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ABSTRACT 

A procedure is develop6d for calculating atr 
infil tration rates due to wind pressures on the ex'-
t er ior wa lls of buildings assuming no chimney and 
mechan ical ve nti lation effects. Resistance to in
terna l air flow is assume d small. Us ing the results 
of wind tunnel tests, calculations are presented 
5\1o'l"in9 t he significant effects a single neigli'" 
boring building can have on~He infi tuation rata$. 
Relative building heights, dl~tance be~ween bUildIngs, 
and wind direction are varlid, and both unifbrm and 
shea r flows are considered·. The results show that 
depending on the particular two-body configuration, 
a ne ighbo ring building can have a favorable or ad
ve rse effec t on the infi I tration rates . 
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NOHENCL~tU~E 

infiltration area 
infiltration (or porosity) constant n-I 
Cq",n-I 

bf+Cb+C2. +Cr 
pressure coefflcierit 
height of model-A 
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distance between model-A and model-B 
exponen t 
press ure 
pressure difference (Po-Pi) 
i nfi I trat ion flow rate 
dynamic head (1/2 pU2) 
wind velocity 
wi nd di rect ion 
ratio of side area to total infi Itration 

area 
n ratio of local to total infi Itration 

constant 
C infi Itration ·number (Q/CA q",) 
p mass density of air 

in 
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I 
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into a building 
Out of the bui Iding 
back 
front 
Ins~de 
le ft 

o outside 
r r igllt 
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INTRODUCTION AND BACKGROUND 

Calculation of energy requirements for heating 
and cooling is an important part of any building 
design. It is required for sizing and control of 
heating and cool ing systems, as well as estimating 
building operation costs. In view of rising fuel 
costs and the need for energy conservation accurate 
procedures for calculating energy losses become 
requisite. Any procedure must consider heat gains 
and losses due to sources and sinks such as people 
and equipment, conduction through sol id wal Is of the 
structure, convection around the structure, radiation 
t h ro u gh t ran spa ran t sur face s, and air i n f i 1 t rat i on 
into or exfi ltraticn out of the bui lding. The last 
factor can be of major importance, yet can also be 
the most uncertain one to accurately calculate. 

The most up-to-date procedure for calculating 
heating and cool ing loads [1]'" employs the "crack 
method" for calculating infiltration rates as out
lined in the ASHRAE handbook of fundamentals [2]. 
As wi 11 be discussed belo\,l, the method states simply 
that the steady-state volumetric flo\</ rate through a 
crack or porous opening in a bui lding wall is pro
portional to the pressure di fferences across the wall 
raised to a power as determined for a particular 
structure. The pressure differences across the wall 
can be the resul t of dens i ty di fferences (or the 
"chimney effect"), operation of mechanical venti la
tion systems, and wind forces due to the flow of ai r 
over a~d around the bui lding. The actual infi ltra
tion distribution around a building depends upon the 
leakage characteristics of the external walls, and 
the resistance to internal air movements because of 
i nternal walls, floors and other separations. 

Relatively little information can be found in 
the literature regarding pressure differences across 
wal Is of actual bui ldings, and thei r le.kage charac
teristIcs. Ref. 13] and [4] give insight into the 
chimney effect on pressure differences, and Ref. [5] 
and [6] discuss the combined effect of chimney action 
and mechanical venti lCltion. The pressure difference 
caused by wind Is discussed in [7]. These studies 
sho\'l hO'l1 the total pressure di fference is effected 
by each cause, but more significantly they show that 
the total pressure di fference can be adequately 
approximated by the superposition of the individual 
pressure differences due to each cause. 

It is clear that strong winds on high buildings 
can be a major ca~se of Infi ltration. Calculation 
of this wind effect is di fficult, and the ASHRAE 
Procedure [2] is somewhat simpli fied. Model studies 
using sharp-edged bluff bodies in wind tunnels show 
that wind pressure distributions depend on building 
configuration, structure of the wind, and effects of 
neighboring bluff bodies such as trees, hills, or 
other bui ldings [8,9]. Model studies are much less 
expensive to conduct than studies with actual bui ld
ings, and the data obtained, if proper flow conditions 
are used, can be reasonably close to what occurs under 
actual conditions [10]. 

In 1970, this writer conducted a wind tunnel 
study to determine the effects that a single neigh
boring bui lding model can have on the time-averaged 

*Numbers in square brackets designate references 
listed at the end of this paper. 
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wind pressure distribution on a primary bui lding 
model Ill]. Variations V.'ere made on the relative 
heights of the two models, the distance between 
models, and the wind direction. Both uniform flow 
and shear flow (to represent boundary layer flow 
over the earth's surface) were used. It is the 
purpose of this paper to shOl" how those \'Iind tunnel 
test results can be USed to predict infi ltration due 
to wind pressures alone, i.e., no chimney or mech
anical ventilation effects are considered to exist. 
The assumption is made that internal resistance to 
ai r movement is small. Thus, internal pressure under 
steady state conditions is constant. Results are 
presented in various ways to show the significant 
effects of relative building height ratios, distance 
between bui ldings, and wind direction on infi ltration 
rates. Comparisons of results for uni form flo'll and 
shear flow are made. 

CALCULATION PROCEDURE 

Ai r infi ltration into a bui lding through por
ous walls, based on the crack method, is a function 
of the pressure difference across the walls. Consider 
a building with porous wal Is. Under steady-state wind 
conditions, one can write 

Qnet = Qin - Qout = Je (Po-Pi) ndA 0 
A 

where 

Qnet ., Flow· rate through walls (ft 3/min) , (m3/s) 

Qin Flow rate into bui lding (ft 3/min) , (m 3/s) 

Qout .. Flow rate out of bui ldlng (ft 3/rnin), (01 3/5) 

Po = Pressure on outside of walls (lb/ft 2). (Pa) 

Pi = Pressure on inside of walls (lb/ft 2), (Pa) 

e = Infiltration (or porosity) constant 

(ft2n+ l Imin-lb n) ,(m (2111-1) Is-Pa·h) 

n Flow exponent; between 0.5 and 1 

A Area of Porous Walls (FT2) , (m2) 

(1) 

The value of C varies according to the type of build
ing construction; it must be assumed or determined 
experimentally. Reference (2) gives values of C for 
various type walls, windows, doors, etc. The flow 
exponent, n, must also be determined by experiment 
for a certain type "crack". For laminar flOYI through 
a craCk, n=l, and for turbulent flow, n=0.5 . 

The internal pressure, Pi, is due to the density 
variations, mechanical ventilation, and air leakage 
into .nd out of the building*. Depending on the inter
na 1 res i stances to flow, Pi can va ry th rough out 
bui 1 di ng. 

It is assumed that the external pressure, Po, 
is due to wind motion over and around the building"'. 
Its distribution on a bui lding can be complex. Local 

,"For no wind, Po is atmospheric pressure including 
effects of outside temperature. 



time averaged wind pressures on bui Idings are usual
ly given in terms of a non-dimensional wind pressure 
coefficient, Cp"" defined as 

Cp 

~Ihe re 

P", 

(2) 

free stream static pressure in the wind 

dynamic head of free stream = 1/2 
(p",U",2) (lb/ft 2), (Pa) 

P'" dens i ty o{ free stream (lb/ft 3), (kg/ms ) 

U", free stream wind velocity (ft/sec) ,(m/s) 

At a Reynolds number greater than 1000 for in
compressible flow over a sharp-edged bluff body, it 
has been observed that CPo remains practically con
stant [12). This is due to the fact that the time
averaged flow structure remains invariant, which 
forms the basis for model studies in building aero
dynamics, i.e., wind loading on actual bui Idings may 
be prediGted from observations of wind loading on 
buiiding models in wind tunnels at Re'lnolds numbers 
several hundred times less than those for actual buil~ 
dings. Thus, it seems reasonable that Cpo-values 
obtained from model studies could be used to advan
tage in calculating infi Itration rates. 

If the integrand of Eq. (I) is multipl ied and 
divided by qn . and P is added and subtracted in
side the pare;;,thesis,"'Eq. (I) can be arranged as: 

o 

where 

C n-l 
q", 

When knowledge of Cpo, C and n is available, 
a variety of practical infi ltration problems can be 
solved. If Cpi is known, infi I tration can be cal
culated di rectly. I t is the portion of the integral 
that is positive. (The negative portion is ex
filtration, which must be equal in magnitude to 
infiltriltion). If Cpi is not known, it can be 
found by forcing the integral to be zero. A pro
blem of the latter kind is considered here, 

As stated previously, it is the purpose of 
this paper to show wind effects on air infi Itration 
assuming no density and mechanical ventilation 
effects. A building with small internal resistance 
to air mtion is assumed. Thus, Cpi is constant 
but unknown. The roof of the building is considered 
imperme,lble, and the infiltration constant is con-
s i de re d un i f 0 rill 0 'le rag i ve n side. I f n i 5 ass ume d 
to be unity, Eq.(31 becomes 

Qnet 
Cf 1 CPOfdAf + cbl CPo b dAb q~, Pl

f Ab 

+ Czl CP09,dA Z + Cri Cpo r dA 
r 

At r 

(4) 
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The subscripts f,b,9" and r refer to the front, back, 
left, and right sides of the building respectively. 
Each integral term is multipl ied and divided by the 
corresponding area of integration, and 

Qnet __ --
q~ C~fCP f+CbAbCP b+C9,A9,CP +CrArCp 

-Cpi(CfAf+CbAb+C£A£+CrArl= 0 

where, for example 

- 1 r 
CPof = Af JA 

f 

(6) 

epof is defined as the average \1ind pressure co
efficient on the front side of the building. Equa
tion (5) can be made nondimensional if both sides 
are divided by CsA where 

using 

Cf etc. nf CS' 
Sf 

Af etc. A 
Equat ion (51 becomes 

Equation (7) can be used to calculate Cpi directly. 
Then, the infi ltration is found by writing Eq. (71 
in the form 

The infiltration rate is equal to the positive terms 
on the right side of Eq. (8) multipl ied by particular 
values of C ~ A, and qw. 

Thus,Sto determine Cpi and Qin the average 
values of the wind pressure coefficients on the sides 
of the building must be known. The experiment car
ried out to determine these coefficients including 
the effects of a neighboring building is described 
below. 

DESCRIPTION OF EXPERIMENT 

The experiment was designed to measure time
averaged wind pressure distributions on a sharp
edged bluff body, =del-A, as affected by a single 
neighboring bluff body, model-B. Al I experiments 
were done in an open, Goettingen-type wind tunnel 
at the Instltut fur Stromungsmechanik, Technische 



Universitat Munich, Germany. Figure (I.) is a sketch 
of the two mode I a rrangemen tin the I-d nd tunne I. 

The dimensions of model-A are shown in Fig. (2) 
along with the locations of 180 wal I pressure taps. 
The particular configuration of model-A was arbitrary, 
but it represented a typical modern high rise struc
ture. Model-B had the same cross-sectional dimen
sions as Model-A, but it was not instrurrented. The 
height of n"pdel-A, hi, ylaS constant, and five dif
ferent heights of r:Kldel-B were used so that height 
ratios of h2/hl=O, 0.1, 0.25, 0.5, 0.75, and I \,ere 
tested. Wi th model-B always parallel to model-A, 
the distance between models, L, was varied to obtain 
L1hl"O.125, 0.25, 0.5, 0.75, I, 1.5, 2, 2.5, 3. 3.5, 
and 4, For any combination of h2/hl and Llhl the 
wind di rection, a, w>as varied from 0° to 180° in 
steps of 22.5 0

• All tests were run at a Reynolds 
number based on hi and Uro of approximately 5.2xI0 5 , 
which was \'Iell above the Reynolds number considered 
mini:num for model testing as discussed above. The 
pressure taps on Model-A were led individually to a 
large manometer board. For a given test the enti re 
manometer board was photographed, and later the fi Im 
was projected on a large screen so that the data 
could be recorded. Local nondimensional pressure 
coefficients were calculated according to Eq.(2). 
Average wind pressure coefficients for a given side 
of Model-A were obtained through integration as sug
gested in Eq.(6). Evaluation of the integrals was 
done numerically using the trapezoidal rule. 

The tests included both uniform and shea~ flow 
over the tl-IO model configuration. Detai Is of the 
velocity and turbulence intensity profiles in the 
flm<ls are found in Ref.[13]. With uniform flow Model
p, vii thout model-B was about one thi rd submerged in a 
turbulent boundary layer, and \'/ith shear flow, the 
shear flow thickness was about three times as large 
as hj' Results of these tests and application to 
air Infi Itration calculations will now be discussed. 

TEST RESULTS, APPLICATION AND DISCUSSION 

A large number of tests were run to include 
the combinations of h2/hl ,Llhl and a for both uniform 
and shear flovls. I t is clear that not all test re-
suI ts and thei r appl ication to the calculation of 
infiltration rates can be presented in this paper. 
The resul ts presented were selected to show hCM 
infiltration rates caused by wind pressures can be 
calculated, and how these rates may be affected by 
presence of a single neighboring bui Iding. 

An appreciation of how a neighboring building 
can affect the infiltration rate is obtained by an 
appreciation of how the wind pressure distribution is 
affected. As an example Fig. (3) is a folded-out plan 
view showing the Cp" - distribution on the sides of 
model-A standing alone in uniform flow with a=O". 
Wind pressures are positive on the front, and suction 
p"eS5ures exist over the back, left, and right sides. 
The values of (po for each side are shOl·m. Fig.(4) 
shows the same results with model-B for L/hl=0.75 
and h2/hl=0.5. The effect of model-B on the CPo 
pattern is cons i derable. Two regions of pos i t i ve 
Coo-values and two regions of negative Cpo values 
exist on the front of model A, and fpo values are 
substantially altered. If the sides of a building 
represented by model-A were porous, one would cer
tainly expect the infiltration would be strongly 
affected by the presence of a neighboring building 
represented by model-B. Simi lar effects resul t for 
shear flO\'/ over the two-model combination. 
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Knowledge of the Cp" values on model-A permits 
one to calculate the infiltration rates according to 
the previous discussion. First, Cpi can be calculated 
using Eq. (7). For the application purposes of this 
paper the follol-ling assumptions are made: infiltr'a
tion can occur only on the front, back, left and right 
sides; porosity of the vlalls in uniform over all the 
building, or, llf=l1b~Tl£=l1 , and Cs = C;any local in
filtration or exfiltrati6n is small enough so that 
the local wind pressure coefficients as obtained from 
.dnd tunnel tests are not changed. Cpi from Eq. (7) is 

Cpi = SffPof+ Bb CPob + S£ Cpo£ + SrCPor (9) 

Figures 5 and 6 show the effects of L/hl and h2/hl on 
Cpi for a = 0° with uniform and shear flovl respec
tively. The pattern of effects are the same for both 
flol-ls, but more pronounced for un i form than for shear 
flow. A point is seen in each case (L/hl=2.5 for 
un i form flow, and L/hl = 1.5 for shear flm,) where 
Cpi is approximately the same regardless of h2/hl' 
To the left of the point, strong "shel tering" occurs 
with larger values of h2/hl pushing Cpi more negative 
than for smaller values of h2/hl' To the right of 
the point the trend is reversed, but with smaller 
magnitudes of effects. 

The effects of wind di rection on Cpi with 
uniform and shear floYI, and Lihl=0.75 (const.) are 
shoy," in Figs. 7 and 8. The general effect with 
rrodel-B of making Cpi more negative than for model-A 
alone, is greater for 0° <a~ 90° than for 90° ~a~ 
180° . Again, a greater effect is seen for uniform 
flm'l than for shear flow. 

The local pressure difference, ~P, across any 
wall as caused by wind can be obtained by multiplying 
the difference between '[Po and Cpi by qcx," The average 
pressure difference across any wall can be obtained 
by .mul tiplying the di fference between CPo for the vial 1 
and Cpi by qoo. Figure [9] shows values of ~P at one 
point on the front face of model-A without model-B. 
The point chosen is on the vertical center I ine at an 
elevation of 0.903hl' This point correspqnds to an 
instrumented point on an actual 44 story bui Iding as 
repo rted in Re f. [7] . The da ta from Re f. [71 is com
pared to the calculation made in this paper, and the 
comparison is reasonably good. 

The pressure di fference across walls vary from 
point to point in various patterns depending on Llhl' 
h2/hl' and a. Contour 1 ines of (ICp(=CPo-Cpi) can be 
drawn on a folded out plan view similar to the Cpo 
contours shown in Fig. [3 and 4]. Two examples are 
shoYIn in Fig. 10 and 11. Figure 10 should be compared 
wi th Fi g.4. The contour pattern of ~Cp shoc,"s the re
gions of driving pressure potential for infi I uation 
(Dosi tive ~Cp) and exfi Itration (negative Mp) as cau 
sed by wind. Comparison of Fig. 10 wi th Fig. 11 shOl'IS 
how these regions can change with a change in the wind 
from O· to 67.5"; Llhl and h2/hl remained constant. 

Values of the nondimensional Infil tration were 
calculated using Eq. (8). With the assumptions stated 
above, Eq. (8) becomes 

- Cpi) + (cp" -Cpi) 
r r (10) 



This nondimensional "infi ltration number" is useful 
for purposes of analysis. It can be defined as a 
local value, an average for one side (or particular 
portion of a side), or an average val ue for an en
tire bui Iding. Once the wind pressure distribution 
is known, ~ can be used for any value of C, A, and 
~m to calculate infi Itration rates due to the wind. 

Figures 12 and 13 shoYI effects of L/hl' h2/hl 
and Cl on the infi 1tration number for ai r leakage 
into a bui Iding represented by model-A, for both 
uni form and shear flDlv. One notes the shel tering 
effect of model-B or reduction of ~in for OO<a< 90°. 
At 0° and L/hl~4, the sheltering effect no longer 
exists '.vi th shear floYl, whereas it sti I I can be 
seen for un i form flow. For 90 0 <a< 180° mode I-B 
stands in the ",ake of model-A, and the infi I tration 
nurober can be I arger than wi thout model -8. The 
adverse effect on ai r leakage is due to the fact 
that the wake flaI'l of model-A is interrupted by the 
presence of rrodel-8, and partial recivery of pres
sure on the dmlnstream side(s) of model-A is hinder
ed. This results in negative pressures of larger 
rr~~nitude on model-A than those if mode1-B were not 
pr;sent, but the positive Pressures on the upstream 
side(s) of model-A remain about the same. Similar 
resul~s have been found by Leutheusser [9]. 

·As men ti oned above, the in fi I t ra t i on ra te can 
b.e ca.lculated f;om',the infiltration nurrber if a 

"Vi) I u~ of c, i s k~ow~. F~ r i pu rposeso,f th i s paper, a 
·bui lding wi.th .• plain, ,f3, ir:Jch bri ck Ivaljs wi 11 be 
: assumed. lilf,i,1 trati~n data. for this type wal! are 

fourid on p~g~, 410 of. Ref.[.h, and it is shown plot
ted a~ a.func.t,ion of. LIP in Fig,.14. ,I ti h'as shOl·m in 
Ref. [I4J thatal though the 8i rl,eakage rate for 
th is '.t"ype 'vla .Ili.~re la ti ve.1 yhlgh ,i tdi d represent 
the :ai~. · Jea.kag'echaracreristics of several tall 
buildin'gs .that underwent actual airle<Jkage tests. 
The ~ir le:akage data IShdl'ln inFig.14 has a nonlinear 
·characteristic." HOIoJever,'astraight line dral'ln 
through the dad is 8 reasonable approximation for 
P4rposeS of ' th i 5 pape r,so that Q~69. 711P (ft 3/hr) 
~ 1.16 LIP (ft 3/min). Thus, C=I.16 (cfm/min-in.H20) 
for ri~1 . or, 2.202 x 10- 3 (m 3/s-k Pal . . 

Th~ previous resul ts for E;in were used along 
with the above value of C to calculate infiltration 
ratesper unit area of bui Iding wall (cfm/ft2p. 
Several values of free stream wind velocity were 
used, and comparisons wi th uni form and shear floYI 

,were made. Figure 15 sholvs the resul ts for model-A 
alone. It is a set of reference curves, and can be 
used for purposes of comparison to see the effects 
of Llhl and h2/hl when rrodel-B is present. The 
particular shape of the curves in Fig.15 are charac
teristic to the shape of model-A. If the depth to 
height to width ratios are changed, it is expected 
that the shape of the corresponding curves would 
al so ch pl1ge. The effects of L/hl for a = 0° and 
h2!hl = 0.75 are shown in Fig.17. 

It is eas i Iy seen that numerous fami I ies of 
curves could be developed, each fami ly having one 
change inane parameter. These curves \oJoul d be very 
useful for design purposes to sholv vlind effects on 
infiltration rates. 

;;This is a comrcon Ylayto present infiltration rates. 
See Ref.[14] ~s an example. 
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The analysis of air infi I tration into bui Id
ings as caused by wind pressures, and the 'appl ication 
of the experimental data to this analysis are based 
on assumptions that may seem restrictive. These as
sumptions were made only to show clearly the method 
of analysis, the distinct effects of a single neigh
boring building, and the effects of uniform vs. shear 
flow. Under steady state conditions Eq. (I) can be 
appl ied wi th none of the assumptions made in this 
paper. The apparent fact that ylind, dens i ty, and 
mechanical ventilation effects on the pressure dif
ference across a bui Iding wall can be superimposed, 
makes it clear that Pi in Eq. (I) can include all 
three effects. The value of n does not have to be 
un i ty, an d C can va ry from pos i t i on to pos i t i on on 
a building. A closed solution to Eq. (I) would, for 
the general case, not be possible, but a numerical 
integration would be acceptable. 

A more serious restriction toward solution of 
steady-state infi I tration problems needed for energy 
requirement calculations, is a lack of adequate in
formation on C, n, and wind pressures on bui Idings. 
Data such as shown in Fig. 3 and 4 are not available 
for many basic building configurations. Also, the 
steady-state analysis may not truly represent actual 
infi 1 tration rates. 

CONCLUSIONS AND RECOMMENDATIONS 

The steady state analysis of ai r infi 1 tration 
rat~s caused by wind pressures on bui Idings as deve-
10ped,:in this paper and application of wind tunnel 
daui':;howing effects of a nei ghboring bui I ding on 
Wih~i Ipressures, lead to the following conclusions. 

I. Depending on the relative height ratio, 
::C.::':Lu~ di stance between pui l cli ngs, and wi nd di rec

tion, a neighboring building can reduce or 
increase the iflfi.l tration rate per uni t 

5 I area as:.causedby"wind pressures. 
d i 

2. Neighboring:hddyeffects in general 
are 1 ess for sh~a 'r 'flow 'than for un i form 
fl 01'1,' 

Al though thep'ressure di fference across a 
bui~ding wall at on~ point as calculated in this 
paper agrees well vii th a measured pressure di fference 
at a s imi lar point on an actual bui 1 ding, it can 
hardly be concl uded that in general good agreement 
could be obtained. It' is recommended that further 
comparisons be made Ylhere measurements on actual 
buildings are available. Also, it is recommended 
that data from other bui lding aerodynamic wind tun
nel tests, as well as data from wind loading tests 
on actual buildings along with the analysis pre
sented in this paper be used to calculate infiltra-
tidnrates for buildings. Finally, it is recomrrcnded 
that more systematic wind tunnel tests as Ylell as 
tests on actual buildings be conducted to determine 
the limits of the aerodynamic and geometric variables 
associated wi th the problems of ai r infi I tration. 
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