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and
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Air pressure differences and resulting a i r leakage
Little i s
patterns in buildings affect building performance1
in a number of ways. The pattern of pressure dif ferences depends upon the forces in operation. Air
flow due to chimney action, resulting from differences in the density of inside and outside air, i s
particularly important in multi-story buildings and
colder climates. When not affected by other forces,
a i r flows in at low levels and out at high levels.
The total pressure difference causing flow is 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 pressure difference,
or theoretical draft, depends upon the relative r e sistance to flow at the exterior enclosure and internal separations. With no internal separations,
the full theoretical draft acts across the enclosure; with increasing pressure losses across internal separations, the pressure differences a cross the enclosure a r e correspondingly reduced.
Pressure distributions and flow patterns in
buildings can be influenced by the design and operation of ventilation and exhaust systems. A net
supply of a i r is sometimes provided to control a i r
infiltration at entrances caused by chimney action
in multi-story buildings. The effect of net supply
or exhaust also depends upon the distribution of
leakage openings within the buildings.
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National Research Council, Ottawa, Canada. This paper was
prepared for presentation at the ASHRAE 74th Annual Meeting, Wli~eapoLis, Minn., June 26 - 2 8 , 1967. It i s a contribution from the Division of Building Research, National Research Council, Canada, and i s published with the approval
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known about a i r leakage in large
multi-story buildings. In particular, information
is lacking on the resistance to a i r flow within such
buildings. Direct measurement in the field is usually not feasible, because it is not practicable to
isolate the flow paths and measure the a i r quantities. The net effects can be measured, however,
in terms of the distribution of pressure differentials under known conditions. It would be helpful
in interpreting the results of such pressure measurements to know how these pressures and the
resulting a i r flow a r e affected by the distribution
of resistances in the exterior enclosure and internal separations. Such information would also 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 pressure differences
caused by chimney action in buildings. Results
a r e also given of the way in which these pressure
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 partitions for various rooms on each floor were omitted. These partitions a r e generally interconnected
in office buildings where partitions a r e movable
and there are leaky suspended ceilings. Mechanical a i r supply and exhaust ducts a r e important in
terms of their effect on the mass balance at each

floor, and if not operating may represent interconnections between floors in addition to those provided by t5e internal separations. Provision was
made in the model for net air supply or exhaust at
each floor to determine i t s effect on pressure differences 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 construction. 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 a r e a s in major separations were lumped
and represented by orifice areas. The following
equation* was used to represent the mass flow
through an orifice.

Inside pressures a t various levels a r e inter-related by the weight of the column of inside air between levels and the pressure drop across the intervening floors. The problem entails determining
the inside pressures in such a way that a mass
flow balance is obtained for each floor and for the
vertical shaft. The number of similltaneous equations equal the number of floor6 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 comphter. The computer
program was designed to permit variation in the
number of floors and in orifice a r e a s from floor
to floor. The amount of pressurization due to the
operation of the mechanical ventilation system was
defined in terms of the pressure difference across
the ventilation orifice at each floor, A Pv. This
could be varied from floor to floor.
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F o r most calculations a flow exponent of 1/2
(turbulent flow) was assumed; in some cases it was
taken as l (laminar flow). Because of the combination 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
2/5.2 Because the distribution of the available
pressure difference due t o chimney effect depends
Only on the relative resistances to air flow of the
various separations, the orifice a r e a s in the exterior wall, %, were used as a reference (i.e.,
taken as unity); and orifice a r e a s in the floor construction and in the wall of the vertical shaft, Af
uld As, were taken as multiples of the exterior
W a l l orifice a r e a for each story. F o r simplificatim, the a r e a of the orifice representing the mechanical air supply o r exhaust opening at each
floor was the s a m e as that representing the outBide wall. The floor height of the model building
assumed to be 12 ft.
The value of the outside absolute pressures
PO1 of Fig. l was taken as normal atmospheric
P'essure. With no wind, outside a i r pressures a t
ather levels depend only on the specific weight of
the air, which is a f m t i o n of outside temperature.
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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 Height
A typical set of results is given in Fig. 2, for a
ten-story building with a uniform distribution of
openings in the vertical direction. For this distribution the neutral zone level, where inside and outside pressures a r e equal, is located at mid-height.
With no internal resistance to flow (A f/Aw and A /
S
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Absolute pressure

levels is less than the theoretical draft by the
of the pressure drops between intervening flmm
With openings in the shaft only the difference h:
tween the pressure drops across the wall of
shaft at any two levels is equal to the preseura
drop across intervening floors. The ratio of actto theoretical draft is greater with openings
th~
shaft only than with openings in the floor only.
The pattern of a i r flow is evident from
pattern and magnitude of the pressure differenceg,
Air flows into the building below the neutralzme
and flows out above it. Similarly, a i r flows from
the lower floors into the vertical shaft; and frona
the shaft into the upper floors. There is alsoan
upward f l ~ w
through openings in the floors.
The results illustrated in Fig. 2 a r e for
outside temperature of 0 F. For practical putposes the ratio of actual to theoretical draft, however, is independent of temperature when the pressures a r e due to chimney effect alone; any varbtions in the ratio occur because of the dependence
of the flow relation on temperature.
The effect of variations in leakage areas and
number of floors on the ratio of actual to theoretical draft is shown in Fig. 3. Calculations were
made for an outside temperature of 0 F and an inside temperature of 75 F. With interior leakage
openings only in the floors, all internal flow paths
a r e in series; the actual draft decreases rapidly
a s the number of stories increase and is asymptotic to zero. The draft increases a s the ratio of
Af/Aw increases, that is, as the resistance to flow
within the building decreases. With interior leakage openings only in the verticalshaft and no pressure loss within the shaft, the resistance of the
flow path from bottom to top of the building is independent 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 stories. In an
actual building some pressure loss within the vertical shafts would occur so 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 as

F i g . 2 Pressure d i f f e r e n c e s due to chimney e f f e c t

-4W = ") there is no pressure drop across the
floors; the sum of the pressure differences across
:he exterior wall at the bottom and top of the build;?g is equal to the total theoretical draft for the
building. With openings in the shaft only, there is
an equal pressure drop across each floor; with
~peningsin the floor only, this pressure drop increases toward the neutral zone level because of
=creasing flow rates in that direction through the
3oor openings. With resistance to flow imposed by
:he interior separations, the sum of the pressure
Afferences across the exterior wall at any two
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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 complete separation of the vertical shaft at mid-height.
Thus, all air 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 a c r o s s the floors and shaft in this
region.
The relative resistances to flow used for this
and succeeding examples (Aw = 1, A = 2, Af = 2 )
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appear to be within the range anticipated in actual
buildings. 3 F o r the conditions of Fig. 4 the ratio
of actual to theoretical draft a c r o s s 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 i l lustrated.
With complete separation of the vertical shaft
a t mid-height, the building acts somewhat a s two
separate buildings, one above the other, with a
neutral zone level associated with each. If there
were complete separation of the two halves, including elimination of the openings in the intervening floor, they would act independently and there
would be maximum p r e s s u r e differences a c r o s s
the intervening floor. In an actual building, however, it would be difficult toseparate the upper and
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Fig. 5 E f f e c t o f opening main entrance doors
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Fig. 4 E f f e c t o f dividing vertical s h a f t in two equal
compartments
10

that through s i m i l a r openings only in the floor, s o
that the ratio of actual to theoretical draft i s the
same.
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lower halves of the various vertical shafts completely, and the effects on the various pressure
differences would be correspondingly less.
The examples givenso f a 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 a r e a of the
ground floor openings may be larger than those at
other levels. Fig. 5 shows the pressure distributions for the ten-story model with Aw for the
ground floor of 1 and 8, and A; for the other
floors constant a t 1.
With increasing Aw at the ground floor, the
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 increasing Aw at the ground floor diminish with
height; there is 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 is sometimes proposed that ground floor entrances 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 vertical 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 recognized that, for a given entrance infiltration, the
air 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 pressure difference of about 0 . 1 in. of water.
Curves in Fig. 5 a r e for an arbitrary ratio of
As/Aw and Af/Aw of 2 . With larger values of As
andA f the pressure drop across the entrance for a
given value of A at the entrance, would be greater.

posed pressurization, " was defined in t e r m s of tga
pressure difference across the a i r supply o r
haust openings. As these openings were assigaad
unit area the same as the openings in the extefiol,
wall, k ,the imposed pressurization can be F a i l converted
~
to an equivalent a i r flow through tge
exterior. The effect of this imposed p r e s s u r b .
tion on both the pressure differences across h
exterior walls, referred to as resultant pressup,
ization, and on the pressure differences a c r w
the interior separations, will depend on the dfstributiin of excess supply o r exhaust from floor
to floor; the effect will also depend on the
s u r e distribution prior to pressurization. If there
is no initial pressure difference across the enclos u r e and the pressurization is imposed uniformly
a t all floors, the resultant pressure difference
across the enclosure will be the same a t all levek
and equal to that imposed.
Fig. 6 illustrates the effects of combine
pressurization and chimney action, with equal exc e s s a i r supply a t all levels equivalent to an hposed pressurization of 0.10 in. of water, which
neutralizes the pressure difference across the
ground floor entrance. The resultant pressurization i s somewhat greater than that imposed and increases from bottom to top because a non-Linear
flow relation is assumed. For a flow exponent of
one, the resultant pressurization would equal that

Fig. 6 E f f e c t o f uniform imposed pressurization on
stack pressure d i f f e r e n c e s

(prior to pressurization)
Vertical shaft
(with pressurization)

( b l B o t t o m l e v e l 0.11 in.

W

At the same time the pressure loss within the
buildingwould 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 Af.

Exterior wall

S

E f f e c t s of

Pressurization

The effects of an imbalance of supply and exhaust
air were investigated with the 10-story model.
The imbalance on any floor, referred to a s "im-
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imposed. It will also be noted that the pressure
difference across the floors is less when the building is pressurized uniformly. Because the flow
relation is non-linear there is l e s s 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 is 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 at
lower levels, but there is a penalty in increased
pressure differences which cause exfiltration a t
higher levels. The total excess a i r supply, which
m a t be provided by outside a i r , is equivalent to
2
9
a of the air infiltration with no pressurization
for the conditions illustrated.
P r e s s u r e differences a c r o s s ground floor entrances 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 dbtribution a c r o s s the exterior wall,
floors and verticalshaft is essentially the same a s
that illustrated in Fig. 5, in which pressure differences across the entrance were neutralized by
increasing the a r e a of the entrance opening, A
W'
to about 8.
The excess a i r supply required in Fig. 7 i s
approximately equivalent t o the a i r infiltration
through the enlarged entrance opening in Fig. 5.
B must be supplied by the introduction of outside
air through the ventilation system; the amount r e quired is 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, together with the excess supply a i r required to neutralize the pressure difference across the entrance
in Fig. 7, is substantially l e s s than the total excess
8upply a i r required with uniform pressurization a t
all levels. Consequently, the increase in pressure
difference a c r o s s upper levels of the building is
much less than that in Fig. 6. With a greater r e eistance to flow within the building the increase in
pressure difference a t upper levels would be still
kss; with a lower resistance there would be a
peater effect a t upper levels and a greater excess
supply required to neutralize the pressure difkrence at the entrance.
To counteract p r e s s u r e differences from
a m n e y action a c r o s s exterior walls in the upper
Qmrs requires an excess of exhaust air over supply. One approach, involving net supply below the
zone and net exhaust above, is illustrated
hg. 8, where the imposed pressurization is 0.1
b. water for all floors - positive below the neuzone and negative above it. The resultant
m s u r i z a t i o n is l e s s than that when excess a i r
@WPlp a t all levels is uniform (Fig. 6), but is
qual and of opposite sign a t the top and bottom.
&sure differences across the floors and verti8bafts a r e greater than with no pressurization.
arrangement has the advantage that pressure

V e r t i c a l shalt
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Fig. 7 E f f e c t o f first floor pressurization to neutralize entrance pressure d i f f e r e n c e

differences across both top and bottom of the enclosure a r e reduced.
The second example in Fig. 8 i s for the 10story model with vertical shafts split a t the midheight, a s in Fig. 4. With the same excess supply
and exhaust in lower and upper halves of the building, a s in the example above, a much greater
pressure difference occurs across the floor at
mid-height. The result is that pressure differences across the enclosure a r e essentially balanced a t top and bottom of the building, while there
a r e substantial pressure differences causing exfiltration immediately below mid-height and infiltration 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 o r exhaust in each
story. This is illustrated in Fig. 9 for the 10story model. To maintain an average pressure
difference of zero across the walls of each story,
the pressure difference across each floor separation must equal the theoretical draft from floor to

floor. With uniform floor spacing the total theoretical 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 openings into the vertical shaft in proportion to the r e sistance of these openings. The pressure differ ence across openings into the vertical shaft at any
other floor is then the pressure difference across
the ground floor opening less the sum of the p r e s s u r e 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 openings in the shaft. The excess supply o r exhaust a i r
required on any floor to neutralize pressure differences 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 andcan 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 a r e a 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 p r e s surization. As an example, assume that leakage
through the exterior wall is equivalent to one a i r
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 prior to pressurization and is equivalent to
the velocity head of a 15 mph wind. Taking Aw and
Af equal to 2 and Aw equal to unity, the imposed
pressurization required to neutralize chimney ac tion on the ground noor i s 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 calculation the excess supply required on the second floor
i s 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, as illustrated in Fig. 8 and 9, could be provided by a
separate interior a i r handling system, exhausting
a i r 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 relative 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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Fig. 9 Imposed pressurization to neutralize
wall pressure differences.
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d those across internal separations increased. 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 a c tual to theoreticalpressure differences from chimney effect. Construction and design features that
increase the resistance of the flow path through the
"erti-1 shafts will have the most effect in reducing pressure differences across the building enclosure.
2. The effect on pressure differences of increasing the entrance a r e a a t the ground floor depends on the resistance to flow within the building
in relation to that of the building enclosure. In
there is a reduction in the pressure difference a c r o s s the entrance and a corresponding
increase in the pressure difference across separations above; with a significant resistance to upward flow, most of this increase in pressure difference occurs across the ground floor entrance to
vertical shafts and across the floor construction
above.
3. Pressurization (providing an excess of
supply o r exhaust a i r ) offers possibilities for the
control of p r e s s u r e differences from chimney effect by altering the distribution of the theoretical
pressure difference a c r o s s the various separah a s . B c e s s supply a i r introduced uniformly a t
all levels can be effective in neutralizing the p r e s sure difference a c r o s s ground floor entrances, but
there will be a corresponding increase in the pres sure differences causing exfiltration at upper lev cls. The total amount of excess outside a i r r e quired depends upon the tightness of the building
mclosure.
4. If pressurization is to minimize pressure
U e r e n c e s a t the entrance, there is a potential
tage in pressurizing only the ground floor. If
ere is a significant resistance to upward flow
W i t h i n the building: the resulting pressurization a t
Bahgr levels will be significantly less than that a t
ground floor, and the total excess a i r required
h less than with uniform pressurization
all floors.

5. If the building provides a significant resis tance to upward a i r flow, it i s 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 at upper
-levels. The ultimate arrangement would neutralize these pressure differences on each floor. The
amount of excess supply or exhaust required depends upon the resistance to flow within the building and is independent of the leakage characteris tics of the enclosure. For multi-story buildings
the resistance to flowdependsprimarily on the r e sistance imposed by the vertical shafts.
6. The distribution of pressure difference due
to chimney action and excess supply o r exhaust a i r ,
and the air flows that result can be determined analytically 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 presented in this paper.
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APPENDIX A

DERIVATION O F MASS FLOW EQUATION FOR A FLOW SYSTEM
For the flow problem considered in this paper it c a n b e expected that

where
E = Euler's number
R, = 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 i s important, but it
i s also verg demanding and a difficult kind of study
to carry out. Not only i s the situation you a r e
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
a t 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 reinforcement to the point stressed by Mr. Locklin
and Mr. Wilson. I think it is quite clear that
architects often design buildings without regard
f o r some of the technical problems. The mechanical 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 t o the design 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 i s reversed.
The tendency i s greatly reduced, however, because you get only a few degrees temperature difference in the summer conditions compared with
very large temperature differences in the winter'
RIcXIARI) E. BARRETT AND DAVTD W. LOCKLD
(Colurnbus, Ohio): This paper (Trans. No. 2046
makes a significant contribution to the design 0
tall buildings by providing a detailed look at three
actual buildings. The concept of theoretical draf

h

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 ir this a r e a has been partly due to the
complexities of the problem, with a i r leakage,
pressure differentials, air-conditioning fans and
and environmental aspects all interrelated. 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 a i r flows
and pressure differentials for important leakage
in several tall buildings, and find that the
measurements presented in this paper generally
verify the results we predicted for similar situations.
The difference between the measured a i r
leakage r a t e s through exterior walls and the National Association of Metal Manufacturers' standard points up the r e a l problem of discrepancy between design and construction. Tests of building
sections may show that a building wall design i s
adequate to provide a relatively tight wall; but it
is another question a s to whether the same leakage 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 important in providing the engineer with data on
actual buildings and will enable better prediction
of leakage values when designing new buildings.
The W g e pressure differentials measured
across shaft doors to mechanical equipment rooms
point t o a possible problem area. The authors
measured a pressure differential of 0.30 in. of
vater with a 40 F outdoor temperature and an indoor temperature probably near 70 F. For an
&door temperature of -10 F, the pressure difa r e d i a l would increase to about 0.8 in. of water
or 4.2 psf. This would be a force of 84 lb on a
20 eq ft door. Some rather simple measurements
we made using a spring scale and several subjects
Wicated that (1) the force needed to open a door
Pbout 10 lb greater than one-half the total presm e force on the door, and (2) the maximum pull%3 force a typical subject can exert is about 40 to
~ U J .For the door given above, and for a -10 F
a b r t e m p e r a k r e , the opening forces would be
32 lb, which indicates a problem in opening the
h ~ under
r
these conditions. The opening force
Proportionally greater for taller buildings,
a m g h using a two-door vestibule reduces open@ f a c e s . This condition could be eliminated by
&-sing
the pressure in the mechanical equiprooms by providing a positive means of
Supply a i r into these rooms rather than
spill damper from return a i r ducts or
O X r n b mrangements typically employed in pres*sign practice.
' h e authors pointed out a difference in the
actual to theoretical draft with the a i r b i n g systems on and off. The ratio is 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 airconditioning systems operating may be that the
resistance to leakage through the exterior wall by
way of open intake and exhaust dampers u a s r e 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 i s sufficiently 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 pressurization and have avoided the complicating details associated with specific buildings. The r e sults of this paper can guide engineers in the selection of allowable leakage ratios to achieve the
particular mode of building operation that i s desired.
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 differentials. In fact, some buildings have had heating
equipment removed from upper floors because the
stack effect flow of a i r from the lower parts of the
building warms the upper floors. Some of the approaches 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 differential 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 is not possible to eliminate completely all
of these pressure differentials.
The task of the building designer is to force
the greatest portion of the total pressure differential o r 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 is 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 relatively 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
d e s i g n ~ r ,who must consider how best to distribute the pressure difference due to chimney action,
a s it cannot be eliminated.
We should make it clear that the intent of the
first paper was not to promote any particular approach 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 s i s t a n c e ~to flow of the building enclosure and interior separations, and the operation of the mechanical a i r distribution system.
The best approach in altering o r controlling
these pressure differences will, of course, depend
on the particular circumstances; but for Canadian
conditions with extended periods of sub-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 exfiltration through the enclosure in the upper parts
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, c a r r i e s 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 degradation 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 humidif ied buildings.
AUTHOR TAMURA: First of all, I would like to
thank Mr. Barrett and Mr. Locklin for their helpful comments.
With reference to the second paper, perhaps
it would be appropriate to make some additional
comments on our estimate of the leakage characteristics of the exterior walls. In our tests there
were several sources of e r r o r , most of which
would tend to over-estimate the leakage rate.
First, there is the estimate of the flow through
the fan. Prior 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 rates of the fans would be affected to some
extent, however, by changes in the a i r flow resistance 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 100% 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 obtain 100% outside

1
air, thus over-estimating the quantity of o u t s b 1
air.
1
Thirdly, although the outside dampers of
1
n%t in operation were in the closed position, l e a ,
age openings through their damper S would repre.
sent additional openings in the exterior wall. bear
with these possible sources of e r r o r , however, t b ~
a i r leakage r a t e s of the exterior wall obtained
would appear to be considerably higher than
would estimate from air leakage data on WQ
components.
In general, pressure differences across th
interior separations were small and did not give
r i s e to any problems. Relatively large pressure
differences occurred a c r o s s the stairwell doors
leading to the top mechanical floor of the tallest af
the three buildings. These doors were difficu
to open. As pointed out by Messrs. Barrett and
Locklin, the pressure difference a c r o s s the door
was 0.30 in. of water. In this same building noise
due to a i r flow was very noticeable a t the door af
the elevator serving the forty-first to the forbfifth observation floor. The pressure difference
across these doors was approximately 0.20 in. cg
water. Opening of these elevator doors was accompanied by a noticeable gust of air, especially
at the forty-fifth floor. Noise arising from airflow through ckack openings around the doors
depend on the configuration of the cracks and on
the pressure difference a c r o s s them. h an isolated case a loud a i r noise occurred a c r o s s a door
with a pressure difference of a s low a s 0.08 in. af
water. T e s t s 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 understand their explanation. As pointed out in the
paper, with the system off, duct openings into the
various floors would act a s interconnections anc
reduce the resistance to vertical flow within tht
building, thus tending to increase the ratio d
actual to theoretical draft a s defined; intake ant
exhaust dampers, if open, would act a s opening:
in the exterior wall and would have the opposit~
effect. With the system on, however, we do no
think that it is 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
sources of excess supply o r exhaust air, their ef
fect depending upon the final distribution of thj
net supply o r exhaust throughout the building

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

eful in evaluating what was happening in the
a.ig.
of airflow. In Fig. 11 they deny that there
f
&a neutral zone in part of the building and an
,dsard flow in the remainder. Even so, it would
that Fig. 13 might have been useful in com$rson with Fig. 11 when the building was p r e s &;zed virtually throughout its whole height with
B
ventilation system operating. In this case
was an average p r e s s u r e difference of about
5 10, and in Fig. 13 I find there was a wall leakaf 4/10 to 6/10 cfm per sq ft of water, or total
e somewhere between 100,000 and 150,000
&,A in building B. I would like a little clarificam
, of the basis on which Fig. 13 was plotted, and
d e t h e r it is, in fact, applicable to the other
p p h s.
Then, referring to the first paper (Trans.
W. 2046), it seems to me that one of the most
, d i c a n t statements was in the last sentence bet&the conclusions, where the authors a r e talka about pressurization to reduce the effects. In
wir presentation they seemed to mention doing
by appropriate selection of supply and exhaust
U, but in this last sentence they suggest doing it
a an interior a i r handling system. It seems to
this i s the right way to do it; by providing a
indoors, especially for equalization, putting
off in the neutral zone and using a blower at
&at level t o draw a i r from the upper floors to
gapply it to the lower floors, you could exactly
gattralize the indoor-outdoor pressure level at
mry level and neutralize the pressure differm s across your stairway doors, not only aling the problem of door opening, but minig the total a i r exchange with the out-of -doors
md you could do this using air that has already
onditioned by your heating or air-condispstem.
g
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&?2THOR WILSON: In reply t o Mr. Achenbach's
%micomment, regarding Fig. 13, we would say

m his application of it t o the conditions of

h.11 is

appropriate, within the limitations of
data a s outlined in Mr. Tamura's r e to the comments of Messrs. Barrett and
In constructing Fig. 13, the average
ization corresponding to a given net exair was obtained by determining values of the
a a n c e between exterior wall pressure differ%@
With and without pressurization a t the perm&pressure top locations described in the

-

W rir flow

.

paper, along with that across the ground floor entrance, and by determining the arithmetic average
of these values. This amounted to averaging the
pressurization effects at three levels in buildings
A and B, and at five levels in building C . The
amount of pressurization measured in this way
naturally varied with the outside air 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 temperature of 32 F would be applicable.
In connection with Mr. Achenbach's comments
on the internal a i r handling system, I might r e iterate that it was not our intention in this paper
to promote any particular way of achieving a balanced a i r pressure a c r o s s the enclosure at any or
all levels. Zero pressure difference across the
walls from top to bottom could be achieved by exc e s s supply or exhaust of a i r obtained either from
inside or outside the building. When obtained inside the building there is potential saving in heating costs but there is the added cost of the interio r a i r handling system.
We were talking about this with our Chairman, D. S. Cooper. He mentioned that in some
buildings there is a separate mechanical equipment room and a i r handling system for each floor.
In this case it would be a relatively simple matt e r to control net supply and exhaust of outside a i r
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.
Lf the pressure differences across the exterior walls a r e neutralized a t each floor level, utilizing either inside o r outside a i r , the pressure
differences due t o chimney action a r e then distributed uniformly a c r o s s each floor. This does
not overcome, however, the problem of excessive
pressure differences a c r o s s entrances to vertical
shafts. Disregarding pressure losses within the
shaft, the sum of the pressure differences a c r o s s
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.

