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ABSIRACT

A review of the worldwide data base on distribution of pressure coefficients (C,) on building
surfaces yielded usable data from eight different investigators for low-rise buigdings and one
source for high-rise buildings. It was found that average surface pressure coefficients for
low rise buildings wera adequate, and local data weras assimilated as 544 average surface

A nonlinear regression with wind incidence angle and building side ratio as variables was
found to predict these data with a correlation coefficient of 0.80. Local pressure
coefficients racher than average surface C, were used for high rise buildings. More than
5,000 data points were fitted with another nonlinear regression involving the earlier
variables plus the location coordinates. o . £ ’

Building pressure coefficient correlations developed in this paper can be useful for
infiltration and i{ndoor air quality studies as well as for nacural ventilacion airflow
calculations.

A structured procedure for calculating wind-driven natural ventilation rates.is given in
appendix A. This procedurs is an enhanced version of the Vickery (1983) algorithm for
calculacing airflow through buildings.

INTRODUCTION

Bettar knowledge of pressure distributions on building surfaces has become more importance in
recent years for several reasons. The need to maincain indoor air quality by providing
minimum air changes in buildings requires knowledge of surface pressure distribucion in order
to calculate infiltration air flows through buildings. As the costs of mechanical cooling
have steadily increased. interest in passive cooling stracegies such as natural ventilacion
has also increased. Detailed knowledge of pressure distribution is also necessary for cthe
calculation of natural vencilation. Paramecters such as building geomectry, terrain, and other
factors influence the value of pressure coefficient (Cp).

Over the years, the civil engineering, community has conducted wind tumnel investigacions
of Cp distribucions to decermine ctheir importance in wind’ load calculations. This paper
actempts to assimilace this worldwide data base for use in natural vencilacion calculations.
Results of this ASHRAE-sponsored study have produced a significant advance in the stace of the

Swami, M.V. is Research Engineer, Research and De*mlbpmnc Division, Florida Solar Energy
Cencer, Cape Canaveral, FL.

Chandra, S. 1s Director, Research and Development Division, Florida Solar Encrgy Cencer, Cape
“anaveral, FL.

THIS PREPRINT IS FOR DISCUSSION PURPOSES ONLY. FOR INCLUSION IN ASHRAE TRANSACTIONS 1988, V. 94, PY. 1, Not to be ,
reprinted in whole or in part without wnitten permission of the American Society of Heating, Refrigerating and Air-Conditiomng Engineers,
Ine., 1791 Tullle Circie, NE, Atlanta, GA 30329. Opinions, lindings, conclusions, or recommendations expresased in his paper are (hose of

Vi e b, i - ol i e smblans thm visws nf ARHMRAE



art (ASHRAE 1985). However, the corrslations are far from complete, since data are available
only for rectangular buildings --quite different from typical residential floor plans.

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

Low rise: Floor Plan - rectangular
1l <= 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 height <= 0.2
0 <= roof angle <= 60 degrees

High rise: Floor Plan - rectangular
1 <= long to short wall ratio <= 4
1 <= eave height to short wall ratio <= 8
overhang = none
roof angle = 0

The worldwide data base on pressure coefficientc (Cp - defined in Appendix, Section A.l)
discribucion on building surfaces wss reviewed, providing daca from eighc different
investigacors for low-rise buildings and one source for high-rise buildings. It was found
that -average surface pressurs coefficients for low-rise buildings were adequate, and local
daca wers assimilated as 544 average surface C,. A nonlinear regression with wind incidence
angle and building side racio as variables was found to predict these data with a correlation
coefficient of 0.80.

Local pressure coefficients, rather than surface average, were used for high-rise
buildings. More than 5,000 daca poincs were fitted with anocher nonlinear regression
involving the earlier variables plus the location coordinates. Building pressure coefficienc
correlations developed in this work can be useful for infiltracion and indoor air quality
studies as well as for natural ventilation airflow calculacions.

A structured procedure for calculating wind driven nactural ventilation rates is given in
appendix A. This procedurs is an enhanced version of the Vickery (1983) algorichm for
calculacing airflows in buildings.

ARPROACH TO DATA REDUCTION

The coefficient of pressura over a building surface varies with the position on the surface,
particularly near cthe edges. However, such data are extremely voluminous and primarily
important for wind load calculacions. A logical simplification is to use che average surface
Cp, for calculating vencilation rates for low-rise buildings. Swami and Chandra (1987) found
cgac the error introduced by using average surface C, cacher than local C, was generally about
S58. A similar comparison by Wiren (1985) showed the error to be under 10%. However, Cp
variations along the height of high-rise buildings can be relatively large. Thus, cthe
regression equations for high-rise buildings were developed for local racher than average
surfacs Cp.

Wind G

The coefficient of pressure varies considerably with the approach wind angle and, co a
lesser extenc, with the geomecry of the building (i.e., side ratio and roof slopes).

C, data, either mean or local, are usually given in terms of the wind angle for each of
the four surfaces constitucting the house. Most researchers have defined the wind angle with
respect to Che windward wall of the building, and C, data for all four walls are tabulated
with respect to the wind angle. The disadvancage of this approach is having to carry che wall
number as an additional parameter for curve fitting. It was felt that defining the wind angle
with respect to the actual surface for which Cp is sought, racher than any one surfacs, would
be more appropriate and would be less cumbersome for curve fitting. Since all data. are
available for rectangular buildings, the daca could easily be comnverted in terms of our wind
angle definition. This would eliminate wall number as a dependent paramecer. The wind angle
is defined to be the angle betwsen the oucward normal of a surface and the wind direction and



is always a positive value between 0 and 180 degrees (see Flgure l). Due to the symmecry of
che daca, the actual sign of the angle is unimportanc. The solid line in the figurs is the
wall surface under consideration, and the dotted line ‘indicates the rest of the building. To
account for the effect of the adjacent wall, the paramecer side racio (S, in Figure 1) is

defined and is another parameter influencing cthe Cp value. Data for all cthe surfaces were
converted into this form. Samples of such a conversion are provided in Swami and Chandra
(1987).

Two other parameters affacting C, are the roof slope (y) of the wall under consideracion
and the roof slope (§) of the adjacenc wall (illuscrated Ln Flgure 2).

Normalizad Cp (NCo)

Different researchers have rsferenced C; based on velocities ac different heights. Since
it is proposed to use C; referenced to the velocity at the building heighc, all Cp daca in the
licerature must be re-referenced. 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
degrees is usually most reliable and this value is provided by most studies, all Cp are
normalized with respect to the at the wind angle of zero degrees. The normalized values
thus become independent of the reference height, and it is only needed to reference the Cp at
zero degrees to the building height. This will result in the value of normalized Cp at zero
degrees to be 1.0 regardless of all other parameters, which facilitates in curve fitting.

CONSOLIDATION OF AVAILABLE. Co DATA

Prassure coefficients from a number of sources were examined for useful daca for data
reduction and consolidation. The Air Infiltracion Centre bibliography (Allen 1984) was used
extensively to search for original source documents. In addition, some- researchers in the
field were contacted directly. Table 1 summarizes the sources used and gives the parameters
utilized by the authors and the values at zero incidence. Refer to Swami and Chandra
(1987) for the details of data extraction.

The data extracted for Llow rise buildings yielded 544 average wall data points
represencing several thousand local Cp data chat were digitized from contour plocs.

A computer program was used to obcain curve fit for the normalized C, daca by step-wise
regression techniques. The program was run with a large number of possible paramecers,
generacted from the combination of wind angle (a). side ratio (S), and roof angles (y and §).
Wind angle and building side ratio were found to significancly influence Cp., while roof angles
were insignificamt. This could be due to some conflicting daca as well as to the fact that
only wall Cp distributions are being correlaced.

-
-

Wich the significanc paramecers obcained, the actual form was chosen. The natura of the
data imposed several constraints.

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

2 The terms containing the roof angles in the equation must disappear Efrom che
equation when they are zero, leaving the rest of the equation intact.

3z Since the nactural logarithm of che side ratio is the significant paramecer, cthis
term will become zero for S=l. These terms must be chosen so thac they do not
affect che other cerms of the equacion. To abide by these conscraints, terms

containing side ratio as well as roof angles were combined with sine functions of
wind angle so that these terms would vanish for wind angle of zero degrees. The
final recommended equacion is: :

NCp = La(cQ + Cl*SIN(a/Z) -y CZ*SINZ(Q) + CI*SIN3 (2%a*G) + C4*COS(a/2) +
CS*G2#SINZ(a/2) + C6#COS2(a/2)) (1)

where:



NCp is the normalized Cp -

Ln denotas the netural logarithm

a is the wind angle in degrees

G = Ln(S) (nactural log of the side ratio §)

' The coefficients of the equation are:

CO = 1.248 Cl = -0.703 €2 = -1.175 cl - 0.131
C4 = 0.769 CS = 0.07 C6 = 0.717 (2)

The correlacion coefficient for the above equation is 0.797, which is a good valus considering
the diversity of the data. Figure 3 shows a scatter plot of the observed versus predicted
data for low-rise buildings based on Equacion 1. Longer correlacions involving more Carms,
including roof angle terms, and a slighcly higher correlacion coefficienc of 0.811 may be
found in Swami and Chandra (1987).

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

Gp-at-Zara Incidance

Table 1 gives values ac zero incidence from each source for the long wall and short
wall (see definition of long wall and short wall in Appendix A.l). The data are highly
diverss, showing no firm trend with respect to any parameter. While Lt is expected thac the
open terrain should have higher C; than che suburban terrain -- which is the case wicth
Vickery’s (1983) data -- cross comparison of Vickery’s (1983) open terrain daca with suburban
data of other references such as Ashley (1984) shows just the opposite. Jensen’'s (1965)
values for large turbulence are always higher than for small turbulence, indicacing a conflict
in the data trend. 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 i{dea of normalized Cp
developed sarlier removes many of the uncertaincies of individual experiments from which data
are gathered.

In light of the above, it s suggested thac a uniform value of 0.60 be chosen to
rapresent C, at zero incidence for all ctypes of low rise buildings. This represencs che
average of all Cps at zero incidencs.

EEFECT QF SURBQUNDING RUILDINGS

Surrounding buildings can have significant effect§$ on the airflow cthrough buildings.
Corralations for change in due to the presence of three specific surrounding pacterns--
rectangular, hexagonal, and a single neighboring building -- were carried out by Swami and
Chandra (1987) from the data available in Wirem (1985). Since these are only specific
effects, they are not presencad here. However, correction factors were developed based on
the generalized shielding coefficients of Sherman and Grimsrud (1982), and che effects of
wingwalls, garages, and U shaped floor plans are presented below. They are believed to be of
more practical significance.

Corre

The factors for reduction in airflow due to shielding were calculated based on cthe
generalized shielding coefficients of Sherman and Grimsrud (1982). Taking their Shielding
Class I to represent a toctally unobstructed house, the correction factor to be applied for che
ocher classes was calculaced by taking the racio of the Sherman and Grimsrud coefficiants with
respect to the unshielded class. The calculated correction factors are given in Table 2.
Noce that the correction factors given in cthe table should be applied to the vencilacion flow
rate and no¢ Cp.

Corrected ACH = ACH * SCF (3



where
ACHe= air changes per hour
SC®= shielding correction factor

Presepca of Garaga or Wing Walls

The presence of a garage wall or wingwall protruding from a wall will drastically affect
the value of Cp depending on the approach wind anpgle (Fipure 6 shows a typical layouc). Since
no measured daca are available for this case of practical i{mportance, the following is our
best engineering judgement. Studies done by Chandra et al. (1983) show that for an angle of
up to 90 dag:--. betwsen the garage wall and the approach wind (as shown in the figure), the
valus of Cy on. the wall may be assumed to be the value at zero incidence. For angles in the
positive dgrlction beyond 90 degrees, the effect of the garage or wing waell is minimal and
therefore no modificaction is suggested. For angles in the negactive direction, as shown in
Figure 6, the presence of tha garage or wingwall produces negacive pressures as if the wind is
approaching from the leeward side. In this case, it i{s suggested thac the window areas of the
wall may be added to the window arsas of the leeward wall of the building.

U-Shaped Building

Figure 7 shows a typical U-shaped building. Since measured data are unavailable for this
common ' building shape also, commonsense guidelines are recommended. The Cy 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-walls 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 bocth 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 treated as if it were a leeward wall, and its apcrcuro area should be
added to the apertuce ares of the leeward wall of the building. Cyp for the other two
walls of the U msy be caken as Cp at zero incidence. For angles bcyond gb degrees, the flow
is likely to bypass the U region, and all walls of the U will experience suction. Therefore,
the aresas of windows on these walls should be added to the window areas of the appropriace
leeward wall. Flgure 7 illustrates the different cases.

IERBAIN EFFECIS

Wind engineers have developed five standard terrain classifications, ranging from open ocean
fronts to the center of large cities. The terrain encers inco the calculacion of cthe
refarence wind speed, as discussed in the appendix (Section A.2), since the taerrain affeccs
the shape of the approach wind velocity profile. .

Anocher question on terrain effects is whecher the shape of the velocity profile affects
the Cp directly. Akins (1976) conducted a systemacic anescigacion of five velocity profiles
of high-rise buildings and found that C, dependence on tarrain virtually vanishes if the C, is
defined with wind velocities ac local heighe racher than ac some fixed height. No one has yec
conducted a systemacic sctudy for low-rise buildings, encompassing all five terrain classes.
Most available data are for ctarrain classes II or II1 (see Table A-l1 for terrain
classifications) and the data are conflicting. Thus, we have chosen to ignore the effect of
velocity profile shape on Cy.

DATA _REDUCTION FOR _HIGH-RISE BUILDING

More cthan 5,000 daca points from Akins (1976) are available for all four surfaces for three
buildings (length-cto-width-racios 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 coordinaces (XL and ZH) of
the points on the wall are nondimensionalized with respect to the lengch and height of the
wall. Cp is referenced with respect cto the velocicy ac the height of measuremenc.

5



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

Cp = CO + Cl*Ar + C2*COS(2%a) + C3I*ZH*SIN(a)*S**0, 169 + CL*COS(2%a)*Sk+*(, 279 + )
CS*SIN(2%a) + CE*ZHWCOS(a) + C7*COS(Xr) + CB*COS(Xr*a) + CI*COS(Xr*a)*S**0. 245 +
ClOWZH#*SIN(a) + CLL*XrwSIN(ax) + Cl2#XL + Cl3*COS(Xr)*S*%Q. 85 (4)

where

Ar = a#3.1415/180 (wind angle in radians)
Xr = (XL-0.5)/0.5
and

@, S, XL and ZH have their usual meaning (See definition in Section A.1l)
The coefficients of the equation are:
co

0.068 cl -0.839 c2

- - = 1.733 per radian
C3 = -1.556 Cs = -0.922 CS = 0.344
C6 = -0.801 C7 = 1.118 C8 = -0.961
C9 = 0.691 Cl0 = 2.515 Cll = 0.399
Cl2 = -0.431 Cll = 0.046 (9)

Figure 9 shows a scatter plot of observed versus predicted Cp for high-rise buildings based on
Equacion &.

Chandra et al. (1983) provides vencilacion rates measured in a photovoltaic house (FSEC- PV
house) for three differenc wind directions. This is a cypical three-bedroom, two-bach
residence with photovoltaic panels. These values were compared against values predicted from
the correlations 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 suggestad procedure and the correlacions used are quicte accurate for calculating
natural ventilacion airflow races. We could noc find other experimencal measuremencs of
natural ventilacion airflow rates for comparison.

DISCUSIIONS AND CONCLUSIONS .

The objective of this scudy was co synthesize and develop correlactions for C, daca for cthe
widest possible range of building shapes. Thus, we had to tackle the problem of correlating
conflicting dacta from different sources, as can be seen in Table 1, for the normal incidence
Cp value Cy(0). Since the major objective was to develop Cp correlacions as a function of che
wind incidence angle and the building -geometrical pacamecers, the only feasible way to resolve
the inconsistency in the data was to normalize the Cp data wich the Cp(0) value. We do
recommend a Cp(0) wvalue of 0.6, which is consistenc with cthe carefully conducted ctests
reported in Cermak et al. (198l) and Akins and Cermak (1979). It also happens to predict the
measured venctilation rates to L1% for the only field-measured daca we could locace. Thus, we
feel cthac the proposed correlations are reasonable.

We hasten to add chat calculacing airflows through buildings i{s difficult and cannot be
done with precision. Uncertainties in the estimacion of site wind speed and the effact of
surrounding buildings are likely to be equal to or greater than the uncertaincy in escimating
Cp from the proposed corralacions.

The proposed procedure uses C, 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 single-
family detached housing in the U.S. is not constructed as a simple rectangle but is L-shaped



or U-shaped or is even mors complax due to the presence of garages, porches, aetc. Realizing
this, we have given engineering suggestions for computing average wall C, for these popular
house shapes. It must be stated again that thesa are estimates based on educated guesswork.
Systemacic wind tunnel experiments must be conducted on L, U, and other floor plans to
accurately analyze these cases.

Another area where data are inadequate is in the area of roof slopes. Only a few studies
have data on models with various roof slopes. In our dara annlysis, we found no aystematic
effect of roof slope, so the recommended corrclation does not have roof slope as a variable.
However, one study 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 scacistically
significant parameter. Additional research on this topic is desirable.

NOMENCIATURE

A = area, gel

a = terrain consctant multiplier, ND (ND = nondim.nsion-l)
ACH = air change per hour, n-1

b e« terrain constant exponent, ND

Ca = corrscted flow coefficient, ND

Cp = pressure coefficienc, ND

CQ = flow coefficienc, ND

h = height at which meterological wind data are available, ft
H = reference heighet, ft

L = longer side dimension of building, ft

NCp = normalized pressure coefficient, ND

p = local wind pressure, psf

Q = airflow race, ft”/s

S = side ratio, ND

SCF = shielding correction factor, ND

V = velocity, ft/s

XL = dimensionless horizontal window locacion coordinace, ND
ZH = dimensionless vertical window location coordinace, ND
W = smaller side dimension of buildings, ft

ZV = zone volume, ft

Gresk

wind angle with respect to outward normal of a wall, degree
roof angle, degree

roof angle, degree -

air density, lb/ft3 -

susmation

difference

PMoe 2 R
[ I I DO I B |

Subscxint

refers to zero incidence as in Cpg
building terrain

effective

value at heighc h

value ac reference heighc H
ith or inlet

building interior

number of apertures
iteration number

outlet

reference

reference

ZI3 - LT TO

(2 I~

ref
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APPENDIX A

CALCULATION PROCEDURE FOR DETERMINING VENTILATION RATES

Steps to be followad in order to calculate vencilation airflows for a known building are given

here. Flgure A:l giveg che flow chart of the sceps necessary, Section A.l provides a list of
dafinicionsg for easy referencs.

The assumptions inherent in this calculation procedurs are:

1. No stack effect.

2. No pressure drop inside building, negligible effects dus to partitioms.

3. Perfect mixing.

4, Wind profile cam be described by power law.

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

6. Valid for window or other wall apertures only, not for roof level apertures.
SIERP 1l: Get wind, building, and terrain daca. The following data should be known in this
step. :
lazzain daca

h : mast heighe in the reference terrain (ft)
Veh : wind speed in the reference terrain at heighec h, (£t/s)
ap & by : tarrain conscancs of the reference terrain (See Table A-1)
ay & by : tarrain constants of the building terrain (See Table A-1)
Auilding daca
L : Longer side dimension of building (ft)
W : Small side dimension of building (ft)
H : Reference height (ft)
= Average window height for tall buildings
= Eave heighc for low rise buildings (up to 3 stories)
Yindow paramecers
Ag: Area of the Lfh window (£t2)

It is defined as the open window area. For sliding or hung windows, open window
area ls typically 40% of the rough opening in the wall. For fully operable windows
(e.g., awnings or casement windows) assume A; Co be the entire glazed area. The
window may or may not have insect screening. Correction factors for insect
screening or awning window blockage when dpen are given lacter in Step 6 of this
section.

XL and ZH: The dimensionsless horizontal and vertical location of each window on the

STEP 2:

wall (required for tall buildings only - see Figure 8 and definitions).

Using H as the reference heighc, calculate the reference velocity (Vypef) at this

reference height using procedure outlined in Section A.2.

STEP 3: Choose one ‘of the following:

L.

2y

3.

If all windows are on a single wall, determine the total window area (A). Go to
Step 4.
If low-rise building:

-- Sum window areas on each wall and treat them as single windows.

-< Follow procedure in Section A.3 and decarmine C, for each wall.

If high-rise building: Follow procedure in Section A.] and determine C, for each
window location.
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SIER 4: Choose one of the following: g
L. Use procedure A outlined in Section A.5 for single windows
2z Use proceadure B outlined in Section A.6 for one window each on two walls
3 Use procadure C outlined in Section A.7 for windows on three or more walls

SIER 5: Choose one of the following:
1. 1f procedura A was used in step 4, ignore this scep.

2. 1If procedure B or C was used, apply the following correction to account for window
aperturs. : '

Ca = CQ/(1+CQ) (A-1)
where

Ca - is the actual flow coefficienc
CQ - is the flow coefficient calculated in procedures B or C

Calculace airflow (in £:3/s):

Q = Ca Vref Aq (A-2)

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

Fully open awning window, no screen: 0.75

Awning window and 60% porositcy insect screen: 0.65

60% porosity insect screeming: 0.35 :

No data available for blockage in casement windows when the winds are at an oblique
angle.

S S N
¢ sl lg

STEP 7: Calculate air change per hour, ACH

- L -
ACH % 3600 (A-3)
ZV =« Zone Volume (fcs)
SIER 8: Apply correction for surrounding effects to the flow from Section A.4. If ACH is
less than 3 use ACH = 3. Nota that this value is based on measured ACH in two field

rasidences with windows fully open on windless nights<

A.l DEFINITIONS
The definitions of the various parameters used in the calculation procedure are summarized
here.
L. Pressure coefficienc (Cp): This dimensionliess quancicy is defined as:
PP,
2
1/2 o Vref

P = local pressure on a surface measured by a pressure cap flush with the
building surface (psf)

Pr = reference free stream static pressure (psf)

p = air demsity (lb/ft3)



Vref = refarence wind speed at a reference height or free stream velocity (£t/s)

2. Wind Angle (a): The angle (iﬁ degrees) between the wind direction and the outward
normal of the wall under consideration (See Figure 1).

3. Side Ratio (S): The racio of che width of the wall under consideration to the width
of the adjacent wall (see Flgure 1).

4, Effective Area (Ag): Effective window aren (Fcz). Definition differs for differenc
cases. For buildings with windows on ouly one wall or windows on three or more
walls, Ae is the sum of all window areas. For problems with windows on two walls
see Sectiom A.6.

5. Terrain Constants (a’s and b’s) : The values.-of a’s and b’s chosen from Table A-1,
wvhich define the terrain characteristics.

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

T Height Ratio (ZH): The dimensionless vertical locaciom of a point on a wall. It is
defined as the ratio of the distance of the point from the ground to the height of
the wall (see Figure 8).

8. Long wall : of a rectangular building is the wall having the larger side dimension
Short wall : of a rectangular building i{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 Ls soughc

10. Roof angle § : is the roof slope (d.g:u) of the roof perpendicular to the wall for
which Cp is sought.
A.2 DETERMINATION OF REFERENCE VELQCITY

The following data must be known

Refaerancas Cerrain paramecsra
h : mast height in the reference terrain (ft)
Veh : wind speed in the raference terrain at heighc h (ft/s)

ap & by : Terrain comsctants of the referance cerrain (Table A-1)

Building tarzain paramecars
H : height in building terrain where Vref is required (ft)
ap & by : terrain comstants of the building terrain (Table A-1)
VYref = Vpy : The reference velocity (ft/s) at the heighc (H) in the building cerrain.
This i{s the reference velocity that has to be determined and used in the

calculacion procedure.

Veag = Vbi = [(33/h)%*by|*{ (H/33)**by |*(ap/ap)*Vcn (a-6)
A.3 PRESSURE COEFFICIENTS
This section gives the procedure for obtaining Cp through the curve fit equacions for boch

low-rise and high-rise buildings.
(/



Low-rise Building

1. For each wall, determine the appropriate side ratio (S) according to definitioms.
2. ' For each wall, determine the wind incidence angle (a) according to definition.
3 Use Equation 1 and {ts coefficients given in Equation 2 to calculace the normalized

Gp (Ncp) for each wall.

4. From the normalized Cy value, calculate the actual Cy by multiplying the normalized
valus by che Cp at zero incidence. Use Cp, ac zero incid-nc- to be 0.6.

LI If e prago or wingwall is present on a wall, modify Ty for that wall as illustraced
in. Figure 6.

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

Note that all data in literature are for rectangular buildings. Steps 5 and 6 above are
authors’ recommendation on what to do for realiscic house plans.

High rise Building

L. For each window, dstermine its location in c.m of XLL and ZH and the applicable
side ratio (S) according to definitions.

2. For each window, datsrmine the wind incidence angle (a) according to definitiom.

3s Use Equation 4 and ‘its coefficiencs givon in Equation 5 to calculate the act:unl Cp
for each window.

A.4 GORRECTIONS FOR SURRQUNDING EFFECTS

Corrections ara to be applied to cthe ventilation flow rate calculated in step 7 of the
calculation procedure, based on the general shielding class in which the building is located
and correction factors of Tabla 2 and Equation 3.

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

L

A.5 PROCEDURE AL __SINGLE WINDOW

The formula for calculating vencilation rates through a single window is given by:

Q = 1.766 A Vear = (A-53)
where

Q - is the airflow (in Et3/s)

A - is the open aperture area of all windows on that wall (in fcz)

Veaf - i1s cthe wind speed (ft/s) ac the building site ac reference height. For low-rise
buildings, use eave height as reference height. For high-rise buildings,
calculace airflow separacely for each floor using ceiling height of thatc floor
as the reference height.

The refersnce wind speed at the site reference height can be calculaced from meteorological
data-using the procedure outlined in Sectiom A.2,



A.6 PROCEDURE B _ONE INLET AND ONE QUTLEL

The procesdure for calculating the flow through a cross ventilated 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 Vrpeg) = Cd (aCy)1/2 (A-6)
where

CQ is the flow coefficient

Q is the flow (f:3/s)

Ag 1s the effective window area (£22) = AOA,_/(AZ° + 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)

ACp = Pressurs coefficient difference across the inlet and outlect.

A.7 PRQGEDVRE G MULTIPLE INLETS AND OQUTLETS

The calculation procedure described here uses the Vickery (1983) model. The model starts with
the standard. orifice flow equacion through the pch 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.

172 (A=

Q =Cd, A, V
i i “ref
- = iCpy - Cpql

where
Qi = Flow through the ith aperture (£td/s)

Cdy = Discharge coefficient for the ith aperture 0.62 (recommendad value,
Swami and Chandra 1987) ol

Ay = Area of the ith aperture (fcz)
Veaf = Reference velocity (ft/s)
Cpy = Pressure coefficient for the ith aperture
Cpy = Internal pressure coefficient (unknown)
The numerator and denominator are written specifically to accounc for inflows and oucflows.

Equation A-8 is nondimensionalized by Vi o¢ and (effective) area A, (where Ay is the sum of all
window areas in E:z) such that Equation A-8 is recast as:

A1 (Cpi- Cpi)
i 1/2
A, 1Cp;- Cpql

ACQi - Cd (A-9)

An iterative soluction (since Cpy is unknown) is obtained as follows:

(1) Define two scarting values of Cpy as

(3



A

(CPI)l - l/n-—ZCpi (A-10)
where

n = number of aperturss
and ¢

(CpI)z- (CpI)1+ .01 (A-11)

and compute the corresponding values of net inflow Z;, and I; where, nect inflow for the
NER fcaracion,

n
Iy = T o
{=1 i

(11) Compute a new estimacs (Cpy)y, for the yth iceration, from the relacionship;

Zy.1

(CPI)N- (CPI) N-1 + E;:;-TE;?I ((CPi) N-1" (CPI) N-Z) (A-12)
(11{i) Compute the corresponding value of the net inflow,

Zy, and test |3N| < 10°4

If yes: put Cpy = (Cpy)y and compute the elemental flow coefficients ACQj
If no : recurn to (i)

The flow coefficient into the building can then be evaluaced by summing ACQj over all positive.
values, while the £low through a given surface of a high-rise building can be obtained by an
algebraic sum over the regions comprising thatc surface.

CQ = 2ACQy for all positive ACQ4 (A-13)

A.8 EXAMRLE

A sample calculation comparing predicted and measured ventilation ractes is presenced here
Chandra (1983) provides measurad daca for the FSEC PV house for three differanc wind
direcrions. The ventilation rate for one wind direction is calculated here. Figure 10 is a
plan of the experimental house, showing the window locations and areas (in fc2). The window
areas are open aperture areas with insect screening. The zone volume is 9300 £e3. A uniform
discharge coefficient of 0.62 was assumed.

-

Wind direction 87 degrees (north = 0°, east = 90°, souch = 180°, wesc = 2709)
Step l:
h =33 ft
Veph = 8.2 ft/s

From Table 2:

by = 0.15
ap, = 1.0
by = 0.13

Since the meterological daca were collected on site, the comstants for the reference cerrain
and the building terrain are the same. This may not be the case if, for example, che
meterological daca are taken from the airport and the building is situated far away in a
development.

H =7.66 ft

Step 2: :
Veef = 8.2%(7.66/33)%*0.15 = 6.6 ft/s



Step 3:

Windges , Souch  Easc  Norch Hast
Area (ft<) 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% NCy (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 for cthac
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 previous imputs. The result from the procedure is ACH = 22.56.

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

Correctad ACH = 22.56#%0.88%0.85 = 16.9
Measured = 19.0 (Chandra 1983)
3 differsnce = -1l%
TABLE 1

Source of Data Showing Model and Terrain Characteristics and
Cp ac Zaro Incidencs Referenced co. Eave Height

Source Model . Cy at zero incidence
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 Industrial .600 .616
JENSEN (1965) 2%1:1 1:1 roof Open .592 .599
JENSEN (1965) . 2211 1:1 roof Industrial .685 .599
JENSEN (1965) 2:1:0.5 1:1 roo€ Industrial .913 .952
CERMAK (1981) 36:36:24 1:2 roof .621 .609
HAMILTON (1962) 1:i1:1 flac roof Suburban .610 .610
HAMILTON (1962) 1:1:1 15 deg toof " .511 .548
HAMILTON (1962) 1:1:1 30 deg roof " .478 .69
HAMILTON (1962) 1:1:1 45 deg roof n .546 .536
VICKERY (1983) 100:80 1:12 roof Open .564 .518
VICKERY (1983) 125:80 4:12 roof Open .403 +293
VICKERY (1983) 125:80 1:12 roof Open .448 .495
VICKERY (1983) 125:80 12:12 roof Open .479 .186
VICKERY (1983) 125:80 4:12 roof Subugban .384 .281
VICKERY (1983) 125:80 1:12 roof" . L3946 .311
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) &:2:1 3JO deg roof .740 .620
LUSCH (1964) G:2: ) 40 deg roof .660 .720
LuscH (1964) 4:2:1 60 deg roof g . 900
ASHLEY (1984) §:Ll20:5 flac roof Suburban .690 630
ASHLEY (1984) L9+3+145 20 deg roof “ L7127 .674
ASHLEY (1984) 2:7¢1:0:5 24 deg roof 5 ' 1.209 817
AKINS (1979) L:1 flat roof " .613 .613
AKINS (1979) 2:1 flac roof » .613 613
AKINS (1979) 4:1 flat roof " .613 .613

Note: Where building height is not specified, the C, was obtained at by
averaging the dara from models of the same side racgo but differentc heights.
Long and short walls refer to the larger and shorcer building sids.



TABLE 2

CORRECTION FACTOR; FOR GENERALIZED SHIELDING

Shielding Correction Description
Class Factor (SCF)
I 1.0 No obstruction or local shielding
1I 0.38 Light local shielding with few obstructions

(e.§., a few trees or a shed in the vicinity)

111 0.74 Modérace local shielding; some obstructions
within two house heights (e.g., thick hedge
or fence and nearby buildings)

v 0.57 Heavy shielding; obstruction around most of
perimecer building or trees within five
building heighcs in most directions (e.g.,
well developed tract houses)

v 0.31 ’ Very heavy shielding; large obstruction
surrounding perimeter within two house
heights (e.g., typical downtown area)

TABLE 3 =

COMPARISON OF PREDICTED AND MEASURED ACH

Wind dir. Wind Speed Measured ACH Calculatad % Diff.
(degrees) at 10m (mph) (1982) ACH
1 87 5.6 19.0 16.9 -11
2 140 9.7 29.8 29.9 0.4
3 152 7.1 23.3 22.5 -3.2
TABLE A-1

TERRAIN PARAMETERS FOR STANDARD TERRAIN CLASSES

Class b a Description

I 0.10 1.30 Ocean or ocher body of water wich at least
5 km of unresctricted expanse

11 0.15 1.0 Flat terrain with some isolaced obstacles
III 0.20 .85 Rural areas with low buildings

v 0.25 0.67 Urban, industrial or forest areas

v 0.35 0.47 Cencer of large city ‘
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Figure 1. Comvenctions for vind angle (a) and side racio (S)
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b

Figure 2. Conventions used in defining roof angles for each wall

Note: For s given wall two Toof angles are definsble (7 and §)

N 4 ¢ is the roof slope of the roof parsllel to the wall for which Cp
is sought.
§ : is the roof slope of the roof potpondlcul‘r to the wall for which
Cp is sought.

ixn-plo. for wall 3, 7= 01 and § = 02 *

for wall 2, 7~ 02 and § - 0}
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Figure 4. Comparisen of our prediction with obsexved data from Jemsen (1965)
for 2:1:0.5 model house; 1:1 roof; and large turbulence.
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Figure 6. Corrsction/wodification to & for the prasencs of garage or wingwalls.

Nota: Corrsction/modificacion for wall AC should be as follows:
i. For § in cthe positive dirsction up to 90°, Cp may be taken as the
wvalue at zero incidemce (i.s., cp-o.s)
ii. For f§ in the positive directiof gresatsr tham 90°, no corrsctiom is
suggestad. . .
i{ii. For J in the negacive direction up to -90°, include the apertures
in wall AC as if chey are in wall EC and use normsl equations.
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Figuras 7 Modification to S for U-shaped buildings.
Noca: cthe following modificacion to for walls AB, AC and 3D is suggestad:
i. For angles § up to 459, for walls AB, AC and BD may be assumed to
be the vaiue at zerv incidence (i.s., Gy = 0.6).

i{i. TFor pesitive § up to 60°, walls AB and AC smsy be caken to at zero
ingidense (i.s., Gy = 0.6). Window(s) om vall BD msy be added to
chese in wall EF.

iili. For negative § up to 60°, walls DB and AB may be taken to be at zero
incidence (i.s., Cp = 0.6). Window(s) in AC msy be added to those in
wall EF.

iv. For angle 8 beyond +60°, the apertures in all three walls should be

treaced as 1if they ars in leeward region. Thus, add all the aperture
arsas in wall AC, AB and 3D and include them as areas in wall GE for
8> + 60°, and in wall HF for g< - 60°.
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Figure 8. Definition of XL and ZH for call buildings.
Nots: Length racio XL = x/L

24

e —— . —

Height racio ZH - z/H
z = 0 is always the ground level (see elevatiom)
x = 0 sust be ctaken as the edge closer to cthe ctail of cthe wind (see plan).
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Figure 10. The plan of the house used for vemcilacion experimencs, showing
vindow location and windov areas (in sq. ft.).
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