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ABSTRACT. Smoke;rather than fire, has frequently 
been the cause of loss of life resulting from fires in 
tall buildings. It has been observed that stack effect 
(or chimney effect) is a major factor controlling the 
movement of smoke within a tall building. There
fore, a knowledge of air movement resulting from 
stack effect will be useful in predicting smoke move
ment. 

An approach to the analysis of stack effect has 
been developed which allows the prediction of in
ternal air flow quantities and associated pressure dif
ferentials for specific buildings prior to construction. 
This technique call be used to evaluate alternative 
building-construction details and mechanical sys
tems during the design phase so as to minimize the 
potential danger from smoke. In addition, this tech
nique could be useful in evaluating proposed changes 
in fire codes. 

The hazards faced by the occupants of tall build· 
ings during fires is a subject receiving con· 

siderable attention by architects, mechanical engi· 
neers, and fire protection authorities.1.6 The tragic 
results of past fires have demonstrated that there 
is not sufficient understanding of how the details of 
building characteristics affect smoke movement. 

Although fire itself is a major threat to building 
occupants in the immediate vicinity of the fire, it is 
frequently the smoke which poses the greatest threat 
to those occupants of the building who are remote 
from the fire. Smoke may be a hazard by spreading 
to occupied areas and to escape paths. The danger 
from smoke and fumes moving to occupied areas was 
dramatically illustrated by a recent fire in New 
York. 2 .4 There the smoke and fumes from a fire in 
the basement of a tall building resulted in the death 
of two firemen on the 22nd floor where no fire oc-
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curred. Because even a small fire can generate con· 
siderable volumes of smoke and threaten great num· 
bers of occupants, it is imperative that smoke 
movement be restricted. Control of smoke movement 
in tall buildings will substantially improve prospects 
for occupant survival and will also aid firemen in 
locating and fighting fires. 

Research Started Only Recently 

Until recently, little research appears to have been 
done on defining smoke movement in buildings. 
Available information was generally limited to obser· 
vation of smoke during fires and the results of a few 
tests on old buildings. 7 The difficulties involved in 
collecting and interpreting such data has limited the 
conclusions to mostly generalized observations. 

An additional technique for studying smoke 
movement without the risk of loss of life or property 
is the use of an analytical model to simulate the spe· 
cific building under consideration. We have devel· 
oped such a model of a hypothetical building to 
study the problems associated with stack effect,& and 
the National Research Council in Canada· has con· 
ducted similar studies of a more generalized natureY 
Stack effect is the phenomenon observed in cold 
weather when a tall building acts like a chimney, 
with air entering openings on lower floors, flowing 
upward through the building, and leaving through 
openings in upper floors. Stack effect results from 
the difference in density between warm inside air and 
a like column of cold outside air. 

Observations of small·to·moderate·sized fires indi· 
cate that smoke follows the already established air· 
movement patterns created by stack effect.~·~· Un· 
less the fire is sizeable, the higher temperature of 
the combustion products plays a minor role in over· 
all smoke movement. In fact, any increase in air 
temperature due to a fire would reinforce the stack 
effect phenomenon and increase the magnitudes of 
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flow rates. Therefore, because smoke tends to fol· 
low existing air currents, this same computer pro· 
gram can be used to study smoke movement. 

Use of an analytical model of a building, together 
with a computer to speed the iterative solution, 
makes it readily possible to investigate the effects 
of building modifications on air and smoke move· 
ment. In fact, specific building features designed to 
provide safety from smoke during fires can be ex· 
amined to determine if the features are effective. 
Analytical models could also be used to suggest 
changes in building codes by determining the rela· 
tive effectiveness of alternative techniques for pre· 
venting spreaq. of smoke throughout a building. 
Building features that could be examined include 
fire or smoke towers, smoke holes at the top of 
shafts, effects of altering ventilation or exhaust·fan 
operation during fires, and effects of rupturing win· 
dows. 

Using an analytical model, it is also possible to 
determine smoke movement resulting from fires at 
various operating conditions such as summer or 
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winter, day or night. ventilating fans on or off, and 
positioning of elevators and doors. 

Although not frequently mentioned, another as· 
pect of fire safety may involve the building occupant's 
being unable to open doors to stairways to evacuate 
the building. Experience indicates that occupants 
may find some doors difficult to open under certain 
conditions due to excessive pressure differentials 
across the doors. The analytical model can provide 
data necessary to consider whether all doors are 
operable in emergency situations. 

A study of the type described in the paper makes 
possible the following predictions: 1. Air-flow quan
tities through all flow paths examined; 2. Pressure 
in all spaces examined; 3. Pressure differentials 
across doors (establishing forces necessary to open 
doors); 4. Pressure differentials across exterior walls 
and windows, plus certain critical interior walls; and 
5. Infiltration and exfiltration through exterior walls. 

Another factor which can be examined with the 
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analytical modeling technique is smoke concentration 
as a function of time and location within the build
ing. Although the authors have not used the model 
for predicting smoke concentrations, it would not be 
difficult to modify the model to include this factor. 

Analysis of Stack Effect 

The method of analysis outlined here involves de· 
termining the air flows for all possible paths through 
exterior walls and within the building. Air flows and 
pressures at all locations in the building are inter
dependent, so a change in any location can affect 
the overall pressure and flow balance in all parts of 
the building. 

For analysis it is convenient to divide a building 
into multi·story zones based on the design of both 
the building and the HVAC system. Air-flow quan
tities into and out of these zones are calculated by 
iteratiye techniques until balance is achieved. If air
flow quantities for individual floors are needed, these 
values can then be predicted on the basis of the zone 
results. 

Figure 1 is a sketch of the 75·floor building used 
here to illustrate the method of analysis. This hypo
thetical building is typical of modern office buildings 
having curtain-wall construction. Zones 1,3,4,7, and 
8 are occupied zones, with all the floors of anyone 
zone linked together by HVAC-system ducting. Zones 
2, 5, and 10 are HVAC-equipped floors serving the 
various portions of the building. Zone 6 is an eleva· 
tor·transfer sky lobby, and Zone 9 is a restaurant 
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FIGURE I. EXAMPLE BUILDING SHOWING ZONES 

near the top. The below·grade zone is a garage. It 
is assumed that there is free passage of air both 
vertically and horizontally within each zone through 
the HVAC-system ducts. 

Figure 2 shows some of the air-flow paths con
sidered in the analysis. The basic paths are as fol· 
lows: From outside to zones (through walls, entrance 
doors, and HVAC·system fans); from outside to stair· 
ways (through smoke holes); from outside to elevator 
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FIGURE 2. TYPICAL AIR-FLOW PATHS IN EXAMPLE BUILDING 

machine rooms (through supply fans and exhaust 
fans); from zones to elevator shafts, stairways, and 
machine rooms (through doors); from elevators to 
machine rooms (through smoke and cable holes); 
and from stairways to other stairways (through inter
rupting doors). 

Computer Technique 

Once the building is divided into zones and the 
characteristics of all air-flow paths have been estab
lished, the stack effect air-flow quantities and pres
sure differentials can be evaluated. The first step in 
the solution is'to assume pressures in each uhique 
building space based on linear predictions, plus 
judgment. The example building is divided into a 
total of 37 unique spaces comprising seven occu
pied zones, 13 elevator shafts, one stairway, three 
equipment floors, and 13 elevator-machine rooms. 

Pressures at each point in the building are ex· 
pressed as absolute pressures. Therefore, all air·flow 
calculations are based on the difference between 
two absolute pressures, thus avoiding the con· 
fusion over signs which can result when air·flow cal· 
culations are based on relative pressure differentials. 
Final results can still be expressed as relative pres· 
sure differentials by subtracting absolute pressures, 
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and the direction becomes evident. The computer is 
programmed to: 1. Calculate flows using conventional 
orifice flow equations (approximately 150 paths in 
the example) a. From outside to every space; b. From 
each space to every other interconnected space; and 
c. Through HVAC fans, adjusted for off·design pres
sure differentials. 

2. Sum up the total of all flows into and out of 
each space (net flow). 

3. If the net flow for any space does not equal zero, 
calculate a new pressure for that space. 

4. Repeat steps 1-3 for all spaces simultaneously 
until net flow for each space is near zero. 

To arrive at an acceptable solution for each con
dition examined, 150 iterations were made on a CDC-
6400 computer. 

The programming of the iteration procedure in· 
cludes changing' pressures by relatively large incre
ments during the first few iterations and gradually 
reducing the size of the increments as the iteration 
progresses. This program enables the computer to 
quickly correct major unbalanced conditions and 
reach approximate values, but also allows the small 
refinements necessary to obtain accurate final re
sults. 

Building characteristics for the example were se
lected as being typical of current design practice in 
high-rise buildings. Detailed assumptions for leakage 
areas, doorway·use factors, and HVAC-system char· 
acteristics were presented in an earlier paper,s and 
only minor changes have been made in the program~ 

The treatment of the wind component of stack ef
fect was also discussed in that paper.s Two aspects 
of wind not included in this analysis are: (1) local 
flow across the building resulting from wind pressure: 
on one side and suction on another side, and (2)' 
directional influence of wind on HVAC-system op-· 
eration. 

In addition, flow resistance within zones and wall 
friction of air flowing in shafts are neglected as being 
insignificant compared with other resistances. 

Results of Analysis for Example Building 

Two environmental conditions were considered in 
this analysis. Case I is considered to be the "balance 
condition" on a mild day, 75 0 F with no wind, when 
stack effect is not present; HVAC·system air flows 
generally are designed and balanced for this condi-
tion. Case 11 is for a cold, 0 0 F, moderately windy 
day when stack effect is severe. This is considered 
to be the "basic winter case" for this analysis. Re
sults of the solution for Case II are discussed in 
detail, with air flows and pressures compared to 
those of Case I. The wind level for Case 11 is mod
erate, producing a net suction at the top of the 
building of approximately 0.6 in. of water. Both Cases 
I and 11 are assumed to occur at the morning or 
evening rush hour when occupants are entering or 
leaving the building at a high rate. 
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Figure 3 shows the design HVAC-system air flows 
and wall and door leakage values for both the ex
terior wall and shaft boundaries for Case I, the mild
weather condition for which the air-handling system 
is balanced. Figure 3 presents a simplified view of 
the air flows for the building; flows into and out of 
all' elevators and stairway shafts and elevator-ma· 
chine rooms are lumped to represent one composite 
shaft. All shafts are treated as one to simplify the 
presentation of results, even though the numerical 
values are based on the computer analysis in which 
all flow paths are considered separately. The net flow 
into or out of any zone may not be quite equal to 
zero, because the number of computer iterations is 
arbitrarily limited. But the net unbalanced flows are 
small if compared with total flow through the zones 
(generally less than 3 percent). 

The values shown on Figure 3 for the HVAC-sys
tem air flows are the supply and return plus exhaust 
flows entering and leaving the zones; these are not 
values for the fresh-air and spill·air quantities enter
ing and leaving the building. Examination of the net 
flows for the occupied zones shows a net supply-air 
flow into these zones through the HVAC system, as 
expected. This net supply·air flow tends to pressurize 
the buildings slightly. 

Results of the analysis for Case I indicate that air 
flows in the directions shown by the arrows. This is 
the preferred flow pattern: from occupied zones, to 
shafts, to equipment floors and garage, thus keep
ing any equipment odors from reaching occupied 
areas. Exterior wall leakage is about 600 cfm per 

. floor for all occupied floors. 
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Figure 4 shows the air flows for Case 11, the basic 
winter case, through the HVAC system and various 
leakage paths. Comparison of Figure 4 and Figure 3 
reveals the quantitative influence of stack effect in 
altering the HVAC-system air flows and leakage air 
flows over those for the balance conditions. 

Figure 4 shows that the stack-effect air flows occur 
.as predicted by theory; from outside into lower zones, 
into the shafts, up the shafts. into the upper zones, 
and to the outside. Because of the flow from the Zone 
2 equipment floor to the shafts. equipment odors 
from this floor can enter occupied areas in the upper 
portion of the building. 

Figure 5 shows the pressure differentials across 
the exterior walls and across the freight elevator 
doors at various elevations for Case 11. Reference 
level for the elevation is grade level. This illustrates 
how stack effect pressurizes the occupied zones 
above atmospheric pressure on the upper floors. 
Pressure differentials across exterior walls are nearly 
1.9 in. of water at the top of the building, and the 
neutral point is located at about Floor 11, significant
ly below the mid-height. 

The almost continuous gradient for the pressures 
in occupied zones indicates that, because internal· 
leakage areas are greater than exterior-wall leakage 
areas, the occupied zones act as essentially one large 
zone. The shaft pressures become adjusted to about 
the same pressure gradient and, therefore, pressure 
differentials between shafts and occupied zones are 
small. 

Because the air supply for equipment floors is as· 
sumed to enter from a grill in the spill·air plenum, 
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the pressure in equipment floors cannot rise much 
above atmospheric pressure. Therefore, pressure dif
ferentials across exterior walls of equipment floors in 
the upper portion of the buildings are small, bu.t 
pressure differentials between equipment floors and 
shafts are of considerable magnitude. 

Air Movement Within Nominal Shafts 

As stated earlier, the results of the computer anal· 
ysis provide data on air flow into and out of each ver
tical shaft (elevator or stairway) within the building. 
For the general results shown in Figures 3 and 4, 
these individual air flows were summed to produce 
the net flow into or out of a theoretical composite 
shaft. Examination of flows within individual shafts 
will provide additional data with regard to smoke 
movement within the building. 

. Figures 6 through 8 show the air flow interchanges 
between shafts and the various building zones. The 
net air flow for each shaft does not equal zero as the 
number of computer iterations was limited, but the 
data do show the approximate flows. Refining of the 
iteration technique in the program would reduce the 
unbalanced flows. 

Figure q shows air flows for low-bank and high· 
bank local elevators. Air enters at the lower level, 
either the lobby or sky lobby, and exits at the upper 
office floors served by the elevator. There is also flow 
between the elevator machine rooms and the shafts. 
If all assumptions are valid, air flow from the shafts 
to the zones would be equally divided between each 
floor in the zone. Obviously this is not exactly cor· 
r,ect, as leakage areas will vary and fan balancing is 
not usually precise . 

Figure 7 shows air flows for shuttle elevators to the 
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sky lobby and restaurant. For the shuttle elevator 
to the sky lobby, air enters from the lobby and exits 
at the sky lobby. For the shuttle elevator to the res· 
taurant. most air entering at the lobby exits at the 
restaurant and elevator·machine room. Only a small 
quantity of air enters the sky lobby. Combining flows 
for the shuttle elevators to the sky lobby (Figure 7) 
with flows for the high-bank local elevators (Figure 
6) illustrates how smoke could move from the lobby 
to the sky lobby via the shuttle elevators, across the 
sky lobby from the shuttle-elevator doors to the local
elevator doors, and to the office floors via the local 
elevators. 

Figure 8 shows the air flow into and out of the 
freight-elevator shafts and stairway shafts. Because 
these shafts have openings at nearly every floor, 
paths are provided for smoke movement between any 
two or more floors. Air flow for these shafts follows 
the typical pattern; air flowing in at the lower levels 
and out at the upper levels. The smoke hole at the 
top of the stairway reduces smoke movement into 
the upper floors, as about 45 percent of the air enter
ing the stairway leaves the building via this opening. 
A negative aspect of the smoke hole is the fact that 
net flow up the stairway shaft is increased which 
results in more smoke within 1he stairways. This 
paradox of reducing danger in one area but increas
ing the danger in another is typical of what may re
sult from design changes that are not accompanied 
with sufficient analysis to determine all significant 
factors. 

Problems in Opening Doors 

A specific problem which can be evaluated from 
the analysis is the difficulty of opening doors. 

JANUARY, 1971 

Human-engineering factors must be considered in 
accessing the door-opening problems. Several simple 
tests wore conducted at Battelle to relate pressure 
differentials on doors, forces required to open leaf 
doors, and strength capabilities of typical building 
occupants. Forces were measured for three 3 x 7·ft. 
doors for pressure differentials of 0.3 to 0.6 in. of 
water. The initial force normally exerted to open leaf 
doors, defined as "the opening force," was about 
10 Ibs. greater than half the total pressure force on 
the door. Weight and size of the door and use of 
mechanical door-closers would influence the opening 
torce, but the tests provided some basis for evalua
tion. These tests also indicated that an average adult 
can exert an opening force of about 40 to 45 Ibs. 
when attempting to pull a door which is difficult to 
open. Results of these limited facts suggest the 
maximum tolerable opening forces for doors used by 
occupants, although some persons would not be able 
to exert a force of this magnitude. 

Table I lists several door locations where the anal
ysis indicates that excessive pressure differentials 
make opening or closing difficult. All stairway loca· 
tions having excessive pressure differentials are on 
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. ELEVATORS (FLOORS I AND 41) AND RESTAURANT 

ELEVATORS (FLOORS 1,4I,AND 73) 
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equipment floors; therefore, only maintenance per
sonnel are expected to use these doors. Nevertheless, 
opening forces of over 100 Ibs. would make doors 
impossible to operate and would create a safety haz
ard. The highest pressure differential for stairway 
doors for Case 11 (apart from those listed) is 0.18 
in. of water, which requires an l8-lb. opening force. 

Other locations of high-pressure differ~ntials are 
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at elevator·machine-room doors opening into Zones 5, 
10. and Zone 1 (from the garage elevators). Again 
only maintenance personnel are affected. Elevator· 
machine·room doors not listed require 15 Ibs. or less 
opening force. 

Entrance doors at Floor 1 would be somewhat 
difficult for some individuals to open if only single 
doors were used, because an opening force of 33 Ibs. 
is required. 

Table 1 also shows where pressure differentials 
cause high side thrust on elevator doors. The highest 
force, 188·lbs., occurs at the Zone 10 equipment 
floor. Forces on elevator doors not listed do not ex· 
ceed 14 Ibs. 

Table 1. Pressure Differentials Across 
Critical Leaf and Elevator Doors, Case 11 

Pressure Force on Opening 
differential, door, force, 

Doors and Zones in. of water lb. lb. 

Stairway doors 
Zone 10 1.88 196 108 
Zone 5 0.68 71 46 

Stairway interrupting 
door 
at grade level 0.73 76 48 

Elevator·machine· 
room doors 
Zone 10 1.87 195 108 
Zone 1 0.51 53 37' 
Zone 5 0.74 77 49 

Entrance doors 
Zone 1 0.44 46 33 

Freight·elevator 
doors 
Zone 10 1.92 188 
Zone 5 0.72 71 

Garage·elevator 
doors 
Zone 1 0.51 50 

The most severe door problems would arise at the 
equipment floors, as a result of their being at a lower 
pressure than the rest of the building. Such a con· 
dition could be overcome by providing a positive 
source of supply air to serve the equipment floors. 
However, this could create a potential for forcing 
any cquillmcnt fumes and odors into occupied por· 
tions of lhe building, unless a pressure·sensitive con· 
trol were used. 

Results of the analysis for Case II show that forces 
on internal doors normally used by occupants will 
not be severe. 

Conclusions 

The method of analysis outlined in this paper is 
useful in identifying the nature and location of smoke· 
movement hazards created by stack effect in a par· 
ticular building. Further, the magnitude of these prob· 
lems can be predicted, and the effectiveness of cor· 
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rective means can be assessed prior to construction. 
It should be emphasized that the overall pressure 

potential caused by stack effect cannot be altered by 
design. Howeverr the distribution of pressure differ
entials and the magnitude of air flows can be modi
fied by building design and HVAC·system design. 

The validity of predictions derived from this type 
of analysis depends on advance knowledge of flow 
resistances of building components along the air· 
flow paths. Wall and window-leakage characteristics 
are of special importance; thus, more information is 
needed on the as·constructed performance of various 
designs. Additional information is also needed on the 
flow resistance or effective crack areas of leaf doors 
and elevator doors as installed. 
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