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A roview of the werldwide dats base on discribution of pressure coefficients (C,) on building
surfachs yleldad dsdble dacs frewm eight different investigators for low-rise buildings and one
sourd: for high-rise 'buildings. It was found that average surface pressure coefficients for
low rise buildings wers adequace, and local data were assimilated as 544 average surfade Q"
A nonlinear ‘régression with wind incidence angle and building side ratio as variables: was
foundii'to " predict ‘these data with a correlacicn coefficient of 0.80. Local pressure
?«fﬁchnu rather than average surface were used for high rise buildings. More than
5,000 data ‘poifits were fitted with anocher _nonlinear regression involving the “earlier
vuiablu plug cie location coordinaces. o . i i
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Building pressure coefficient correlacions developed in this paper can be useful for
infiltracion and Lndott ‘atr qunllcy studies as well as for nacural mcihsion ai-rflou
calculacions. “ R -
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A structured procedure for calculatin; wind-driven natural vencilation rates-is given in
appendix "X Jﬂ’l,a. procediice is ‘an ‘enhanced vcrsion of the V!.ck.nry (1983) algofidhﬂ"'for
calculaetng airflow t:h:ough bui.ldi.ngs A REL LA
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Becter knowledge of pressure discribuciom on building surfaces has become more importance in
recent years for several raéasons. The need to maincain indoor air quality by providing
miftiteum air changes in buildings requires knowledge of surface pressure discribucion in order:
te ‘calculats infiltration air flows chrough buildings. As the costs of mechanmical cooling
hatve steadily increased, interest in passive cooling strategies such as natural ‘ventilacion
ha®' ' also ‘increased.  Detailed knowladge of pressure disctribution is also necessary for che
caltulation’ of -natiral vemcilation. Parameters such as buuding geomecry, terrain, and ochu‘
fatrors I.nfluinc- eh- value - of pressure coefficient (Cp)

Catsow

Over che years, che civil engineering.community has conducted wind cunnel investigactions
of Cp “distribucions to decermine cheir' importance “wind“load calculacions. This paper
actempts to dsgimilace this worldwide ‘daca base for use in natural ventilacion calculations.
Re"sti;bh"of thi§ ‘ASHRAE-sponsored study have produced a significant advance in che scace of the
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art (ASHRAE™ 1985). However, the correliaitions®are farSfrom. complete, since data _are available
only for rettangular buildings --quite different from typical resddencial floor plans.

4

The range of ‘low- and high-rise buildimng geometries curve fitted is:

Low rise: Floor Plan - rectangular « - :
1 <= long to short wall ratio <= 8
0.1 <= eave height to short wall ratio <= 0.4
(typical of 1 to 2 story)
0 <= overhang/eave heighet <= 0.2 S
0 <= roof angle <= 60 degrees

High rise: Floor Plan - rectangular
1 <= long to short wall ratio <= 4
1l <= da&ve height to short wall ratio <= 8 . wo
v overhang = none } o s o« .
roof angle = 0 P : :
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The worldwide data base on pressure coefficient (Cp - defined::in Appendix, Section A.l)
discribucion on building surfaces /‘was reviewed, providing daca from eight differanc
investigacors for low-rise buildings:and one sourcs :for:high-rise buildings. It was found
that -average surface pressure coefficiencs :for low-rise buildings were adaquacte, and Llocal
data’ were assimilated: as 544 average surface:C,. A nonlinear-regression with wind incidence .’
angle and building side ratio as variables was found .to predict these data with a correlacion.
coefficient of 0.80. S
Local pressurs coefficients, racher than surface mrag"o were used for high-rise
buildings. Mors than 5,000 daca poincs were fitted with. snocher jnonlinear  regoession
involving the earlier variables plus the location coordinaces. Building pressure coefficienc
correlacions developed in this work can be useful for infiltracion and. indoor air qualicy °
studiu u vol.l s for nacural voncuui.an airflow c:d.culacim s R
. a1 2T i :
A s:ruct:nrcd procedure for calculn:ing wind driv-u nacural vencilacion r:acu i.s 51von in
appendix A" This’ procedure‘ is an enhanced: vu'sion of the Vtckcg, (1983) algoril:.hm for
calculating ‘airflows in buildings.s.. W W By o g
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The ‘coefficienc? of ﬁrr:assure over a ‘huilding surface- vatias wich, che p‘;sicion on che sutfaca
particularly neat cthe" adges. However, such dacta acre extremely vol.um,nous and pri.ma:ily

important for wind load calculations: ::A logical simplificagion is cto use the aygrage surface.
C, £&6t caléulating vencilation rates. for low-rise buildings. . Swami, .and Chandra (1987) found
that the error introduced by using average surface C, tather :hpn. lgcal CP was generally about .
58. A similar comparison .by Wirem (1985) showed the error to be under 10%. However, Cp °
variations along the height of high-rise buildings can. be rglacively large. Thus, cthe':
regression equations for high-rise build.i.ngs were developed for local racher chm avo:agc ,
surface Cp. :
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The coefficlenc of ptessure vanes conszdetahlv with cthe. approqch wind angl.e and o a
lesser extent, wi:h t:h. geomcry of the building (i.e., side tacia and. roof slopes)

Cy daca, el.thot mean or . local - are.usually given in terms of .the wind angle for each of
the four surfadss constitucing the house Most researchers have defined the wind angle with
respect to the:windward wall oE the: building, and Gy, daga for all four walls are tabulated
wich respect:igo the wind angle. .: The. disadvancpge of l:gli,& approach Lg having to cnrty_ the wall
number as an additional pcra-occr for curve fitting. It was felt chac dofini.ng the wind angle-
with respect to the. actual surface for which Cp is soughc, rather than any one surface, would
be more appropriate and would be less cumbersome: for curve ficting. Since all, daca. are
available for rectangular buildi.ngs, the daca could easily be converted in terms of our wind
angle definicion. This would eliminate wall number as a dependent pumcor ‘The wind angle
is defined to be the angle between the outward normal of a surface and t:h. wind direction and
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is always a positive value between 0 and 180 degrees {ug Flgura 1). Due to the symmecry of
the daca, the actual sign of the:angle isvunimportanc. ' The solid line in the fimx. is the
wall surface under consideration, and the dotted line ‘indicates the rest of the building. To
accounc for the effect of the adjacent wall, the parameter side ratlo (S, in.Filgure 1) is
defined and is anocher paramecer influencing the C, value. Data for all the surfaces were
convertad into this form. Samples of such a conversion are provided in Swami and Chandra
(1987). .

Two other parameters affecting C, are the roof slope (y) of the wall under consideracion
and the roof slope (§) of the ad)jacenc wall (illuscraced In Flgure 2).

NormalizZad Co (NCh)

Different researchers have refersnced C; based uﬁ velocities at differentc heights, Since

it is proposed to use C, referenced to the velocity at the building heighc,.all Cp data in the
literature must be re-refarenced. To do this, the velocity profile of the. study will have to
be known a priori. This effort can be considerably simplified if cp at different wind angles
are normalized with respect to Cp-at a fixed wind angle. .Since Cp at a wind angle of zero
degree’ is usually most reliable -and this value is provided by most studies, all Cp are
normalized with respect.to the Cp at 'the wind angle of .zers degrees. The normalized valuas
thus become independent of the reference height, and it is only needed tg¢ reference the at

zero degrees t6 thé-building height. This will result 1in the walue .of normalized Cp at zero

degrees to be 1.0 regardless of all other parametevs, which facilitates in curve fitting.

- W
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Pressure coefficients Ero- a mﬂoz ot sources ‘vere- cxa-:i.ncd Eot useful dat:a .,for daca
reduction and consolidation. The Air Infiltration Centre bibliography (Allem 1984) was used
extensively to Ssarch for original” source documents. - In addition, .some- ressarchers in the
field wers contacted direétly. Table :l susmarizes the. sources used and gives che parameters

(1987) for the details of data extraction.

The data extractad for low rise buildings yielded 544 average wall daca points

T,

utilized by the authors and the cp values at zero incidence. -~ Refer to Swami- and Chandra

representing several thousand local C, data chac were digitized from concour piocs. .

A compucter program was used to obtain curve fic for the normalized C, daca by step-wise
regression’ cachni.quss' " The progfam was run ‘wich a .large number of-:possible. paramecers,
generated from the combinacion of “ind angle (a) ,"side .racio (S), and.roof angles (y and §).
Wind angle and build‘l.ng side ratio“wefe found to-significancly:influence C,, while roof angles
were uu!i.gni.f:i.c:ax'u:.T This could be due 'to -some: conflic:ing data as well as to the fact that
only wall Cpdistributions are béing correlated. - JEFL e x Wy
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" Wwich“che sipificanc paramatars' obcaincd the actual- form was ctmson s I'ho nacurc of the :

data” hmo-ccf saveral conscraincs. : . AL 7

y I Regardless of all other parameters, the normalized Cp musc always be equal to 1.0
for zero degreses wind angle.

"
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2. The terms conctaining the roof angles in cthe equacxon must disappear from che

equation when they are zero, leaving cthe rest of the equacion incaccy:
. -

i

3. Since che nacural logarichm of the side racio is the significanc pacamecer, chis
""" cerm will become zero for S=lL. These cerms must be chosen so:cthac they do-mnoc:
: .affact the ocher ‘tarms of cthe equacidn. To..abide. by these ~constgaints, terms

G

'concaiuing side ratio ‘is well as rbof angles were combined with. sine functions of :

4

wind "angle so that these tarms would'>vanish Eor -wi.nd angle of zero dpgrua The -

"'_fiml roco-ndcd cquacion is:- R e e
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g ‘Ncp = La(CO + Cl*SIN(a/Z) ¥ czﬁsmz(a) + c3*sm3(2*a*c) + C4*COS(a/2) +

14
e

where: nites
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NCp is che normalized Cp % o
Ln denotss the natural logarichm ;

@ 1s the wind angle in dagrees : . '
G = Ln(S) (nmacural log of the side ratio S) :

' The coefficients of the aquaction ara:

CO = 1.248 Cl = -0.703 : C2 = -1.175 €3 = 0.131
C4 = 0.769 CS = 0.07 Ch = 0.717 2)

The correlation coefficienc for the above equation is 0.797, which is a good value considering
the diversity of the daca. Figure 3 shows a scacter plet of the observed versus predicted
daca for low-rise buildings based on Equacion 1. Longer correlacions involving wore Cerms,
including roof angle terms, and a slightly higher correlacion coefficienc of 0.8l11 may be
found in Swami and Chandra (1987).

The observed NC, and that calculated using Equacion 1 are plocted against wind angle for
two- cases in Figures 4 and 5. Noce that the curve fit performs adequately compared to the
experimental data. Similar comparisons for all low-rise building daca are given in Swami and
Chandra (1987). .

Gp-ak Zaxo Incidance

p

Table 1 gives valuss at zero incidence from each source for the long wall and short
wvall (see definition of long wall and short wall in Appendix A.l). The daca are highly
diverse, showing tnio firm trend with respect to any parameter. While it {s expected thac, the
open . terrain should have higher Cp than che suburban terrain -- which is che case with
Vickery’s (1983) data -- cross comparison of Vickery’s (1983) open terrain daca with suburban
daca of ocher references such as Ashley (1984) shows jusc the opposite. Jensen's (1965)
values for large turbulence are always higher than for small turbulence, indicating a conflict
in the data tremd. On the other hand, Akins (1979) shows no change between short and long.
wall for all three aspect ratios. It should be pointed out that the idea of normalized Cop
developed olrlior removes many ot the une-r:aincics of individual exporinom:s from which data
are ga:hoted. : FE T =

1
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In liglic -of :the above, it ‘iss suggest:ed that a.. unifom yalue. 0f 0 f0 be chosen to
represent C, at zero incidence for all. w:ypos oE low r:iso buildir;gs Th:.s represcn:s the
averago of all Cps at zero i.ncid.onc. ol & g o .

i W o CEIE L n .

a -

EEFECT QF SURRQUNDING BUILDINGS
142 4

Surrounding buildings can have significant effect$ on che airflow chrough buildings.
Correlations for change in Cp dusa to the presence of three specific surrounding patterns=---
rectangular, hexagonal, and a single neighboring building -- were carried out by Swami and -
Chandra (1987) from the data available in‘ Wirem (19835). Since these are only specific
effects, they are not presented here. However, correction factors witu developed based on
the generalized shielding coefficiencs of Sherman and Grimsrud (1982), and che effects of

wingwalls, garages, and U shaped floor plans are presented below. They ate. bclievad to be of
more practical significancs ; ' : tma e o e g o

r

G = . E sl . ]I EEE . . 4 - . -

The .factors for reduction in airflow due to ' shielding were calculaced based on’ the
geperalized shielding coefficients of Sherman and Grimsrud (1982). Taking their Shielding
Class I to ro‘pnsanc a’' totally unobstrucced: hou.sc. the  corréction factor tp be applied for che
other classes was calculated by taking the racio’ of the Sherman and Grimsrud coefficients wich
respect to the -unshielded ‘class. The calculated correction factors are given in 'l'abie
Noce that the correction factors given in the table should. ‘be, applied to r.h. vcncila.cion Elo\r
race and not CP' ;

t

5 Cotrlc:nd ACH-ACH *scy ; E o _ )
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where
ACHe= air changes per hour
SCR = shielding, correction factor

Eresence of Garags or Wing Wallg

The presence of a garage wall or wingwall protruding from a wall will drastically affect
che value' of Cp depending on the approach wind angle (Flpgure 6 shows a typical layouc). Since
no measured daca are available for this case of practical {mportance, cthe following is our
best enginsering judgement. Studies done by Chandra et al. (1983) show that for an angle of
up to 90 degrees between the garage wall and the approach wind (as shown in the figure), the
value of on. the vall may be assumed to be the valus atc zero incidence. For angles in the
positive direction beyond 90 degrees, the effect of the garage or wing wall is minimal and:
therefors no modification is suggested. For angles in the negacive direction, as shown in
Figure 6, the presence of the garage or wingwall produces negative pressures as if the wind is
approaching from the leeward side. In this case, it is suggested thac the window areas of the
wall may be added to the window areas of the leeward wall of the building. K

U-Shaped Building
° % A

Figure 7 shows a typical U-shaped building. Since measured data are unavailable for this
common - building shape also, commonsense guidelines are recommended. The Cp of the wall
forming the immer surfaces of the U should be modified as follows. For approach wind up to 45
degrees on both sides of line 00 (Figure 7), the Cp values of all the U-valls may be taken as
the value at zero incidence since positive pressures will be experienced by those walls. For
angles beyond 45 degrees and up to 60 degrees on both sides of line 00, the wall facing away
from the wind approach is likely to be experiencing suction conditions, while the ocher two
walls are likely to be experiencing positive pressures. The wall facing away from the wind
direction should be treacted as if it were a leeward wall, and its aperture area should be
added to the apertuce area of the leeward wall of the building. The C, for the other two
walls of the U may be taken as C, at zero incidence. For angles beyond 60 degrees, the flow
is likely to bypass the U regiom, and all walls of the U will experience suction. Therefore,
the areas of windows on these walls should be added to the window areas of the appropriate
leeward wall. Figure 7 illustraces the diffsrenc cases.

vt v LA " .
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Wind engineers ‘have developed five standard terrain classifications, ranging from open ogean
fronts to the csnter of large;.cities. The -terrain enters into the calculation of cthe
reference wind speed, as discussed in cho appendix (Section A.2)7 sinca the tdrrain affect:s
the shape of the appronch wind velocity profile. 5

-

Another question on terrain effects is whecher the shape of the velocity profile affacts
the Cp directly. Akins (1976) conducted a systemactic investigacion of five velddity: profiles
of high-rise buildings and found that C; dependence on cerrain virtually vanishes if“che 6, is
defined with wind velocities at local height racher than at some fixed height. No one has yec
conductad a systemacic study for low-rise buildings, encompassing all five terrain classes.
Most available data are for cterrain classes I[I or III (see Table a-1 for .gterrain
classifications) and the data are conflicting. Thus, we have chosen to ignore the effect of
velocity profile shape on GCy. Tl L

DATA REDUCTION FOR HIGH-RISE BUILDING | oo B s f
More than 5,000 data points from Akins (1976) are available for all ‘four® surfaces’. for ‘three
buildings (lengch-cto-width-ratios 1, 2, and 4) and for five wind angles, as well as for 110
locations on the surface of each wall. The horizontal and vertical coordinates (XL and ZH) of

che points on the wall are nondimensionalized with respect to the length and h.ight* of :h.
wall. cp is referenced with respect to the v-locicy at the height of measuremerc.” v -

5
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Because Akins (1976) in using local Cys found no dependence on either terrain or heighc
of che building, no attempt has been made to normalize the C, data, and it was decided to
curve fit the actual C, data. However, the data were -converted according to our conventions
of wind angle (a) and side ratio (S) and x-axis origin to eliminats the wall surface number as
one of the variables (see Flgure 8). The final equation obtained for Cp for high-rise
buildings is: -

. Cp = CO + Cl*Ar + C2*COS(2*a) + CI*ZH*SIN(a)*S**0,169 + C4*COS(2%a)*S**), 279 +
CS*SIN(2%a) + CE*ZIH*COS(a) + C7*COS(Xr) 1 C8*COS(Xr*a) + CI*COS(Xr*a)*S*+(. 245 +
v ClO*ZH*SIN(ax) + ClL*#Xr#SIN(ax) + Cl2#*XL + CL3I*COS(Xr)*S#*0, 85 (4)
where - £ e -
A: = a*3,1415/180 (wind an;lo in rldian-)
= (XL-0.5)/0.5
and

S a, 8, XL and ZH have their usual meaning (See definition in Section A.1)

o

The coefficients of the equatiom are:

CO = 0.068 Cl = -0.839 C2 = 1.733 per radian

Cl = -1.556 C4 = -0.922 CS = 0.364

C6 = -0.801 C7 = 1.118 C8 = -0.961

C9 = 0.691 Cl0 = 2,515 Cll = 0.399

Cl2 = -0.431 ' Cl3 = 0,066 : = . R (35)
Figure 9 shows a scacter plot of observed versus predicted Cp for high-rise buildlngsrbcnod on
Equation &. ? 1 : p

¢ ’ ) ) P e . 5 € ‘ b
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Chandra et al. (1983) provides ventilacion races measured in a phocovoltaic house (FSEC-PV
house) for three different wind directions. This is a cypical three-bedroom, two-bath
residence with photovoltaic panels. ‘These values were compared against values predicted from
the correlacions obtained here and the calculacion procedure-shown in Appendix A. Flgure 10
shows the plan of the house and Table 3 shows the comparison. In summary, we can conclude
that the suggested procedure and the correlations used are quicte accurace “for calculating
nacural ventilation airflow races. Ve could not find ocher experimental measurements of
natural vencilation airflow rates for comparison.

55 "y -~ P i <o *
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The objective of :his study was to synthesize and devolop correlacions Egr Cp data for the
widest possible t:ngl of building shdpes. Thus;"we had to tackle the problem of correlating
conflic:ing da:a from different sources, as can be seen in Table 1, for the normal incidence
value Ch(0). Since the major objective was to develop Cy correlactons as a funccion of rhe
JLnd incidence angle and the building 'geomecrical paramecers, the only. Eenstble way to resolve
the inconsistency in che data was to normalize che Cy daca wich the C (0) value. We do
recommend a Cp(0) value of 0.6, which Ls consistenc with the carefully conducted cescs
reported in Cermak et al. (198l) and Akins and Cermak (1979). It also happens to predict the
measured vpncilacion rates to L1% for the only field-measured data we could locate. This, we
feel thac :ha proposcd correlacions are reasonable. ’ = oy ) e
We hasten co add chac- calculacing airflows chrough buildings is difficplc 59d cannot be

done uich pticision Uncn:taincies in the estimacion of site.-wind speed and, the effact of
surraupding buildings are: llkoly to be equal ‘to or greacer than the uncercaincy in escimacing
Cp from the proposed correlacions. = - : T ST
The proposed procedure uses data from a variety of sources. All ‘sources give data for
simple rectangular floor plans. It will probably be correct to state thac over 90% of singlo-
family decached housing in the U.S. is not constructed as a simple. r-ctanglc but is L-shnpcd

-



or U-shaped or {s even more complex due to the presence of garages, porches, etc. Realizing
this, we have given engineering suggestions for computing average wall C,. for these popular
house shapes. It must be stated again :ha: these are estimates based on educatad guesswork.
Syscematic wind tunnel experiments must be conductad om L, U and other floor plans to
accurately analyze these cases. - B
Anocher 3rsa where data are inadequate is in the area of roof slopes. Only-a few-studies

have data on models with various roof slopes. Tn our dara annlysis, we found no systematia
effect of roof slope, so the recommended dorrclatlon does not have roof slope as a variable..
However, one sctudy did systemacically study the effect of roof slope. These data were diluted.
by other studies with random roof slopes, so roof slope does not appear as a staciscicallys

significant parameter. Additional research on this topic is desirable. g
NOMENCLATURE
A = area, ft?
a = terrain constant multiplier, ND (ND = nondimensional)
ACH = air change per hour, h~
b = terrain constant exponent, ND
Ca = corrected flow coofficionc. ND. | > B
Cp = pressure coefficieng, ND . "
CQ-<= flow coefficient, ND =
h - = height at which u.corological wind daca’ ar- available, ft
H = referencs height, ft : ]
L = longer side dimension of building, ft' ° 2 -
NCp = normalized pressure coefficienc, ND = ’ : © e
p <+ = local.wind pressure, psf ' N :
Q = airflow rate, £t3/s . .
S = side ratio, ND - it
SCF = shielding cogroe:ion fac:or Mo
V = velocity, ft/s ' L el By oy
XL = dimensionless horizontal window location doordinace, ND* &
ZH = dimensionless vertical window location coordinace, ND
W = smaller side dinonsion of buildtngs. fe
ZV = zone volume, ft3
Graek e~ 2 =
L “g

@ -;windngngle wi:h respcc: to oucwnrd normal of a uall “ degree
v = roof angle, degree | B ‘ v o
§ = roof angle, degree . < (o
s =:air densicy, lb/ged ._ o s
Z. = summation. v ¥ : . ) ) ‘ BT oy YN
4 .= difference . ] e

" 3 = % = e

E

refers to zero incidence as in Cpg
building terrain ‘
effective .
value .at heighc h. .
.value ac.reference height H _

ifh or inlet . ) f B ol

building interior

number .of apertures

iceracion number o 2 ‘ i? b pens
outlet . = 5 Sy o ST ' .

. refersncs ‘o P ) v i o W,
reference.. - il A

v

%
]
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APPENDIX A

c v

Steps to be follovod in'order to calculate ventilation airflows for a known building are given
here. steps necess v

definitions Eor easy reference.
The assumptions inhersnt in this calculatcion procedure are:

1. No stack effect. )

2. No pressure drop inside building, negligible effects dus to partitions.
Perfect mixing.

Wind profile can be described by power law.

Use of Cp data on an average wall basis for low-rise buildings.

Valid for window or other wall apertures only, not for roof level apertures.

W W
e o o

3

S:I-ELL: Get wind, building, and terrain data.: . The following data should be known in-chis
step. G ¥

Ierzain daca
h : mast height in the reference terrain (fe) :
Veh : wind speed in che reference terrain at height h, (ft/s)
agp & by : terrain constancs of the reference terrain (See Table A-1)
ap & by -: terrain constants of the building terrain (See Table A-1)

Building daca

: Longer side dimension of building (£t) it R
: Small side dimension of building (ft)
: Reference height (£ft)

= Average wiridow height ‘for'“talY buildings L

= Eave heighe for- low-rigei buildings:(up 6.3 scories) o B iz .

=

A

3 g . \ . S -
v . iy Ar " =
i, (ks s o A e sl e

Ay: Area of cho LCh window (fcz) x
'Ic is defined as the open window area. For sliding or hung windows, open window
‘area ls typically 40s - of the rough’opehing in the wall. For fully operable windous
(e.g., awnings or casement windows) assume A¢ - to .be ithe entire .glazed area. The

.. vindow may or may noc_have insect screening. Correction factors for insect
' screening or auning windov blockaga when bpon are 51von la:er 4n Sccp 6 of this
el ‘s.ction. ) ' 3 ’ - ool T2 s

TP 2

XL and ZH: The dimensionsless horizontal and vertical location: of each window on' the
wall (required ﬁot}t;ll buildings only - see Figure 8 and_qgfinicions).

STEP 2: Using H as the reference height, calculdtie*thé .referefce velocity :(Vyaf) at cthis
reference height using procedure outlined in Section A.2.

STED 3: Choose one ‘of the following:

L. If all windows are on a single wall, decermine che cocal window area (A). Go to
& ~ Sctep 4, T : SRS ar .o
2. If low-rise building: ' = A ToxmEr e
- Sum window areas on each wall and treat them:as single windows. o &
. -< Follow procedure in Section A.3°and decermine C, for esch w&ll. = = ¢
3.  If high-rise building: Follcv procedure “ih SQetion A3 and ‘decermine- Cp Eor oach
window location. - wrts . wa L

T
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SIEP 4: Choose one of the following:‘

4

2
-
L, Use procedure A ouctlined in Section A.5 for single windows
2. Use procedure B outlined in Section A.6 for one window each on two walls
33 Use proceduras C outlined in Section A.7 for windows on three or more walls

SIER 3: Choose one of the following:
L. If procedure A was used in step 4, ignore this stap.
2. If procsdure B or C was used, apply the following correction to account for window
aperturs. . ‘
Ca = CQ/(1+CQ) (A-1)

where

Ca - i{s the actual flow coefficienc
CQ - is che flow coefficient calculacod in procedures B or C

Calculace airflow (in f£t3/s):

Q = Ca Vrqg Aq o (A-2)

SIEP §: Correct for window type and insect screening by multiplying the flow by cho following
factors.

1. Fully open awning window, no screen: 0.75 .
2. Awning window and 608 porosity insect screen: 0.65
3. 60% porosity insect screening: 0.85 2
4, No data available for blockage in casement windows when the winds are at an obliqun
angle.
STEP 7: Calculats air change per hour, ACH

ACH = (a-3)

i - B
ZV * 3600
ZV = Zone Volume (Ets)

SIEP 8: Apply correction for surrounding effects to the flow from Section A.4. If ACH is

less than 3 use ACH = 3,  Nota thac this value is_ basod on m.asured. ACH Ln two field
residences with windows fully open on windless nighcs' S 5 g
A.l DEFINITIONS

The definitions of the various paramecers used in chle calculdtion procedure are 'summarized
here. .

“1. ' Pressure cogéfiéienéf(cé)i This dimensionless quancity is ‘defined as:
P - P,
2 phe
1/2 o Vref
P = local pressure on a surface measured by a pressure tap flush with the

building surface (psf) IR ol
Pr . . = reference free stream static pressure (psf)
s R i : largs

p - = air density (lb/fe3)
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Vref = reference wind speed at a reference height or free stream velocity (ft/s)

2. Wind Angle (a@): The angle (id degrees) between the wind dirgctién and Eh. outward
normal of the yall under consideration (See Figure 1).

3, Side Ratio (S): The ratio of the width of the wall under comsideration to the width
of the adjacent wall (see Figure 1).

4. Effective Area (A,): Effective window arcn (Fe?). De€inition differs for differenc
cagses. For buildings with windows on only one wall or windows on three or more
walls, Ae is the sum of all window aresas. For problems with windows on two walls
see Sectiom A.6.

Ss Terrain Constants (a’s and b’s) : The values.-of a’s and b’s chosen from Table A-1l,
which defins the terrain characteristics.

6. Length Ratio (XL): The dimensionless horizonctal location of a point on a wall. It
is the racio of the horizontal distance of the point from the edge of che wall to
the length of the wall (see Figure 8).

7. Height Racio (ZH): The dimensionless vertical location of a point on a wall. It {s

defined as the ratio of the distance of the poinc from the ground to the height of
the wall (see Figure 8).

8. Long wall : of a rectangular building is the wall having cthe larger side dimension
Short wall : of a rectangular building (s the wall having the smaller side dimension

9. Roof angle v : is the roof slope (degree) of the roof parallel to the wall for which

: Cp is soughc

10. Roof angle § : is the roof slope (degree) of the roof pofpondiculai to the wall for
which Cy is sought

A.2 DEIERMINATION OF REFERENCE VELOCIIX

The following data must be known

Raferance ctarzain paramecacs
h : mast height in the reference terrain (ft)
Vih ;. wind speed in che;refgrgpce terrain ac height h (ft/s)

4 - r ipe

ap & by . Terrain constants of the refereqée terrain (Table A-1)

Suilding terxrain garamecacs

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

-, ap & by : terrain constancs of the building CGfEﬂiﬁzﬁfable A-1) .

Veaef = Vpy : The reference velocity (ft/s) at the heighc (H) in the building terrain.
This is the reference velocity thac has -to be decarmlned and _ used in the
calculation procedure.

Urag = Vpy = [(33/h)**be]*([ (H/33)%*by |*(ap/ag) *Ven R (A-G)

.3 PRESSURE CQEFFICIENTS

This section gives the procedure for obcalning Cp cthrough the curve fit equacions for boch
low-rise and high-rise buildings.

b,

lf



Low-zise Building
L. For each wall, determine the appropriate side ratio (S) according to definitions.
2. For each wall, detarmine the wind incidence angle (a) according to dafinition.
3. Use Equaction 1 and its coefficients given in Equation 2 to calculate the normalized

c,, (Ncp) for each wall.

4, From the normalized Cp value, calculace the actual Cp by wmulciplying the normalized
valus by che Cp at zero incidence. Use C, ac zero antd.ncc to be 0.56.

Sy If gltng. or wingwall is present on a wall, modify Cp for thac wall as {llustzaced
in. Figure 6

6. If the house is U-shaped, modify Cp for the inner walls of the U as illustrated in
Figure 7.

Nota that all daca in literature ars for rectangular buildings. Steps 5 and 6 above ares
authors’ recommendation on what to do for realistic house plans.

af
High cize Building
oL For each window, determine its location in terms of XL and ZH and che applicable
side ratio (S) according to definitions.
2. For ou:h window, determine the wind incidence angle (a) according to definition.

3. Use Equation 4 and its coefficients givon in Equation 5 to calculate !:ho act:ull Cp
for each window. .

A.4 CORRECTIONS FOR SURRQUNDING EFFECTS ;

Corrections are to be applied cto the vencilacion flow race - calculaced in .step 7 of che
calculation procedure, based on the general shielding class in which the building is located
and correction factors of Table 2 and Equation 3.

Noce that these correction factors should be applied to the ventilacion flow rate and not Cp.

AR

A.5 PROCEDURE Al SINGLE WINDOW

The formula for calculating ventilation ractes through a single window (s given by:

LERR R

Q = 1.766 A Veaf : , | | (A-5)
where ‘ | ] . 3 o E

Q s is che airflow (in E:J/s)

A - Ls the open aperture®area of all-windows on’ tha: wall -(in Et:?r)

Vref - ls the wind speed (ft/s) at the building sice at reference heighe. IFor l.ow-r:-isa

buildings, use eave height as reference height. For high-rise buildings,
calculace airflow separacaly for each floor using ceiling heighc of that floot
as the refarence height. ;
The reference wind speed at the site reference height can be calculated fron mc.orological
datarusing the procsdure outlined in Section A.2. -

i > 3

L
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A.6 PROCEDURE 3: ONE INLET AND ONE QUTLET

The procedure for calculacting the flow through a cross vencilated building with one effective
inlet and one effective outlet {s 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.
The airflow coefficient in such rooms can be expressed as

CQ = Q/(Aq Vreg) = Cd (ACy)1/2 (A-6)
where

CQ is the flow coefficienc

Q is the flow (fti/s)

Aq is the effective window area (££2) = A,,A,_/(Azo + Azi)l/2 (A-7)
where Ag and Ay are the open outlet and inlet areas respectively (£e2)

Cd is the discharge Coefficient = 0.62 (recommended per Swami and Chandra 1987)

i;;gacp = Pressure coefficienc difference across the inlet and outlect.

A.7 PROCEDURE C: MULTTPLE INLETS AND QUTLETS

The calculation procedure described here uses the Vickery (1983) model. The model scarts witch
the standard. orifice flow equation through the L€ th aperture. Nocte: in this procedure,
aperture means the sum of all open areas on a wall for low-rise buildings or an individual
window for high-rise buildings. o e

S hbes -

i Q, = Cd, ‘A, V ,r———— S = . (A-8)
i i £ l 2 G = s
' o %n . i chi o CPI{ / ix % : - .

whare

o -
AT .

Qg = Flbw through'chohfth Apcréure (ftJ/s)

Cdy = Discharge coefficient for the fth aperture 0.62 (recomnended value,
Swami and Chandra 1987) » =
Ay = Area of the ith aperture (fcz)

a

. H Wit
Vref = Reference velocity (ft/s)
Cpy = Pressure coefficient for the ith aperture
Cpt = Incternal pressure coefficient (unknown)

The numerator and denominator are written specifically to account for inflows and oucflows.
Equation A-8 is nondimensxonalized by Veagr and (effective) area A, (where A, is the sum of all
axndow areas in ft? ) such cthac EquaCion A-8 is recasct as:

)" = & [c)s [ T e "
L L ™ # ;i ¢ b

i 0 o gt }L(cPi_" CPij ; = .-
dcq, = cd; 2 2 o o

A, 1Cp;- Cpql

Ari itefacive solucion (since Cpp Ls unknown) is obtained as follows: °

* JuT e N

(1) Define two starting valuss of Cpy as

/13



where
n = number of apertures
and :
(Cpy)y= (Cpy),+ .01 (A-11)
and compute the corresponding values of net inflow I}, and I; where, net inflow for the
iteracion,
n
y= T acq
i=1 1

(11) Compute & new ucméo (Cp1)N., for the Nth jteration, from the rolacionl‘lﬂp;'

Zy.1

(Cpply= Cpp) g * m‘: ((Cpy) 1= (CPp) yoo) (A-12)

(i1i) Computs the corresponding value of the net inflow,

:N. and test |xN| < 1074

If yes: put Cpy = (Cpy)y and compute the elemental flow coefficients ACQq
If no : return to (1)

The flow coefficient into the building can then be evaluated by summing ACQj over all positive.
values, while the flow through a given surface of a high-rise building can ba@ obtained by an
algebraic sum over the regions comprising that surfaco

CQ = ZZACQy for all positive ACQg ‘ ‘(A-IB)

o

A.8 EXAMRLE

A sample calculation comparing predicted and measured ventilacion rates is presenced here
Chandra (1983) provides measured daca for che FSEC PV house for cthree differenct wind
directions. The ventilation race for one wind direction is calculated here. Figure 10 is a
plan of the experimental house, showing the window locations and areas (in Et:z) The*- window
areas are open aperture areas with insect sc:eening The zone volume is 9300 Et: A uniform
discharge coofficienc of 0.62 was assumed. 3 T

e
-

Wind diroc:ion 87 degrees (norch = 0°, easc = 90°, south =~ 180°, wesc = 270°)

Stoﬁ L: e
- t
Veh = 8.2 ft/s

From Table 2: ' .
ar ta ]./0 . '

by = 0.15
ap = 1.0
by = 0.15

Since the metarological daca were collected on site, the conmstants for the‘raferenceé :tarrain
and the building Cterrain are Cthe same. I’hx.s may noc be cthe case if, for example,- .che
meterological -data are taken from the airport . and t:he building Ls sx:uat:ed far away Ln a
developmenc. : :

o T M ae

H = 7.66 ft

Step 2: s ‘° 2 . 3
Vpgg = 8.2%(7.66/33)%%0.15 = 6.6 fe/s ' R T T

Cly
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Step 3:

Windows Souch Easg Norch Wasg
Area (ft2) 16.91 10.67 15.3 2.66
Wind angle (a deg) 93 177 87 42
Side ratio (S) 1.56 0.64 1.56 0-. 64
. 0.6% NCP (from Equation 1) -0.337 -0.337 -0.253 0.347

"

Correction for the presence of the garage is applicable to the north wall. The Cp far that
wall is modified to 0.6 as per Figure 6.

Steps 4 and 5:
Procedure C was programed into a computer that directly gave the air change per hour
(ACH) given all previocus inputs. The result from the procedure is ACH = 22.56.

Steps 6 through 8:
The correction factor for insect screening - 0.85
SCF = 0.88 (assuming Class II shielding of Sherman and Grimsrud)

Corrected ACH = 22.56%0.88%0.35 = 16.9
Measured = 19.0 (Chandra 1983)
3 difference = -11%
TABLE 1

Source of Data Showing Model and Terrain Characteristics and
cp ac Zero Incidence Referenced to Eave Height

Source e Modal Cyp at zero incidence: v
L:W:H Roof Terrain long wall short wall. )

JENSEN (1965) 2:1:1 flac roof Open .500 .559
JENSEN (1965) 2:1:1 flac roof Induscrial "% .600 .616
JENSEN (1965) 2:1:1 1:1 roof Open .392 .599
JENSEN (1965) . 2:1:1 1:1 roef Induserial .68S .599
JENSEN (1965) 2:1:0.5 1:1 rcoof Induscrial .913 .952
CERMAK (1981) 36:36:24 1:2 roof .621 .609
HAMILTON (1962) L:1sL flac roof Suburban .610 .610
HAMILTON ..(1962) Lalsl 15 gp;,;oqﬁ b e .511 .548
HAMEILTON - - (1962) 1:1:0 .. 30 deg roof = w "I 476 - .493
HAMILTIGN . (1962) Al 45 deg roof " % : TT.548 - .536

. VIEKERY (1983) 100:80., °  1:12 roof~ “‘Open’” ¢ v .S564° ° .- ¢ .518

- VICKERY (1983) 125:80, 4:12 roof 'O§Qn TR 403 : 253
VICKERY (1983) 125:80 1:12 roof Open 648 : .495
VICKERY (1983) 125:80 12:12 roof Open’ " SR 679 .186
VICKERY (1983)- 125:80 -4:12 roof . Subugbai .384 .281
VICKERY (1983): 125:80 1:12 roof e .39 .31
VICKERY (1983) 125:80 12:12 roof . .523 .168
WIREN (1985) 130:85:52 1:1 roof Open .635 .722
LUSCH (1964) 4:2:1 0 deg roof .628 . 600
LUSCH (1964) 4:2:1 10 deg roof .600 .580
LUSCH (1964) 4:2:1 20 deg roof .600 .620
LUSCH (1964) G201 30 deg roof .740 .620 © =
LUSCH (1964) 4:2:1 40 deg roof .660 720 s
LuscH (1964) 4:2:1 60 deg roof 772 - .900
ASHLEY (1984) 8:1:0:5 flac coof Suburban .690 f 630
ASHLEY (1984) 10:3:1:5 20 deg roof . 12T L L6874

“~rASHLEY: =~ (1984)-- 2:7:1:0:5 24 deg roof " 1.209 .817

~~AKINS ; = ¢1979) LEl o flat roof S ) *.er3ad : .613
‘AKINS:: - e (19796) 2: l R = Elac l'qof : " % 61(3 f. L 7.‘.-;613 G
AKINS (1979) 4:1 flat roof ® .613 34813 .

Noce: Where building height is noc specified, the C, was obctained act by
averaging the darta from models of the same side :acgo but different heighcs.
Long and short walls refer to the larger and shortar building side. | »

(ES
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TABLE 2

CORRECTION FACTOR£ FOR GENERALIZED SHIELDING

Shielding Corraccion Descripcion
Class Factor (SCF)
I 1.0 No obstruction or local shielding
11 0.88 Light local shielding with few obstructions
(e.g., a faw trees or a shed in the vicinity)
111 0.74 Modérate local shielding:; some obstructions
within twoe house heights (e.g., thick hedge
or fence and nearby buildings)
v 0.57 Heavy shielding; obscruction around most of
perimetar building or trees within five
building heights in most direccions (e.g.,
well daveloped tract houses)
v 0.31 Very heavy shielding; large obstruction
surrounding perimeter within two house
heights (e.g., typical downcown area) o
TABLE 3
-COMPARISON OF PREDICTED AND MEASURED ACH
Wind dir. Wind Speed Measured ACH Calculacted % Diff.
(degrees) at 10m (mph) . (1982) ACH
87 5.6 19.0 16.9 -11
140 9.7 29.8 29.9 0.4
152 7.1 23.3 22.5 -3.2
TABLE A-1. 1%
TERRAIN' PARAMETERS -‘FOR STANDARD* TERRAIN CLASSES
Class b a :  450bs¢rtpc1on
I 0.10 1.30 62=§5’3¥10c32} 50&9?65 water with ac least
5 km of unrestricted expanse
II 0.15 1.0 Flat terrain with some isolaced obstacles
III 0.20 .85 Rural areas with low buildings
w 0.25 0.67 Urban, industrial or forest areas
v 0.35 0.47 Center of large city

18
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Figure 1. Comvencioms for wind angle (a) and side racio (S)

Nota: a :is the angle batween:cthe wind d.i.roc:icm and .the oucward normal
...... . _J:o cthe wall .. .. ... NS
S : is the side :auo (-31/“2)
e i By ¢ is the width of che -wvall for which Cp is sought
wz : is !:b. vid:h ‘of the adjacent vnll o
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Figure 2. Conventions used in defining roof angles for each wall

Note: For s given wall two Toof angles are definsble (7 and §)
7 : s the roof slope of the roof parsllel to the wall for which Cp

is sought. '
§ : is the roof slope of the roof perpendicular to the wall for which
Cp 18 sought. F
!q‘ ‘, -
gxemple, for wall 3, y = 0 and § =0 230

~ for wall 2, 7 - tg.o0d § = 0) £ %
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Nota: Co‘rzoc:luﬁ/udiﬂauon for wall AC should be as follows:
. o, ’--_ -
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|
_ Wind direction 1
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b o AT {2 il Vi .
Figure;6., Corrsction/modificacion to Cp for the prasencs Uf garage or vingwalls.

For § in the positive dirsguion up to 909, Cp may be ctaken as :l;-

valus at zero incidencs (i.e., <p=0.6) > ‘

For 8 in che posicive direction greatsr chan 90°, no correction is
ted. : . G R

For 8 in the nsgative direction up to -90°,° includs the apertures

in wall AC ‘as if they are in wall EC and use normal equarions.
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*Ifigure 7. Modificacipn 2% ‘_{oht U-shaped buildings. — P

Nocs: che following modificacionm to for walls AB, AC ard BD
e wei. .For angles § up to'+459; for walls AB,.AC and BD may be assumed to
be the valus at zero“ incidence+(i.s,, Cp.= 016).°% =
¢ “ii. .For-positive §'up to 60°, valls:AB snd AC
incidenge (L.a., C.P = 0.6). Vindow(s) on
TEET v 4 these in wall EF. —
444, For negative § up' to"60°, walls DB and AB may be ‘Zaken to be at zero
incidence (i.s., Cy"@ 0.6). Window(s) in AC
wall EF.

iv. For mngle J beyond +60°, the zpertures in all tiwes walls should be
creaced as if they ars in leeward region. Thus, add 2ll the aperture
areas in wall AC, AB and 3D and include them as areas in vwall GE for
M + 60°, and in wall HF for 8< - 60°.
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Figure 8. Definition of XL and ZH for ctall buildings.
Nota: Length racio XL « x/L
Height ractio ZH - z/H
z = 0 is alvays che ground level (see elevationm)
x = 0 sust be caken as che edge closer to che tail of the wind (see plan).
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Figure 10. The plan of the house used for venmcilacion experimencs, showing
wvindew location and window arsas (inm sq. £t.).
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Figure A-l1. Flow chart for the calculatiom procedurs.



