elevations in the test

section used in the present experimental studies.

The one shown in the fipure is a case with no floor
partitions, in which the test section wa; designed to have
temperature difference of 60°C between inside and ouﬁside
along ‘' height, and"fouf exterior wall openings. Inf the

results, the standard deviation of the mean of the



A

temperature
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measurements is taken as the experimental

uncertainty of the corresponding megsurement according to

the standard error analysis method [68]. Typical results

for this case are:

o}
Temperature outside air : 20.1+0.6,C

Temperature inside wall : 79.3:0.2°C

Temperature inside air : 79.4+0.5°C

\

Hence, the temperature difference between inside and

&

outside can be given as;

)

For inside wall of test section to air outside

AT=(79.310.2)=(20.1+0.6)
=59.240.8°C

For air inside to air outside

AT=(79.440.5)-(20.140.6)

=59,3+1.1°%C

As can

be seen in- the result aboéb, the largest

uncertainty of temperature difference is not greater than

1.5°C for the case. In%the present study, the standard

deviation

of

the

temperature distribution along elevation

4



shown in Fig.A.2.1 was used as the experimental criteria in
the creation of temperature conditions along the elevations
of the test sections for all the experimental tests.

(3) Estimation of Uncertainty in Experimental Result

The experimental uncertainty can be estimated by using

the standard method of error analysis [68]. - The
genearalized method finds the total ungertainty by taking
the square root of the sum of the squares of the individual

uncertainties which affect the result.

Suppose that xX,....,z are measured withl!unCertainties
dx,....,dz, and the measured values used to compute the
function q(x,....,z). If the uncertainties inm x,...,z are

independent and random, then the fractional uncertainty in gq

is , . .

dg _ dx 2 dz.,2
aﬂ_\/(_)+""+(7) z (A.2.1)

The pressure differential due to thermal effect 1is
believed to be depéndent only on the temperature of the
building inside and outside. Assuming the thermal effect
equation, Eq.l.1, 1is correct to determine the pressure
difference, the uncertainty of the pressure difference die

to thermal effect can be estimated from Eq.A.2.1.
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The estimated uncertainties for the case shown . in

Fig.A.2.1 are;
dTi/Ti(air)=0.63 %oy dTw/Tw=O.25 %y dTO/TO=3.O 7
Then

For air inside to air outside

dAP/AP=[0.632 + 3.021%/2 =3.1 7

For inside wall to air outside

dAP/AP=[0.252 + 3.021%2 23,0 ¢

As shown in the above result, the uncertainty of the

pressure differentials due to the uncertainties involved in

the temperature measurements is shown to be not significant.

-
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Table A.2.1 Calibration Result of Thermocouple

(for Test Section with no Floor Partitions)

328

Regdings from Standard

Values from |Difference|Relative
Thermometer (A) °¢ T.C(B) °¢ A-B Error(%j
(A-B)/A*100

25.2 25.4 -0.2 0.7
30.0 29.8 0.2 0.6
38.2 37.8 0.4 1.0
42.0 42.3 0.3 -0.7
50.0 50.1 -0.1 -0.2
58.1 58.2 -0.1 -0.2
60.0 59.5 0.5 0.8
65.3" 64.9 0.4 0.6
70.0 70.2 0.2 0.3
80.2 80.1 0.1 0.1
97.0 97.2 -0.2 -0.2






