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DIFFERENCES DE PRESSIONS ENGENDREES PAR L'EFFET 
DE TIRAGE DANS TROlS EDIFICES ELEVES 

SOMMAIRE 

Les auteurs exposent les re'sultats de recherches mene'es s u r  place en 

vue de mesurer les fuites totales d'air et la repartition des pressions 

engendrke par l'effet de tirage, tant seul qu'en conjonction avec l'ap- 

pareillage de ventilation des immeubles. La r6gion des aif ices o~ la 

pression interne egalait la pression externe atteignait de 35 5 52 pour 

cent de leur hauteur. Les diffe'rences de pressions de part et d'autre des 

entrees e'taient plus faibles lors de l'arrst de l'appareillage de ventilation 

que le manuel de I'ASHRAE ne permettait de les calculer, en raison de la 

faible altitude de la re'gion 2 diffe'rence pi6zome'trique nulle et des impor- 

tantes pertes de pression a w  plafonds du rez-de-chausse'e. La proportion 

centesimale du tirage reel par rapport au tirage calcul6 atteignait entre 

0.63 et 0.82. 

PRESSIONS CAUSEES PAR L'EFFET DE TIRAGE ET LA 
VENTILATION MECHANIQUE DANS LES BATIMENTS 

SOMMAIRE 

Le pre'sent article communique les re'sultats d'une e'tude sur  la rgpartition 

des differences de pressions engendre'es par l'effet de tirage et la venti- 

lation mkchanique. Les auteurs se sont servis pour cette 6tude d'un 

modzle mathe'matique repre'sentant un bstiment. 11s ont d6termin6 les 

effets de variations d76tanch6it6 des murs ext6rieurs et des cloisons et 

du nombre des planchers sur  la repartition des pressions. 11s ont e'gale- 

ment 6tudi6 la manizre par laquelle 1'6tablissement de diff6rences de 

pressions uniformes ou non affecte la r6partition des pressions causkes 

par l'effet de tirage. 

Ces donne'es fournissent la base de la pr6vention des fuites d'air causks  

par l'effet de tirage. Elles aident 6galement 2 interpr6ter les mesures pra- 

tiques contenues dans l'article conjoint intitul6 "lDiff6rences de pressions 
- - 

cause'es par l'effet de tirage 2 l'int6rieur de trois 6difices 6lev6s." 
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Pressure Differences Caused by Chimney Effect 
in Three High Buildings 
Air flows into and out of buildings under buoyancy ported.' This paper gives the results of subse- 
forces resulting from differences between inside quent measurements on three buildings of 17, 34 
and outside temperatures. This chimney effect in- and 44 stories. 
creases with temperature difference and the height 
of the building, and is  therefore one of the major INSTRUMENTATION 
causes of a i r  leakage in tall buildings during the 
winter. There a r e  a number of important implica- 
tions of a i r  leakage; 1 infiltration at entrances and 
its effect on heating load i s  one of special interest 
to the air-conditioning engineer. 

The total theoretical draft or  pressure differ- 
ence resulting from chimney action can be com- 
puted easily; values a r e  given graphically in the 
ASHRAE HANDBOOK OF FUNDAMENTALS.~ The 
distribution of this theoretical draft across exterior 
walls and internal separations depends upon the r e  - 
lative resistances to flow through these elements. 
Some information on these relations has been de- 
veloped analytically,3 but for purposes of design 
calculations data a r e  required on the actual a i r  leak- 
age characteristics of buildings as constructed. 
This type of information can only be obtained o r  
inferred by measurement. 

Field studies were therefore undertaken on 
several multi-story buildings to obtain overall air 
leakages and the patterns of pressure differences 
caused by chimney action, both alone and in com- 
bination with pressure differences induced by the 
operation of ventilation systems. Results of meas- 
urements of a nine-story building have been re-  

Information on the three test buildings i s  given in 
Table I. Building A (44-story) and Building B (34- 
story) a r e  commercial office buildings located in 
Montreal, Canada (Figs. 1 and 2). Building C (17- 
story) i s  a government office building located in 
Ottawa, Canada (Fig. 3). Typical floor plans of 
each building a re  given in Figs. 4, 5 and 6. All 
a r e  rectangular in shape, with stairwells, eleva- 
tors and various services located in the core of 
the buildings. Buildings A and B have two main 
mechanical equipment floors, one at the top and 
the other on an intermediate level. Building C has 
only one, located at  the top floor level. The sup- 
ply, return and exhaust fans a r e  located on these 
floors, with inlet and exhaust openings in the ex- 
terior walls. The mechanical equipment rooms 
serving the first and basement floors a r e  located 
in the basements. In Building A, the mechanical 
equipment room serving the first floor i s  located 
on the f i rs t  floor mezzanine. 

In Buildings A and B, outside static pressure 
taps of 1/4-in. copper tubing were installed in the 
middle of each wall of the two mechanical equip- 
ment floors, 2 ft above the floor level and flush 
with the outside surface of the exterior walls. To 

G .  T .  Tamura i s  a Research Officer, and A. G .  Wilson i s  obtain a typical inside pressure, the inside pres-  

Headof Building Services Section, Div. of Building Research, sure taps were located two floors away from the 
National Research Council, Ottawa, Canada. This paper was mechanical equipment floors. In Building A these 
prepared for presentation at the ASHRAE 74th ~ n i u a l  Meet- taps were located in the suspended ceiling of the 
ing, Minneapolis, Minn., June 26-28, 1967. It i s  a con- 

tribution from the Division of Building Research, National 
18th and 40th floors and were associated with the 

Research Council, Canada and i s  published with the approval outside pressure taps of the 16th and 43rd mech- 
of the Director of the Division. anical equipment floors, respectively. The pres-  
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sure recording system was located in the 43rd 
mechanical equipment floor. The inside and out- 
side static pressure taps were connected to the 
two multiple pressure switches of the recording 
system with 1/4-in. LD plastic tubing. The output 
ports of pressure switches were connected to a 
strain-gauge diaphragm-type pressure transducer 
(sensitivity 0.002 in. of water). The pressure 
tubes from the lower floors were strung through 
the conduit openings in the electrical rooms to the 
recording equipment. 

The inside and outside static pressure taps and 
thepressure recording system were installed in the 
same way in Buildings B a s  they were in Building 
A. The outside pressure taps were located in the 
exterior walls of the 11th and 34th mechanical e -  
quipment floors, the inside pressure taps in the 
suspended ceilings of the 9th and the 32nd floors. 
The pressure recording system was located in the 
11th mechanical equipment floor. 

In Building C, the inside and outside static 
pressure taps were located at the middle of each 
wall of the 2nd, 6th, 10th and 15th floors. The out- 
side static tap was installed underneath the bottom 
of the window frame, and the inside static pres-  
sure  tap in the suspended ceiling space. The pres-  
sure  tap connections were made with 3/16-in. ID 
plastic tubing, with the tubes strung vertically 
through the hollow mullions of the exterior walls to 

the 15th floor, across the 15th floor suspended 
ceiling space and up the service shaft in the core 
of the building to the pressure recording system 
located on the 17th mechanical equipment floor. 

Pressure differences across building entran- 
ces and various interior partitions were measured 
with a portable pressure meter. 

Wind velocity for both Montreal buildings (A 
and B) was measured with a cup-type anemometer 
located on a mast on Building A about 800 ft above 
street level. In Ottawa, the anemometer was lo- 
cated on a temporary mast 15 ft above Building C. 

RESULTS AND DISCUSSION 

Pressure measurements to investigate chimney ef- 
fect were conducted over a range of outside a i r  
temperatures when the buildings were unoccupied. 
To minimize the effect of wind, they were taken 
with wind speed under 10 mph. 

Measurements for the three buildings, with 
ventilation systems off, a r e  illustrated in Figs. 7, 
8 and 9. Outside supply and exhaust dampers in 
the equipment rooms were closed; in Building C 
these dampers were sealed with plywood or plastic 
sheet. L~cat ion  of the mechanical equipment floors 
i s  indicated. Pressure  differences across the'ex- 
terior walls were measured at the outside pres- 
sure  taps: at two levels in Buildings A and B and 



from values of the pressure difference across 
floors; these were obtained from measurements 
made internallv across the stairwelldoors as pre- 
viously described. 

In Figs. 7, 8 and 9, the slope of the lines re-  
presenting exterior wall pressure differences be- 
tween floors i s  the same a s  that of the line repre- 
senting the theoretical draft; the horizontal line a t  
each floor represents the pressure drop across it.3 
The sum of the pressure differences across the 
floors represents the pressure loss within the 
building, o r  the difference between the actual draft 
acrocs exterior walls and the theoretical chimney 

draft .' 
Neutral zone levels were approximately 40, 35 

and 52% of the building height for ~ u i l d i n ~ s  A, B 
and C, respectively. Measurements made over a 
range of outside temperatures indicated that these 
levels were not much affected by temperature. 
Pressure differences across exterior walls at dif- 
ferent temperatures were approximately in pro- 
portion to the corresponding theoretical draft due 
to chimney action. For example, at -10 F outside 
the pressure difference across the 41st floor of 
Building A was about 0.75 in. of water; across the 
32nd floor of Building B it was about 0.55 in. 

With the exception of the large pressure dif- 
ferences across the ceiling of the first floor (a of 
Fig. 7) and the floor of the upper mechanical e -  
quipment room (b of Fig. 7), the pressure differ- 
ences across floors of Building A were relatively 
uniform. The ratio of actual to theoretical draft 
between these levels was about 0.88, which indi- 

F i g .  3 B u i l d i n g  C cates a relatively low resistance to.vertica1 flow 
of a i r  within the building;3 with theventilation sys- 

four levels in Building C. In addition, pressure tem off, the supply and return a i r  ducts represent- 

differences across the main entrance of eachbuild- ed relatively large interconnections between floors. 

ing were measured. Pressure differences across In the mid-height region pressure differences a -  

the exterior walls at other levels were calculated cross  several floors were nearly zero. 
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F i g .  4 T y p i c a l  f l o o r  plan o f  

B u i l d i n g  A 



Description of Tes t  Buildings 

Height 

Building A 

592 ft 

Building B 

430 ft 

Building C 

219 ft 

No. of f loors 
above ground 

No. of basement f loors 

Floor  dimensions 

Typical floor height 

Volume above ground 

F i r s t  floor volume 

Outside wall a r e a  
above ground 

F i r s t  floor outside 
wall a r e a  

Building f rame  

Exter ior  walls 

Windows 

100 ft 0 in. x 140 ft 0 in. 116 ft 10 in. x 172 ft 10 in. 88 ft 0 in. x 140 ft 0 in. 

12 ft 5 in. 11 ft 8.75 in. 11 ft 0 in. 

Structural  s t ee l  Structural  s t ee l  Structural  s tee l  

Reinforced concrete Aluminum spandrel  panel P r e c a s t  concrete panel 
spandrel  faced with with fibreglass insulation backed with rigid 
green s l a t e  and backed backed with rigid insula- insulation 
with rigid insulation tion 

Sealed double glazed, Sealed double glazed, Sealed double glazed, 
fixed fixed fixed and horizontally 

pivoted casement window 

Air-conditioning sys tem Per ime te r  sys tem with 
high p r e s s u r e  induction 
units and in ter ior  zone 
units Same Same 

The reduction in p r e s s u r e  differences a c r o s s  
the exter ior  walls a t  the  f i r s t  floor (c of Fig. 7) 
level re la tes  to  the increased exter ior  leakage a r e a  
f rom entrances a t  this level. There  was,  c o r r e s -  
pondingly, an  increase  in the p r e s s u r e  differences 
a c r o s s  the entrances to  the ver t ica lshaf ts  a t  these  
levels. The large  p ressure  difference a c r o s s  the 
second s tory  floor (a of Fig. 7) suggests a good 
separation between f i r s t  and second f loors .  The 
f i rs t ,  o r  main floor, had a separa te  air-condition- 
ing sys tem s o  that there  was no interconnection by 
this means. There  was a l so  a reduction in p r e s -  
s u r e  differences a c r o s s  walls of the 42nd and 43rd 
mechanical equipment room (d and e of Fig. 7) 
floors. Intake and exhaust openings occurred on 
these floors and c racks  around the closed dampers  
apparently provided a relatively low res is tance f o r  
a i r  flow to  outside. The  large  p r e s s u r e  difference 
a c r o s s  the 42nd s tory  floor (b of Fig. 7) suggests 
good separation between that s tory  and the 41st. 

The low p r e s s u r e  difference a c r o s s  the exteri-  
o r  wall of the 43rd s to ry  was  accompanied by a 
l a rge  pressuredif ference a c r o s s  the stairwell  (f of 
Fig. 7). The distribution of p r e s s u r e  differences 
.across  the walls of the ver t ica l  shafts indicates that 
most of the inflow occurred a t  the f i r s t  and base- 
ment levels. Most of the outflow f rom the s t a i r -  
well occurred on the top mechanical equipment 
floors. Summation of the p r e s s u r e  losses  for the 
flow path from inside to outside through the s t a i r -  
well betweenfirst  and40th floors indicates that the 
p r e s s u r e  loss  in the s ta i rwel lwas  about 0.06 in. of 
w a t e r  for  the conditions of Fig. 7. This ag rees  
with values obtained by direct  m e a s u r e m e n t .  The 
p r e s s u r e  loss  in the high r i s e  elevator,  obtained 
by a s imi la r  summation, was only 0.015. The dif- 
ference may be related to the higher p ressure  loss 
a c r o s s  the door of the elevator shaft on the f i rs t  
floor. 

The pattern of exter ior  wall p ressure  differ- 
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Fig. 5 Typica.1 floor plan o f  

Building B 

ences for Building B, shown in Fig. 8, is similar 
to that for Building A. Supply and return air  ducts 
again provided interconnections between stories s o  
that pressure differences across floors were gen- 
erally small. An exception i s  the floor of the 22nd 
story (a of Fig. 8), which was served by the mech- 
anical equipment room on the 34th story while the 
21st story was served by the one on the 11th floor. 

The reduced pressure difference across the 
exterior of the second basement (b of Fig. 8) re- 
sulted Irom leakage under doors to an underground 
parking garage. There was good separation be- 
tween the first and second basements, as indicated 
by the large pressure difference across the inter- 
vening floor (c of Fig. 8). The relatively high 
pressure difference across the exterior walls of 
the first story and the correspondingly smaller 
pressure drop across the floor between first and 
second stories, were probably due to a relatively 

tight entrance and a low resistance to flow into 
floors above, through the ducts of the air-con- 
ditioning system. The reduced pressure difference 
across the exterior wall of the 34th floor mechani- 
cal  equipment room (d of Fig. 8) indicates a great- 
er opening to outside than on adjacent floors. The 
large pressure drop between the 33rd and 34th 
stories (e of Fig. 8) suggests a tight separation. 

There is  an unusual pressure difference pat- 
tern in the lower part of the stairwell (f of Fig. 8), 
resulting from the influence of a door in the s tair-  
well between the first and second stories. The re-  
sistance imposed by this door caused air ,  which 
entered the stairwell from the second basement 
level, to flow out to the first basement and first 
story levels. From the second story upwards, the 
pressure pattern for the stairwell was normal, 
with flow in at  lower levels and out at higher ones. 
The pressure loss in the stairwell betweenthe sec-  

F i g . 6  Typical  floor plan o f  

Building C 
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F i g .  7 Pressure differences caused by chimney 

effect - Building A 

ond and 33rd floors was about 0.06 in. of water, 
corresponding to that in Building A; the p ressure  
loss in the high-rise elevator shaft was about the 
same.  The resistance to flow between most floors 
is quite low with the air-conditioning system off. 
The ratio of actual to  theoretical draft  between 
second and 21st floors is About 0.82, and between 
22nd and 33rd floors about 0.91. 

Pressure  patterns for Building C, Fig. 9, a r e  
quite uniform. P r e s s u r e  differences ac ross  the 
floors were very smal l  except near the bottom and 
top of the building where there  were larger  leakage 
openings to outside through entrance doors on f i rs t  
and basement floors and around supply and exhaust 
dampers to outside on the 17th floor. The in- 
creased pressure  difference between 15th and 16th 
floors and the corresponding reduction in p ressure  
ac ross  the exterior walls of the 16th floor (a of 
Fig. 9) may have been caused by increased leak- 
age to outside around doors leading to an open bal- 
cony. The ra t io  of actual to theoretical draft be- 
tween second and 17th floor is about 0.9. 

Figs. 10, 11 and 12 show the pressure  differ- 
ence pattern with the ventilation system operat - 
ing. The exterior .wall p ressure  differences, with 
the ventilation system off, a r e  superimposed on 
these graphs for comparison. In Building A the 

P R E S S U R E  OIFFERENCE. IN. O F  W A T E R  

Fig .  8 Pressure differences caused by chimney 

effect - Building B 

pressure  readings were recorded with one of four 
supply fans serving the 29th to the 41st floors shut 
down for  repair.  It was not practicable to estimate 
the net supply o r  exhaust for individual floors.  
The ventilation systems were operated normally. 

Thepattern of p ressure  differences ac ross  ex- 
t e r io r  walls of Building Awere  not greatly affected 
by the operation of the ventilation system, indicat- 
ing that there was little net supply o r  exhaust over 
the height of the building. In Building B the pres-  
s u r e  difference curve was shifted to the left, by 
0.15 to 0.22 in. of water, indicating a significant 
pressurization of a l l  floors with a corresponding 
lowering of the neutral zone level. 

Pressurization of Building C varied between 
0.01 and 0.06 in. of water. With the ventilation 
system operating, the p ressure  differences ac ross  
the various internal separations were increased. 
This resulted, in part ,  f rom increased resistance 
to upward a i r  flow in thebuilding when the ventila- 
tion system no longer provided a connecting path 
between floors. In some instances there were in- 
creased pressure  d i f fe rence~  ac ross  the floors 
from variation in excess supply o r  exhaust be- 
tween floors. This is evident, for example, in the 
vicinity of the 29th floor of Building A (a of Fig. 
lo), above which there appears to have been a 
smal l  excess of exhaust over supply. 

A s imilar  imbalance occurred in the vicinity 
of the 22nd floor of Building B (a of Fig. 11). In 
Building C variations in excess supply were quite 
random over the height of the building. There  is a 
distortion of the pattern of p ressure  differences 
ac ross  the exterior walls a t  the mechanical equip- 



ment room floors (a of Fig. 12), which did not have 
the s a m e  a i r  supply o r  exhaust a s  adjacent floors. 
This i s  most pronounced in Building A (b of Fig. 
10) where a i r  was exhausted from the equipment 
rooms; in addition, there were  large openings on 
the 42nd and 43rd floors to  provide combustion a i r  
for the heating boilers. 

The ra t io  of actual to theoretical draft  i s  a 
measure  of the relative resistance to flow by chim- 
ney action of openings in the exterior enclosure and 
within the building. The ra t io  has little meaning, 
however, if there  i s  a significant variation of net 
supply o r  exhaust from floor tofloor. Values of the 
ra t io  were ,  therefore,  computed only for p a r t s  of 
the building height where net supply o r  exhaust ap-  
peared to be fairly uniform. For  Building A the 
values varied between 0.63 and 0.82; for Buildings 
B and C they were  0.82 and 0.77, respectively. 
These  were  significantly l e s s  than were  obtained 
with the ventilation system off, indicating a higher 
resistance to flow from floor to floor when the ven- 
tilation system was operating. 

Fig. 13 shows the a i r  leakage character is t ics  
of the exterior enclosures of the three buildings. 
In Buildings B and C these were  obtained by opera- 
ting different numbers of supply fans, with exhaust 
fans turned off. The f resh and re turn  a i r  dampers  
to the supply fans were  manually adjusted to give 
maximum outside a i r .  In Building A the exhaust 
fans  were  left on and the various supply fans were  
turned off in turn.  The outside dampers  of a l l  non- 
operating fans were  in a closed position for the 
three buildings. The net supply o r  exhaust of out- 

Fig.  9 Pressure d i f ferences  caused by chimney 

e f f e c t  - Building C 

. Exter ior  wa l l  

A Serv ice  elevator 
6 F r e i g h t  elevator 

N e u t r a l  zone l e  

-0.30 -0.20 -0.10 0  0.10 0.20 0.30 

PRESSURE DIFFERENCE. IN .  OF WATER 

s ide  a i r  for each building was estimated from man- 
ufacturers '  fan ratings. E r r o r s  in the estimates 
may, therefore, occur due to uncertainties in the 
ratings and in the system characterist ics.  It i s  
possible that these e r r o r s ,  together with the e r r o r s  
caused by a i r  leakage past  the closed re turn  damp- 
e r s ,  might have resulted in an overestimation of 
the quantity of outside supply a i r .  The leakage 
a r e a  of the closed outside dampers  would represent  
additional openings, resulting in higher leakage 
values for  the exterior wall. 

With the buildings subjected to chimney action, 
there  was avar ia t ion in p r e s s u r e  difference a c r o s s  
the enclosure f rom top to bottom and average 
values were  used in constructing Fig. 13. In 
Building B the amount of pressurization was great -  
e r  with the outside a i r  a t  32 F than a t  65 F. This 
i s  probably a resul t  of non-linear flow character-  
i s t ics  of leakage paths in the enclosure.  There  i s  
a l s o  the possibility that leakage character is t ics  of 
the exterior enclosure were  affected by outside 
temperature.  

Leakage values in Fig.  13, given in t e r m s  of 
cfm/sq ft of exter ior  wall, appear to be relatively 
high for modern curtain wall construction. Stand- 
a rds  of the National Assn. of Architectural  Metal 

Fig.  10 Pressure d i f ferences  caused by chimney 

e f f e c t  and ventilation sys tem operation - Building A 

Exter ior  wa l l  

V e n t . s y s t e n ~  o n  Vent .  system of f  

-0.40 -0.30 -0 .20  -0.10 0  0.10 0.20 0.30 0.40 

PRESSURE DIFFERENCE. IN .  OF W A T E R  



(814 
-0.40 -0.30 -0.20 -0.10 0 0.10 0.20 0.30 0.40 

P R E S S U R E  DIFFERENCE, IN. O F  W A T E R  

- 

- 

A Exterior wall - 
- 

o Stairwell - 
o AHigh rlse elevator - 

A rn L o w  rlse elevator - - 
0 O A T  - 34 F - 

- 
- 
- 
- 
- 
- - - 
- 
- 
- 
- 
- 
- 

Vent system o f f  - 

Exter~or wall 

F ig .  11 Pressure differences caused by chimney 

effect and ventilation system operation - Building B 

Manufacturers call for a maximum leakage of 0.06 
cfm/sq ft at a pressure difference of 0.3 in. of 
water through curtain wall test specimens, exclu- 
sive of leakage through operable windows. The r e -  
sults indicate that there may be a large discrep- 
ancy between leakage values obtained on test speci- 
mens and those that apply to abuilding as  construc- 
ted. Leakage values obtained for a masonry cur-  
tain wall1 were considerably higher than any of 
those shown in Fig. 13. The average leakage val- 
ues of the exterior wall for each story, expressed 
in terms of the equivalent sharp-edged orifice 
area,  fall between 2.5 and 4.5 sq ft for the three 
buildings. 

Because of the desirability of minimizing a i r  
leakages a t  entrances, pressure differences from 
chimney action across the exterior walls of the 
f i rs t  floor a r e  of special interest. Fig. 14 shows 
the pressure differences caused by chimney effect 
a t  the entrance level for the three buildings with 
ventilation systems off; these pressure differences 
would be somewhat less if the ventilation system 
had not increased the interconnection between 
floors. The values of natural draft factor for en- 
trance, defined as the ratio of pressure difference 
across entrance over theoretical draft, were 0.22, 
0.27 and 0.39 for Buildings A, B and C, respec- 
tively. Ref 4 gives a value of 0.7 for conventional 
buildings and of 0.3 for one building having tightly 
sealed windows. 

The pressure patterns resulting from pressur- 
ization of the first  floor to balance the pressure 
difference across the entrance can be simulated by 
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F i g .  12 Pressure differences caused by chimney 

effect and ventilation system operation - Building C 

holding entrance doors open. This is  illustrated 
for Building B in Fig. 15. Similar results were 
obtained for Buildings A and C .  The first  floor 
pressure was essentially the same a s  that outside. 
Pressure  differences across the first  floor ceil- 
ing and elevator doors were increased, as  expec- 
ted: a manifestation of increased a i r  infiltration. 

Fig .  13 Amount of pressurization with outside air 
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F i g .  14 Pres sure  d i f f e r e n c e  a-  

c r o s s  entrance caused  b y  chim-  

n e y  e f f e c t  

Pressure difference across upper floors and ele- 
vator doors was also increased, but to a lesser 
extent. The effect of the door in the stairwell be- 
tween first  and second floors in reducing a i r  leak- 
age into the stairwell i s  also illustrated. A sim- 
ilar effect was obtained in Building C, where a 
separate enclosure was constructed around the 
freight elevator. This reduced the pressure drop 
across the elevator door by about one half. 

CONCLUSION 

With the ventilating system turned off, ducts pro- 
vide interconnection between floors and affect the 
resistance to flow from floor to floor. The ratio 
of actual to theoretical draft under this condition, 
therefore, does not give a good index of the rela- 
tive resistance of openings in the exterior walls 

where A i s  the equivalent sharp-edged orifice a rea  
S 

of leakage paths between floors provided by verti- 
cal shafts, and A is the same equivalent area for 

W 

leakage paths in the exterior wall associated with 
each story. 

With the ventilating system operating it  i s  im- 
probable that there will be a balance of supply and 
exhaust a i r  on each floor, o r  even a uniform net 
supply or  exhaust from floor to floor. Under these 
conditions it is  difficult to interpret the apparent 
ratio of actual to theoretical draft. Over those 
parts of the three buildings where there appeared 
to be fairly uniform a i r  supply and exhaust condi- 
tions the ratio varied between approximately 0.63 
and 0.82, corresponding to an A ~ / A ~  of from 1.5 
to 2.0. 

and internal separations. This ratio varied, for  With the ventilation system off, pressure loss- 
the three buildings, between 0.82 and 0.91. From e s  across floors were relatively uniform, except 
Ref 3 this wouldcorrespond to an A ~ / A ~  of 2 to 3, where duct interconnections between floors were 

( a )  E n t r a n c e  door c losed (bl E n t r a n c e  door open 

Fig .  15 E f f e c t  o f  entrance open-  

ing on pressure  d i f f e r e n c e s  - 
Building B 

E x t e r i o r  w a l l  E x t e r i o r  w a l l  

9 t h  f l o o r  - 0.0: 
32nd f loor  - -0 .22  

9 t h  f l o o r  - 0.01  
3 2 n d  f l o o r  - -0.24 

Note: 

1. N u m b e r s  a r e  A P I n  I n c h e s  of  w a t e r  
2. ' s t a i r w e l l .  i n t e r i o r  door open 
3. " s t a i r w e l l .  i n t e r i o r  door c l o s e d  
4. O u t s i d e  t e m p e r a t u r e  3 8  F 



discontinuous and where resistance to infiltration 
of the exterior walls of mechanical equipment 
floors and f i rs t  floors was lower. In both these 
cases  p ressure  losses  were larger .  

Exterior walls of these buildings were suffi- 
ciently tight to permit significant pressurization 
over the height of building. The amount of p r e s -  
surization withventilation systems a s  normally ad- 
justed varied considerably. The leakage charac - 
ter is t ics  of the walls, a s  constructed, varied from 
about 0.5 to 0 . 8  cfm/sq ft a t  a p ressure  difference 
of 0 . 3  in. of water, and were considerably higher 
than the allowable limit in some curtain wallspeci- 
fications. 

Neutral zone levels with the ventilation system 
off were between 35 and 52% of the building height. 
P r e s s u r e  differences ac ross  entrances with venti- 
lation systems off were lower than would be esti-  

mated from the ASHRAE HANDBOOK2 because of 
the low neutral  zone levels and significant p res -  
s u r e  losses ac ross  f i r s t  floor ceilings. 

By giving attention in design and construction 
to increasing resistances to flow across  the f i r s t  
floor ceiling and into vertical shafts, i t  should be 
feasible to provide significant pressurization of the 
ground floor in high buildings with reasonable net 
a i r  supply. This approach to pressurization does 
not greatly increase p ressure  differences leading 
to exfiltration a t  upper levels, incontrast  with uni- 
form pressurization over the height of thebuilding. 

It might lead, however, to excessive pressure  dif - 
ferences ac ross  stairwelland elevator doors a t  the 
f i rs t  floor level. To reduce these p ressure  differ- 
ences, additional doors might be added within the 
stairwells, and separate enclosures could be in- 
stalled around a r e a s  leading to elevator doors. 
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Building Pressures Caused by Chimney Action 
and Mechanical Ventilation 
Air p ressure  differences and resulting a i r  leakage 
patterns in buildings affect building performance1 
in a number of ways. The pattern of p ressure  dif- 
ferences depends upon the forces in operation. Air 
flow due to chimney action, resulting from differ- 
ences in the density of inside and outside a i r ,  i s  
particularly important in multi-story buildings and 
colder climates. When not affected by other forces,  
a i r  flows in a t  low levels and out a t  high levels. 
The total p ressure  difference causing flow i s  the 
difference in weight of the inside and outside a i r  
columns for  the height of the building involved. 
The distribution of this total p ressure  difference, 
o r  theoretical draft, depends upon the relative r e -  
sistance to flow at  the exterior enclosure and in- 
ternal separations. With no internal separations, 
the full theoretical draft ac t s  ac ross  the enclo- 
su re ;  with increasing p ressure  losses ac ross  in- 
ternal separations, the p ressure  d i f f e r e n c e ~  a- 
c r o s s  the enclosure a r e  correspondingly reduced. 

P r e s s u r e  distributions and flow patterns in 
buildings can be influenced by the design and op- 
eration of ventilation and exhaust systems. A net 
supply of a i r  is sometimes provided to control a i r  
infiltration a t  entrances caused by chimney action 
in multi-story buildings. The effect of net supply 
o r  exhaust a lso  depends upon the distribution of 
leakage openings within the buildings. 

G.T.  Tamura i s  a research officer and A.G. Wilson i s  head, 
Building Services Section, Division of Building Research, 
National Research Council, Ottawa, Canada. This paper was 
prepared for presentation at the ASHRAE 74th Annual Meet- 

ing, mnneapolis, Minn., June 26 - 28, 1967. It i s  a contri- 
bution from the Division of Building Research, National Re- 

search Council, Canada, and i s  published with the approval 
of the Director of the Division. 

Little is known about a i r  leakage in large 
multi-story buildings. In particular,  information 
i s  lacking on the res is tance to  a i r  flow within such 
buildings. Direct measurement in the field is usu- 
ally not feasible, because i t  i s  not practicable to  
isolate the flow paths and measure  the a i r  quanti- 
t ies.  The net effects can be measured, however, 
in t e r m s  of the distribution of p ressure  differen- 
t ia ls  under known conditions. It would be helpful 
in interpreting the resul ts  of such p ressure  mea- 
surements to know how these p ressures  and the 
resulting a i r  flow a r e  affected by the distribution 
of resistances in the exterior enclosure and inter- 
nal separations. Such information would a lso  be 
helpful in establishing the requirements for control 
of a i r  leakage caused by chimney action. 

This paper gives the results of an analytical 
study of the distribution of p ressure  differences 
caused by chimney action in buildings. Results 
a r e  a lso  given of the way in which these p ressure  
differences a r e  affected by various arrangements 
of excess supply and exhaust a i r .  

DESCRIPTION OF THE MATHEMATICAL MODEL 

The components in the mathematical model for the 
study a r e  illustrated in Fig. 1 for a three-story 
building. The major  separations a r e  the exterior 
walls, walls of vertical  service  shafts, elevator 
shafts and stairwells,  and the floor construction. 
To  simplify the model, separations formed by par-  
titions for  various rooms on each floor were  omit- 
ted. These partitions a r e  generally interconnected 
in office buildings where partitions a r e  movable 
and there  a r e  leaky suspended ceilings. Mechan- 
ical  air supply and exhaust ducts a r e  important in 
t e r m s  of thei r  effect on the mass  balance a t  each 



floor, and if not operating may represent intercon- 
nections between floors in addition to those pro- 
vided by the internal separations. Provision was 
made in the model for net a i r  supply or exhaust at 
each floor to determine i ts  effect on pressure dif- 
ferences across the separations. 

Air leakages in the exterior walls occur 
through interstices formed by windows and walls, 
cracks of openable windows, joints of curtainwalls, 
and in some instances through the wall construc- 
tion. Air leakages through the wall of the vertical 
shaft occur through cracks formed by elevator and 
stairwell doors and, in service shafts, through the 
space between pipes and ducts and the wall. Air 
leakages through the floor construction occur 
through cracks formed by the various service pipes 
and interstices formed by the exterior wall and the 
floor construction. In the model building, these 
leakage areas in major separations were lumped 
and represented by orifice areas.  The following 
equation* was used to represent the mass flow 
through an orifice. 

where 

w = mass flow 
C = proportionality constant 
A = orifice area 
p = air  density 

AP = pressure difference across or  
ifice 

n = flow exponent 

For most calculations a flow exponent of 1/2 
(turbulent flow) was assumed; in some cases it was 
taken a s  1 (laminar flow). Because of the combina- 
tion of turbulent and laminar flows the value for 
leakage paths, as  they occur in buildings, will vary 
between 1/2 and 1; for example, that for cracks in 
openable windows and doors is generally about 

2/3.' Because the distribution of the available 
pressure difference due to chimney effect depends 

I only on the relative !resistances to a i r  flow of the 
I various separations, the orifice a reas  in the ex- 

terior wall, Aw, were used a s  a reference (i .e. ,  

taken a s  unity); and orifice a reas  in the floor con- 
struction and in the wall of the vertical shaft, Af 

and As, were taken a s  multiples of the exterior 

wall orifice a rea  for each story. For  simplifica- 
tion, the a rea  of the orifice representing the me- 
chanical a i r  supply o r  exhaust opening at each 
floor was the same a s  that representing the out- 
side wall. The floor height of the model building 
was assumed to be 12 ft. 

I The value of the outside absolute pressures 

Pol of Fig. 1 was taken a s  normal atmospheric 

pressure. With no wind, outside a i r  pressures a t  
other levels depend only on the specific weight of 
the air ,  which is a function of outside temperature. 

* See Appendix A. 

Inside pressures at various levels a r e  inter-re- 
lated by the weight of the column of inside a i r  be- 
tween levels and the pressure drop across the in- 
tervening floors. The problem entails determining 
the inside pressures in such a way that a mass 
flow balance i s  obtained for each floor and for the 
vertical shaft. The number of simultaneous equa- 
tions equal the number of floors plus one. As the 
equations for an exponent of 1/2 a r e  nonlinear, i t-  
erative calculations a r e  required to solve for the 
unknown inside pressures. 

A computer program was formulated to solve 
all  unknown absolute pressures inside the building 
and the resultant pressure differences across all  
major separations. The solutions were obtained 
with the aid of a digital compbter. The computer 
program was designed to permit variation in the 
number of floors and in orifice a reas  from floor 
to floor. The amount of pressurization due to the 
operation of the mechanical ventilation system was 
defined in te rms  of the pressure difference across 
the ventilation orifice a t  each floor, A P  This 
could be varied from floor to floor. v' 

RESULTS 

E f f e c t  of I n t e r i o r  O p e n i n g s  a n d  H e i g h t  

A typical se t  of results is  given in Fig. 2, for a 
ten-story building with a uniform distribution of 
openings in the vertical direction. For  this distri-  
bution the neutral zone level, where inside and out- 
side pressures a r e  equal, is located a t  mid-height. 
With no internal resistance to flow (A f/Aw and A / 

s 

Fig. 1 Mathemat ica l  mode l  bui ld ing  

A i r  s u p p l y  a n d  V e r t i c a l  
e x h a u s t  d u c t  s h a f t  

A, = E x t e r i o r  w a l l  o r i f i c e  a r e a  

A f  = F l o o r  o r i f i c e  a r e a  

A s  = V e r t i c a l  s h a f t  o r i f i c e  a r e a  

A, = V e n t i l a t i o n  d u c t  o r i f i c e  a r e a  

P  = A b s o l u t e  p r e s s u r e  

\ / 

P i ,  

- 



E x t e r i o r  w a l l  V e r t i c a l  s h a f t  

= co ( t h e o r e t i c a l )  
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Fig. 2 Pressure differences due to chimney e f f e c t  

A = w, there  is no pressure  drop across  the 
W 

floors; the sum of the pressure  differences ac ross  
the exterior wall at  the bottom and top of the build- 
ing i s  equal to the total theoretical draft  for the 
building. With openings in the shaft only, there is 
an equal p ressure  drop across  each floor; with 
openings in the floor only, this p ressure  drop in- 
c reases  toward the neutral zone level because of 
increasing flow rates  in that direction through the 
floor openings. With resistance to flow imposed by 
the interior separations, the sum of the p ressure  
differences ac ross  the exterior wall a t  any two 

Fig. 3 Ef fec t  o f  building height 

and separation openings 

levels i s  l e ss  than the theoretical draft by the sum 
of the p ressure  drops between intervening floors. 
With openings in the shaft only the difference be- 
tween the p ressure  drops across  the wall of the 
shaft a t  any two levels i s  equal to the pressure  
drop ac ross  intervening floors. The ra t io  of actual 
to theoretical draft i s  greater  with openings in the 
shaft only than with openings in the floor only. 

The pattern of a i r  flow is evident from the 
pattern and magnitude of the pressure  differences. 
Air flows into the building below the neutral zone 
and flows out above it. Similarly, a i r  flows from 
the lower floors into the vertical shaft; and from 
the shaft into the upper floors. There is also an 
upward flow through openings in the floors. 

The resul ts  illustrated in Fig. 2 a r e  for an 
outside temperature of 0 F.  F o r  practical pur-  
poses the ratio of actual to theoretical draft, how- 
ever,  is independent of temperature when the p r e s -  
s u r e s  a r e  due to chimney effect alone; any varia- 
tions in the ratio occur because of the dependence 
of the flow relation on temperature. 

The effect of variations in leakage a reas  and 
number of floors on the ratio of actual to theoret- 
ical draft is shown in Fig. 3. Calcubtions were 
made for an outside temperature of 0 F and an in- 
side temperature of 75 F. With interior leakage 
openings only in the floors, a l l  internal flow paths 
a r e  in se r ies ;  the actual draft decreases rapidly 
a s  the number of s to r ies  increase and is asymp- 
totic to zero. The draft  increases a s  the ratio of 
A /A increases,  that is, as the resistance to flow 

f w 
within the building decreases.  With interior leak- 
age openings only in the verticalshaft and no p r e s -  
s u r e  loss  within the shaft, the resistance of the 
flow path from bottom to top of the building is in- 
dependent of height, s o  that the ratio of actual to 
theoretical draft  is constant for any value of As/ 

Aw, regardless of the number of s tor ies .  In an 

adtual building some pressure  loss within the ver-  
tical shafts would occur s o  that some increase in 
the resistance of the flow path through the vertical 
shafts would occur with increasing height. For  a 
building with three floors, the resistance to flow 
through openings only in the shaft is the same a s  
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pressure drop across these components. P R E S S U R E  D I F F E R E N C E .  I N .  O F  W A T E R  

The resistance to upward flow through the 
building will be increased if the vertical shafts a r e  
not continuous. An example of this i s  given in Fig. 
4 for the ten-story model in which there i s  com- 
plete separation of the vertical shaft a t  mid-height. 
Thus, a l l  a i r  flowing from the lower half of the 
building to the upper must pass through the floor 
opening at mid-height, and there i s  an increase in 
pressure drop across the floors and shaft in this 
region. 

The relative resistances to flow used for this 
and succeeding examples (A = 1, As = 2, A =2) 

W f 
appear to be within the range anticipated in actual 
buildings. 3 For the conditions of Fig. 4 the ratio 
of actual to theoretical draft across the top and 
bottom of the building i s  reduced from 0.86 to 0.58. 
The total a i r  leakage into the building i s  also r e -  
duced by approximately 34% for the conditions il-  
lustrated. 

With complete separation of the vertical shaft 
a t  mid-height, the building acts somewhat as two 
separate buildings, one above the other, with a 
neutral zone level associated with each. If there 
were complete separation of the two halves, in- 
cluding elimination of the openings in the interven- 
ing floor, they would act independently and there 
would be maximum pressure differences across 
the intervening floor. In an actual building, how - 
ever, it would be difficult toseparate the upper and 

E x t e r i o r  w a l l  V e r t i c a l  s h a f t  

-0 .2 - 0 . 1  0 0.1 0.2 - 0 . 1  0 0.1 0.2 
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F i g .  4 E f f e c t  o f  d i v id ing  v e r t i c a l  s h a f t  i n  t w o  equa l  E x t e r i o r  w a l l  V e r t i c a l  s h a f t  

compar tmen t s  

10 

that through similar openings only in the floor, s o  - 
that the ratio of actual to theoretical draft i s  the 
same. 

The effects of combinations of leakage areas  
in the vertical shaft and between floors a r e  also 

8 
shown in Fig. 3. As the building height increases 
the resistance to ser ies  flow through floor open- 
ings increases; for high buildings the ratio of ac-  
tual to theoretical draft depends mainly on the r e -  ~n - 
sistance of the flow paths through the vertical @= 

0 

shafts. The values for a flow exponent of unity for Z b  
most combinations of leakage areas  a r e  different LL 

from those shown in Fig. 3, but the trends a r e  + 
I 

similar.  With Af and/or As larger than Aw the 
w - 
w 

ratio of actual to theoretical draft i s  less  with n = 1 I 

than with n = 1/2. 4 

Fig. 3 indicates that for tall  buildings the r e -  
sistance of openings in the vertical shafts in rela- 
tion to those on the exterior i s  the dominant factor 
in determining the distribution of the pressure dif- 
ferences due to chimney action. To reduce pres-  

2 
su re  difference across exterior wa lk  the res i s -  
tance of the flow path through the shaft must in- 
crease. In an actual building this requires tighter 
elevator and stairwell doors and more effective 
sealing of ducts and pipes passing through the wall 
of the ventilation shaft. The net effect is a =eater -0 .2 -0 .1  0 0.1 0.2 -0 .1  0 0.1 0.2 
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lower halves of the various vertical shafts com- 
pletely, and the effects on the various pressure 
differences would be correspondingly less. 

The examples given s o  fa r  have been for model 
buildings with a uniform vertical distribution of 
openings in the enclosure. In an actual building 
one levelmay have larger openings than the others; 
for example, because of doors the area of the 
ground floor openings may be larger than those at 
other levels. Fig. 5 shows the pressure distribu- 
tions for the ten-story model with Aw for the 

ground floor of 1 and 8, and Aw for the other 

floors constant at 1. 
With increasing A at the ground floor, the 

W 

pressure difference across the entrance decreases; 
correspondingly, there is  a significant increase in 
the pressure difference across the vertical shaft 
and floors at the lower levels. The effects of in- 
creasing Aw at the ground floor diminish with 

height; there i s  some lowering of the neutral zone 
level and some increase in the pressure difference 
across the exterior walls and vertical shaft a t  the 
top of the building. 

For the example illustrated by Fig. 5, the 
over-all increase in a i r  leakage resulting from an 
increase in Aw at the ground floor level from 1 to 

8 is 35%; the increase in leakage into the 1st floor 
amounts to 194%. Infiltration through outside walls 
of the second and succeeding floors is  decreased. 

It i s  sometimes proposed that ground floor en- 
trances to high buildings be opened to facilitate 
traffic flow to shops. Fig. 5 indicates the effect of 
this on pressure patterns due to chimney action. 
As noted, there is a large increase in ground floor 
infiltration and pressure differences across verti-  
cal shafts. The use of a i r  curtain entrances i s  
sometimes suggested to control these pressure 
differences and a i r  leakage; it should be recog- 
nized that, for a given entrance infiltration, the 
a i r  curtain entrance will operate with the same 
pressure difference across it a s  that at any other 
entrance. For example, to revert to the leakage 
condition represented by an entrance having Aw = 

1, a s  in Fig. 5, the entrance must sustain a pres-  
sure difference of about 0.1 in. of water. 

Curves in Fig. 5 a r e  for an arbitrary ratio of 
As/Aw and A ~ / A ~  of 2 .  With larger values of As 

andA the pressure drop across the entrance for a 
f 

given value of Aw at the entrance, would be greater. 

At the same time the pressure loss within the 
building would be less and there would be a greater 
pressure drop across the outer walls at the top of 
the building. The converse would occur with 
smaller values of A and A 

S f '  

E f f e c t s  of P r e s s u r i z a t i o n  

The effects of an imbalance of supply and exhaust 
a i r  were investigated with the 10-story model. 
The imbalance on any floor, referred to a s  "im- 

posed pressurization, "was defined in terms of the 
pressure difference across the a i r  supply or ex- 
haust openings. As these openings were assigned 
unit area the same a s  the openings in the exterior 
wall, Aw, the imposed pressurization can be read- 

ily converted to an equivalent a i r  flow through the 
exterior. The effect of this imposed pressuriza- 
tion on both the pressure differences across the 
exterior walls, referred to a s  resultant pressur- 
ization, and on the pressure differences across 
the interior separations, will depend on the dis: 
tribution of excess supply or  exhaust from floor 
to floor; the effect will also depend on the pres-  
sure distribution prior to pressurization. If there 
i s  no initial pressure difference across the enclo- 
sure and the pressurization is  imposed uniformly 
a t  all floors, the resultant pressure difference 
across the enclosure will be the same at all levels 
and equal to that imposed. 

Fig. 6 illustrates the effects of combined 
pressurization and chimney action, with equal ex- 
cess a i r  supply at all levels equivalent to an im- 
posed pressurization of 0.10 in. of water, which 
neutralizes the pressure difference across the 
ground floor entrance. The resultant pressuriza- 
tion i s  somewhat greater than that imposed and in- 
creases from bottom to top because a non-linear 
flow relation i s  assumed. For  a flow exponent of 
one, the resultant pressurization would equal that 

Fig.  6 E f f e c t  of uniform imposed pressurization on 
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imposed. It will also be noted that the pressure 
difference across the floors i s  less when the build- 
ing i s  pressurized uniformly. Because the flow 
relation i s  non-linear there i s  less upward flow 
through the building; for high values of imposed 
pressurization the ratio of actual to theoretical 
chimney draft approaches one. For linear flow 
conditions this ratio i s  constant. 

An equal excess of supply a i r  on all  floors, a s  
illustrated in Fig. 6, can be effective in reducing 
the pressure difference across exterior walls a t  
lower levels, but there i s  a penalty in increased 
pressure differences which cause exfiltration a t  
higher levels. The total excess a i r  supply, which 
must be provided by outside air ,  is equivalent to 
29@& of the a i r  infiltration with no pressurization 
for the conditions illustrated. 

Pressure differences across ground floor en- 
trances can be neutralized by providing an excess 
air supply only on that floor. In the 10-story 
model this requires an imposed pressurization on 
the ground floor of 1.2 in. of water (Fig. 7). The 
pressure distribution across the exterior wall, 
floors and verticalshaft i s  essentially the same as 
that illustrated in Fig. 5, in which pressure dif- 
ferences across the entrance were neutralized by 
increasing the a rea  of the entrance opening, Aw, 
to about 8. 

The excess a i r  supply required in Fig. 7 i s  
approximately equivalent to the a i r  infiltration 
through the enlarged entrance opening in Fig. 5. 
It must be supplied by the introduction of outside 
air through the ventilation system; the amount r e -  
quired i s  about equal to the total a i r  infiltration 
without pressurization. Infiltration on other floors 
below the neutral zone level i s  about 37% of the 
original total infiltration. This infiltration, to- 
gether with the excess supply a i r  required to neu- 
tralize the pressure difference across the entrance 
in Fig. 7, i s  substantially less  than the total excess 
supply a i r  required with uniform pressurization a t  
all levels. Consequently, the increase in pressure 
difference across upper levels of the building i s  
much less than that in Fig. 6. With a greater r e -  
sistance to flow within the building the increase in 
pressure difference at upper levels would be still  
less; with a lower resistance there would be a 
greater effect a t  upper levels and a greater excess 
air supply required to neutralize the pressure dif- 
ference at the entrance. 

To counteract pressure differences from 
chimney action across exterior walls in the upper 
floors requires an excess of exhaust a i r  over sup- 
ply. One approach, involving net supply below the 
neutral zone and net exhaust above, i s  illustrated 
in Fig. 8, where the imposed pressurization i s  0 .1 
in. of water for all floors - positive below the neu- 
t ra l  zone and negative above it. The resultant 
pressurization i s  less than that when excess a i r  
supply at all levels is  uniform (Fig. 6), but i s  
equal and of opposite sign a t  the top and bottom. 
Pressure differences across the floors and verti- 
cal shafts a re  greater than with no pressurization. 
This arrangement has the advantage that pressure 

E x t e r i o r  w a l l  V e r t i c a l  shaf t  
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Fig. 7 E f f e c t  o f  first floor pressurization t o  neu- 

tralize entrance pressure d i f ference  

differences across both top and bottom of the en- 
closure a r e  reduced. 

The second example in Fig. 8 i s  for the 10- 
story model with vertical shafts split a t  the mid- 
height, as in Fig. 4. With the same excess supply 
and exhaust in lowerand upper halves of the build- 
ing, as in the example above, a much greater 
pressure difference occurs across the floor a t  
mid-height. The result i s  that pressure differ- 
ences across the enclosure a r e  essentially bal- 
anced at top and bottom of the building, while there 
a r e  substantial pressure differences causing exfil- 
tration immediately below mid-height and infiltra- 
tion immediately above. The greater the increase 
in resistance to flow inside the building in relation 
to that of the exterior, the greater will be the 
pressure difference across the floors and vertical 
shafts and the resultant pressurization for a given 
excess of supply or exhaust air. 

In theory it would be possible to neutralize the 
pressure difference across outside walls due to 
chimney action over the full height of the building 
by controlling excess supply or  exhaust in each 
story. This i s  illustrated in Fig. 9 for the 10- 
story model. To maintain an average pressure 
difference of zero  across  the walls of each story, 
the pressure difference across each floor separa- 
tion must equal the theoretical draft from floor to 



floor. With uniform floor spacing the total theo- 
retical draft for the building is  thus distributed 
uniformly between the floors. 

Similarly, with no pressure difference across 
openings in the exterior wall the total theoretical 
draft is divided between the top and bottom open- 
ings into the vertical shaft in proportion to the r e -  
sistance of these openings. The pressure differ- 
ence across openings into the vertical shaft a t  any 
other floor is then the pressure difference across 
the ground floor opening less the sum of the pres-  
sure differences across intervening floors. The 
pressure difference pattern for the vertical shaft 
is independent of the resistance to flow of openings 
in the exterior wall and floors and can be readily 
established for any assumed distribution of open- 
ings in the shaft. The excess supply or exhaust a i r  
required on any floor to neutralize pressure dif- 
ferences across the exterior wall is independent of 
the leakage characteristics of the wall; it depends 
upon the distribution of openings in the floor and 
vertical shaft and can be readily calculated for any 
assumed distribution once the pressure difference 
pattern is established. 

In Fig. 9, the excess supply and exhaust a i r  
required is again defined in terms of imposed 
pressurization, that is,  the pressure difference 
across unit area to provide the necessary flow. 
Fig. 9 is based on a flow exponent of 1/2; excess 
supply and exhaust a i r  requirements a r e  thus in 
proportion to the square root of the imposed pres-  
surization. As an example, assume that leakage 
through the exterior wall i s  equivalent to one air 
change per hour at a pressure difference of 0.104 
in. of water. This is the pressure difference due 
to chimney action across the ground floor walls in  
Fig. 9 pr ior  to pressurization and is equivalent to  
the velocity head of a 15 mph wind. Taking Aw and 

Af equal to 2 and equal to unity, the imposed 

pressurization required to neutralize chimney ac-  
tion on the ground floor is  1.07 in. of water a s  in 
Fig. 9. The excess supply a i r  required on the 
ground floor then amounts to 1 x (1.07/0.104)$ = 

3.35 a i r  changes per  hour. By a similar calcula- 
tion the excess supply required on the second floor 
is 1.9 a i r  changes. For buildings with several 
stories, the excess supply o r  exhaust a i r  required 
depends primarily on the effective area of openings 
into the vertical shaft. Pressurization, a s  il- 
lustrated in Fig. 8 and 9, could be provided by a 
separate interior a i r  handling system, exhausting 
air from floors above the neutral zone level and 
discharging it in floors below. 

CONCLUSIONS 
1. With no other forces in operation, the total o r  
theoretical pressure difference caused by chimney 
action is.distributed across the exterior enclosure 
and internal separations in proportion to the rela- 
tive resistances to flow of these components. With 
a high resistance to upward flow in the building (in 
relation to  the resistance of the building enclosure) 
the pressure differences across the enclosure a r e  
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reduced and those across internal separations in- 
creased. For  buildings with many floors (e.g., 
more than ten) the resistance to a i r  flow through 
floor openings tends to become high, and the r e -  
sistance of openings into vertical shafts becomes 
the dominant factor in determining the ratio of ac-  
tual to theoreticalpressure differences from chim- 
ney effect. Construction and design features that 
increase the resistance of the flow path through the 
vertical shafts will have the most effect in reduc- 
ing pressure differences across the building en- 
closure. 

2. The effect on pressure differences of in- 
creasing the entrance a rea  at the ground floor de- 
pends on the resistance to flow within the building 
in relation to that of the building enclosure. In 
general, there is a reduction in the pressure dif- 
ference across the entrance and a corresponding 
increase in the pressure difference across sepa- 
rations above; with a significant resistance to up- 
ward flow, most of this increase in pressure dif- 
ference occurs across the ground floor entrance to 
vertical shafts and across the floor construction 
above. 

3 .  Pressurization (providing an excess of 
supply or  exhaust air)  offers possibilities for the 
control of pressure differences from chimney ef- 
fect by altering the distribution of the theoretical 
pressure difference across the various separa- 
tions. Excess supply a i r  introduced uniformly a t  
all  levels can be effective in neutralizing the pres  - 
su re  difference across ground floor entrances, but 
there will be a corresponding increase in the pres-  
sure  differences causing exfiltration at upper lev- 
els.  The total amount of excess outside a i r  r e -  
quired depends upon the tightness of the building 
enclosure. 

4. If pressurization is to minimize pressure 
differences a t  the entrance, there is a potential 
advantage in pressurizing only the ground floor. If 
there is a significant resistance to upward flow 
within the building, the resulting pressurization a t  
other levels will be significantly less  than that a t  
the ground floor, and the total excess a i r  required 
will be much less than with uniform pressurization 
imposed on al l  floors. 

5. If the building provides a significant resis-  
tance to upward a i r  flow, it  is possible to minimize 
chimney pressure differences across the building 
enclosure by providing an excess of supply a i r  at 
lower levels and an excess of exhaust a i r  a t  upper 
levels. The ultimate arrangement would neutral- 
ize these pressure differences on each floor. The 
amount of excess supply or  exhaust required de- 
pends upon the resistance to flow within the build- 
ing and is independent of the leakage characteris- 
tics of the enclosure. Fo r  multi-story buildings 
the resistance to flowdependsprimarily on the re -  
sistance imposed by the vertical shafts. 

6. The distribution of pressure difference due 
to chimney action and excess supply or  exhaust air ,  
and the a i r  flows that result can be determined an- 
alytically if leakage characteristics a r e  known. 
Appropriatevalues for the leakage characteristics, 
particularly those for openings between floors and 
into vertical shafts, can only be determined by 
measurements on actual buildings. Interpretation 
of such measurements can be assisted by the r e -  
sults of mathematical studies such a s  those pre- 
sented in this paper. 
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APPENDIX A 

DERIVATION OF MASS FLOW EQUATION FOR A FLOW SYSTEM 

For the flow problem considered in this paper it can be expected that 

E = f (R,) 

where 

E = Euler's number 

Re = Reynold's number 

For small ranges of AP and V 

Let 

Let 

DISCUSSION 

NEIL B. HUTCHEON (Ottawa, Ontario): It will be 
evident that this kind of study is important, but it 
is also very demanding and a difficult kind of study 
to carry out. Not only is the situation you a re  
trying to analyze quite complex, but, in addition, 
you must have available a building in which to 
make the measurements. It will be quite evident, 
I think, that it requires a very understanding and 
cooperative owner to allow you to enter a building 
at  odd hours, punch holes in his walls, and clutter 
up his equipment room. We have been extremely 
fortunate in getting such cooperation from the 
owners of these buildings. 

I have one comment that adds a bit of rein- 
forcement to the point stressed by Mr. Locklin 
and Mr. Wilson. I think it is quite clear that 
architects often design buildings without regard 
for some of the technical problems. The mechani- 
cal engineer must then do the best he can with the 

situations presented to him. Problems arising 
from chimney effect must be faced in the initial 
stages of planning of buildings. It may even be 
necessary to change our whole approach to the de- 
sign of walls and floors to provide the necessary 
control over a i r  movements in tall  buildings. 

I have one other comment. We have talked 
here about the heating season, primarily. Under 
a cooling season the chimney effect is reversed. 
The tendency is greatly reduced, however, be- 
cause you get only a few degrees temperature dif- 
ference in the summer conditions compared with 
very large temperature differences in the winter. 

RICHARD E. BARRETT AND DAVID W. LOCKLIN 
(Columbus, Ohio): This paper (Trans. No. 2046) 
makes a significant contribution to the design of 
tall buildings by providing a detailed look at three 
actual buildings. The concept of theoretical draft 



has been known and used for many years  but, until 
now, there has been a noticeable void in relating 
theoretical models to actual buildings. The lack 
of data in this a rea  has been partly due to the 
complexities of the problem, with air  leakage, 
pressure differentials, air-conditioning fans and 
controls, and environmental aspects al l  interre- 
lated. The authors a r e  to be complimented for 
tackling such a problem and producing meaningful 
results.  

We at Battelle Memorial Institute have used 
detailed computer models to evaluate air flows 
and pressure differentials for important leakage 
paths in several tall buildings, and find that the 
measurements presented in this paper generally 
verify the results we predicted for similar situa- 
tions. 

The difference between the measured a i r  
leakage rates  through exterior walls and the Na- 
tional Association of Metal Manufacturers' stand- 
a rd  points up the rea l  problem of discrepancy be- 
tween design and construction. Tests  of building 
sections may show that a building wall design is 
adequate to provide a relatively tight wall; but it 
i s  another question as to whether the same leak- 
age values can be maintained in the construction 
of a complete building. The problems of working 
in more taxing environments of temperature, wind, 
and elevation undoubtedly reduce the degree of 
care used in actual construction. Tests  of the 
type performed by the authors a r e  definitely im- 
portant in providing the engineer with data on 
actual buildings and will enable better prediction 
of leakage values when designing new buildings. 

The large pressure differentials measured 
across shaft doors to mechanical equipment rooms 
point to a possible problem area.  The authors 
measured a pressure differential of 0.30 in. of 
water with a 40 F outdoor temperature and an in- 
door temperature probably near 70 F. For an 
outdoor temperature of -10 F, the pressure dif- 
ferential would increase to about 0.8 in. of water 
or  4.2 psf. This would be a force of 84 lb on a 
20 sq f t  door. 'some rather simple measurements 
we made using a spring scale and several subjects 
indicated that (1) the force needed to open a door 
is about 10 lb greater than one-half the total pres- 
sure force on the door, and (2) the maximum pull- 
ing force a typical subject can exert is about 40 to 
45 lb. For the door given above, and for a -10 F 
outdoor temperature, the opening forces would be 
52 lb, which indicates a problem in opening the 
door under these conditions. The opening force 
grows proportionally greater for taller buildings, 
although using a two-door vestibule reduces open- 
ing forces. This condition could be eliminated by 
increasing the pressure in the mechanical equip- 
ment rooms by providing a positive means of 
bringing supply air into these rooms rather than 
using a spill damper from return a i r  ducts or 
similar arrangements typically employed in pres-  
ent design practice. 

The authors pointed out a difference in the 
ratio of actual to theoretical draft with the air- 
conditioning systems on and off. The ratio i s  af- 

fected by changes in exterior wall leakage a s  well 
a s  by changes in interior leakage. Therefore, a 
more plausible explanation of the lower ratios of 
actual to theoretical draft obtained with the air- 
conditioning systems operating may be that the 
resistance to leakage through the exterior wall by 
way of open intake and exhaust dampers was re -  
duced rather than that resistance to flow through 
the internal flow paths was increased. 

The second paper (Trans. No. 2047) provides 
an interesting analysis of a problem which is suf- 
ficiently complex that it is difficult to visualize 
intuitively. By investigating a simplified model, 
the authors have presented a generalized picture 
of the effect of changes in a i r  leakage and pres- 
surization and have avoided the complicating de- 
tails associated with specific buildings. The re -  
sults of this paper can guide engineers in the se- 
lection of allowable leakage ratios to achieve the 
particular mode of building operation that is de- 
sired. 

The authors were concerned primarily with 
pressure differentials in this paper. But, a s  they 
mentioned, there is an a i r  flow of significant 
quantity associated with these pressure differen- 
tials. In fact, some buildings have had heating 
equipment removed from upper floors because the 
stack effect flow of air from the lower parts  of the 
building warms the upper floors. Some of the ap- 
proaches discussed by the authors for reducing 
pressure differentials, per se, would result in a 
significant increase in stack effect a i r  flow and, 
therefore, would probably be undesirable. These 
include pressurization of the first floor only and 
pressurizing the lower half while depressurizing 
the upper half of the building. 

One point that the authors mentioned should 
be emphasized; a total pressure differential equal 
in value to the theoretical draft will occur in the 
building. This total pressure differential will be 
equal to the sum of (1) the pressure differential 
across  the entrance doors, (2) the pressure dif- 
ferential across  the exterior wall at the top floor, 
and (3) the pressure differentials encountered in 
going from the first floor to the top floor by any 
path. It i s  not possible to eliminate completely al l  
of these pressure differentials. 

The task of the building designer is to force 
the greatest portion of the total pressure differ- 
ential or theoretical draft to occur at locations in 
the building which will cause the fewest problems 
for building operation and building tenants. For 
some buildings, a possible location for a large 
pressure differential to occur with a minimum of 
problems i s  across  the exterior wall in the upper 
part of the building. This can be achieved by 
pressurizing the building. But, for pressurization 
to be practical, the exterior wall must be rela- 
tively tight to keep net supply a i r  to a minimum. 
The authors have shown in the companion paper 
(Trans. No. 2046) that pressurization may not be 
practical without significant improvements in 
tightness of exterior wall construction. 

AUTHOR WILSON: We appreciate the constructive 



comments of Messrs.  Barrett and Locklin; in 
particular their emphasis on the dilemma of the 
designer, who must consider how best to distrib- 
ute the pressure difference due to chimney action, 
a s  it cannot be eliminated. 

We should make it clear that the intent of the 
f i rs t  paper was not to  promote any particular ap- 
proach for controlling or  altering the distribution 
of pressure differences resulting from chiinney 
action. Our intent was to illustrate by example 
the manner in which the distribution of pressure 
differences would be affected by the relative r e -  
sistances to flow of the building enclosure and in- 
terior separations, and the operation of the me- 
chanical a i r  distribution system. 

The best approach in altering or  controlling 
these pressure differences will, of course, depend 
on the particular circumstances; but for Canadian 
conditions with extended periods of su5-freezing 
outdoor temperatures in winter, I would be very 
hesitant to recommend to designers, that they 
pressurize buildings in such a way a s  to increase 
significantly pressure differences leading to ex- 
filtration through the enclosure in the upper par ts  
of the building. Warm, moist a i r  exfiltrating 
through joints and porous materials which occur 
in building enclosures a s  commonly designed and 
constructed, car r ies  with it moisture which under 
wintertime conditions, will condense in the flow 
path. This mechanism leads to  the deposition of 
very large quantities of water in the form of frost 
or  ice, which can cause early and severe degrada- 
tion of the structure. 

A number of serious examples of this type of 
problem have come to our attention in recent 
years.  We believe this is one of the more serious 
implications of a i r  leakage, particularly in hu- 
midified buildings. 

AUTHOR TAMURA: First  of all, I would like to 
thank Mr. Barrett and Mr. Locklin for their help- 
ful comments. 

With reference to the second paper, perhaps 
it would be appropriate to make some additional 
comments on our estimate of the leakage charac- 
teristics of the exterior walls. In our tes ts  there 
were several sources of e r ror ,  most of which 
would tend to over-estimate the leakage rate.  
First, there i s  the estimate of the flow through 
the fan. Pr ior  to the test the static pressure drop 
across  each fan and fan speed were measured and 
recorded. Only those fans whose readings agreed 
approximately with the contractor's figures were 
used in the pressurization test. These readings 
were taken prior to the pressurization test.  The 
flow ra tes  of the fans would be affected to some 
extent, however, by changes in the a i r  flow r e -  
sistance of the system during the pressurization 
tests  from its characteristics under normal 
operation. 

Secondly, although the return a i r  dampers 
were in a closed position to obtain loooh outside 
air,  it is probable that some leakage flow occurred 
through the return a i r  dampers, even though they 
were in the closed position to  ubtain 100% outside 

air ,  thus over-estimating the quantity of outside 
a i r .  

Thirdly, although the outside dampers of fans 
not in operation were in the closed position, leak- 
age openings through their dampers would repre- 
sent additional openings in the exterior wall. Even 
with these possible sources of e r ror ,  however, the 
a i r  leakage ra tes  of the exterior wall obtained 
would appear to be considerably higher than we 
would estimate from a i r  leakage data on wall 
components. 

In general, pressure differences across the 
interior separations were small and did not give 
r i se  to  any problems. Relatively large pressure 
differences occurred across  the stairwell doors 
leading to the top mechanical floor of the tallest of 
the three buildings. These doors were difficult 
to  open. As pointed out by Messrs.  Barrett and 
Locklin, the pressure difference across  the door 
was 0.30 in. of water. In this same building noise 
due to a i r  flow was very noticeable at the door of 
the elevator serving the forty-first to the forty- 
fifth observation floor. The pressure difference 
across  these doors was approximately 0.20 in. of 
water. Opening of these elevator doors was ac- 
companied by a noticeable gust of a ir ,  especially 
at the forty-fifth floor. Noise arising from air-  
flow through crack openings around the doors 
depend on the configuration of the cracks and on 
the pressure difference across  them. In an iso- 
lated case a loud a i r  noise occurred across  a door 
with a pressure difference of a s  low a s  0.08 in. of 
water. Tests  conducted by Mr. Barrett and Mr. 
Locklin on door openings a r e  helpful in stating a 
maximum allowable pressure difference across  
interior separations. 

As to  their final comments relative to the 
lower values of the ratio of actual to theoretical 
draft with the ventilation system on, a s  compared 
to the values with it off, I find that I do not under- 
stand their explanation. As pointed out in the 
paper, with the system off, duct openings into the 
various floors would act a s  interconnections and 
reduce the resistance to vertical flow within the 
building, thus tending to increase the ratio of 
actual to theoretical draft a s  defined; intake and 
exhaust dampers, if open, would act a s  openings 
in the exterior wall and would have the opposite 
effect. With the system on, however, we do not 
think that it i s  a useful concept to regard the sup- 
ply and exhaust openings a s  simple, passive open- 
ings in the enclosure. Instead we regard them a s  
sources of excess supply o r  exhaust a ir ,  their ef- 
fect depending upon the final distribution of this 
net supply or  exhaust throughout the building. 

P. R. ACHENBACH (Washington, D. C. ): The 
authors ought to be complimented for these useful 
papers. However, I would like to ask a question 
or  two about Fig. 13 in the second paper (Trans. 
No. 2047). The authors say, in applying their 
data, that they used the average pressure differ- 
ences across  the enclosure from top to  bottom. I 
am wondering whether this i s  an arithmetic or 
algebraic average and whether, in fact, this Fig. 13 



i s  useful in evaluating what was ha~pening in the 
way of airflow. In Fig. 11 they deny that there 
was a neutral zone in part of the building and an 
outward flow in the remainder. Even so, it would 
seem that Fig. 13 might have been useful in com- 
parison with Fig. 11 when the building was pres- 
surized virtually throughout its whole height with 
the ventilation system operating. In this case 
there was an  average pressure difference of about 
2/10, and in Fig. 13 I find there was a wall leak- 
age of 4/10 to 6/10 cfm per  sq ft  of water, o r  total 
leakage somewhere between 100,000 and 150,000 
cfm in building B. I would like a little clarifica- 
tion of the basis  on which Fig. 13 was plotted, and 
on whether it is, in fact, applicable to the other 
graphs. 

Then, referring to the f i rs t  paper (Trans. 
No. 2046), it seems to me that one of the most 
significant statements was in the last sentence be- 
fore the conclusions, where the authors a r e  talk- 
ing about pressurization to reduce the effects. In 
their presentation they seemed to mention doing 
this by appropriate selection of supply and exhaust 
a ir ,  but in this last sentence they suggest doing it 
with an interior a i r  handling system. It seems to 
me this i s  the right way to do it; by providing a 
stack indoors, especially for equalization, putting 
a cut-off in the neutral zone and using a blower at 
that level to draw a i r  from the upper floors to 
supply it to the lower floors, you could exactly 
neutralize the indoor-outdoor pressure level at 
every level and neutralize the pressure differ- 
ences across  your stairway doors, not only al- 
leviating the problem of door opening, but mini- 
mizing the total a i r  exchange with the out-of-doors 
-- and you could do this using a i r  that has  already 
been conditioned by your heating o r  air-condi- 
tioning system. 

AUTHOR WILSON: In reply to Mr. Achenbach's 
first comment, regarding Fig. 13, we would say 
that his  application of i t  to  the conditions of 
Fig. 11 is appropriate, within the limitations of 
the a i r  flow data a s  outlined in Mr. Tamura's r e -  
sponse to the comments of Messrs.  Barrett  and 
LocMin. In constructing Fig. 13, the average 
pressurization corresponding to a given net ex- 
cess  a i r  was obtained by determining values of the 
difference between exterior wall pressure differ- 
ence with and without pressurization at the per- 
manent pressure top locations described in the 

paper, along with that across  the ground floor en- 
trance, and by determining the arithriletic average 
of these values. This amounted to averaging the 
pressurization effects a t  three levels in buildings 
A and B, and a t  five levels in building C. The 
amount of pressurization measured in this way 
naturally varied with the outside a i r  temperature, 
that is, with the amount of pressure difference due 
to chimney action, because of the non-linear flow 
characteristics of the building enclosure. This is 
evident in Fig. 13 when comparing the two curves 
for building B. Thus, in utilizing Fig. 13 with 
reference to  conditions in Fig. 11, the building 
leakage characteristic for an outside a i r  tempera- 
ture  of 32 F would be applicable. 

In connection with Mr. Achenbach's comments 
on the internal a i r  handling system, I might re-  
iterate that it was not our intention in this paper 
to promote any particular way of achieving a bal- 
anced a i r  pressure across  the enclosure at any or  
a l l  levels. Zero pressure difference across  the 
walls from top to bottom could be achieved by ex- 
cess  supply or exhaust of a i r  obtained either from 
inside o r  outside the building. When obtained in- 
side the building there i s  potential saving in heat- 
ing costs but there i s  the added cost of the interi- 
or  a i r  handling system. 

We were talking about this with our Chair- 
man, D. S. Cooper. He mentioned that in some 
buildings there is a separate mechanical equip- 
ment room and a i r  handling system for each floor. 
In this case it would be a relatively simple mat- 
t e r  to control net supply and exhaust of outside air  
to balance exterior wall pressure differences. 
The outside a i r  quantities required and therefore 
the increased heating costs would depend on the 
tightness of the floor separations. 

If the pressure differences across  the exteri- 
o r  walls a r e  neutralized at each floor level, uti- 
lizing either inside or  outside air ,  the pressure 
differences due to  chimney action a r e  then dis- 
tributed uniformly across  each floor. This does 
not overcome, however, the problem of excessive 
pressure differences across  entrances to vertical 
shafts. Disregarding pressure losses within the 
shaft, the sum of the pressure differences across  
the doors of the vertical shafts at top and bottom 
of the building is equal to the total theoretical 
draft. The pressure difference across  the doors 
of the shafts decreases uniformly toward the 
neutral zone of the shafts where it becomes zero. 


