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A review of ch• worldvict. daca baa• on discribucion of preaaw:e coefficients (C ) on building 
surface• yielded u.aable daca fro• eighc differenc invescigacors for low-rise buildings and on• 
source for high-rise buildinp . Ic waa found thac average surface pressure coefficients for 
low rise buil:dinp were adaquac•. and local daca were usim.ilaced u 544 average surfac• Cl'. 
A nonlinear regr .. aion with wind incict.nc• angle and building side racio u variables was 
found to predict th••• data vi th a corr•lacion . coefficient of 0. 80. Lacal pressu're 
coefficienc.. racber than &V9r&g• surface Cp wire uaed for high rise buildinp . Kore than 
5 , 000 daca poinca 1Mre fit:ced wich another . nonlinear regre••ion involving ch• earlier 
variable• plus th• location cooi:dinac••. • ·. 

Building pre•aun coefficienc correlations developed in thi.s ;>nper can be u.eful for 
infiltration and indoor air qualicy scudi•• u ·well u for natural vencilacion airflow 
calculaciona. 

A scruccured procedure for calculating wind-driv•n natural vencilacion races-is given ln 
appendix A. This procedure is an enhanced version of ch• Vickery ( 1983) algorithm for 
calculating airflow through buildings. 

INIROPYCTIOt! 

Better knowledge of pressut'a distTibutions on building surfaces has become more imporeance in 
recent years for s•veral reuona. Th• need co raaincain indoor air quali cy by providing 
mini.DNm air change• in buildings require• knowledge of surface pressure distribution in order 
to calculate lnfilcracion air flows through buildings. A.s the cosc.s of 111echanical cooling 
have sceadily lncreaaed, interesc in passive cooUng strategies such a.s natural ventilation 
has also lncreaaed. D•tailed knowledge of pressure discribucion ls also necessary for th• 
calculacion of natural vencilacion. ~arameters such as building geometry, terrain, and other 
factors influence the value of . pressure coefficient (Cp) . 

Over the years . the c ivil engineering.community has conducted wind tunnel investigations 
of Cp distr i butions co determine thei r imporeance in wind· load calculations. This paper 
attempts to ass i mil ate chis wor l dwi de da t a base for use in natural ventilation calculations . 
aesults of this ASHRA£·sponsored study have produced a significant advance in the scace of the 
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arc (ASHRAZ 1985). However, th• correlations are far from complet•, since data ar• availabl• 
only for rectangular buildings --quite diffarene from typical residential floor plan.. 

Th• range of low- and high-rise building geometries curve fitted is: 

Low rise: Floor Plan - rectangular 
l <• long to shore wall ratio <• 8 

0.1 <• eave height to shore wall ratio <• 0.4 
(typical of l co 2 scary) 

0 <• overhang/eav. height <• 0.2 
0 <• roof anal• <• 60 clegr ... 

H1flh d-: fioar Plan • recanpalar 
l <• long ca share wall ratio <• 4 
l <• • ..,. heipc co ahari: wall racio <• 8 
cn.rhang - none 
roof angle • 0 

The worldwide data b... on pr .. 111.ar• coefficient (Cp - defined in Appendix, Section A. l) 
d1scribucion on buildtns surface• ,,.. reVi.wed, proVidlng data from eight different 
inve•Cigators for low• ri•• buildinp and one source for high- rise buildings. It wu found 
Chae •av.rage surface pre•.w:e coefficienc. for lov- rise building• were ad8quace , and local 
data were .. •imilaced aa 544 average surface Cp. A nonlinear regre••ion with wind incidence 
angle and building side racio aa variable• wu found co predict the•• d&ca 111ith a correlation 
coefficient of 0.80. 

Local pn•.w:e coefficienca, rather than surface average, wre u.ed for high- rise 
buildinp. Mara than 5,000 data painc. were fitted •ith another· nonlinear . regression 
involving the eerlier variable• plu. the location coordlnace•.· Building pressure coefficient 
correlaciona elev.loped in this warlt can b• u.eful for 1nf1ltracion &nd inda'or air quality 
seudi .. aa well .. for nacural ~cilation airflow calculation.. 

A structured procedur• for calculating wind driven natural ventilation races is given in 
a'P'P•ndix A. This procedure ls an enhanced version of the Vickery (1983) algorichlll for 
calculating airflow. in buildings. 

APPRQACH IO DATA R£DYCI!ON 

The coefficient of pressure over a building surface varies with the position on the surface, 
particularly near the edges. However, such data are extremely volWllinou.s and primarily 
illll'oreanc for wind load calculations. A logical simplification is to use the average surface 
Cp for calculating ventilation races for low-rise buildings. Swami and Chandra (1987) found 
that ch• error introduced by uaing average surface Cp ~Cher than local Cp was generally abouc 
Slfl. A sillilar co..,arison by lliren ( 1985) shoved th• error co be under lOlfl. However, Cp 
variaciom along the height of high-rise buildings can be relatively large. Thus, the 
regression equacicma for high-rise buildings were developed for local rather t:han average 
surface ell. 

~lnd Angle and Building Geqmecry 

The coefficient of pressure varies considerably ·.rith the approach ·.rind angle and, to a 
Lesser excent, with the geometry of the building (i.e., side ratio and roof slopes). 

Cp data, ei.ther mean or local, are usually given in terms ;f the •.rind angle for each of 
the four surfaces constituting t:he house. Mose researchers have defined the wind angle with 
respect to the windward wall of the building, ;ind Gp data for all four walls are tabulated 
with res'P•ct t:o the wind angle. The disadvantage of this ap'Proach is having t:o carry the wall 
number a11 an additional parameter far curve fitting. It was felt that defining the wind angle 
with r••'Pect co the actual surface for which C'P is sought, rather than any one surface, would 
be more appropriate and would be . less cumberso119 for curve fitting. Since all data. are 
available for rectangular buildings, the daca could euily be comNrted in t:erms of our wind 
angle definition. This would elillinat• wall number as a dependent parameter. The wind angle 
is defined co be th• angle between th• oucward normal of a surface and th• wind direction and 



is always a posiciv• value becween 0 and 180 degrees (s•• Figure l). Du• co t:h• symmacry of 
eh• daca, t:h• act:ual sign of ebe angle is unimport:anc. th• solid line in cha figure is t:h• 
wall surface under consideration, and th• docced line 

4

indicaces t:h• resc of che building. To 
account: for eh• effecc of th• adjacent: wall, ehe para111ecar side ratio (S , in Figure l) is 
defined and is anocher para.mecar influencing t:he Cp value. Data for all t:h• surfaces were 
converted into chis form. Samples of such a conversion are provided in Swami and Chandra 
(1987). 

Two other para .. cers affact:in~ Cp nr~ thn rnnf ~lnpn (7) of cho wnll under eonsidaracion 
and che roof slope (&) of t:h• adjacent wall (illuscrnced in Flgure 2). 

Diffarene reae.rch9r• have r•f•ranced Cp b .. ed on vwlocici .. at different heipu:a. Since 
it is pro,oa.t. to u .. Cp referenced to Cha vwlocity ac the building heighc, all Cp daca in t:h• 
licerac:ure lllU8C be r•-r•f•r•ncttd. To do this, cha velocity profile of th• study will have to 
b• lcnovn a priori. This effort can be eonaiderably simplified if Cp ac diffaranc wind angles 
are normalized with rU11ec:C co ~ ac a fixed wind angle. Sine• Cp ac a wind angle of zero 
degrHs is uaually mat reliable and Chis value la provided by mo•t scudiH, all Cp are 
normalized wit:h respect to t:h• Cp ac Cha wind angle of zero degrH•. th• normalized value• 
t:hUll baco .. independent of t:h• reference height, and it is only na~d co reference t:h• Cp ac 
zero dagr••• co the building haighc. 'nlis will result in cha value of normalized Cp ac zero 
degrees to be l.O ragardl••• of all other par...acers, which facilitaces in curv. fiteing . 

CQNSOYQATJ'.QR pr WIWLJ r., QAD 

Pressure coefficienta frOll a mmb•r of source• ware examined for useful data for daca 
redw:cion and conaolidacion. 'nl• Air Infiltration C•ntra bibliogra~hy (Allan 1984) was used 
exceruiively co search for original source documenc.s. In addicion·. so-.· ra .. archers Ln cha 
field war• cone&cted cli:raccly. Ta.bl• l ~iz•• cha sources 1U•d and give• the par-cers 
11tilized· by the authors and ch• Cp valu.• at zero incidence. llef•r co sw-1 and Chandra 
(1987) for cha dacail.s of da'c:a exeraccion. 

The daca excracced for lov rise buildings yielded 544 average wall data poincs 
representing sev.ral chousand local Cp data that were digitized from contour plocs. 

A compucer program was uaed co obtain curve fit for eh• normalized Cp daca by seep-wise 
regression techniques. Th• program wu run with a large number of possible parameters . 
generated from the combination of wind angle (a). side ratio ( S). and roof angles ( ~and S) . 
wind angle and bu~lding side racio were found to significantly influence Cp• while roof angles 
were insignificant. This could be du.a to soma conflicting data as well as to th• face that 
only wall Cp discribucions are being correlaced. 

~ich che significant par ... t•rs obtained, cha actual form was chosen. nta nature of t:h• 
daca imposed several eonacrainta. 

l. Regardless of all other paramacers, t:he normalized Cp muse always be equal to l. 0 
for zero degrees wind angle. 

2. The eerms containing the roof angles in the equation must disappear from the 
equation when they are zero, leaving the rest of the equation intace. 

3 . Since ehe natural logariehm of the slde r.1ti.o ls the signiEic::mt pnrameter', ehis 
term will become :i:ero for s-L. These terms must be chosen so ehac ehey do not 
affece th• ocher terms of th• equation. To abide by these constraints, terms 
containing side . racio as well as roof angles were combined with sine functions of 
wind angle so Chae chase ter1U would vanistt. for wind angle of zero degrees. The 
final r•co ... nded equation is: 

NCp • I.n(CO + Cl*SlN(a/2) + C2*SIN2(a) + C3*SIN3(2*a*C) + C4*COS(a/2) + 
C'*G2*SIN2(a/2) + C6*'COS2(a/2)) 

where: 

(l) 
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NCp is ehe nornraliz:ed Cp 
Ln d.tnoces cha n.cural logarithm 
m is che wind angle in degrees 
G • Ln(S) (nacural log of the side ratio S) 

· Th• coefficiencs of cha equacion are: 

co 
C4 -

1.248 
0.769 

Cl• -0.703 
C5 • 0.07 

C2 • -1.175 
C6 0. 717 

CJ • 0.131 
(2) 

Th• correlacioa coefficienc for che abov. equacion is 0.797, which 1• a good value co1Widering 
t:h• diversity of t:h• daca. Flgur• 3 show. a scatter ploc of th• ob••rved wirsu. preclicced 
daca for law-ri•• buildinp ba.ed on EquaciOG l. Longer conelac1oft8 involvin1 -r• cerm., 
including roof angle t•im, and a slipcly hip.er corr•lacion coefficienc of 0. 811 may be 
found in Swai and Chandra ( 1987) . 

The ob••rv.ci NCp and tbac calculacecl uaing Equacion 1 are plotted againac wind angle for 
ewo. cu .. in Figur•• 4 and 5. Noc• thac ch• curv. fit perform adequately comt1arecl to th• 
exp•rimetlcal daca. Siailar compariaom for all low-rise building dae& are given in sw-1 and 
Chandra (1987). 

~p ac Ze;g Insid.tns• 

Table l give• ~ value• at z:ero incidence fro• each so"'.~c• for ch• long wall and short 
vall (s• definition of long wall md short wall in Appendix A. l). Th• data are highly 
div.rs•, shoving no firm crend with respect co any paramecer. iJhil• it is expeccecl thac che 
open terrain should have higher Cp chan ch• suburban terrain • • whtch is th• cue wi ch 
Vickery'• (1983) daca -- cro•• ca11parison of Vtckery's (1983) open terrain daca .wich suburban 
daca of ocher ref•renc .. such u Aahley (1984) show• juac th• oppo•it• . Jen.sen'·s (1965) 
values for larg. t:u:bulenc• are always higher than for ... 11 turbulence, indicacing a conflicc 
in r:he data tr811d. On th• ocher hand, Akina ( 1979) sh0¥9 no change b•CW••n short and long 
wall for all three upect racioa. Ic should be pointed ouc chat the idea of normaliz:ed Cp 
developed earlier re110ve• many of th• uncertaincies of individual experi .. nts from which daca 
are gathered. 

In light of the aboYe, it is suggesced chat a uniform value of 0. 60 be chosen co 
reprHenc Cp at :z:ero incidence for all t:ylJ•S of low rise buildings. !his represents che 
average of all Cps at zero incidence. 

EFFgCI OF SURRQUNDINQ BQI!;,!)INGS 

Surrounding buildings can have significanc effect! on th• airflow through buildings. 
Correlations for change in Cp due co ch• presence of t:hree specific surTounding pact:erns- -
rectangular, hexagonal, and a single neighboring building - • were carTied ouc by Swami and 
Chandra ( 1987) fro• ch• data available Ln Wiren ( 1985). Since chese are only specific 
affects, chey are not preaencad here. However. correccion factors were developed based on 
che generaliz:ed shielding coefficiencs of Shernran and Grimsrud (1982), and the affects o.f 
~ingwalls, garages, and U shaped floor plans are presented below. They are believed c:o be of 
more practical significance. 

Cor;eccion for Shielding gffests 

!he factors for reduction in airflow due to shielding '"ere calculaced based on c:he 
generaliz:•d shielding coefficients of Sheman and Grimsrud (1982) . Taking r:heir Shielding 
Class I co represent a t:ocally unobscrucced house, che correction faccor to be applied for c:he 
ocher cla•s•s was calculacad by r:ak:ing ch• ratio of che Sherman and Grimsrud coefficients with 
respecc co th• unshielded cl.us. !he calculated correccion factors are given in Table Z. 
~oca t:hac th• correccion faccors given in ch• .cable should be applied co Ch• vencilacion flow 
race and not ep. 

Correcced ACH • ACH * SCF· (3) 
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whera 
ACH.• air changes per hour 
sci*- shielding correccion faccor 

?rescnsa gf Garago or Hing ~all3 

Th• pr•••nc• of a garage wall or wingwall protruding fro• a wall will drascically affecc 
the value of Cp d•1'9nding on Che """ronch wi.nd :my,lE" (Flr,ur~ 6 :o1hows 11 typlc11l ln.youc). Since 
no 111eaaured dlica are available for this case of pr-actlcnl l11portance, the following ls our 
beat engineering judgemenc. Stw:U.ea done by Chandra ec al. (1983) show chac for an angle of 
up co 90 d8gr••• bec:veen ch• g~rag• wall and th• approach wind Cu shown in Che figure), th• 
value of C~ on. the wall may be u.--cl co be th• valu. ac zero incidanc•. For ans!•• in th• 
poaicive dlreccioll beyond 90 dep: ... , che effec:c of cbe garap or wing wall 1• minimal anci 
therefore no -41.f'icacion b sugeaced. 'F'or anglea in the negacive direc:cion, U shown in 
Figure 6, the pre-.nca of cha g&r&g9 or wtngwall produces negaCiV9 pr•asure• aa if the wind is 
approaching fr• ch• leeward side. In chis cue, ic is sugpaced that th• window are .. of the 
wall uy be add.ad co Che window ar ... of the leeward wall of the building. 

Y·Shaptd Buildipg 

Figure 7 showa a typical U-shaped building. Since measured data are unavailable for this 
coimon · building shape also, c~na•rui• guidelines are rec~nded. The Cp of th• wall 
foming th• inner surlacu of th• U should be •dified u follow•. For approacti wind up to 45 
degree• on both side• of Lina 00 (Figure 7). the 1' valu.• of all the U-walt. uy be tabn u 
the valtie ac zero inc:ideftc• since po•itive pr••aures will be experienced by cho•• walls. For 
anglu beyond 45 degr... and 1.q1 to 60 degrH• on both side• of line 00, ch• vall facing away 

· fro~, the wind approach. is likely co be experiencing .•uction condi Cion... wbf.le · the ocher cwo 
walls are likely co be •X119riencing poaitive·presaures. The wall facing away from the wind 
direccion should be C% .. Ced u if it .,.r• a leeward wall, and ic.s apercur• area should be 
addad co the 899rt:w:• area of ch• leeward wall of ch• building. 'nl• c for the other two 
walls of cbe U .ay be taken u C,, at zero inci1:ienc•. For angles beyond lo degrees . che flo• 
is likely to bypua the U r•gion, and all walb of th• U will experience suction. Therefore , 
th• areu of· windawa Oft th••• wall• should be added to th• window areas of th• a'Pproprioat• 
leeward wall. Flgui"• 7 illuacrat•• th• different cases. 

TgRAIN EFFECTS 

~ind engineers have developed five standard cerrain classifications, ranging from open ocean 
fronts co the center of large cities. The carrain encers into the calculation of che 
reference wind speed, as discussed in tht a'Ppendix (Section A. 2), since the terrain affects 
che shape of the approach wind velocicy profile. : 

Another qu••Cion on terrain effects is whether th• shape o, th• velocity profile affects 
Che Cp directly. Akins (1976) conducted a systematic investigation of five velocity profiles 
of high-rise buildings and found chat Cp dependence on terrain virtually vanishes if the Cp is 
defined with wind velocities at local height rather chan at sonie fixed height. No one has yet 
conducted a syscematic scudy for low- rise buildings, e-ncompass ing all fl ve terr a in classes. 
~ost available data are for terrain classes II or III (see Table A·l for terrain 
classifications) and the data are conflicting. Thus, we have chosen tq ignore the effect of 
~elocity profile shape on C~. 

DATA REpUCTION FQR HIGH-RISE BYII.DING 

More than 5, 000 data points from Akins ( 1976) are available for all four surfaces for three 
buildings (l•ngch·to-width·ratio• 1, 2. and 4) and for five 111ind angles, as well as for llO 
locations on ch• surface of each wall. 'nle horizontal and vert:ical coordinates ·(XL and ZH) of 
the poinc.s on th• wall are nondi11iensionaliz•d wich respect co th• length and heighc of th• 
wall. 1' 1• referenced with reapect co th• velocity at th• height of raeasure .. ne. 



Because Akins (1976) in u.sing local Cps found no dependence on either terrain or height 
of th• building, no atteaqit has been made to normalize the Cp data, and it was decided eo 
curve fit th~ actual CP data. However, the data were converted according to our conventions 
of wind angle (a) and side ratio (S) and x-axis origin to eliminate the wall surface nwnber as 
one of the variables (see Figure 8). !he final equation obtained for Cp for high-rise 
buildings is: · 

Cp •CO+ Cl*Ar + C2'*COS(2*a) + CJ*ZH*S!N(a)*S**0.169 + C4*COS(2*a)*S**0.219 + 
C5*SlN(2*a) + C6•ZH*COS(11) + C7*COS(Xr) I CS*COS(Xr*m) + C9*COS(Xr*11)*S**0.24s + 
ClO*ZH*SIN(e1) + Cll*Xr'*SIN(ai) + Cl2*XL + ClJ'*COS(Xr)*S**0.85 (4) 

and 

Ar• ca*3.141.5/180 (wind anal• in radlana) 
Xr • (XL·0.5)/0.5 

11, S, XL and ZH. h.v. their waual ... aning (Se• definition in Section A.l) 

'nl• coefficients of the equacion are: 

co 0.068 
CJ • ·l.556 
C6 -0.801 
C9 0. 691 
Cl2 ·0.431 

Cl 
C4 
C7 
ClO 
ClJ • 

-0.839 
-0.922 
1.118 
2.515 
0.046 

C2 
cs 
ca 
Cll 

l. 733 
0.344 

-0.961 
0.399 

per radian 

(S) 

Figura 9 show• a scaccar ploc of obMr"19Ci .,,.rsu.a predicted Cp for high·ri•• buildinp bued on 
Equation 4.. 
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CPMfARISuN gr PHPICTER ANA MMSJJB!m ymxw10u BATIS 

Chandra et al. (1983) pr~des vancilacion races measured in a photovoltaic house (FSEC·PV 
house) for three differanc rlnd directions. !his ls a t:TI>ical three-bedroom, two-bath 
residence with photovoltaic panels. These values were co""'ared :igninst vnlues prl!l'diceed Erom 
the correlations obtained here and the calculation procedure shown ln Appendix A. Figure 10 
shows th• plan of th• house and Table 3 shows th• comparison. In summary, we can conclude 
that the suggested procedure and the correlations used are quite accurate for calculating 
nacural ventilation airflow rates. Ile could not find other experimental measurements of 
natural ventilation airflow races for comparison. 

DIScuSSIPNS AHR CONCJlJSIQNS 

!he objective of this study wu co synthesize and develop correlations for Cp data for the 
widest possible rang• of building shapes. Thu.a, we had to cackle the problem of correlating 
conflicting data from differen1e sources, as can be seen in Tab le l, for the normal incidence 
c'(' value Cp(O) . Slnce th• major objective w:is to dc .. 1clop Cp corrct.1tions .1s a Eunction oE ~he 
wl.nd incidence angle and the building ·g'!!ometrical ,pnrmnete·rs. the only _ Eea.s l.b le way to resolve 
the inconsistency in the iiaca was to normalize the Cp diita with the Cp(O) value. ~e do 
recommend a Cp(O) value of 0. 6. ·..ihich is consistent •..iith che carefully conducted tescs 
reported in Cermak et al. (1981 ) and Akins and Cermnk (1 979) . It also h<1ppens to predict: the 
measured v~ntilacion races to ll' for the only Eie ld-ine11sured dacii we could locace. Thus . '"e 
f~el that the proposed' cor~elations are reasonable. 

Ile hasten to add chat calculating airflows through buildings l.s difficult and cannot be 
done with precision. Uncerta:i.ntias ln the estimation of sit!i wind speed and the efface of 
surrounding buildings are likely co be equal co or greater than ehe uncertainty in estimating 
Cp fro• eh• proposed c:orrelaciorw. 

'nl• proposed procedure uses C'P data fro• a variety of sources-. All sources give data for 
simple rectangular floor plans. It will probably be correct co scat• chat over 90' of singl•

b family detached hou.ing in th• U.S. is not constructed as a simple rectangle but f..s t.-~haped 



or U·shaped or is even mora collll'i•x due to the presence of garages, porches, etc. Realizing 
,. chis, we have given engineering suggestions for collll'uting average wall 1> for ch.••• popular 

house shapes. It lllU5C be stated again chat Cl:l.ese are estimates based on educated guesswork. 
Systematic wind eunnel experimenc.s lllUaC be conducted on L, U, and ocher floor plans co 
accurately analyze chese cases. 

Another area where data are inadequate is in Ch• area of roof slopes. Only a few scudies 
have data on 1110dels wich vnrtou!I ?"oof ~ln"r~. Tn nur rlnrn nnnlyntn, wr fnund no 1ty,.r.r111ntfc: 
effect of roof slope, so Ch• rec~nded corrt-lntlon duc.>11 not havo roof slope u a variable. 
How.ver, Oft9 scucly did sysc-Cically study Che effect of roof slope. 'nl•H data were diluted 
by other saadiu vi th random roof slop••, so roof slope doe• noc appear u a scatiacically 
significanc par-car. Additional ruearch on Chia topic is a•irable. 

A - ar... fc2 
a • terrain conaeanc .U.ciplier, ND (ND • nondi-nsional) 
ACH air change per hour, h • l 
b - terrain conacanc exponenc, ND 
Ca • corrected. flow coefficienc, ND 
Cp - pre•.ure coefficient:, ND 
CQ • flow coefficient:, ND 
h • height: ac which .. cerological vind daca are available, ft 
H - ref9rmu:• heighc, ft 
L • longer side dimenaion of building, ft 
NCp - noi:malized. pru1n1re coefficient:, ND · 
p local vind pr••.ur•, p•f 
Q • airflow race, ftJ/• 
S • side racio, ND 
scr • shielding correction factor, ND 
V • v.locicy, ft/• 
XL - dimen.ionl••• horizontal window locacion coordinace, ND 
ZH - dimensionl••• v.rtical window location coordinace, ND 
~ - smaller side dimea.ion of buildings, ft 
ZV - zone volume, ft:J 

a • wind angle wich respect 
- roof angle, degree 

co outward normal of a wall, degree 
T 
& 
p 
t 
4 

• roof angle, degree 
- air den9icy, lb/ft3 

- s--cion 
• difference 

Subscripc 

0 refers to zero incidence as in Cpo 
b - building terrain 
e - effective 
h - value ac height: h 
H - value ac reference height: H 
i ich or inlet 
I - building interior 
n - number of apertures 
N - iteration number 
o - ouclet 
r - reference 
ref • reterence 

... ... 

• 
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APPENDIX A 

CgLCUL\TlQN PRQCEDURE FQR QE,TgRMINIHG VtNTI1ATlON BATES 

Seeps to b• follow•d in order to calculate ventilation airflows for a known building are given 
here. Fijpr• A-1 giY'I the fl,gy sher: gf Sh• espn~ nrsP.~~nry S9st1gn A 1 prgyid11 ft lint nf 
dofinitipDf for ... y r•f•r•nc:•. 

th• .. .....,cioa. inher.ac in chi• calculation procedun are: 

l. Ro acack •ffect:. 
2. N'o pna.un drol' imida building, nesligible •ffecC. dua Co parciciom. 
3. PH'fect: mixing. 
4. tlind profile can be d&acribed by power law. 
5. U•• of Cp daca on an average wall baais for low-rise buildings. 
6. Valid for window or oehar wall apertures only, noc for roof l..,.l apar1:\ll'•s. 

SIR 1: Get wind, building, and terrain data. 'nt• following data should be known in this 
step. 

Toqain daS* 

.a.c height: in the. reference terrain (fc) 
wind s-paad in the reference terrain at haighc h, (fc/s) 
tarrain comcancs of cha r•ference terrain cs .. Table A·l) 
terrain cOMt:anC. of cha building terrain ·(Sea. Table A·l) 

3uildipg daF* 

L Longer side dt.en.ion of building (ft) 
tJ Small side dim91Wion of building (ft) 
H Reference height (fC) 

- Av.rage window height for call buildings 
- E&v. height for low rise buildings (up to 3 stories) 

~lndgw Rarag1c1r1 

A1: Area of the 1th window (ft2) 
It is defined as the open window area. For sliding or hung window~, open window 
area ls typically 40t of cha rough opening in the wall. For fully operable windows 
(e.g. , awnings or cua-nc windows) ass\11119 At co be the entiro glazed area. The 
window may or may noc hav. f.nsect sc;:eening. Correction factors for f.nsect 
screening or awning window blockage when "!'Jpen are given lacer f.n Step 6 of this 
sac~ion. 

XL and ZH: 'nt• dU.nsionsless horizontal and ~ercical location of each window on the 
wall (required for tall buildings only· see Figure 8 and definitions). 

STEP 2: Using H as t:he ceference heighc, c.:J.iculace i:he ceference velocity (Vref) at this 
ceference height using procedure outlined tn Section A.2. 

STEP 3: Choose one 'of the following: 

l. 

2. 

3. 

If all win~ows aro on a single wall, determine the t:ocal window area (A). Go co 
Step 4. 

If low-ris• building: 
Sum window areas on each wall and treat them as single windows. 
Follow procedure in Section A. 3 and determine C'P for each wall.' 

If high·dH building: Follow procedure ln S•ction A. 3 and determine Cp for each 
window locacion. 

9 
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4: Choose one of th• following: • ' ~ 

l. Use procedure A ouclined in Seccion A.5 for single windows 
2. Use procedure 15 ouclin•d in Seccion A. 6 for one window each on two walls 
3. Use procedure c ouclined in Seccion A. 7 for windows on three or more walls 

~= Choa•• one of Che ~olloving: 

l. If procedure A vu u&ecl in sC•tJ 4, ignore this sC•tJ. 
2. If proc•dur• B or C vu uaecl, anly che following correction to account: for window 

apenura. 

c. - CQ/(l+cQ) (A·l) 

c. - 1a Che aco.al now coefficianc 
CQ • i• ehe flow coefficienc calculaced in procedure• B or C 

CalculaC• airflow (in fc3/s): 

(A-2) 

SIEP ?: Cortecc for window eype and imecc screening by multiplying Che flow by the following 
faccors. 

l . Fully open awning window, no screen: 0. 75 · 
2. Awning window aad 60• poro•icy inaect: scr .. n: 0.65 
3. 60• poro•icy imecc screening: 0.85 
4 . No daca avail&bl• for blockage in cu-nc window• when th• vindm are ac an obliqu. 

angle. 

STEP 7: Calculaca air change per hour, ACll 

Q 
ACH - 'l:'1 * 3600 (A· 3) 

'l:'1 - Zone VolWMI (ft:J) 

SIR 8: Apply correction for surrounding effects to th• flow from Secti'on A. 4. If ACH is 
less than 3 u.m• ACH • 3. Noca thac this value J.s based on 111easured ACH in two field 
residances vit:h window• fully open on windless nights~ 

A.l QgFINITIQNS 

The definitions of the various parameters used in che calculation procedure are summarized 
here. 

l . Pressure caefficienc (Gp) : This dimen~ionl~~~ ~unnclcy ls defined ns : 

p • Pr 

2 
l/2 p Vref 

p ~ local pressure on a surface measured by a pressure cap flush with the 
building surface (psf) 

p~ r•f•renc• fr•• sere .. scacic pressure (psf) 

p • air density (lh/fc3) 



Vref • raference wind speed at a reference height or free scream velocity (fc/s) 

2. ~ind Angle (Q): The angle (i~ degrees) between Che wind direction and che outward 
normal of Ch• ~all l.indar consideracion (See Figure l). 

3 . Sida Racio (S): The racio of ehe width of th• wall under consideration co Che widch 
of the adjacenc wall (see Figure l) . 

4. Effective Area (A9 ): Efff!ctiveo window .urn (f't2). Deflnltinn dlffors for differenc 
cu••· For buildinp with wlndows on nnly nne wnll or wt.ndows on thr•• or more 
wall•, Ml 1• the sum of all window arens. For probl... with window• on cwo walls 
1.e Section A.6. 

5. Terrain Co118CGU (a's and b's) 'nle valuas.of a's and b's chosen from ?able A·l, 
which dafia. tb9 C•rrain c:bar..:ceriscics. 

6 . t..ngch R&cio (XL): The d1-.mionl••• horizontal location of a poinc on a wall. IC 
1a the racio of the horizoncal dbcance of the poinc fro• ch• edge of ch• wall eo 
the lengch of the wall (s .. Figure 8). 

7. Heighc R&cio (Zll): The diJMmsionl••• vertical locacion of a poinc on a wall. It ls 
dafined u the racio of ch• distance of the point fro• ch• ground to ch• heighc of 
ch• wall (s .. Figure 8). 

8. Lang wall 
Share wall 

of a ~ec:tangular building is ch• wall having Ch• larger side dimension 
of a ~cmplar building 1a the wall having the •-llar side dillemion 

9. I.loaf angle ., i• the roof slope (dagr••) of Ch• roof parallel co ch• wall for which 
<=, is soupc 

10. I.loaf angle & is the raof slope ( dagrH) of ch• roof perpendicular co ch• wall for 
which ~ i• soughc. 

A.2 PEIERMIHAUQN Qf !W'QEtfCE VILPC!Tf 

The following data lllUSC be known 

R1f1r1ns1 ;or;ain g1ramet1r1 

h masc height ln the reference t~rrain (ft) 

Vrh wind speed in the reference terrain ac height h (fc/s) 

ar & br Terrain constants of th• reference terrain (Table A·l) 

Buildipg sor;aip garame;ors 

H height in building terrain where Vref is required (ft) 

eorrain constants of the building tcrrnin (Table A·L) 

The reference velocity ( ft / s ) ac the he i ghe (H} in the building terrain . 
This !.s the reference velociey chat: hns co be determined and used i n ehe 
calculation procedure . 

A.3 PRESSlJRE CQEEflCIENIS 

(A·4) 

This seccion giv.s ch• procedure for obtaining Cp through ch• curve fie equations for both 
lov·ris• and high-rise buildings. 

(/ 
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Lgw-riso Building 

l. For each wall, determine the appropriate side ratio (S) according' co definitions . 

2. For each wall, determine the wind incidence angle (a) according co definition. 

3. Use Equacion l and its coefficients given in Equation 2 co calculate the normalized 
Cp (N~) for each wall. 

4. Fram the narmali:ed 1' value, calculate th• actual Cp by multiplying th• normalized 
value by th• Cp at zero incict.nce. U•• Cp ~c zero incidence co be 0.6. 

S. If a garap or vinpall is pr .. ent on a wall, •dify 1' for thac wall u illu.traced 
in.. Figure 6 • ~ 

6. If the houae is U·shaped, 11adify 1' for the inner walls of the U u illu.traced in 
Figure 7. 

Not• thac all data in literacure are for reccangular buildings. Step• S and 6 above are 
authors' rec.,_..dacion on what co da for r-liscic hou.e plans. 

High ri31 Building 

l. Far each window, detemim ii:. locatiqn in t'~ of XL and ZH and the &'9Plicabl• 
side ratio (S) according to definitiorw. 

2. For each window, determine the wind incidence angle (a) according co definition. 

3. U•• Equation 4 and 'its coefficieni:. given in Equation S to calculate the accu&l Cp 
for each window. 

A.4 COBRECT!ONS f'9R SJJBltQQNQXNC gmrn 

Corrections are co be applied co the ventilation flow rate calculated in step 7 of the 
calculation procedure, ba••d on the general shielding class in which the building is located 
and correction factors of Table 2 and Equation J. 

Note that these correction factors should be applied to che ventilation flow rate and not Cp. 

A.5 PROClmlJRE A; SINGLE lJINOOY 

!he formula for calculating ventilation races through a single window is given by: 

where 

Q ~ l.766 A Vref (A- 5) 

Q - is the airflow (in ft3/s) 

A - is the open aperture ~rea of all windows on that wall (in ft2) 

is the wind speed (ft/s) at the building site at reference height. For low-rise 
buildings, use eave height as reference height. For high-rise buildings, 
calculate airflow separately for each floor using ceiling height of that floor 
as th• reference height. 

The reference wind speed· at th• sit• reference height can be calculated from meteorological 
data~uaing the procedure outlined in Section A.2. 



A.6 PRQCEPlJRE 8· PH !NJ.ET AND QNJ QtJTl.ET 

The procedure for calculating the flow through a cross ventilated building with one effective 
inlec and on• effective outlet is presented here . The procedure can be used for a low rise 
building having windows on two walls or for a high· rise building having one window each on 
two walls. 

Th• airflow coefficient in such ro089 can be expressed as 

where 

CQ - Q/(Ae Vr•f) • Cd ('1C,)l/2 

CQ is the flow co.fficienc 

Q is th• flow (ftJ /s) 

~ is the effactiv. window area (ft2) . • AaAt/(A20 + A2 1)l/2 

wher• Ao and At are the open outlet and inlet areas respectively (ft2) 

Cd is th• discharge Coef~icienc • 0.62 (reco .... nded per Swami and Chandra 1987) 

~c;, • Pre•aur• co.fficienc difference aero•• the inlet and outlet. 

A. 7 PRQCEpUBI C · tsJlLIIPLE tm.m ANO QUTI.iTS 

(A-6) 

(A-7) 

Th• calculation procedure de•cribed her• usos the Vtck~ry (1983) l90dol. Th• modal starts with 
th• standard. orifice flow equation through th• l th apercure. Not•: in this proc•dure, 
aperture •ans the sua of all open areu on a wall for low-rise buildings or an individual 
window for high-rise buildins-. 

where 

Q1 - Flow through th• ith aperture (ftJ/s) 

Cdt • Discharge coefficient for the 1th aperture 0.62 (reco11111ended value, 
Svai and Chandra 1987) : 

A1 • Area of th• ith apera&r• (fc2) 

Vref • R•ferenc• velocity (ft/s) 

Cpt - P·ressure coefficient for the ith <1pert:ure 

CpI - Internal pressure coefficient (unknown) 

(A· 8) 

The numerator and denominator are written speci fl cal Ly to account Eor Lnflows and outflows . 
Equation A-8 is nondimensionalized by Vref and (effective) area Ae (where Ae is the sum of all 
window areas in ft2) such chat Equation A-8 is recasc as: 

A 
e 

An iterativ. solution (since Cp1 is unknown) Ls obtained as follows: 

( i) Define c:wo starting value• of Cp1 as 

(A-9) 



(A-10) 

where 
n • number of aper'CUr•s 

and 
(A· ll) 

and compute th• corresponding valu•s of nee inflow t1. and t2 where, nee inflow for th• 
Nch iteration. 

~-1 

(iii) Coiip\lC. the carr••~onding valu. of the net inflow, 

~. and te•t l~I < to·4· 

If ye•: put Cpt • (Cpt)H aalli c~c. the •l...ntal flow coefficient• i1CQ1 
If no : return co (i) 

(A-12) 

Th• flow coefficient into the building can then be evaluated by s~ing 11CQ( over all positive. 
value•, while the flow tbraup a giV9n surface of a high-rt.~ building can be obtained by an 
algebraic sua OV9r the regiOll8 c011priaing that surfac•. 

(A-13) 

A.8 µAMPLE 

A sample calculation comparing predict•d and measured ventilation races i.s presenced here 
Chandra (1983) provides me .. ured data for the FSEC PV house foe chree different wind 
directions. The ventilation race for one wind direction ls calculated here . Figure 10 is a 
plan of the experimental ho\Ue, showing the window Locations and areas (in fc2). The window 
areas are open aper'l:Ure are .. with insect screening. The zone volume is 9300 ftJ . A uniform 
discharge coefficient of 0.62 was a.sU1M1d. 

~ind dir•ction 87 degrees (north - o0 , east - 90°, south - 180°, west• 270°) 

Step l: 
h - 33 ft: 
vl:h - 8.2 ft:/s 

from Table 2: 
al: - 1/0 
br - 0. 15 
ab - 1. 0 
bb - 0.15 

Since the metarological data were collected on site, the constants for the reference terrain 
and th• building terrain are the same. This may noc be the case if. for examp Le, the 
meterological data are caken from che airport and che building is sicuacad far away in a 
deve lop ... nt. 

H • 7. 66 ft 

Step 2: 
Vref • 8.2•(7.66/33)**0.15 6.6 fc/s 



Step 3: 
lUndgw1 
Ana (ft:2) 
~ind angle (a deg) 
Sid• rat:io (S) 
0.6* NCp (from Equat:ion l) 

~ 
16.91 

93 
l. 56 

-0.337 

~ 
10.67 

177 
0. 64 

-0.337 

~ 
15.3 

87 
l. 56 

-0 . 253 

~ 
2. 66 

42 
0 . 64 
0.347 

Correction for ch• presence of ch• garage Ls ~pplicable co ch• nort:h wall. The c11 for chac 
wall is modified co 0.6 a. per Flsur• 6. 

Step• 4 and S: 
Procedure C va. prop--.& inco a compucer chat direccly gave ch• air change per hour 
(ACH) gi'Wll all pr..n.ou isqnac.. the ruulc from c:M procedure i• ACll • 22 • .56. 

Step• 6 chDOu!h 8: 
Th• correccion factor for insect: i1crl'cminB - O. R5 
SCF • 0.88 ( .. auming Claaa II shielding of Sherman and Griaarud) 

Correcced ACK • 22. '6*0. 88*0. 8:5 - 16. 9 
Meaaw:ed • 19.0 (Chsndra 1983) 
' difference • ·llt 

TABLE l " 

Save• of Daca ·ShOlring Modal and Terrain Ch•racceriscics and 
Cp ac Zaro Incidence Referenced co. E&1r9 Haight 

Source Modal . Cp ac z•ra incidence 
L:ll:H Roof Terrain ·long wall shore wall . 

JENSEN (196.5) 2 i l:l nae roof Open . .500 
JENSEN (196.5) 2 : l : l flat roof Industrial .600 
JENSF.N (1965) 2: 1: 1 l:l roof Open .592 
JENSEN (196.5) 2: l : l 1: 1 roof Induscrinl .685 
JENSEN (1965) 2: 1:0 . 5 1: 1 rnnf I mh1:tt r I., L . 9lJ 
CERMAK (1981) 36:36:2~ l: 2 roof . 621 
HAMILTON (1962) l:l:l flat roof Suburban . 610 
HAMILTON (1962) l:l:l 15 deg roof " . 511 
HAMILTON (1962) l:l:l 30 deg roof .. .476 
HAMILTON (1962) l:l:l 45 deg roof .. . 546 
VICKERY (1983) 100 : 80 1: 12 roof Open . 564 
VICKERY (1983) 125:80 4: 12 roof Open .403 
'll!CKERY (1983) 125:80 l: 12 roof Open .448 
'IICKERY (1983) 125:80 12: 12 roof Open .479 
VICKERY (1983) 125:80 . 4: 12 roof Subu;ban .384 
'll!CX!llY (1983) 12.5:80 1:12 roof · ~ .394 
vtCK!llY (1983) 125:80 U:l2 roof .. . 523 
IJIREN (1985) 130:8.5 : 52 1:1 roof Open . 635 
L.USCH (1964) 4:2:1 0 deg roof . 628 
LUSCH (1964) 4:2:1 10 deg· roof . 600 
LU SCH (1964) 4:2:1 20 deg roof . 600 
L!JSCH (1964) 4 : 2: 1 )0 deg roof . 740 
L.USCH (1964) 4:2:1 40 deg roof . 660 
LU SCH (1964) 4:2:1 60 deg roof . 772 
ASHLEY (1984) a: l : O: s flat: roof Suburban . 690 
ASHLEY (1984) 10:·3: l: s 20 deg roof . 727 
ASHLEY (1984) 2:7:1 :0:5 24 deg roof .. 1. 209 
AKINS (1979) l : l flac roof . 613 
AKINS (1979) 2:1 flat roof .613 
AKINS (1979) 4:1 flac roof .613 

Note: IJhere building height: is not: specified, che Cp was obtained ac by 
av.raging th• dar.a from modal• of Ch• s ... side ratio buc different: heights . 
Long and shori: walb refer co ch• larger and short:•r building side. 

.559 

.616 

.599 

.599 

. 952 

.609 

.610 

.548 

.493 

.536 

. 518 

.253 

.495 

.186 

. 281 

. 311 

.168 

. 722 

.600 

. 580 

. 620 

. 620 

. 720 

. 900 
630 

.674 

.817 

. 613 

.613 

.613 



l 
2 
3 

I l. 

Shielding 
Clus 

I 

II 

III 

IV 

v 

~ind dir. 
(degree•) 

87 
140 
152 

Class 

I 

II 

III 

' IV 

v 

TABLE 2 
.. 

CORRECTION FACTORS FOR GENERALIZED SHIELDING 

Correccion 
Faceor (SCF) 

l.O 

0.88 

0.74 

0.57 

0.31 

Oescripcion 

No obscruction or local shielding 

Light local shielding vith few ob•tructiona 
(e.1., a f.., trH• or a slwd in the vicinity) 

ltodarat• local shieldlni; 9.,.. ob•tructiana 
within two haue hei&itt• (e.·g., thick hedp 
or fem:• and nearby buildinp) 

Henvy-shieldlng; ob•tructlon around 111a•t of 
perimet•r building or tr••• within five 
building heighta in 1110•t direccioa. (•. g •• 
.... 11 devwloped trace ho"-••> 

Very heavy shielding: large ob•trucCion 
surrounding perimet•r vithin cwo house 
heights (e.g., typical downtown area) 

TAIL! 3 

. COMPAi.ISOM OF PREDICTED AND MF..ASURED ACH 

W'lnd Speed 
at 10• (mph) 

5.6 
9.7 
7.1 

!teasured ACH 
(1982) 

19 . 0 
29 . 8 
2J.3 

TABLE A-1 

C.alculatad 
ACH 

16.9 
29 . 9 
22 . 5 

t Diff. 

-11 
0 . 4 

-3 . 2 

TERRAIN PARAMETERS FOR STANDARD TERRAIN CLASSES 

b II 

0.10 1. JO 

0.15 l. 0 

0.20 .as 

0.25 0.67 

0.35 0.47 

l><'scripcion 

Ocean or ocher body of wacer wich ac least 
5 km of unres.tricted expanse 

Flat terrain wich some isolated obstacles 

Rural areas wich low buildings 

Urban, industrial or forest areas 

Center of large city 
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Fliur• 2. Convanclon• uaad ln daflnln1 roof anal•• for each wall 

a tlvan wall cwo roof an1l•• ar• tlafinablc (1 and j) 
Mou: for 

1 

' 

l• cbc roof alopa of ch• roof parallel co ch• wall for which Cp 

ii aoutht. l• cba roof alop• of th• roof parpandlcular co che wall for whlch 

Cp h aouahc. .. 
£¥.-pl•, for wall 3, 1 - •1 and ' - •2 
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Figure 6. Correc:cicm/-d.U'1c:acion co ~ for cbe preHac:e of garage or wtngwall•. 

Noa: Correcd.on/-d.U'ic:acion for wall AC should b• u follows: 
i. For 8 in Cl• poaici- !U.rec:d.on up co 90°, ~ MY b• cakan u Cl• 

.,,_i119 ac zero 1.Dc:ide&:e (1. •·, :Cp-0. 6) 
u. For 8 in t:be poaici- d1rMcioa sr-car :be 90° . no correccicm u 

...... QIL. • ' 
Ui. For 8 iA me m .. ci- dinccioa up co • 900, 1DcluiM :be qenurea 

iD V&ll Ill:. • if cb"!' are in wall. !C IDd ,a.. no~ •cr-ciou . 
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Figura 7 . ltodific:a1:1on eo c;, for t1 • ·~ buildiDp . 

Noca: en.· folloviD1 modific:ad.cm eo Cp for vall.I Al, AC Gld ID is sug-i::ad.: 
i. For mslu P ui1 ea ="'~o, Cp for val.la Al, AC md ID ~ ba u.umad eo 

be da9 val• ac "&ft'D i:Dcidlrnaa Ci.a., Cp • 0.6). 
il. For -pos:Lti,,.. p 1q1 co 60°, -.U.. Al JIDd AC uy be c.U.aa eo &1: :aro 

illla:Ldmlaa (1.a •• Cp • 0 . 6). '111Ddaw<s) oa vall ID ..,. be addM co 
dl9M ia vall Er. 

il:L. For Mp1::L,,.. p 1q1 co 60°, vall.s I>! and Al ..,. be eaaa co be a1: :aro 
illlaidmaa ( 1. a. , Cp • 0. 6) . '111.adow( a) i.ll AC 'M1 be aaa.G co aao.. i.ll 
..u. !!'. 

1~. For cqla P bayvad. :&0° , eba ~u in all "dlrea walls sboW.d be 
cr-1:8Cl u if eaay ara in l•-ard ragl.011. nm., U4 &ll =• &ll•rT;Ur• 
arau in vall AC , Al aml ID Ul.d inclw:i.a =- u arau in vall CE for 
8> ~ 60° , and i n wall !:IF for: /J< • 60° : 
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Figure 8 . Def1n1cion of XI. and ZH for ull tnli.ldings . 

Noce : L.ngcb racio XL - x/L 
Keighc racio ZH • :/H 
: - 0 is elvays ch• ground level (••• elevacion) 
x • 0 ... c be calc.ea .. ch• edge c:lo .. r co che cail of che wind (see plan) . 
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Fi1ure 9. Corre&pondence of predicted and obaerved Cp for tall building». 
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P"ls-• 10, The pl.- of· m. h- Wlo89 for ._d.l..aci- eJqMr1-cs, showin& 
~ 1-d.- .-~ ar- (in~·~.). 
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