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ABSTRACT.

-

In the present thesis, the .characteristics of the
pressure difference induced by the temperature ﬁifference
across the building envelope (which is éenerqlly termed as
"stack effect"): was investigated both analytically_ and

experimentally.

.~

The emphasis was placed " on the prediction o§ the
correct value of the neutral pressure level.(NPL)_ ag iy has
been previouslf shown that the "stack effect equation”
derived from the équation of the .state,of perfect gas can

correctly calculate the pressure difference dut to the stack

effect, providéd that the correct value of NPL is known,

The result of the present analysis based on the
equation applied to a hypothetical high-rise building with
no internal partition have shown to agree well wiFh‘those
qbtained from the present exberimental prbgram. The model
building which was-used in the experiment was made of copper
tube having 50.8 mm I.D and 18.3 m in length and consisted
of 20 individually heated test sections to simulate the
constant - temperature difference across the- wall in all

-

elevations.



The siudy confirmed that the stack effect equation

derived from_ the equation of state of perfect gas can

correctly predict the pressure difference across the vall of.

a high-rise build{ng induced by the temperature-difference_.
. . “\ - .

, as long as the value-of NPL is qortect.

The study also showed that the recommendation of
. V4 * .-

ASHRAE for the calculation of the value of NPL is extremely

inadequate and that the value of NPL is strongly affected by

the the characteristics of the wall opehings ( numbers and

distribution ) and of the flow passages. _The effect of the:

temperature difference across the wall on the value of NPL,
however, seems to be negligible. The effect of the physical
sizes of buildings on the value of NPL has been shown to be
iﬁsignificant wheh the dimensionless parameters D/Do and

"'L/Lo are greater than 0.4 and 0.5, respectively.

. - 111 -
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. Chapter 1

INTRODUCTION

As, a result of the rapidly rising energy cost and

increasing concern over the depletion of energy resouces,

- the thermal performance of the building enclosure, both in

residential and public buildings, has aécordingly received
greater attention recently. .

In the design of a building, the calculation of
the energy requirements for the air conditioning system
plays an important role,. It is also very important for the
sizing and céntrolling of the air conditioning system, as .
well as the estimation of building operation costs.

The heat losses or'gains of a building may be

divided into three categories as follows;

(1) Conduction through the building envelope such as
walls,ceilings, floors,etc.

(2) éenestration such as heat transmission through the
window and door systems.

{(3) Air infiltration or exfiltration.

The theoretical understanding and prediction of

the first two categories are relatively straightforward in



- determined. . s

principle, though often guite complicated . in ﬁractice.

However, the last category may be of significant importaﬁce_

and yet it is . the most wuncertain to be accurately

-

The factors: that affect the characteristics of air

infiltration or exfiltration are not only various, but they

also depend upon quantities that are not easy to predict and

measure. ‘Hence, estimating the guantity of air infiltration
regquires knowledge of thg pressure differehce across the
building exterior under various meteorological and occupancy
conditions, as well as the air leakage characteristics of

wall and window pane, etc.[1].

The pressure difference between the inside and the

outside of a building may be due to (1) wind effects, (2)

the density difference of the outside and 'inside air induced

by temperature difference, which is called "chimney” or

"stack” effect, and (3) mechanical ventilation.

The stack effect in a building occurssfrom the same
éauses as 1t does in a chimney or stack. When the inside
temperature  of a building‘ is higher than that of the
outside, 1in the absence of wind and mechanical ventilation,
the stack effect due to the difference in air density
generally produces a negative inside pressure and an inward
air flow at low levels, and a positive inside pressure and

an outward flow at high levels. The reverse occurs when the



inside temperaturé‘of. a building is lower than that_ of the
outside. With the' stack effeét acting alone in a buildiné,
a neutral pressure level(NPL) exists, . wvhere there is no
pressure difference betwéen the inside and the oufside of a

building. &

The pressure difference induced by the stack or
thermal effect alone can be approxiﬁated by the following

-

equation:

. 1 1
(ZSP)8=K1(—E;—*—'§;—9(.N -z) (1.1)

where

OQPls=the pressure difference caused by
the stack effect at the elevation{(z)
above ground, Pa.

To=the outside temperature of the building,K.

Ti=thg‘inside temperature of the building,K.

‘K1=3.44x103Pa.K/m

- N=the neutral pressure level (NPL)
above grdund from Z=0, m.

Z= the height of building above ground, m.

Eg.(1.1) is derived from the equation of the state

o{_perfect gas and has been shown to be very correct for the



e

i
actual situation, provided that the neutral pressure level

is .accurately known [2].

As seén in Eq.(l.li, the amount of draft, or the:
pressure difference, produced in a bu{iding depends on the
difference beigeen *the temperatﬁres of the inside and the
outside air, as well as on the building height. During cold
weather, ¥ these action 1is not rie;;iigible in a high rise‘
building. Even for one or two story houses, the effect in

winter is sufficient to affect certain aspects of the air

infiltration significantly [3].

As taller buildings are built recently, the stack
effect increases proportionately.‘ln -18°C weather, a 240 m.
building can develop a stack effect with pressure différence
totaling 500 Pa along the air flow paths. Such pressure
differences should not be ignored from a number of points of
view, especially in the aspeqt of energy conservation and

occupancy conditions in multistory buildings.

For the accurate prediction of the stack effect in a
building, it is very importantlto know the correct value of
the neutral pressure level. A recommended method for the
calculation of the neutral pressure level(NPL) of a building
with openings at the top and bottom levels only was proposed
by the Ame;ican Sociegy of Heating, Refrigerating and Air

Conditioning Engineers(ASHRAE)[4) as follows:



N = e 1.2)

where
H=total vertical height of a building
between the exterior wall openings

+ at the top and bottom elevations{m).

Ay=size of opening area at bottom elevation(m?)

A,=size of opening area at top elevation(m?)
v To=outside temperature, K.
Ti=inside temperature, K

N=the neutral pressure level measured

from the bottom opening elevation(m).

The recommended equation, Eq.(1.2)}, is derived’
from the Bernoulli's principle, thus neglecting the flow

resistance aiong the flow paths of the building enclosures.

From the previous field studies, it was confirﬁed
that the vertical pattern of pressure differences across the
exterior walls of building depends on the vertical
distribution of openings in the exterior wall and on the air

flow resistance §cross the wa11[4,5,6,7ﬂ.
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Hgncé, it is very doubtful if the ;ecommended
equation, Eg.(1.2), .can accurately predict the correct value
of the neutral preSsufe level. Ligtle information, however,
is available at this time as. to the factors affecting the
neutral pressure level and the profile of pressure
differeﬁtes .induced by the stack éffeqt in a high rise
building. ] '

(

Thereﬁore,‘this gtudy was initiated to invéstigate

the éharactéristics of the sﬁéck efféct and to propose a

reliable ‘method for the calcu;atiop of the neytral pressure
’ .. T

///““ ' -

In the present study, the vertical distribution of

level.

pressure differences in a tall building due to stack effect
alone was investigated'by using a simple idealized model of
a highriée buildi;g'having no internal partition for various
thermal conditions and for different fwall opening

distibutiohs. f”*/

dr
experiment and analysis are set as follws:

The main objectives of the present study by both

1) to verify the stack equation,Eg.(1.1l),

2) to 1investigate the effect of the flow

resistance along the flow path of the wall openings



and also of the vertical distribution of the gpeningsf
in the exterior wall of building on the neutral

pressure level,
[

49)  to investigate the effect of temperature
difference across the wall on the neutral pressure
level for a given vertical distribution of the

exterior.wall openings, and

4) to study .the effect of the size of the
/ .
exterior wall -opening on the value of the neutral

pressure level.

The results also are compared against those

recommended by ASHRAE.



Chapter 1I1
LITERATURE SURVEY

The stack effect in a building is a phenomenon due
to the temperature difference across the building envelope,
when a tall building acts.like a chimney, with air entering
openings\ in a part of building, flowing through the
building, and leaving out of openings 1in the other part of
the buiiding. Since it often causes undesirable pressure
differentials and air flows, the stack effect éan create

functional proﬁlems\for the building occupants .

i -
This stack effect increases with temperature
] difference and the height of bﬁilding, and 1is therefore one
of the major causes of air leakage,'or air infiltratién, in
/7 a high rise building especially during the winter season in

Canada.

The studies of the stack effect in the building
can be divided into two major categories. The first categg?"
deals with the physical measurements'of the air infiltration
rate induced by the stack effect only, or combined effect of
wind and mechanical ventilation through the field study in

the buildings. The other group involves the numerical



estimation -and predicticn of the stack effect alone .or

-

combined with wind and mechanical ventilation using the

mathematical model or numerical simulations.

‘2.1 PHYSICAL MEASUREMBNT OF STACK EFFECT IN THE
BUILDING

)

The earlier investigations were concerned mostly
with the fieid studies of the stack effect in a high rise
building to obtain overall airlieakage characteristics and-
patterns of pressure differences caused by the stack effect
alone or by the stack effect in combination with pressure

. differences induced by wind and the operation of mechanical

ventilation systems.

_— /.'

-

. ~—
’ . Tamura and Wilson {7] have conducted the pressure

measurements on a nine story office build1ng under the
influence of stack action alone as well as under the
combined actions of mechanical ventilation and the stack
effect. The height of the building above ground was 34
- m(112 £t 10 in) to the main roof level and the internai‘/////
dimensions of a typical floor was 23x81 m . The tests t
investigate the stack effect were coducted in the evenégg
when the building was unoccupied, during periods of low wind

speed, and over various ranges of outside temperatures.



The results of the méasurements reported that tﬁé
neutral pressure level was 0.72 of the building height over
various ranges of the Outside'tempe;atuze conditions-vith
the mechanicgl ventilation sysﬁem turned off and the'dampers
to the return air sﬁaft'opened. It also reported that the
neutral pressure level moved to 62%-of the builaing height
when vertical air shaft was sealed and that the vg;ti;al_
profile of the pressure differentials across' the exterior
walls depends on the vertical distribution of openings in
the exterior %all., The results of their field measurements

are presented in Fig.2.1.

Tamura and Wilson [8] also have conducted another
subsequent measurements on threg_ggi{dings of A, B, and C,
which is 17, 34, and 44 stories repectively. The results
showed that the natural pressure levels were approximately
40, 35, and 52 % of the building height for building.A,- B
and C, respectively, with ventilation system off and with
wind speed under 16 XKm/h. The measurements made under
several temperature differences across the extegpior walls
indicated that the temperaéure differences had very little
effect on the neutral pressure levels. They alsc showed the.
- result that the pressure differentials across the exterior
wvalls were approximately proportional te¢ the corresponding

pressure difference due to the stack effect of Eqg.(1.1).

_10...



Shaw and Jones [3] conducted the anglysis of air
leakage characteristics of 11 school buildingg?ihrough field
tests using the preﬁsyrization lmeth&d._ The analysis showed
t?at the contribugion of stack effect to air infiltration
was shown to be quite significant, even for a single level
building, and a major'contribuging factor to annual heat

h ]

consumption, : ~

NN
Lee, anaka and Shaw [2] have conducted the .~
measurement of _§>ESsure differences on(f;\ twenty sforey
compartmentalized building. They found ‘that the p}essure
induced by the wind and the stack effect were predominant
for the particular building during the winter season. Their
study found that the stack effect was linearly proportional
to - the difference of ?he reciprécal .of the outside and
inside absoluté‘ teméeraturgs, and varied almost linearly
with height. They also showed that the neutrai pressure
level occured-at 70% of the total.building height and that

the vertical distribution of pressure differentials was

affected by the occupancy conditions‘of the building.

3

-

2.2 NUMERICAL ESTIMATION AND PREDICTION OF STACK
EFFECT ; — =

L4

As the pressure distributions and flow patterns in
buildings can be influenced by the building ' design
characteristics, the -.building conStruction, and the

k]

_11_
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.

occupancy conditions, the direct measurements used in the

field study are usually neither easy nor feasible. Hduever,

L
the net effect of stack action, affecting éié§infi1tration
into the buildiﬁg, can be analfsed and estimated using
computer and an appropriate mathematical model. It ﬁqulﬂ be
hélpful in interp;eting the results of sucﬁ pressure.
measurements to understand how these pressure'differentialé
and the resulting air flow are affected by the various
parameters such as the vertiéal 1stxibutions” of the wall
openihgs, the flow resistance of the internal separations of

a building, and the temperature differences across the

exterior walls.

Such informations would be wuseful in establishing
the requirements f§%§the control of air infiltration ¢aused
by the stack effect alone or combined with wind and
mechanical ventilatiqn. action, and therefore for the

improvement of the occupancy environment of the buildings.
. . N F

An analytical study of the distribution of
pressure‘differencés caused by the stack effect for a ten
storyxgyilding has been carried out by Tamura and Wilsoﬁ[Q],'
ﬁsing a mathematical model based on the mass balance and

energy equations,

The analysis has shown that under the uniform

distribution of vertical openings the neutral pressure level -

—



o

was locéted_at.hidfheight of the building.w With no internal
flow resisﬁance of interior seﬁarations, there was no
pressure drop across the floors. fhis analysis showed that
the pressurization, providing an excess of supply por exhaust
air, offered possibilities for the”“;ontrol oft pressurée
differences from the stack efféct by altering . the

. -

distribution of pressure differences in order to lower the
. .

neutr§l pressure level to grdund level.

Barret and Locklin [10] have carried out a
computer analysis of stack effect with a hypothetical 75
story office building having curtain-wall construction.-'The
anainis showed that the validity of the predictions of the
preséure differentials resultéd from the effect depended on
5; advance knowledge of 'the flow resistances of building
combonents élong‘the air flgw paths. It also reported,thép
the safety aspect of building performance resulting from the
stack effect may be evaluated ;ith the  computer simulation
and is not a ﬁegligiple one in a high rise building. - The
result showed tkat' the computer analysis is useful ‘in
idéntifying the nature and location of problems resulting

from the stack effect in a particular building, . in

predicting the magnitude of these problems, and in assessing

‘the effectiveness of corrective means prior to building

-

consruction.

- 13 -



C e mrint

Shawf- Sander and Tamura[ll] have . developed a
method to estimate‘ the air 1leakage induced by the stack
efcht in a bu1ldlng by using the known flow coeff1c1ent and ’
flow exponent obtained from the field test of 4 multi-story
buildings as well gs'from the computer analysis of models.
They also have conducted other measurements of 4 additional
~multi-story buildings, usiné the previous test method. They
reported that the infiltration rates calculated wusing this
method were in good agreeﬁent. with the measured values.
They proposed an equation for the aj - infiltration resultﬁng

from the stack effect as-followé.

kﬁﬂfk:l
Q, =c_s(o. oamP[ ]) —1 (2.1)
w .

where
Q =total infiltration éate caused by
the stack effect, g/s.
Cwseiterior wall flow coefficient,m /s.m .Pa
S= perimeter of the building,m
Y= ratio of actual to theoretical pressure
differenc:i

P=atmospheric pressure,Pa.

To= pbsolute temperature outside,K.

Ti

absolute temperature inside ,K.

AT

inside-outside temperature difference,Ti-To,K.
n,=flow exponent

g =ratioc of the height of the neutral pressure

- 14 - -



1.
level above the ground to the height. of
building.
@ #

It is apparent from the above review of studies on
the stéck effect in buildings that the detailed infofmaiion
of the characteristics of the ‘st;ck effect has , generally
speaking, ﬁot been -completely investigated. A reliable

method to predict the value of the ‘neutral"pressure'level,

which is essential for the accurate estimation of the stack

effect, has not been developed. :

-

-

Thus in this study, efforts will be made to obtain

solutions to the problems discussed above.

-ls_



- Chapter III
" ANALYTICAL STUDIES

3.1 THE STACK EFFECT

The Stack effect in buildings is similar to the
thermal effect in a chimney. The amount of draft or the
pressure difference in a chimney depends on the difference
between the temperatures of the flue gas and the outside air
as ;ell “%s on the chimney‘height. During cold weathér a
similar action occurs in buildings, although the inside to
outside air temperature difference is muéh less and the
opening conditions of the buildings are quite different from

that of the chimney.

Even for one or two storey Souses the stack effect
in winter 1is strong enough to induce the air infiltration
significantly. 1In a high”’ rise building it can lead to a
considerable pressure differences across the exterior walls

of the building[3].

The stack effect can be illustrated with the aid

of Fig.3.1(a), which represents a building with no internal

..16_



§eparations, a single openiné at the bottom 1eve1{,’§g§ an
inside air temperature greater than that of the outside.
The figure shows the vériations of the absolute air pressure
with the height of building. The figure also shows that
under the steady temperature conditions, with no wind and
mechanical ventilation actions, the pressure .difference
between the inside and-the outside is equal at the level of
the opening. The absolute pressures decrease witb the height
of the building because of the reduction of the density with
elevations above ground. This phenomenon of decreasing air
pressures with  height is straightforward[12] and i;
noticeable in the ear discomfort which results from rapid
changes in elevation, as one experiences travelling 1in a

non-pressurized aircraft.

Fig.3.1(a) also indicates that since the outside_
air is denser than that of the inside air, the reduction in
pressure with height is more rapid on the outside of the
building. It also shows that the absolute pressure in the
inside is greater than that of the outside at all levels
above the opening. This pressure difference is called the
stack or the thermal effect. It acts across the walls of
the building and is equal to the horizontal distance between
the lines representing the inside and outside pressures. The
maximum value of the pressure difference induced by the

stack effect occurs at the top level in this particular case



and egquals the total pressure diffé;ence caused by the
thermal effect of the building.
>

1f the single opening shown in Fig.3.1(b), on the
other hand, 1is at the top 1level of the building, the
absolute pressure inside and outside should be equal at the
top of the building. Therefore, the inside pressure is less.
than that of the outside at all lower levels and the maximum
pressﬁre difference across the walls of the enclosure at
bottom should be equal in magnitude but opposite in

direction to that of Fig.3.1l(a).

/

. The openings through which air can. infiltrate or
exfiltrate occur in the walls of buildings at various
levels. Fig.3.1{c™ represents a heated building with no
internal separations and openings of equal size in the
exterior wall of the top and bottom levels. In this case,
the air in the building is warmer than” that of the outside,
and therefore lighter than that of the outside in density ,
so that it tends to rise and escape through the upper
opening while the‘colder outsigidair infiltrates through the
lower opening at the bottom level to replace it: As the air
flow takes place from the high pressure side to the low
pressure siae, the pressure -outside must be higher than that
of the inside at the bottom level and lower than that of the

inside at the top level.
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An example of the distribution of the inside and
outside pressures reguired to satisfy these  conditions is
illustrated in Fig.3.1{(c). The 1lines representing the
‘absolute pressures of _the inside and the outside of the
building should have a cross point indicétﬁng that there is
no pressure dikférence across the exterior wall of the
building. This is the level that is called the neutral
pressure level (NPL), neutral pressure plane, or neutral
preésure zone, where the the inside and outside préssure of

the building are equal.

In Fig.3.1(a) the neutral pressure level is at the
level of the bottom opening. But in Fig.3.l.(b) the neutral
pressure level occurs at the level of the top opening. The
pressure difference across the exterior wall increases in
proportion to the distance from the neutral pressure level.
As shown in Eg.(1.1), it is evident that the pressure
ﬁdifference across the wall also‘increases in proportion to
the temperature difference between the inside and the
outside of the building. Hence the total theoretical
pressure difference'acrOSS‘thg building enclosure caused by
the stack effect, which can be calculated from Eqg.(1.1),
equals the sum of the pressure differences across the

exterior walls at the top and bottom levels of the building.



The leakage openings in the exterior walls of a
building are not always distributed uniformly from the
bottom to the tdp of the building. But from the mass balance
principle the inflow in the inward flow sgction of .the

building always should be equalled to the outflow.

If the openings at the bottom level are larger. than
those at the top level, and therefore may impose a smaller
resistance to flow, the pfessure difference acéoss the
~ bottom level may be less than that of ‘the pressure
difference across the top level. This may takes place with
a shift of the inside pressure line shown in Fig.3.1.(c) to

the right and a lowering of the neutral pressure level.

3.2° GOVERNING EQUATIONS ~

As a first step in the analysis of the
characteristics of the stack effect in a highrise building,
a model building having openings only at the top and bottom
elevations as shown in Fig.3.2 is used in the present

analysis.

The model shown in Fig.3.2 represents a high rise
. building with no internal partitions between floors and with

the openings at the top and bottom levels only.

For the present analysis the following assumptions . .

are made:
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(1) The temperatures in the inside and outside

of the building are uniform and steady.

(2) The air flows in the in-flow and out-flow

paths are steady.

(3) The 1inside temperature of the building is

higher than that of the outside.

(4) There are no wind or mechanical actions on

the building.

The stack effect induced by the present temperature
difference across the wall yields a negative inside pressure
and inward air flow at the lower opening of the bottom
level. On the other hand, it produces a positive pressure

and outward air flow at the upper opening of the top level.

From the given conditions and assumptions, the
pressure differences at the corresponding openings of each
o

level can be_represénted by the following equations:

m"1 =AP(K.E)1+ Ap(f): Ag(ml)l .(3.1).
Ap2=Ap(K.E)2+ Ap(f): Ap(ml)z (3.2) \

w o
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where

AP,  =pressure difference across the exterior wall’
at the elevation of bottom opening.

AP, -pressufe différence across the exterior wall
at the glevation_of top opening.

AP(K.ﬁkinetic energy loss term at the corresponaing
fiow path at the opening.

‘AP(f)=friction loss term at the corresponding
fiow path at the opening.

Arﬁu)=minor Jo;s term caused by the abrupt change
of flow directions and area at

the corresponding openings.

Here the' subscripts 1 and 2 denote the bottom and

top levels, respectively.

Substituting the corresponding terms inta Eqs(3.1)

and (3.2), the energy equations at each level may be given

-

as: . ":.
La
Ap =P _-p =1, v2{1+ * }
K +K )
1 1 il 2 81 81 al D al
L .
1 2 { bl :
+>—p vidlegs 2. (g ) }

1 2 b
. 2P vZ {1 + fb > * (Ke)bz} C(3.4)



PR

The subscripts a and b refer respectiveif to flow
sections ‘a and b. at the opehings of the corresponding

elevation of thg{igstem shown in Fig.3.2.

Applying the mass conservation relations at each
opening of both levels,the continuity equations of the

system may be given by:

L]

glval_“;l’ phl"bl"‘bl | : (? -3)
’Dbl"}:;l"‘bl= Py "1“; ‘ (3.6)
ity f2,"a,s, (3.7
pazva;‘az= 1:»2‘,b2A!:;2 . (3.8}
)
Since Po=Pa=Pb, the velocity terms at the

corresponding sections of the flow paths of Qhe system may

be represented as follows using the equation of state of a

perfect gas for air. ;

/
;

/
. Tal Ahl '
SR
ay v, A, )by :
1 A
T, A
v ={—3}{—-2—}v | (3.10)
a2 Tb A_ l:p2
2 “2
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Assuming that the flows 'at each flow section of

the opening of each level are laminar and are in the

developing régions, the frictian‘ factors for the
corresponding flow sections may be expressed as follows:
\ ,
E; ) :
f Re. = ©(3.11)

where
fx=friction factor at the corresponding flow
sections.
E;-averaged coefficient pertaining to the developing
laminar flow at the corresponding flow sections,

which is defined as : :

I‘('2d:~c
— [ ] x i |

Cx= 71:? _(3.12)

[+ ]
and

. F&;64
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Red=Reynold's number at the corresponding flow

sections.

Substituting the continuity equatlons of Egs.(3. S)

to (3 8) into Eg.(3.11) and s1mpl1fy1ng'

. L .
3 vyfalay
. f —-=¢C )} } (3.13)
alDa a Po Db vb g
1l 1 1 ) -
"o, Mg fe
b.D bl P D. JV . (3.14)
1Ib 1l o b b
1 1 A 1
L RT L ‘
a b a
2 _— 2 { 22 1 :
faZDa -C“i F } b, }Vb (3.15)
2 2 2 -
L ~ RT L . i '
b ‘ b b ’
2 = 2 2 "2 1
szna 'C"z{ P_ }(L;b yvb _ (3.16)
2 2 2
™~
Assuming  that the coefficients at the
corresponding opening are all the same

(Cl1=Cal=Cbl,C2=Ca2=Cb2) and substituting EqQs.(3.12) to
(3.15) into Egs.(3.3) and (3.4), the energy equations at

tach level become:
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&

(3.17)

AY

(3.18)

Let

a
.-26_



Then the énergy équaﬁibns, Egs.(3.17) and (3.18)},

representing the pressure differentials at the top and -

bottom elevations, become:

(3.19)

(3.20)

-
-

From the equation of the stack effect, Egq.(1.1),
the pressure differences caused by the stack effect at both, |

elevations may be given as follows:

1 1
(AP) =K {=——=—]N (3.21)
s1 l(’l‘o Ti)
(ap)_ =K -1_—1——,%—) N —H) (3.22)
s2 o i -
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The pressure differentials induced by stack effect

at both elevations obtained from Eqsi(3.20) and (3.21)

.should be balanced with the energy equations; Egs.(3.18) and

(3.19), which represent the pressure differences across the

wall at both elevations. Therefore, the solution for the

value of the neutral pressure level for{the present case may

be

. solution for the’/neutral pressure

obtained from

follows:

1 X
1+_X2— ' N
1 .

/’
A N .23
N —\ ) H (3 )

where
N=the neutral pressure level
above groynd, m.

xlzcxlvbl + B 1

¥=% T B2 .
H=vertical héight of building above

" the openiné At bottom level,‘m.

T. 2 ' T
P H
a==% _°¥_a.l[%l]+ L.k «x) |21
1 2 R Tb ' Aa . Tb e eaTb A
. 1l -.51 1 1 a
) . .
“(Kre)blT—b_}
"1
gL T kL
B=1lc a a;l/ a Ab1\+ b, by
1-2 71 Da \Tb Aa} Db
R 1 1 1 1

Egs.(3.18) to (3.21). Finally,

the

level may be'expressed as



T T. AA_
by val by Mo b/ 3y
T
; ) Abl
' 2 Tb, “bz
pL T B oL T
g=Lc {_LZ Y ) e RN (_t.’l) l}
2% 17D T | A D T .
- 22 "1} 22 B, \"b;/ %,

The velocity terms can also be obtained from
substituting the continuity equations, Eqs.(3.5) to (3.8),
into the energy egquations, Egs.(3.3) and (3.4). Hence, the

velocity at the flow section b  of the bottom level may be

given as:
v = L f-b *-\/;2- sac ) (3.24)
bl 2 a
.
where
A 2 T T 2 T
1{FY 1 2, 1 [ % a,
a-= -— v sl +{(K + K) poy
2 \R Aa Tb 'I‘b Tb 2 'I‘b
2 1 2 1 1
2
P T‘b Ab '1'1 2 Ta 2
* - (-—9-) (K ) _—2 ..._.]_‘._. * .._._1_ + 1 —l-
R e’d Tb Ab 'I'b Ai b Aa
1 2 1 1 A1
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1 1 1 1
L T ' T
1 {c [ﬂaz a, ( 2 \(%1) ubz’;b,_ ( AVEN )]
21721 b T . \A D T,
32 31} az b2 bl A‘bz
64JL L T L T
+( 11\ i (“b1 e [Falzal( a, bl)
D% T A 1 )] T A
i / bl i a1 bl 'al
y by
o1 1
D}
1
and
P g
(_© i 1
o i

3.3 METHOD OF SOLUTION.

As shown in Eq.(3.22), it is required to obtain the
values of the parameter X; and X, for the predictibn of the
neutral pressure level (NPL). - B

. N . ’ -

From Eq.(3.22) the neutral pressure level also can

be represented in the following functional form:

N=N( T, A, L, C, Kt ) (3.25)
vhere

T=temperature of air at the corresponding
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flow sections.
A=size of the opening area at the flow .
sections{Aal, Aa2, Abl, Ab2, Ai),
L=flow length at the corresponding flow
sections(Lal, La2, Lbl, Lb2, Li).
C=coe£ficient of the friction factor(Cl, C2).
Kt=minor loss factors at the flow paths

{Kc, Ke, Kre).

All the calculations to obtain the numerical
values and to evaluate the parameters in Eg.(3.27) were

performed by using HP 9835A'%bmputer.

LY
The flow diagram of the computer program for the

computation can be found in Fig.3.3. Samples of the values

of Cx calculated by Eg.(3.12) are given in Tab.3.1l.

The value~ of Cx with smooth transition at the

entrance was estimated from Ref[13].

It was noticed that the calculated value of the
neutral pressure level for 2 giben condition 1s very
sensitive to the values Cx and the temperatures at the flow
sections of the wall openings, which 1is to be used to

evaluate the physical properties in Egs.(3.19) to (3.24).
The analytical results of the neutral pressure level

for the cases studied*g{:t:i;;fnted in Figs.5.5 to 5.11 and

5.20 to 5.21, compared wi e results of the experiment.

h]
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The effect of temperatures at the inlet and outlet
of the flowpaths of each opening(Ta1, Tby, Ta,, Tby), and.
the coefficient, C, on the neutral pressure level are also

presented in Figs.3.4 and 3.5.

The viscosity of the air in the corresponding flow
sections of the wall openings was calculated from the
following relation correlated by Sutherland [14].

T \T°+ S
k= o( T )T + 5 3.26)

where
S= Sutherland Constant ( 110 ).
To= 273°K.
Ho= 1.72X10°N.S/m.



Chapter 1V
EXPERIMENTAL STUDIES

In the previous chapter, -the theoretical analysis
of the characteristics of the st;ck effect fbr the case
having the openings . at the top and bottom levels only was
presented and the effects of the” wall openings and
temperature difference écross the gpll on the neutral
pressure level were evaluated analyticaiiy.

The main/objective of the present- study is to obtain

an accurate means to calculate the pressure differentials

induced by the stack effect, especially 1in highrise

buildings.

As a first stage of a continuing study, the case of
a building with no internal partition and with openings at
four levels was investigated experimentally for variocus
ranges, of temperature differences and for different vertical

distributions of exterior wall openings.

The test apparatus and instruments which were used

in the present investigation are described in the following

sections. ’



4.1 EXPERIMENTAL APPARATUS

The assembly of the experimental apparatus wused in
the present investigation is shown schematically in Fig.4.l.
and the essential dimensions of the major components are

illustrated in Figs.4.2 to 4.5.

The main apparatus is basically made up of a test
section, pressure and temperature measuring devices, and a

data acquisition system.

The basic concept of the test ' section was to
simulate a high rise building with no internal partitions as

shown in Fig.4.2.°

To maintain a7 constant temperature. difference
between the inside and the outside of the building as in the
real situations in the. building{2]), a specially designed
multi-heater system was utilized. This was achived by having
a 18.3 metre long copper pipe with 50.8 mm I.D., divided

into 20 heating sections.

1]

Each heating section is 0.91 m. in 1length and the
power input is controlled independently. This system made it
possible to achieve the regquirement of the nearly constant’

wall temperature desired for the present experimgnt.

One K-type thermocouple was spotwelded on the outer

wall of .the pipe at the center of each heating section.

: N\
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To simulate the distributions of the openings in the
exterior wall of the building, six openings were pfo#iﬁed on
the outer wall of the test section at 4 different elevations
"as represented in Fig.4.2. . The detailed construction of the

openings of the test section is also shown in Fig.4.2.

L

To measure the inside air temperature of the test
section with height, five tubes of 20.0 mm 1long, 17 gage
hypodermic stainless steel tubings were mount$d through the
outer wall of the test section at 5 different elevation% for

the insertion of thermocouples as shown in Figs.4.1 and 4.5.

Seven pressure taps, connected to 76.2 mm. lohg, 17
gage hypodermic stainless steel tubing, were provided along
ﬁhe wall of the test section at seven different elevations
for the measurement of the pressure differences across the

wall as shown in Figs.4.3 and 4.5.

For the fabrication of the heating - sections
described before, the outer wall of the copper-tube of the
test section was initially painted with three coats of a
thermally resistant, electric insulation paint ("RID-ARC"
silicone spray). Having the insulation paint dried
completely, the outer wall of the copper tube of the test
section was carefully wrapped with three layers of 50 mm.

wide fibreglass tape /



The test section was then divided into twenty 0.91
m. § long heating segments and a 17 gage nichrome wire (20%
Cr,80% Ni, resistivity 1.3352 ©2/m) was wound .around the

outside of each heating sections in 40 mm. pitches.

Two additional layers of fibreglasé tape' vere
wrapped around the outside of each section for fqrthér
electrﬁcgl insulation. After fabricating all the heéting
sections properly, the outside wall of the test section was
covered with a 40 mm thick thermal insulation made of

glassfibre with a thermal conductivity of 0.048 W/m.C.

Each heating section was then conhected to 1its own
variable transformer with an individual arrangement for
power measurement. An example of a heating section is shown
in Fig.4.4. |

) .
The whole test section was then installed in one of

the staircases of Colonel By Hall of the University of
Ottawa, mainly due to the unusual height of the test section

as shown in Fig.4.9.

A

4.2 INSTRUMENTATION

e

_..36_



4.2.1 PRESSURE MEASUREMENT

In order to measure the pressure difference across
the test section wall induced by the temperature difference
between the inside and outside at different elevations,
seQen sets of pressure tranducers were used. The pressufe
i .

tranducers used were MKS Baratron type 220B with a maximum

preséure head of one torr with 0.15% error at full scale.

The pressure transducers were 1installed at seven
different elevations of the "test section as shown in
Fig.4.2. The locations of the pressure measurements at
different heights of thg test sectiog, where the the
p;;ssure trénsducers were installead, are denoted as

positions #1, 4, 7, 10, 14, 17 and 20 in Fig.4.1.

'

One of the two pressure ports for each pressure
transducer was connected to the préssure tép of the test
secfion at its corresponding elevations by flexible tygon
tubing. The other pressure port of each pressure transducer
was connected to a 17 gage' hypodermic stainless tube bent 90
,. which was mounted on the outside wall of the test section
at the same elevation as the pressure tap, " to measure the
preésure difference between the inside .and the outside of
the test section at the corresponding level by™“the flexible
tygon tubingl Fig;4.6. illustrates an example of the

connection of the pressure transducers to the test dection,

-y

%
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The D.C. signals from each pressure transducer were
linked to 6 channels of HP Scanner of the Data Acqusition

System with a shielded electric wire.

4.2.2 TEMPERATURE MEASUREMENTS

There were thirty4eight K-type thermocouples ‘in
total used for the measurement of the temperatures of the
test section wall, of the inside air, and of the outside air

at different elevations of the test section.

Twenty-eight thermocouples, spot-welded on the outer.
surface of the copper tube of the test section at the
designated elevations, ' were used to measure the wall
temperatuns of the test secton at positions #1 to #20 as

shown in Fig.4.1.

Five thermocouples, sheathed in 15.2 cm. long
stainless steel tube with a diameter of 0.82 mm., were used
to measure the inside temperatures of the test section at

positions #20 to #25 as shown in Fig.4.1l.

Five additional thermocouples were installed on the
outside wall of the test section insulation at the same
elevagions as the thermocouples measuring the inside air to
measure the outside temperature of air of thettest section

at positions #26 to #30 as shown in Fig.4.l.



-

All thermocouplés were connected to the £Erminal
panel of the control stand which wa¢ linked to rotary

switches.  The positive side of each thermocouple was

connected so as to-pass through the ice-point junction via

the rotary switches. . 'The detailed circuit of the
thermocouple connection is shown in Fig.4.7. By turning the
rotary switches 1in sequence- according to the experimental
procedure predetermined, the D.C. signal from each
thermocouple was processed by the Data Acqguisition,System
thrbugh the HP Scanner.

~

4.3 CALIBRATION OF INSTRUMENTS

4.3.1  THERMOCOUPLES

The K-type thermocouples used in the present study
were calibrated indirectl} using a thermocouple which is
made from the same ﬁpool of Qire. This ~thermocouple is
calibrated against a Fisher Nrl5-155 precision thermometer
in a temperature controlled oil bath. The result of the

calibration 1s shown in Fig.4.10.

4.3.2 DIFFERENTIAL PRESSURE TRANSDUCERS

. s t 3
Before the 1initial pressure measurement, . every

pressure transducer was zero-adjusted in accordance with the



N -

"

- .
r

manufacturer's manual until it was set within the specified
range. Having done the zero-adjﬁstment of each - pressure
transducer, the caliBration to obtain a correlation between

théhpressure measurement in units of D.C. output voltage(V)

and units of pressure(Pa) was carried out. The results were

compared against the calibration record sheet provided by

the manufacturer and it was found that they were usually in

good agreement with the record sheet from the manufacturer.
) %

The procedures taken were as follows:

1) one of the two pressure ports of each pressure
tranducer .was connected to the pressure measuring side and
the other port was connected to the reference pressure side

of the device. .

2) The D.C output connector of each pressure transducer

was then linked to the HP Digital Voltmeter,

3) The measuring port of the transducer was then

pressurized by means of a hydrostatic head.

4} The D.C. outpdt signél from the transducers,
measured by the HP Digital Voltmeter, was compared against
the D.C output in the calibrationr record supplied_ by the
manufacturer at the corresponding - range of prﬁﬁgyye

difference.
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5) Steps 2) to 4) were repeated for various ranges of

pressure differences.

A typical example of the calxbratxon of the pressure
transducer expressed 1n terms of pressure drops{Pa) and D. C.A

output (V) is shown in Fxg.4.11.

4.4 DATA ACQUISITION

4.4.1 DATA ACQUSITION SYSTEM

‘ The data ac%gisition system. used consists of a
Hewlett Packard{HP) desk top computer and four other HP
peripheral instruments.

- Fig.4.8. ghmows a complete set-up of the data
acquisition system. ‘ The following are brief descriptions of

the data’acquisition instruments.

-

. (1) HP 9835A Desk Top Computer.

The desk toﬁ computer has a 115 K bytes yemo;y,'

complete 1/0 capacity, a built-in tape cartridge drive for
data storage on tape(217 K byte/tape), and an interactive
kéy board with a cathode ray tube{CRT) display. The "
computer was embloyed throughout the present study in the’
acquisition of experimental data, data processing, data

storage, and data reduction.

{2) HP 3455A Digital 'Voltmeter
_41_
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-

The véltmetér has a capacity . of up to 24‘readings
per second with ;pvhsensitivity,. true RMS, and automatic
calibration capability. The voitmeter was utilized for all
pressure and temperature measﬁreménts. Allfthe measureméﬁts
were in the form of D.C. signéls from either fhe pressure
transducers or the thermocouples.

(3) HP 3495A Scanner. : -

The 20 chjnnels of reference assembly - were used
for the objectives of 'scanning either the pressures or
temperatures. The “instruments linked all the external

instruments to the data acquisition system.
(4) HP 7245A Printer/Plotter.

This has the capability-of‘being a priﬁter as well
as a plotter. All the experimental data obtained and
proceséed by the computer were printed out by this
printer/plotte;.. in addit;on to this process, , the
printer/plotter 'was extensivelf utilized ‘dUring the data

reduction. - .

(5) HP 98035 Real Time Clock. .. >

. —— ’
The real time clock connected to the computer was

used as a real time reféren¢e§ as well as a trigger
mechanism, Besides being used’to trigger the digital

voltmeter at certain time inte)val for the acquisition of
4 ) .
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- data, this was also employed to set the system on idle for
stabilization of the pressure transducers.

. -

4.4.2 DATA ACQUSITION bROCEDURES

The data acquisition procedure for the present

-experiment was designed as follows:

(step 1) In this stage, all the variables and
arrays are initialized and all the instruments are

addréséed.

(Step 2) This stage "includes the branching.
routines for all errors encountered in the. instrument

malfuncti%ps or storage medium overflow,

(Step 3) A file name. for the data storage of the

current expefigent undergoing is fed into the computer.
7

(Step'45 Te;peratures of the‘inside, the wall, and
the outside of tﬁe test sectiop at each level are scanned
from positions #1 to fBE shown in Fig.4.l1 through the HP
Scannzr by turning the 2 channel rotary switch knob in
sequence. The,preliminary measurements of tempera;utes are
repeated until the inside air and the wall témperétures of

the test section stabilized wniformly along all the

elevations of the test section.



g
(Step 5) After the predetermined optimum
temperature uniformity is - aéhieved, the teﬁperatures of
positions #1 to #38 shown in Fig.4.1. are measured through
the HP Scanner by turning the' 2 channei rotary switches in

sequence manually.

(Step 6) In this step, the computer starts to

measure the pressure differences across the wall of the test

section at 7 different e;evatiéns for a given constant
temperature difference and a particular distribution of the
wall openings. ~ These measurements are taken in sequence
from pressure tap #1 to pressure tap #7 as shown in Fig.4.1l.
Each measurement is the average of 50 readings for a time
period of 20 seconds. ~All of these measurements are

P
automatically performed by the system u§iﬂg channels “$2 to

o

'(Step 7) In this step, the voltage and current

#7 of thg HP Scanner.

provided to each heating section of the test section are
read with an amperemeter and a handheld type digital
multimeter by manually turning the rotary switches on the

power control panel in sequence from heating sections #1 to

$20 shown as in Fig.4.1.  THe data acquired from this step

are fed into the computer manually.

(Step 8) After all the data are acJ;;:;d, it is
processed and stored in the tape cartridge. In addition, a

hard copy printout of the processed data is provided the

- from printer.
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(Step 9) As a final step, the system either starts

a new«test or stops and ends at the request of operator.

The flow chart of the data acqusition progr ‘'be found

in Fig.4.12,

-

4.5 EXPERIMENTAL PROCEDURES

The present experiments were conducted in the

following two stages: First, the system was idled for a

given period. of time to obtain the constant wall
ry

temperatures of the test section with height, meeting the

predetermined ranges. Second, the temperatures, the pressuré

défferé tials across the test section wall and power input

to \Sac ting section were measured at the designated

positions for various: opening conditions under a given
e

temperature difference. Prior to obtaininhg the data of the,

~—

experiment undergoing, the following tasks were carried out:

1) the performance of the electrical insulation of
all wiring of each heating section of the test section were

examined carefully.

2) the zero adjustment was made on all pressure

transducers.

3) the performance of all the connections of
thermocouples, pressure transducers, and of the power supply
to the heating sections were checked with a hand-held type

‘multimeter.

- .



4) The power switches of the system were then
turned on and the voltages of the variable " transformer of
each heating section were adjusted to the predetermined

scale,

LS

&

4.5.1 Simulation of the Stack Effect

For the simulation of the stack effect in a high
rise building, the constant wall temperature along all

elevations the test section was produced.

This was obtained with the careful adjustment and
control of the power supply for - each heating section of the
test Section through continuous measurements of the currents

-

and the-voltages provided.

For the achievement of temperature stabilization
and uniformity along all elevations of the test section

within the range of 3.0 °C, the previous procedures were

conducted and idled for more than 10 hours.

After attaining the desired constant wall
temperature of the test séction, the measurements of the
temperature were executed from positions §l1 to #38 as shown

in Fig.4.1.

Then a series of the tests, changing the vertical
distribution of the wall opening of the test section, were
conducted under a given temperature difference across the

wall.
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The test parameters used in the present experiment

are as follows:

1) Five different temperature-differences across
the exterior wall of the test section were set for the cases
with the same size of‘ppening at the top and bottom
elevations only: these temperature differences were 25%, 30
°c, 40%c, 50°C, and 60°C. |

- 2) Three different temperature differences across
the exﬁerior.wall of the test section were 5et for the cases

with the other wall opening conditions of 1).

4.5.2 MEASUREMENTS OF PRESSURE DIFFERENTI ALS

At the moment of obtaining.the designated condition
of the temperature difference across the exterior wall of
the test section along all the elevations, the pressdre
differentials were simultaneously measured from pressure tap
$1 to pressure tap #7 for the predétermined wall opening

N\ conditions.

Mainéaining the same temperature difference across
the test section wall, 12 different kinds of the wall
opening conditions, illustrated in Figs.5.2 to 5.4, were
used for the measurements of the pressure differentials

along the various elevations of the test section. Three sets

4
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[ ] . . .
- e - : .

. . .
[3

of data wére obtained for each of the above test conQitioﬁs.

-

"All the data are stored on the magnetic tape and plotted

with the Printer/Plotter. Total time required for one

complete measurement was in the order of 50 to 60 seconds.

v
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Chapter V

RESULTS AND DISCUSSIONS

5.1 VALIDITY OF THE STACK EFFECT §QU§?ION'

+

As noted in the theoretical analysis ih Chapter
I1I, the stack gffeét equation, Eg.(1.1), would accurately
predict the vertical distribution of. the pressure
diffefentials across the exterior wall of the bﬁildings
induced by ;he'témperature difference, provided that the
coefficien;, Kl' and thg value of the neutral pressure

level(NPL), N, are accurately known.

The stack effect equation, Eqg.(1.1}), 1is derived
from the equation of state of a perfect gas and has been
shown to be very correct in the actual situation, as long as

the neutral pressure level is known[2].

In order to obtain the experimental value of the

coefficient, K , in Eq.(1.1), the experimental results

obtained under various ranges of temperature differences
for a given distribution of wall openings are plotted as in

Fig.5.1.

<



The values of the coefficient, K,, in Eq.(1.1)
which resulted from the experiments and the theoretical
analysis are plotted against the temperature differences

across the exterior wall in Fig.5.1.

As shown in the figure, the experiments have been

carried out for six different ranges of'ftemperature
differences and six different modes of vertic distribution
of wall openings. - The values of the coefficient, K,

obtained from the present experiment are found to be fairly

3
constant and approximately equal to 3.53X10 Pa.K/m.

The theoretical value of the coefficient, K, .,

assuming that the atmospheric pressure 1is 1.atm. at ground

level, may be obtained as

K= _-_9-= 3.44X103Pa x/m'.
where

9=9.81 m/s (the accelation due to gravity)
}
P =101.3X10°Pa.(1 atm)

M=28.8 g{the equivalent moleqular of air)

R=8.314 J/K(the universal gas constant)
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The fesultant, as shown 1in Fig.5.1., shows that

the agreement between the value of K1 obtained from the

experiment, and the theoretical estimation is excellent and

the coefficient, Ky, is not affected by the distribution of

the wall opening conditions as well as by the temperature

differences.

This result represents an indication that the air
behaves like a perfect gas and therefore the assumpti&n

employe% in the deriva§ion‘of Eqg.(1.1) is well justified.

This also confirms the findings reported by Lee et
. al.[2] with regard to Eq.(1.1), < whick showed that the
coefficient, K+ is'constant and is neither affected by ‘the
temperature differences across the exterior wall of the

building, nor by the wall opening distribution.-

Therefore, this may lead to the conclusion that
the equation of the stack effect, Eg.(1.1), can provide a
means for the correct prediction of the pressure
differentials caused'by the stack effect, provided that the

fe .
value of the neutral pressure level is correctly known.

L



5.2 EFFECT OF THE VERTICAL DISTRIBUTION OF THE
EXTERTIOR WALL OPENINGS

LY

For the accurate prediction of the pressure
‘differentials induced by the stack effect, the location of
the neutral pressute level should be known qgfrectly, as

shown in the preceeding sections.

A series of experiments was carried out to
investigate the effect of the vertical distribution of wall
openings along the elevations of building on the location of
the neutral pressure level and also on the vertical
distribution of the pressure differentials. The experiments
were conducted with variations of vertical distribution of
the wall openings under a given temperature difference as

shown in Figs.5.2. through 5.4.

The figures show the vertical distribution of the
pressﬁfe differentials along the elevations of the building
for vagiggg/bpening conditig;s under a constant temperature
diféeréhcej"J where the pressure differentials of twelve
different opening conditions are plotted versus the
_elevations, The ranges of the temperature differences

across the exterior wall used in the experiments were 25°C,

40°c, and 60°c.
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As represented in Figs.5.2. to 5.4., the results of
the preéént experiment positively manifest that the location
of the neutral 'pressure level is affected significantly by
the distribution of the wall openings. The experimental
results also show that each different mode of opening
condition has a different value for the neutral pressure

level.

The results obtained also illustrate that the
slope of the fpressure gradient along the elevations is
constant for a given temperature difference across the wall

regardless of the vertical .distribution of the wall

openings.

The case having two openings at the top and bottom
elevations only, shown as Test #4 in the figures, the
neutral pressure level is located at about 38% of thé total
height over all ranges of temperature diffsgences.

—

But in Test #5 represented in Figs.5.2 to 5.4.,
vhich 1is the case with a single opening at the top and
. bottom levels only, the neutral pressure level occured at
about 42% of the total height, thus having moved up to 4%.

N -
The case haviné one opening at the top level and

two openings at the bottom level, shown as Test #3 in the
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figures, the neutral pressure level occured at. about 22% of
the total height. |

In test #10, in which there‘are. two openings at .
the top and one gpening at the bottom level, and therefore LJ
opposite to the case in Test $3, the neutral pressure level
is located at about 22% of the height in all tgmpérature

difference ranges,

Test #1 and $12 shown 1in Figs.5.2. to 5.4.
represent the extreme cases which have the wall opening at
the top or at the bottom level only, respectively. In Test
#1, which is. the case with the wall opening "at the bottom
only, the heutrél ﬁressure level is_locéted at the lével of
the opening as shown in the figures.

L

Test #12, in which the wall opening is at the top
elevation only, showed the opposite result of Test #l. The
neutral pressure level in this case occured at the level of
the top opening exists, The same results were obtained in
the cases having a single opening at the top or at the

bottom elevation only.

In Test 48, which has a uniform distribution of
the wall openings with the elevations, the neutral pressure

level occured at approximately 50% of the total height. The

A
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" arrangement of the vertical opening distribution.

result pf;,Tegt $8 showed a " similarity with the outcome of
Tamura and Wilson{9], which used .a mathematical model of a

ten storey building with a wuniform vertical distribution of

oéenings. . . : i

In Teét #9, which'is another case of multi-opening
along the elevations, having one opening at the‘bottom, one
opening at the elevation of Hl, and two openings at the top
elevatigp, the neutral press;re level is locéted at a higher

-elevation than that of Test. $8.

The results obtained from Test #1 and #12 coincide
exactly with the predictions discussed in the theoretical-
analysis of the chapter III. These results also indicate

that.the test procedures followed in the experiments were

adeguate and reliable.

The experimental results obtained, as represented.
in the figures, revealed distinctly that the. vertical
profile of the pressure differentials and the location of

- the neutral pressure level were affected strongly by, the:

¢

As noted from the functional relationship of the
neutral pressure level, Eq.(B.ZS),‘ the dependence of the
neutral pressure level on the distribution of opening

conditions can clearly be expected. In the  preceeding’

- 55 -
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'éhapter, the analysis for the case with the opening at the

top and bottom only showed that the value of the neutral'.

pressure level has close relationships with the area, A,
; -

wzth the size of the openings, 'a with the length of f}ow

paths, L. ' The results of the the ret1caf’ana1y51s, which
considéred ‘the effect of
distribution of the wall openlng dondztxons, were in
excellent agreement with the experimental results shown in
Figs.5.5.- to 5.11., as it was predicted.

3

5.3 EFFECT OF THE TEMPERATURE DIFFERENCES ACROSS THE
. EXTERIOR WALLS '

The equation of the stack effect, BEq.(1.1), shows

that the pressure differentials induced by the stack effect
are proportional to ‘diffe:encé of the reciprocal of the
outside and inside absolute:temperatures for a .given value

‘of the neutral pressure level,

To investigate the effect of the temperaure
differences across the exterior wall on the stack effect, a
series qf the experiments shown in Figs.5.12. to 5.19 were
carried "out. The figures represent the results of the
experiment showing the.effect of the temperature differences
across the wall on the neutral pre;sure level for a given

condition of the wall openings, where the pressure

X
differgntials are plotted against the elevation(Z).

[ 4
=]
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: ~ ‘ _
The experimental reéults shown in the figures
reveal that the stack effect is prop¢rtional to the'
éiffgrence of the reciprocal of the insiﬁé and - outside
absolute temperature,. but the neutfal pressure level is
hardly affected’by- by the  temperature differénges for a

- . i
given distribution of the wall opening condition.

o

_ Fig.s;lz-shoﬁs the results of the :experiment for
the case in which a single opening is placéd at the top and
bottom elevations only under the temperafure differences
from 25°C to 60 °C. The result shows that the neutral
pressurelgeyel has a constant value and is fixed at about

42% of the total height.'

; % -
The result of the case having two openipgs at the
top én& bottom levels only, showﬁ in Fig.5.13, pr enﬁs the
same trendishown in Fig.5.12. In this case, the neutral
pressure level occured at approximately 38% of the total
height over various ranges of the‘temperature differences.

A
All the other results of the experiments for the

cases shown in Fig.5.14 to 5.17 illustrate the same trend

observed in the cases shown in Figs.5.12 to 5.13 evidently.

- The equation for the calculation of the neutral

pressufe level, Eq.(1.2), recommended by ASHRAE, ‘shows the

+



effect o?-the temperature of inside and ouésidé of the
bhilding 3Q:§he Qalue of the neutral preséure'level. Bﬁt,
both in the results of the present experiment and in the
.analytical studies,  i§ has been shown evidently that the
location éf the neutral pressure level is little affected by
‘the temperature dif}erences for a given distribution of the
wall opening condition. °' This result may give evidence that
the temperature. difference across the wall would not be a
decisive factor ?or the accurate prediction of the neutrai
'pressure level under a given wall open}ng_ condition. The
outcome of the present experiments also showed a reasonably
good agreement with' the resukts observed in "the field
qudies by Tamura and Wilson[7,8], which 1is shown in

Fig.2.1l.

The comparisons of the gxperimen%al results with
the present” theoretical analysis and that of Eq.(l1.2),

recommended by ASHRAE, are shown in Figs.5.5 to 5.11.

. 5.4 COMPARISON OF THE PRESENT ANALYSIS AND ASHRAE
RECOMMENDATION WITH THE EXPERIMENTAL RESULTS

*

\

As was discussed,in the preceeding chapters, it is
very jmportant +to know the accurate value of the neutral
presgure level for the correct pfediction of the pressure
.differences‘?ﬁﬂﬁuced_ by the stack effect. The correct

information of the pressure differentials caused by the



-

stack effect is also significantly valuable for the accurate -

-

estimation of the air infiltration rate by the stack effect.

The neutral pressure level, as shonQE)in the
brevious sections, is significantly affected by the vertical
‘distribution of the wall openings, and the flow resistance
of the wall openings, but is hardly affected by the
temperature difference for a given condition of the ‘wall
opening arrangement. - (;

\

The values of the neutral pressure level resulting
from Eq.(1.2), \which is recommended by ASHRAE[4], and our
theoretical analysis /;:é compare with the experimental
results in Figs.5.5 to 5.11. (?

. A o
. The values of the neutral pressure level obtained
from Eq.{(1.2) recommended by ASHRAE, as can be seen in thé
figures, showed a considerable discrepancy with the results
of the experiment. However, the results obtained from our
theoretical analysis presented excellent égreement with the

) )
experimental results.

The discrepancy between the results from ASHRAE's

recommendation and the results from the experiments are

. . NPL .
illustrated clearly in Figs.5.8 to S5.11, where[riﬁij— -1] 3
e

xp)

is plotted versus the temperature differences across ‘the

exterior wall(AT). While the results from Eq.(1.2),
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recommended by ASHRAE, showed up to a maximum 25% of
deviation from the experimental results, the 'pfesent

analysis presented less than +6.0% in all the cases studied.

¢

In the ahalysis, the following assumpt?op was made:
Cla-CalaCbl R 150 and C2= Ca2= Cb2=280.  This is because
the flow in short 1length of channels as in the case of thg
present study(Fig.4.2) does not bave smooth transition at
the entrance, %he values of 150 and 280 were obtained from

the sensitive analysis. .

The significant disagreement of the results from -

ASHRAE recommendation with the experimental results may be

explained from the fact that the recommendation of ASHRAE,’

Eq.(1.2), 1is derived from the Bernoulli's principle, thus
neglecting the effect of the real flow resf;tances along the
flow paths in the wall openings.. ASHRAE's recommendation,

Eg.(1.2), considers the effect of the temperature difference

, across the wall on the neutral pressure level. However, the

temperature difference, as shown on our experiments and

theretical analysis, 1is a factor that is not decisive for

the prediction iof the heutral pressure level, *

4

Therefore, it may lead to the .conclusion fxom the

present study that the method for the prediction of the

neutral pressure level recommended by ASHRAE; Eq.{(1.2), has
overly simplified the actwal flow conditions and is
therefore not appropriate for.the accurare prediction of the

_60_



neutral pressure level in actual situations. This result
may also give a cbnclusion that the flow resistance albng
the flow .paths should be taken into the consideration for
the accurate prediction of the neutral pressure level and is
not a - negligible factor affecting the neutral pressure
level, but the temperature difference across the wall is not
a major factor affecting the neutral pressure level.

. .
5.5 EFFECT OF PHYSICAL DIMENSION OF BUILDING

" ~ As discussed in the previous sections 5.2 to 5.4, it

>

has been shown that the equation for the calculation of the

neutral pressure level, Eq.(3.23), which is derived from the

present analysis, presents an excellent agreement with the

experimental results.

. This, in turn, would lead to a conclusion that the
equati%n, Eg.(3.23), considering the'actuai flow resistance
along the flow paths, could be applied in the accurate
prediction of the neutral pressure’ level for the cases in
whic% the openings are at “the top and bottom elevations

only.

-

An anélysig was made, using the result of the

present theoretical method, to study the effect of the .

physical dimensions of the building on the location of the
neutral pressure level for the cases in which the wall

openings are at.the top gnd bottom elevations only.
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In the analysis of the effect of physical dimensions
. ~
on the neutral pressure level, the length of the : test
section(18.3 m) and inside diameter of the test section were

used as the value of Lo and Do, repectively. Fig.5.20

-illustrates the effect of the vertical height ratio of the

building (L/Lo) on the location of the neutral .pressure
level, where tﬁé ratio of the vertical height (L/Lo) is
plotted against the ratio of the neutral pressuré level to
the height of the. building (N/2) for a given opening

condition and temperature difference across the wall,

The result of the analysis shown in Fig.5.20 shows
that the effect of the vertical dimension of the building on
the location of the neutral pressure level in thé\\cases
having openings only at the top and bottom levels may not be
signyficant where -the ratio of L/Lo is greater than 0.5.

/

Fig,5.21 also illustrates the effect of the

t

" lateral dimension of the building on the location of the

neutral pressure level, ‘where the ratio of the lateral
dimension (D/Do) is plotted against the ratio of the neutral
pressure level tosrthe height of the building (N/2) for a
given opening .cohditivnNand temperature difference across

the wall.

The analytical result shown in Fig.5.21 indicates

that the effect of the lateral dimension of the building on

<
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the location of the neutral’ pressure level 1in the cases
having openings only at the top and bottom levels may not be

significant where D/Do is greater than 0.4.
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Chaptér Vi

- CONCLUSIONS

In the present study, the characteristics of the
pressure differentials inducéd by the témpeiature difference
across the building envelope (which is genefally termed as
"stack effect; ) was investigated both analytically and

experimentally.

In the present study, the stress was placed on the
prédiction of the correct value of the neutraié pressure
level (NPL) as it has been previously shown that the stack
effect eéuatioh, derived from the equation of the state of
perfect gas, can correctly calculate the pressure difference
due to the stack effect, provided that the correct value of

the neutral pressure level is givgn.

The results of the present analysis based on the
energy equation-applied to a hypothetical high-rise building
with'no internal partitions have shown to agree well with

those obtained from the present experimental program.

' ®
The model of the building which was utilized in the

experiment was made of copper tube having 50.8 mm I.D, 18.3
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-

m .in iength ‘and 'cbnsistgd of 120 individually heated-

test-sections to simulate the éonstant_\\temperature

) ‘ o S
difference across the exterior wall of building in all the

elevations.
/ : ,
The following conclusions vwere drawn from - the

present study:

1)_ It has beep confirmed that the stack effect

RN

equation derived from the equation of the state of perfect

gas can correctly predict the pressure difference across the

exterior wall of a high-rise building induced by the

temperature difference as 1long as the value ‘of the neutral

pressure level (NPL) is correct. . :

2) The pressure differentials induced by the stack

¢

effect 1is shown to be 1linearly proportional to the

difference of the reciprocal of the absolute temperature of

the inside and outside of building.
« 3) The recommendation of ASHRAE for the
calculation of the value of the neutral pressure 1level is
. 5, |
shown to be extremly_inédequate and the value of the neutral

pressurellevel is strongly affected‘bf the charateristics of

the exterior wall openings ('_ numbers and vertical

distribution ).

’ J :\‘



¢

4) The effect of.the flow fesistance;ig?the flow

passages on the value of the neutral pressure’level is

~, considerable and its efg;ct should  be kaken into-
\ consideration for the accurate prediction off the stack

b3

, effect. _ \
+5) The effect of the temperature differences
across the exterior wall of building on the value of the

neutral pressure level is shown to be negligibly small.

6) The effect -of the physical sizes of buildings
on the value of the neutral pressure level has been shown: to
be insignificant when the dimensionﬁess paraTEEJr- D/Do and

e
s

L/Lo are greater than 0.4 and 0.5, respectiéely.
i ' '
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STACK EFFECT ANALYSIS PROGRAM |
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YES

INPUT FILENAME
INPUT TEMPERATURES

v

| ERROR

ON ERROR GOTO

L J

INPUT N?L(exp),cl,cz

' -

CONTROL

.ON ERROR GOTO

Y

(1) CALCULA?ION 0? NPL(th)

(2) COMPARISON OF RESULT

RESULTS. D .
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(3) COMPUTE THE DEVIATION
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DATA ACQUSITION PROGRAM
.~ | FOR STACK EFFECT EXPERIMENT

1

ADDRESS DVNM,

PRINTER AND SCANNER
mﬁ o 0N ERFOR Hams —e-| CLOCK' CONTROIs
GOTO :ERROR

LOOP

1

+| SET UF DATA STORAGE

Y

INITIAL TEMPERATURE
msg'nmm

: - START EXECUTION |

!

§ \ TEMPERATURE
) o MEASURE MENT(f#1 to #38)

. 1.

g . PRESSURE MEASUREMENT ”

(# 1 to #7)

{

DATA STORAGE ON TAPE

1
[ DATA ouTPUT B

YES NEXT R xo - END

Fig.4.12 Flow Chart of Data Acqusition Program
for the Stack Effect Experiment.
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- ELEVATION (m)

0 OPEN ~ ‘
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6.0 - W + - # 7
/
oo S| ©
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. . _ ° ’ .y Fi ;
ol % AT=40°C . 1 / -
2 HOLE ! - ‘
. . ) l
‘ | x ‘ . / '
. N / . '
12.0 - X = oo P N
— = = =~ ASHRAE Correlation i /
=— . — Present Analysis I’
O Experimental Result ,’
0.0 = . T/ N
L
8.0 [ ! ]
4
./ ‘
7
l . '
6.0 L ! Ot 7-47 m(EXP) : mE
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I 1)
- . !
/
- l T .
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PRESSURE DIFFERENCE (Pa)

Fig.5.5 Comparison of Experimental Result with ASHRAE Recommedation and
Thegoretical Analysis in the Case with two openings at the top and bottom
levels only for a given Temperature Difference.
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Fig.5.6 Comparison of Experimental Result with ASHRAE Recommendation &nd
Theretical Analysis in the Case with two Openings at the top and bottom

Elevations only for a given Temperature Difference @T=60°C). °
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18.0 - I e

0 OPEN
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—— — -"ASHRAE Correlation
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Fig.5.7 Comparison of Experimental Result with ASHRAE Recornmendation and
Theoretical Analysis in tHe Case with two Openings at top and one Opening
at bottom level for a given Temperature Difference.
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Tab 3.1 Calculated Vé;:z-of Cx from Eq.(3.12)

»w

L/D Value of Cx
1 1143.3
2 759.7
3 . 574.8
4 275.2

-5 221.5
6 198.9
8 168.8

10 145.5

15 . 120.1

17 109.5

20 93.1

25 69.2

30 65.3

35 64.2

35 —oo 64.2
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