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SYNOPSIS 

A study has been made, both experimentally and 
analytically, on the characteristics of thermal 
performance of high-rise buildings using a simulated 
model building with five floors and a number of 
exterior openings under various temperature 
distributions. The effect of the temperature variation 
on the location of the neutral pressure level (NPL) was 
of particular interest of the present study. The 
results also show that for the prediction of thermal 
effect in high-rise buildings with floor partitions 
under a given temperature distribution, a 
nondimensional parameter representing the ratio of 
floor opening to exterior opening areas has a dominant 
role. 

SYMBOLS 

Area 
Constants in Eq. (1) 
Diameter, equivalent 
Friction factor 
Acceleration of gravity 
Height of the building 
Form loss coefficient 
Length of the openings 
Pressure 
Gas constant 
Temperature 
Velocity 
Height 
Density 

Subscripts 

i Inside 
o Outside; at z = 0 
n At z = NPL 
P Floor partition 
r Reference 
w Exterior wall 
crit Critical 



Air filtration is directly related to heat loss/gain 
through building enclosure or the transfer of odors, 
dust and other pollutants. The heat loss due to air 
filtration for insulated buildings of good construction 
in Canada is said to be from 30 to 40% of total heating 
requirements [I]. The safety regarding spread of fire 
and smoke in buildings also has significant relation to 
this topic [2]. 

The air filtration through building envelopes are 
influenced mainly by three factors; i.e., external wind 
flow, temperature difference between the inside and 
outside of the building and mechanical ventilation 
operation. The second cause is often referred to as 
the stack effect which has been found to be one of the 
two major causative factors for the pressure drop 
across building enclosure [3]. 

The profile and distribution of pressure differentials 
induced by thermal effect depend upon the construction, 
design and environment of the building such as exterior 
openings, floor partitions and temperature 
distributions. The magnitude of the stack effect in 
Canadian winter was found to be comparable to the wind- 
induced pressure at a mean speed of about 12 m/s [I] 
and even for one or two storey houses, its effect in 
winter time is known to be sufficient enough to induce 
significant air filtration [4]. 

It has been shown by both experiment and analysis [5] 
that the stack effect equation derived from the ideal 
gas equation of state for the uniform outside and 
inside temperature of a building is accurate for the 
prediction of the pressure differentials induced by the 
stack effect provided that the value of the neutral 
pressure level (NPL) is known correctly. The study 
also demonstrated that the existing method recommended 
by ASHRAE [ 6 ] ,  applicable only for a simple case of 
openings at top and bottom levels with uniform outside 
and inside temperature, for the value of NPL is 
inadequate. 

Reported herein are the results of an analytical and 
experimental study on the stack effect in a high-rise 
building where the internal temperature has a non- 
uniform distribution. 



2 . 0  ANALYSIS 

T h e  s c h e m a t i c  d i a g r a m  o f  t h e  a n a l y t i c a l  m o d e l  i s  
p r e s e n t e d  i n  F i g .  1. I t  r e p r e s e n t s  a  h y p o t h e t i c a l  t a l l  
b u i l d i n g  w i t h  f l o o r  p a r t i t i o n s  a n d  e x t e r n a l  o p e n i n g s ,  
T h e  o p e n i n g  h o l e s  a n d  c r e v i c e s  g i v e n  by  t h e  e l e v a t o r  
d o o r s ,  s t a i r w a y s  a n d  v a r i o u s  s e r v i c e  s h a f t s ,  e t c . ,  a r e  
f i r s t  l u m p e d  t o g e t h e r  a n d  r e p r e s e n t e d  by a n  e q u i v a l e n t  
o r i f i c e  t h r o u g h  t h e  f l o o r  s e p a r a t i o n .  T h e  o p e n i n g s  
t h r o u g h  t h e  e x t e r n a l  e n v e l o p e  o f  t h e  b u i l d i n g ,  s u c h  a s  
c r e v i c e s  a r o u n d  t h e  w i n d o w s  a n d  d o o r s  e t c . ,  a r e  a l s o  
r e p r e s e n t e d  by t h e  e q u i v a l e n t  e x t e r i o r  o r i f i c e s .  T h e  
o p e n i n g  a r e a s  p e r  f l o o r  o f  t h e s e  h o l e s  a r e  e x p r e s s e d  

by A a n d  A w ,  r e s p e c t i v e l y .  T h e  e f f e c t  o f  t h e  
P 

partitions b e t w e e n  r o o m s  i n  t h e  same f l o o r  i s  n o t  
c o n s i d e r e d .  

Fig. 1 I d e a l i z e d  M o d e l  



The m a j o r  a s s u m p t i o n s  i n t r o d u c e d  f o r  t h e  a n a l y s i s  a r e  
a s  f o l l o w s :  

i. B o t h  t h e  i n s i d e  a n d  o u t s i d e  t e m p e r a t u r e s  a r e  a 
l i n e a r  f u n c t i o n  o f  h e i g h t  a s  g i v e n  by t h e  f o l l o w i n g  
e q u a t i o n ;  

w h e r e  q  = i n  o r  o u t ,  

ii, t h e r e  e x i s t s  no  w i n d  a n d  m e c h a n i c a l  v e n t i l a t i o n  
a c t i o n s  o n  t h e  b u i l d i n g ;  a n d  

iii, t h e  f l o w  f i e l d  a t  t h e  o p e n i n g s  i s  s t e a d y ,  l a m i n a r  
a n d  h y d r o d y n a m i c a l l y  s m o o t h  t r a n s i t i o n .  

2 . 1  P r e s s u r e  D i s t r i b u t i o n  

The  d e n s i t y  d i f f e r e n c e  o f  a i r  b e t w e e n  t h e  i n s i d e  a n d  
t h e  o u t s i d e  c a u s e d  by t e m p e r a t u r e  d i f f e r e n c e s  a c r o s s  
t h e  e x t e r i o r  w a l l  g e n e r a t e s  e i t h e r  a n e g a t i v e  o r  
p o s i t i v e  i n s i d e  p r e s s u r e  d i f f e r e n t i a l ,  d e p e n d i n g  on  t h e  
m a g n i t u d e  o f  t h e  two  p r e s s u r e s  a n d  i n d u c e s  a n  a i r f l o w  
t h r o u g h  t h e  o p e n i n g s  a t  a g i v e n  e l e v a t i o n  a s  
i l l u s t r a t e d  i n  F i g .  1. The  f l o w  o r  p r e s s u r e  
d i f f e r e n t i a l s  i n d u c e d  b y  t h e  d e n s i t y  d i f f e r e n c e  c a n  b e  
a n a l y z e d  u s i n g  t h e  e n e r g y  e q u a t i o n .  

W i t h  Eq.  ( I ) ,  t h e  g o v e r n i n g  d i f f e r e n t i a l  e q u a t i o n  f o r  
t h e  p r e s s u r e  a l o n g  t h e  b u i l d i n g  i s :  

I n t e g r a t i n g  Eq .  ( 2 ) ,  t h e  p r e s s u r e  d i f f e r e n c e  d u e  d o  t h e  
t h e r m a l  e f f e c t  b e t w e e n  t h e  i n s i d e  a n d  o u t s i d e  o f  t h e  
b u i l d i n g  a t  a g i v e n  l e v e l  i n  te rms o f  t h e  NPL, z n ,  a n d  
t h e  r e f e r e n c e  l e v e l ,  z ( i e . ,  t h e  b o t t o m  l e v e l  

0 o p e n i n g ) ,  i s  o b t a i n e d  a s :  



E q .  ( 3 )  i s  t h e  b a s i c  e q u a t i o n  f o r  t h e  p r e s s u r e  

d i f f e r e n t i a l  d u e  t o  t h e r m a l  e f f e c t  w i t h  t h e  

t e m p e r a t u r e s  d i s t r i b u t i o n s  g i v e n  by  E q .  ( 1 ) .  

T h e  v a l u e  o f  NPL, z may b e  o b t a i n e d  f r o m  t h e  n 9  
e q u a t i o n s  o f  c o n s e r v a t i o n  o f  mass a n d  e n e r g y  i n c l u d i n g  

t h e  r e s i s t a n c e ,  b o t h  f r i c t i o n  a n d  f o r m  l o s s ,  w r i t t e n  

a l o n g  t h e  f l o w  p a t h s  o f  t h e  w a l l  o p e n i n g s .  

2 . 2  E n e r g y  E q u a t i o n s  

T h e  e n e r g y  e q u a t i o n s  r e p r e s e n t i n g  t h e  p r e s s u r e  d r o p  
a c r o s s  t h e  h o l e s  a r e  e x p r e s s e d  a s  f o l l o w s :  

F o r  t h e  e x t e r i o r  w a l l  o ~ e n i n ~ s :  

w h e r e  s u b s c r i p t  k  d e n o t e s  t h e  l o c a t i o n  o f  k - t h  o p e n i n g ,  
a n d  t h e  p o s i t i v e  a n d  n e g a t i v e  s i g n s  a r e  t a k e n  a s  t h e  
i n - f l o w  a n d  o u t - f l o w  o p e n i n g s ,  r e s p e c t i v e l y .  

F o r  t h e  o p e n i n g s  a t  t h e  f l o o r  p a r t i t i o n s :  

0 

w h e r e  s u b s c r i p t  j d e n o t e s  j - t h  f l o o r  o p e n i n g .  I n  t h e s e  
e q u a t i o n s  K i n c l u d e s  a l l  t h e  f o r m  l o s s  t e r m s  s u c h  a s  
e n t r a n c e  l o s s ,  e x i t  l o s s  a n d  l o s s e s  d u e  t o  b e n d s .  T h e  
f r i c t i o n  l o s s  c o e f f i c i e n t ,  f ,  d e p e n d s  o n  t h e  s h a p e  o f  
t h e  o r i f i c e .  F o r  t h e  p r e s e n t  a n a l y s i s ,  t h e  o p e n i n g s  o f  
t h e  e x p e r i m e n t a l  t e s t  s e c t i o n  a r e  c i r c u l a r  o r i f i c e s ,  
w h i c h  c a n  b e  h a n d l e d  b y  t h e  o r d i n a r y  D a r c y - W e i s b a c h  
e x p r e s s i o n .  T h e  c r e v i c e s  i n  a c t u a l  b u i l d i n g s  a r e  
a s s u m e d  t o  b e  o f  r e c t a n g u l a r  s h a p e  a n d  t h e  
c o r r e s p o n d i n g  f r i c t i o n  l o s s  i s  c a l c u l a t e d  u s i n g  t h e  
c o n c e p t s  o f  t h e  e q u i v a l e n t  d i a m e t e r  [ 7 ] .  

O n c e  t h e  p r e s s u r e  d r o p  a c r o s s  e a c h  o p e n i n g  i s  
f o r m u l a t e d ,  t h e  m a s s  c o n s e r v a t i o n  e q u a t i o n  f o r  e a c h  
c l o s e d  s p a c e  i s  g i v e n  a s :  



and the equation of state for a perfect fluid make a 
complete package to solve the flow rate and cor- 
responding pressure drops, AP, at any point across the 
building wall or floors. 

2.3 Method of Solution 

Owing to the temperature variation, the expression for 
the NPL is somewhat complicated and requires an 
iterative method. 

The energy equations, Eqs. (4) and ( 5 ) ,  corresponding 
to the number of exterior and interior openings in the 
building, are rearranged by interrelating between the 
openings at different levels together with Eqs. (3) and 
( 6 ) ,  and a set of equations in terms of velocities is 
obtained. 

The total number of equations as well as the number of 
unknowns are identical to the number of the openings 
involved in the fluid flow induced by the thermal 
effect in the building. 

Since the equations formulated include non-linear 
terms, the Newton's method for the solution of the set 
of non-linear equations [8] was used in the present 
study. 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 turn, 
to improve the accuracy of the estimation. 

The computations are initiated with assumed values for 
the flow velocity in the openings involved for the case 
under consideration, When the convergence is obtained, 
the next procedure to satisfy mass conservation in the 
system is taken. 

3.0 EXPERIMENT 

The purpose of the experimental program in this study 
is to verify the accuracy and usefulness of the 
analytical model described above. Therefore, the model 
building used in the experiment is meant not to 
simulate any particular building but to simulate the 
mechanism of stack effect in building structures. A 
schematic diagram of the model building simulating a 
high-rise building with floor partitions is presented 
in Fig. 2. 



3.1 Description of the Test Model Building 

The test section is made of 18.3 m long, vertical 
copper pipe with 50.8 mm ID and is equipped with 20 
separate heating units along its height. Each heating 
unit is about 0.90 m in length and has an independent 
heat element which can be controlled individually. The 
copper pipe is thermally insulated from the ambient 
air. Thus, the internal temperature distribution can 
be given in any designed profile. 

CASSETTE PLATE 

F i g .  2 T e s t  S e c t i o n  w i t h  F l o o r  P a r t i t i o n s  

20 sets of variable transformers with 1 KW capacity, 
110 V and 10 A are used to supply the power to each 
heating unit. The power to each heating unit is 
controlled by these variable transformers, and it is 
measured by both a digital voltmeter and an amperemeter 
through the measuring circuits. 



38 K-type thermocouples are used in total for the 
measurement of temperature profiles of the test 
section. 20 thermocouples are spot-welded on the outer 
surface of the copper tube of the test section (at the 
center of each heating unit) to measure the wall 
temperatures of the test section. 

In addition, 8 thermocouples were provided on the 
outside surface of the test section to supplement the 
20 thermocouples mentioned above. 5 thermocouples, 
which are sheathed K-type with 152 mm long, 0.82 mm 0.D 
stainless steel tubing, are inserted into the 
temperature measuring tap of the test section to 
measure the inside air temperature along the elevation. 
Another 5 were placed outside to measure the variation 
of the outside temperature along the test section. 

Seven pressure taps were directly connected to seven 
sets of MKS Baratron type 220B pressure transducers 
with maximum pressure head of 1 torr (133 Pa), and 
0.15% error at full scale. One of two pressure ports 
of each transducer was connected to the pressure tap of 
the test section and another port was connected to 17 
gauge stainless steel tubes mounted immediately outside 
the test section at the same elevations. The signals 
from the pressure transducers are sent to the Data 
Acquisition System via a HP 3495A Scanner. 

The tube is also equipped with a floor separation 
mechanism, which was done by inserting four cassette 
plates between flanges mounted on approximately every 
3.6 m of the tube. The cassette plate is made of 
aluminum and 3,O rnm thick. The flanges are designed to 
allow removal and insertion of the cassette plates into 
flange gaps to control the air tightness of the 
partition as designed. 

Each cassette plate has a circular hole with the 
diameter ranging from 1.0 to 20.0 mm at the center to 
simulate the porosity of the building floor separation. 
To simulate the external wall openings, four holes are 
provided for each section. Each hole is made of a 
copper tube of 5.0 mm ID and 75 mm long. 

The height of each floor, 3.6~1, is similar to the usual 
floor height of ordinary buildings. The cassette plate 
is made of aluminum and 3.0 mm thick. The flanges are 
designed to allow removal and insertion of the cassette 
plates into flange gaps to control the air tightness of 
the partition as designed. Each cassette plate has a 
circular hole at the center to simulate the crack 
openings of the building floor. To simulate the 
exterior wall openings, four holes are provided for 
each floor of the test section as shown in Fig. 2. 
Each hole is made of copper tube of 5.0 mm I.D. and 
75mm long. These holes, of course, can be closed 
depending on the designed experimental conditions. 



3.2 Data Acquisition System 

The Data Acquisition System used in the present study 
consists of a Hewlett-Packard (HP) desk top computer 
with four other HP instruments as follows; HP 9835A 
computer, HP 3455A Digital Voltmeter, HP 3495A Scanner, 
HP 724512 Printerl~lotter and HP98305 Real Time Clock. 
The raw and reduced data are stored on magnetic tapes. 
Hard copies were also made available. 

3.3 Experimental Procedures 

The simulation of thermal effect is carried out through 
careful and cautious adjustment of power supply to each 
heating unit with continuous measurements of current 
and voltages supplied and the temperature distribution 
along the test section. This procedure is continued 
until the desired temperature distribution is achieved 
with the maximum allowable wall temperature deviation 
of 2 to 3 C at each point. The range of temperature 
difference across the wall of test section in this 
study is between 30 and 90 C. 

4.0 RESULTS AND DISCUSSIONS 

A series of experiments was carried out to confirm the 
validity of the above mentioned analytical model. The 
number of floors and the size of floor openings were 
varied by removinglinserting or replacing the cassette 
plates described in the preceding section. Since the 
outside air temperature was difficult to control in the 
experimental studies, the cases of non-uniform inside 
air temperatures with a uniform outside air temperature 
only were experimentally studied. The two linear 
temperature distributions used in the experiment are: 



4.1 Thermal Effect in Building without Floor 
Partitions 

Example of the experimental results on the thermal 
effect in building without floor partitions using the 
inside air temperature distribution represented by Eq. 
(7) are shown in Fig. 3 while the results obtained 
using those given by Eq. (8) are illustrated in Fig. 4, 
for various cases of external wall openings. 

Pressure Difference, Pa 

F i g .  3 Experimental Resul t s  

Figs. 5 and 6 demonstrate a comparison between the 
predicted and measured values. The agreement between 
the experiment and analysis is excellent. The results 
show that the location of NPL and the curvature of the 
pressure distribution along the height of the building 
are affected by the temperature distribution. 



The c o e f f i c i e n t  o f  t e m p e r a t u r e  g r a d i e n t ,  b ,  i s  s e e n  i n  
F i g .  7 t o  h a v e  r a t h e r  s t r o n g  e f f e c t  on  t h e  s l o p e  b u t  
v e r y  l i t t l e  o n  t h e  l o c a t i o n  o f  NPL. The  p r e s s u r e  
d i f f e r e n t i a l  a c r o s s  t h e  e x t e r i o r  w a l l  i n c r e a s e s  w i t h  
i n c r e a s i n g  v a l u e  o f  "b".  

Pressure Difference, Pa 
F ig .  4 Experimental Results 

F i g .  8 i l l u s t r a t e s  t h e  r e s u l t s  o f  a n a l y s i s  o n  t h e  
e f f e c t  o f  "b" w i t h  r e s p e c t  t o  t h e  l o c a t i o n  o f  NPL f o r  
v a r i o u s  c a s e s  o f  e x t e r i o r  w a l l  o p e n i n g s .  I n  a l l  c a s e s ,  
t h e  v a l u e s  o f  NPL a p p e a r  t o  i n c r e a s e  s l i g h t l y  i n i t i a l l y  
as  t h e  v a l u e  o f  "b" i n c r e a s e s ,  b u t  i t  b e c o m e s  a l m o s t  
a s y m p t o t i c  t o  a c o n s t a n t  v a l u e  f o r  b  > 0 . 8 ~ ~ / m .  T h e  
a s y m p t o t i c  v a l u e s  o f  NPL shown i n  F i g .  8 a r e  a b o u t  4% 
h i g h e r  t h a t  t h o s e  o b t a i n e d  f r o m  t h e  cases  w h e r e  t h e  
i n s i d e  a i r  t e m p e r a t u r e s  were k e p t  u n i f o r m .  



4 .2  T h e r m a l  E f f e c t  i n  B u i l d i n g  w i t h  F l o o r  P a r t i t i o n s  

E f f e c t  o f  F l o o r  O p e n i n g  

T y p i c a l  e x p e r i m e n t a l  r e s u l t s  a r e  shown i n  F i g .  9 .  I n  
t h e  f i g u r e s ,  t h e  v e r t i c a l  p r o f i l e s  o f  t h e  p r e s s u r e  
d i f f e r e n t i a l s  a c r o s s  t h e  b u i l d i n g  e n v e l o p e  a r e  p l o t t e d  
f o r  t h r e e  d i f f e r e n t  v a l u e s  o f  t h e  a r e a  r a t i o  p a r a m e t e r ,  
Ap*. T h i s  p a r a m e t e r  i s  d e f i n e d  by t h e  r a t i o  o f  t h e  
o p e n i n g  a rea  i n  t h e  f l o o r  p a r t i t i o n  t o  t h a t  o f  t h e  
e x t e r n a l  w a l l ;  i . e . ,  Ap* = A p / ~ w ,  s o  t h a t  t h e  r e l a t i v e  
m a g n i t u d e  o f  t h e  r e s i s t a n c e  t o  f l o w  i m p o s e d  by t h e  
f l o o r  s e p a r a t i o n s  c a n  b e  e v a l u a t e d .  The  t h e r m a l  
b o u n d a r y  c o n d i t i o n  f o r  F i g .  9 w a s  t h e  same as  t h a t  
shown i n  F i g .  3 .  

A s  s e e n  i n  t h e  
f i g u r e ,  t h e  
p r e s s u r e  d i f f e -  
r e n c e  a c r o s s  
f l o o r  s e p a r a -  
t i o n s  d e c r e a s e s  
w i t h  i n c r e a s i n g  
v a l u e s  o f  Ap*. 
Once  i t  e x c e e d s  
a c e r t a i n  
v a l u e ,  t h e  
p r e s s u r e  c u r v e  
a l o n g  t h e  
h e i g h t  o f  t h e  
b u i l d i n g  be -  
comes  a l m o s t  
l i n e a r  a s  i f  
t h e r e  were no  
f l o o r  p a r t i -  
t i o n s  a t  a l l .  
F o r  t h e  c a s e s  
shown i n  F i g .  
9 ,  t h e  c r i t i c a l  
v a l u e  o f  Ap+* 
w a s  a b o u t  8 .  

A l s o  p r e s e n t e d  
i n  t h e  f i g u r e s  

0 
a r e  t h e  a n a l y -  

i) 10 
26 t i c a l  r e s u l t s  

-20 -10 o b t a i n e d  f r o m  
Pressure Difference, Pa t h e  c o m p u t e r  

Fig. 5 Comparison of Analysis vs. Experiment m o d e l  f o r  t h e  
c a s e s  u n d e r  t h e  

s ame  c o n d i t i o n s .  I t  i s  e v i d e n t  t h a t  t h e  a g r e e m e n t  
b e t w e e n  t h e  p r e s e n t  a n a l y s i s  a n d  t h e  e x p e r i m e n t  i s  
e x c e l l e n t  i n  t h e  r a n g e  o f  t h e  a r e a  r a t i o  Ap+* s t u d i e d .  



F o r  a v e r y  18 
s m a l l  v a l u e  o f  
Ap% , as  i t  
w o u l d  b e  e x -  
p e c t e d ,  t h e  
p r e s s u r e  d i f f e -  i 5 
r e n c e  a c r o s s  
f l o o r  p a r t i t i o n  
i n c r e a s e s  s i g -  
n i f i c a n t l y  w i t h  

12 t h e  i n c r e a s e d  
r e s i s t a n c e  t o  A EXPERIMENTAL 
a i r  f l o w  a t  t h e  
o p e n i n g s .  C o r -  E 

PRESENT ANALYSI 

r e s p o n d i n g l y ,  n 

t h e  t h e r m a l  9 

e f f e c t  i n  e a c h  s 
0 

f l o o r  a p p e a r s  " cr 
t o  b e  l e s s  a £ -  > 
f e c t e d  by  o t h e r  a 
f l o o r s .  H e n c e ,  El 6 

i t  may b e  c o n -  
c l u d e d  t h a t  f o r  
t h e  p r e d i c t i o n  
o f  t h e  t h e r m a l  3 
e f f e c t ,  i t  i s  
e s s e n t i a l  t o  
know t h e  r e l a -  
t i v e  m a g n i t u d e  
o f  f l o w  r e s i s -  0 
t a n c e  a t  t h e  - 
f l o o r  p a r t i -  Pressure Difference, Pa 
t i o n s .  

Fig. 6 Comparison of Analysis vs. Experiment 

4 . 2 . 2  C r i t i c a l  V a l u e  o f  Ap46 

A s  i s  o b v i o u s  f r o m  F i g .  9 ,  w h e n  t h e  a r e a  r a t i o  Ap+s i s  
l a r g e r  t h a n  a c e r t a i n  v a l u e ,  t h e  e f f e c t  o f  f l o o r  
s e p a r a t i o n  i s  p r a c t i c a l l y  n o n - e x i s t e n t  a s  f a r  a s  t h e  
s t a c k  e f f e c t  i s  c o n c e r n e d .  I n  o r d e r  t o  m a k e  t h i s  p o i n t  
c l e a r e r ,  t h e  c o n c e p t  o f  t h e  c r i t i c a l  v a l u e  o f  Aps* w a s  
i n t r o d u c e d  a s  f o l l o w s  [ 9 ] :  

When Ap-3 > ( A p + s ) c r i t ,  t h e  m a g n i t u d e  o f  t h e  p r e s s u r e  

d r o p  a c r o s s  f l o o r  p a r t i t i o n ,  ( A  P ) p ,  i s  l e s s  t h a n  1 
% o f  ( a P ) p , m a x ,  w h e r e  ( ~ P ) p , m a x  i s  t h e  m a g n i t u d e  

o f  ( A P ) p ,  a t  Ap+' = 0 ;  i . e . ,  t h e  c a s e  o f  p e r f e c t l y  

a i r - t i g h t  p a r t i t i o n .  

F i g . 1 0  r e p r e s e n t s  t h e  c a l c u l a t e d  v a l u e s  o f  ( A p + ) c r i t  
d e f i n e d  a b o v e  a t  a  m u l t i - s t o r y  b u i l d i n g  w i t h  v a r i o u s  



p a t t e r n s  o f  w a l l  o p e n i n g s  u n d e r  b o t h  u n i f o r m  a n d  n o n -  
u n i f o r m  i n s i d e  a i r  t e m p e r a t u r e  c o n d i t i o n s .  T h e  r e s u l t s  
f o r  s o m e  c o n f i g u r a t i o n s  f o r  t h e  n o n - u n i f o r m  i n s i d e  a i r  
t e m p e r a t u r e  d i s t r i b u t i o n s  a r e  a l s o  s u p p o r t e d  by  
e x p e r i m e n t a l  r e s u l t s .  

A s  s h o w n  i n  t h e  
f i g u r e ,  c r i t i -  
c a l  Ap+e. v a r i e s  
d e p e n d i n g  o n  
t h e  d i q t r i b u -  
t i o n  o f  t h e  
e x t e r i o r  w a l l  
o p e n i n g s ,  b u t  
i s  f o u n d  t o  b e  
a p p r o x i m a t e l y  
i n  t h e  r a n g e  o f  
1 0  t o  1 5  f o r  
t h e  case  o f  
t a l l  b u i l d i n g s .  
T h i s  i s  a n  i n -  
t e r e s t i n g  re-  
s u l t  b e c a u s e  i f  
t h e  a r e a  o f  
w a l l  o p e n i n g  
p e r  e a c h  f l o o r  
i s  t y p i c a l l y  
t h e 4  o  d e r  o f  
1 0 -  

Z m f o r  a  
t a l l  b u i l d i n g ,  
f o r  e x a m p l e ,  
t h e  c r i t i c a l  
v a l u e  o f  Ap f o r  
t h e  s a m e  b u i l d -  
i n g  i s  a p p 3 0 x i 2  

0 m a t e l y  1 0 -  m 

Pressure Difference, Pa P e r  
f l o o r ,  

w h i c h  i s  a v e r y  
Fig. 7 Effect of "b" on Pressure Distribution much sma l l e r  

v a l u e  t h a n  
w o u l d  b e  
e x p e c t e d  f r o m  

t h e  d o o r  c r a c k s  o f  e l e v a t o r  s h a f t s ,  s t a i r w a y  a n d  

v a r i o u s  o t h e r  s e r v i c e  s h a f t s  i n  a v e r a g e  c o n s t r u c t i o n .  

F i g .  1 0  a l s o  i l l u s t r a t e s  t h a t  t h e  c r i t i c a l  v a l u e  o f  
( A p * ) c r i t  o b t a i n e d  f r o m  t h i s  c a s e  a p p e a r s  t o  b e  n e a r l y  
t h e  s a m e  a s  t h a t  o f  t h e  p a r t i t i o n e d  b u i l d i n g  w i t h  
u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n s .  F r o m  t h e s e  r e s u l t s ,  
i t  c a n  b e  d e d u c e d  t h a t  t h e  e f f e c t  o f  t h e  n o n - u n i f o r m  
d i s t r i b u t i o n s  o f  i n s i d e  a i r  i s  s h o w n  t o  b e  
i n s i g n i f i c a n t  o n  t h e  c r i t i c a l  v a l u e  o f  ( A p 3 s ) c r i t .  

F i g .  11 r e p r e s e n t s  t h e  e f f e c t  o f  t h e  t e m p e r a t u r e  s l o p e  
o f  t h e  i n s i d e  a i r ,  b ,  o n  t h e  p r e s s u r e  d i f f e r e n t i a l  
p r o f i l e  d u e  t o  t h e  t h e r m a l  e f f e c t  f o r  t h e  d i f f e r e n t  



e x t e r i o r  o p e n -  
i n g  p a t t e r n s  
f o r  b u i l d i n g s  
w i t h  f o u r  f l o o r  
p a r t i t i o n s .  I n  
t h e  a n a l y s i s ,  
t h e  r a t i o  o f  
f l o o r  o p e n i n g  
t o  t h e  e x t e r i o r  
w a l l  o p e n i n g  a t  
e a c h  f l o o r ,  
( A p s ) ,  i s  made 
t o  b e  g r e a t e r  
t h a n  ( A p * ) c r i t  
i n  a l l  t h e  
c a s e s .  T h e  
e f f e c t  i s  s i m i -  
l a r  t o  t h o s e  
a l r e a d y  s h o w n  
i n  F i g .  7 f o r  
t h e  c a s e  o f  no  
f l o o r  p a r t i -  
t i o n s  u n d e r  n o n  
- u n i f o r m  t e m -  
p e r a t u r e  d i s -  
t r i b u t i o n s .  

F i g .  8 E f f e c t  o f  "b" o f  Inside Air on NPL 

4 . 2 . 3  L o c a t i o n  o f  NPL 

A s  w a s  s t a t e d  a b o v e ,  o n c e  t h e  a r e a  r a t i o  (Ap*) e x c e e d s  
t h e  c r i t i c a l  v a l u e ,  ( A p * ) c r i t ,  t h e  b e h a v i o r  o f  
t h e r m a l l y  i n d u c e d  p r e s s u r e  d i f f e r e n t i a l  b e c o m e s  t h e  
same a s  t h a t  o f  t h e  o p e n  s h a f t  b u i l d i n g s  w i t h o u t  a n y  
i n t e r n a l  c o m p a r t m e n t a l i z a t i o n .  C o n s e q u e n t l y ,  t h e  
l o c a t i o n  o f  NPL b e c o m e s  i r r e l e v a n t  t o  (Ap*) a n d  i s  
d e c i d e d  o n l y  by t h e  e x t e r n a l  w a l l  o p e n i n g  
c o n f i g u r a t i o n .  

The  r e s u l t s  o n  t h e  e f f e c t  o f  t h e  t e m p e r a t u r e  s l o p e  o f  
t h e  i n s i d e  a i r ,  b ,  o n  t h e  NPL f o r  v a r i o u s  d i s t r i b u t e d  
e x t e r i o r  o p e n i n g s  a r e  i l l u s t r a t e d  i n  F i g .  1 2 .  The  
e f f e c t  i s  s e e n  t o  b e  n e g l i g i b l e  a s  were t h e  c a s e s  w i t h  
no  f l o o r  p a r t i t i o n s  shown a l r e a d y  i n  F i g .  9 .  The  
v a l u e s  o f  NPL o v e r  b  = 0.8 C/m a r e  shown t o  b e  
a p p r o x i m a t e l y  4% h i g h e r  t h a n  t h a t  o f  t h e  case h a v i n g  
f l o o r  p a r t i t i o n s  w i t h  u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n .  
I n  p r a c t i c e ,  t h e  e f f e c t  o f  n o n - u n i f o r m  t e m p e r a t u r e  
d i s t r i b u t i o n s  o f  i n s i d e  a i r  o n  t h e  n e u t r a l  p r e s s u r e  
l e v e l  i s  m a r g i n a l .  



4 . 2 . 4  E f f e c t  o f  B o t h  Non-Uniform T e m p e r a t u r e  
D i s t r i b u t i o n s  o f  I n s i d e  a n d  O u t s i d e  A i r  

We h a v e  s o  f a r  shown o n l y  t h e  e f f e c t s  o f  t h e  non-  
u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n ~  o f  i n s i d e  a i r  a l o n g  
t h e  h e i g h t  o f  b u i l d i n g s  w i t h  a u n i f o r m  o u t s i d e  a i r  
t e m p e r a t u r e ,  o n  t h e  p r e s s u r e  d i f f e r e n t i a l  p r o f i l e s  
i n d u c e d  by t h e r m a l  e f f e c t .  

Pressure Difference, Pa 

Fig. 9 Effect of Ap* on Pressure Distribution 

I n  r e a l i t y ,  i t  i s  q u i t e  p o s s i b l e  t h a t  b o t h  t h e  i n s i d e  
a n d  o u t s i d e  a i r  t e m p e r a t u r e s  may v a r y  a l o n g  t h e  h e i g h t  
o f  b u i l d i n g s .  F i g .  13 r e p r e s e n t s  t h e  a n a l y t i c a l  
r e s u l t s  f o r  t h e  c a s e  w i t h  f l o o r  p a r t i t i o n s ,  i n  w h i c h  
(Ap3E) i s  g r e a t e r  t h a n  ( A p * ) c r i t .  F o u r  d i f f e r e n t  
t e m p e r a t u r e  d i f f e r e n c e  d i s t r i b u t i o n s  a l o n g  t h e  b u i l d i n g  
h e i g h t  a r e  s t u d i e d  a s  shown i n  t h e  f i g u r e .  

I t  c a n  b e  s e e n  t h a t  t h e  c a s e  o f  T y p e  I w h i c h  h a s  a non-  
u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n ~  o f  i n s i d e  a i r  o n l y ,  
i s  shown t o  h a v e  h i g h e r  v a l u e  o f  N P L / H  t h a n  o t h e r s .  



C o n v e r s e l y ,  t h e  case  o f  T y p e  I V  h a s  a p p e a r e d  t o  g i v e  
l o w e r  N P L / H  t h a n  o t h e r s ,  T h e  maximum d i f f e r e n c e  
b e t w e e n  t h e  h i g h e s t  a n d  t h e  l o w e s t  v a l u e  o f  t h e  N P L / H  
i s  shown t o  b e  l e s s  t h a n  5% f o r  t h e  c a s e s  shown i n  t h e  
f i g u r e .  S i m i l a r  t r e n d s  a r e  a l s o  o b s e r v e d  i n  o t h e r  
c a s e s  w h e r e  e x t e r i o r  w a l l  o p e n i n g  p a t t e r n s  were q u i t e  
d i f f e r e n t .  

H = 3 . 6  m(f1oor  h e i g h t )  
P  

L  = 3 . 0  rnm(Pa r t i t i on  
P t h i c k n e s s ) .  

De=5. 0 mm(Wal1 Openlng Dia)  ) pattern 
2 0 Le=75. 0 m(Wa11 Opening Length) 

Number o f  F l o o r  L e v e l s  

F i g .  10 Effect  of Number of Floors on ( A ~ * ) ~ ~ i t  

From t h e s e  r e s u l t s ,  w e  may c o n c l u d e  t h a t  t h e  p r e s s u r e  
d i f f e r e n t i a l  p r o f i l e s  i n d u c e d  by t h e  t h e r m a l  e f f e c t  i n  
a  b u i l d i n g  w i t h  f l o o r  s e p a r a t i o n s  i s  m a i n l y  g o v e r n e d  by 
t h e  d i s t r i b u t e d  mode o f  t h e  e x t e r i o r  w a l l  o p e n i n g s  a s  
w e l l  a s  t h e  o p e n i n g s  i n  t h e  f l o o r  s e p a r a t i o n s  i n c l u d i n g  
t h e  number  o f  f l o o r s  e v e n  u n d e r  t h e  e f f e c t  o f  t h e  non-  
u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n ~  o f  i n s i d e  a i r  a l o n g  
t h e  b u i l d i n g  h e i g h t .  

4 . 3  O t h e r  A s p e c t s  o f  t h e  P r o b l e m  

T h u s  f a r ,  t h e  f l o o r  o p e n i n g s  a n d  w a l l  o p e n i n g s  a r e  
a s s u m e d  t o  h a v e  a s h a p e  o f  a  s i m p l e  o r i f i c e  h o l e .  Of 
c o u r s e  i n  r e a l i t y ,  t h e  c r a c k s  a n d  c r e v i c e s  w o u l d  h a v e  
m o r e  c o m p l i c a t e d  c r o s s - s e c t i o n s  a n d  p a t h  s h a p e s .  
M o r e o v e r ,  t h e  number  o f  h o l e s  may a l s o  h a v e  some 
e f f e c t s  on  t h e  r e s u l t s .  T h e s e  p o i n t s  a r e  c a r e f u l l y  
e x a m i n e d  h e r e .  



P r o b l e m  o f  O r i f i c e  S h a p e  

T h e  e f f e c t  o f  t h e  c r a c k  o p e n i n g  c o n f i g u r a t i o n  was 
a n a l y t i c a l l y  e x a m i n e d .  T h e  r e s u l t s  s h o w e d  t h a t  t h e  
e f f e c t  o f  t h e  g e o m e t r i c a l  s h a p e  o f  o p e n i n g s  i s  n o t  
s i g n i f i c a n t  a s  w a s  t h e  c a se  w i t h  a u n i f o r m  t e m p e r a t u r e  
d i s t r i b u t i o n  o f  t h e  i n s i d e  a i r  [ 9 ] .  I t  c a n  b e  
c o n c l u d e d ,  t h e r e f  o r e ,  t h a t  f o r  t h e  a n a l y s i s  o f  t h e  
t h e r m a l  e f f e c t  i n  b u i l d i n g s ,  t h e  u s e  o f  c i r c u l a r  
o r i f i c e s  w i t h  a n  e q u i v a l e n t  d i a m e t e r  i s  p r o b a b l y  a g o o d  
r e p r e s e n t a t i v e  o f  v a r i o u s  t y p e s  o f  c r a c k s  i n  a c t u a l  
b u i l d i n g s ,  p r o v i d e d  t h a t  t h e  e q u i v a l e n t  d i a m e t e r  i s  
p r o p e r l y  d e c i d e d .  

-30 -20 -10 0 10 20 30 

Pressure Difference, Pa 

Fig. 11 Effect of "b" on Pressure Distribution; Four Floors 



4 . 3 . 2  Number o f  F l o o r  O p e n i n g s  p e r  F l o o r  

I n  a c t u a l  b u i l d i n g s ,  t h e  c r a c k  o p e n i n g s  i n  t h e  f l o o r  
s e p a r a t i o n s  s u c h  a s  t h e  c r a c k s  a r o u n d  e l e v a t o r  d o o r s  
a n d  d o o r s  t o  t h e  s t a i r w a y s ,  e t c . ,  a r e  n e i t h e r  s i t u a t e d  
i n  o n e  p l a c e  n o r  e x i s t i n g  a s  o n e  h o l e .  However ,  i n  t h e  
p r e s e n t  a n a l y s i s ,  o n l y  o n e  h o l e  a t  t h e  c e n t e r  o f  e a c h  
f l o o r  i s  a s s u m e d .  T h e  p o s s i b l e  e f f e c t  o f  t h i s  
d e v i a t i o n  o n  t h e  r e s u l t s  s h o u l d  b e  a l s o  c o n s i d e r e d .  

i ! I 

per f loor  

L ! ~ T ( Z ) = ~ O . O + ~ Z ( ~ C )  

where b=temperature 
slope of ins ide  a i r  
(OC/m) 

I2 - 

0 1.0 2.0 3.0.  4.0 5.0 

F i g .  1 2  E f f e c t  o f  "b" o n  NPL; B u i l d i n g s  w i t h  F l o o r  P a r t i t i o n s  

The  a n a l y t i c a l  s t u d i e s  o n  t h e  e f f e c t  o f  d i v i d i n g  t h e  
f l o o r  o p e n i n g  a r e a  i n t o  m u l t i - h o l e s  o n  t h e  v a l u e  o f  
( A p * ) c r i t  f o r  t h e  c a s e s  o f  t w o  f l o o r  a n d  f o u r  f l o o r  
b u i l d i n g s  w e r e  made.  T h e  number  o f  f l o o r  o p e n i n g s  p e r  
f l o o r  p a r t i t i o n ,  w h i c h  was  a s s u m e d  t o  h a v e  t h e  same 
g e o m e t r i c a l  s h a p e  a n d  d i m e n s i o n ,  was v a r i e d  f r o m  1 t o  
2 5 ,  m a i n t a i n i n g  t h e  t o t a l  a r e a  c o n s t a n t .  T h e r e  was  a  
s l i g h t  i n c r e a s e  o f  ( A p * ) c r i t  w i t h  t h e  i n c r e a s e  o f  t h e  
number  o f  h o l e s  a n d  t h i s  c a n  b e  a t t r i b u t e d  t o  t h e  



increase of 
flow resistance 
at the holes. 
The results 
suggest that by 
replacing mul- 
ti-openings by 
a single hole, 
(Ap*)crit tends 
to be under- 
estimated. Ne- 
vertheless, for 
most of the 
cases studied 
here, the cal- 
culated criti- 
cal Ap* is less 
than the actual 
Ap* employed in 
the analysis 
and hence the 
anticipated ef- 
f ect on the 
pressure cal- 
culation should 
not be signi- 
f icant . 

'f-- - - 

(z)~(zo)+boz(bo=O .4) 

T;(~~)=T;(z~)+b~z(b~*. 8) 

Where Ho= 14.6 m(test section height) 

Fig ,  13 Ef fec ts  o f  "bi" and "bo" on NPL 

5.0 CONCLUDING REMARKS 

Based on the results presented above, we may conclude 
that the effects of non-uniform temperature 
distributions of inside and/or outside air along the 
height of buildings on the value of NPL within 
practical ranges of temperature differences, and on the 
profiles of pressure differential due to thermal effect 
in the actual building environment are seen to be 
marginal. 
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