
l)+ r.'

Ntc Q&l
No.2924

C.K. Schafer
ASHFA E A ss ociate Mem ber

S.F. Fields, Ph.D. D.A. Bettge

A Correlation for Estimating
Wind Ventilation
C.K. Krishnakumar, Ph.D. R.H. Henninger

ASHßAE Member

a

ABSTRACT

of fa]lout shelters to determine correìations
ibution of wall_openings, anci wind speed and
sheìter. Mode'ls of benned shelters with five

ese tests. A simple correlatìon was fonnulated
area of windward openings, the rat.io of leeward
he approach wind. Results were compared with
general type bui I dings.

INTRODUCTION

Estimating wind-induced ventilation rates in bu iìdings or evaluatì ng bui'ld'ing tiesi gns withregard to wind venti'lation remaìns a d i fficul t problem due to the 'l ack of rel i abl e caì cul ation-¡l models. Variables that affect wind induced ventilation in bui'l dings ere many, and theinteractìons between them are diff.icutt to predict. In the 1960s, rnany studies of wind-inducedventi'l ati on i n fuì I -sca'le fal I out shel ters were conducted by the ùffÌce of CivÍt Defense (0CD).These studies utilized a relationship simìlar to the one
Chapter 21) for estimating wi

giv
nd- i

en 'i¡ the ASHRAE Handbook-l977
nduced ven@:Fundamental s (ASHRAE 1e77

Q = EAV (1)

4".q. g = 4if volume flow rate (cfm)
E = Effect.iveness factor
A = Free area.of-inlet openings (square feet)
V = ll/ind soeed (feet per minuie)'

he Federal Emergency Management Agency (Krish-

rìshnakumar ee.al. -I993), the authors developed
wind-înduced ventilation rates in shelter

ìng and motjon photography, was refìned ìn aIts of which are preienteã here and appT.ied to
of wall openìngs. Based upon results of these
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The objective of*th'is study was to determine a correlat'ion between the wind-induced ventilation
rate in a bermed , above-ground, fallout shelter and the ìndependent variabìes of wind veloc-ity, total area of waìì openìngs, and the rat'io of opening areas on the wìndward and'leeward
sides. This objective was achieved by conducting wind tunnel tests on modeìs of fal'lout shel-
ters with five dist'inct opening configurations. Alt shelters had the same'length, width, and
height as the one in the ear'lier study (full-scale dimensions: 48 ft (14.63 m) ìong x 32 ft
(9.75 m) wide x 12 ft (3.66 m) high). The total area of open'ings varied from 2.50% to 3.44%
of the waìl surface area. Since all five shelters had the same overall dimensions, the diff-
erent open'ing configuratìons were obtained from the same basic model by using close-fitt'ing
wedges and pìates to block off, open up, or mod'ify one or more of the open'ings. The basic-
model was fabricated to a length scale of 1:36 (modeì:ful'l-scale) from 3/L6 inch (4.76 nn)
th'ick aìuminum pìates-and. tempered glass sheets. (For a dlscussion of scal ing considerations,
Krishnakumar et al. 1982.) The ptaùes and wedges were machined to close toleFances to min'i-
mize errors in the results due to air leakage. A clear polycarbonate sheet (l/32 inch (.08 mm)
thjck) lvas screwed to the bottom of the modèl ard served as its f'loor. Lines paraìlel ùo the
waìls were scribed on this sheet 3/16 inch (4.76 r¡n) apart on eìther side of each wall openìng
to serve as distance markers. Six 300 watt photographic l'ights were encased inside the s'imu-
lated earth berms to illuminate the interior of the shelter-model. Fìgure 1 is a photograph
of the basic model with the aluminum wedges partial'ly wìthdrawn. Figuies 2 - 6 show thã inter-
iors of the models with the d'ifferent openìng configurations. Table-1 summarizes the dimen-
sional data for the modeìs.

tests, a correlation was generated to predict w'ind-induced vent'ilation rates in shelter build-
ings under varying wind conditjons.

SHELTER I4OOELS

MODEL TESTS

By using a counterjet manifotd system (Krishnakumar et al. 1983), the velocity profi'le in the
tunnel's.þogndary ìayer was made to confom to a power'law distribution given-6y Y1/Y2 =

lvtt't?)1/3-35 whère V1 and v2 are the velocities ãt heights y1 and y2, rãspectiíeì!', ?rom the
tunnel f'loor. The exponent 1/3.35 corresponds to those-reco¡niended ior wind ve1ocity profiles

TABLE 1

D'imensiona'l Characterf stfcs 0f Shelter Confiqurations

Shel ter
Conf i gu-
ration

ïotal l.lal'l
Area

r*/
('2)

1920/
(178.4)

19201
(178.4)

1920/
(178.4)

L92o/
(178.4)

t,|i ndows

Area
ft?/
(m2)

Doors Total 0pening
Area

Area Rat'io
(0peni ng/

lltal'l )

1

2

1

I

No

3

?

4

4

A

B

c

D

E

27/
(2 . sl)

No.

1

Areaftz/ ftu(m2) (m¿)

2r/
(t.gs)

48/
(4.46 )

1920/
(178.4)

5 45
4

L8/
(1 .67 )

36/
(3.3s)

36/
(3.3s)

42/
(3.e0)

2r/
(t.gs)

2r/
(1.ss)

60/
(s.s7)

57/
(s.30)

2t/
(1.e5)

57/
(5 .30 )

66/
(6.13)

0 .0250

0.0313'

0.0297

0.0297

/
18)

Bermed with earth or other suitable material to reduce radiation.

.l

.?

0 .0344



jn suburbs of c'it'ies (Davenport 1960). Model venti'lation rates for the various approach
stream velocities were then determined by performing the foì'lowing three serìes of tests. In
the first series of tests, air volume flow rates passìng through calibration tubes attached to
the leeward openìngs of the models were correìated with measurements of axial velocities at a
section 15 diameters downstream of the leading edge of these tubes. In the next series of
tests, actual values of vent'ilat'ion rates through the models were determined with tubes attach-
ed to the'leeward openìngs, for d'ifferent velocities of the approach airstream. The third
series of tests was performed to determine the "tube correction factor'!, which js defined as
the factor by wh'ich the ventilatjon rates with the tubes in place (obtained from the second
series of tests) should be multipìied to get actuaì values of model vent'ilation rates.

Test Series I - Anemometer Calibration for Volume F'low Rate

These tests were conducted to establish a correìation between the actua'l a'ir volume flow rates
through the shelter model and the axial veìocities measured in a calibratjon tube attached to
a leeward opening when all other open'ings were closed. Velocity measurements were made by a
hot-wire anemometer located approximately 15 diameters downstream of the inlet of the calibra-
tion tube. fhe correlation was obtained by forc'ing metered air voìume flow rates through one
of the wall open'ings and simultaneously recordìng anemometer readings of air velocìties in the
tube. Figure 7 shows the calibrat'ion test setup. When multiple leeward openìngs were present,
calibration tubes were attached to all of them. It was established that the airflow rates
through the model could be obtained as the sum of the flows through al'l the tubes.

TestSeries2-Dete rmination of Air Volume Flow Rates with Tubes at Leeward Ooeninos

In this series of tests, values of venti'lation rates through the model were determined with
calibration tubes attached to the leeward openings for different vetocities of the approach air-
stream. Air volume flow nates were obtained from measurements of axial veìocit'ies in each of
the leeward tubes and the calibration curve established in Test Series 1.

Test Seri es 3 - Determination of Tube Correction Factor

The object of these tests was to determine vaìues of the tube correction factor, which is de-
fined as the ratio of the model venti'lation rate obtained without calibration tubes at the
leeward openings to that obtained with the tubes. Ihe tube correctìon factor was calculated as
the ratio of the average flow veloc'ity at the main windward open'ing obtained without tubes at
the ìeeward open'ings to that obtained when tubes were attached to the leeward openings. Aver-
age flow ve'loc'ities through the main windward opening were obtained by determining tñe average
velocities of neutraì1y buoyant tracer bubbìes passiñg through that oþenìng using motion photo-
graply. Ïhe details of flow tracing and data reduction are ðescribed elsewhere (Krishnakumar
et al . 1983).

RESULTS ANt) DISCUSSION

Based on the model test data, the following correìat'ion was obtained between the dependent
variable, model ventilation rate, and the independent variables of approach wind velocity,
w'indward open'ing area, and a factor F, whose value depends on the ratio of the leeward oþening
area to the windward openìng area:

where

Q = 0.31 x An x V* x F (?)

Q is the venti]ation rate, cfm (m3/s).
A* is the area of openings on the windward sides, square feet (square metres).
(Openings on wal'ls paral'le] to the direct'ion of the approach airstream should be
taken as I eeward openi ngs . )
Vr is the speed of the approach airstream correspond'ing to the meteorological wind
speed, which is normally measured at 30 feet (10 metres) above the ground, FPM (m/s)*.
F js a Flow Correction Factor that g'ives the increment or decrement-in flow due to
unequal areas of the windward and leeward openìngs. Values of F are obtained from
Figures 8a and 88. This data should not be extràpolated.

The value of Vç in the tests varied from 3.S FpS (1.07 m/s) to 13.75 FpS (4.19 m/s).
t
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Equat'ion 2 is a sample, ììnear reìation that enab'les one to est'imate shelter venti'lation rate
as a funct'ion of the approach wind speed, area of windward openings, and the rat'io of areas of
leeward and wìndward open'ings. For a shelter of gìven total waì'l opening area, the rat'io of
leeward to windward opening area depends on the relative wjnd angìe*. Equation 2 was obta'ined
by correlating experimental data from all five she'lter models. Ãs shown in Figure 9, the
correlation is extremely good at the h'igher values of the approach wind speed. However, the
correlation is weak at the ìowest va'lue of the approach wind speed tested. This is partly due
to the inaccuracies in the measurement of axia] velocities in the calibration tubes at su¿h'low
values (less than 50 feet per minute) and partìy to the simple linear form of the correìation
chosen.

Equation 2 is similar in form to Equation 1 referred to in the introduction. For buiìdings
s (for whjch the factor F in Equat'ion 2 equals
ion 2 agrees with that of Equation I for the
lar winds, values gìven by Equatìon I are sub-
that Equation 2 was developed for shelters

ation when the approach wind is at an angle by
the fact that the distribution of windward and
di agona'l wi nds than at perpend'icul ar wì nds ,is probabìy the reason why shelter ventilatìon rates at diagonaì winds are ôften equal to orgreater than those for perpendicular winds.

9!9 of Equation 1 for estimating building ventilation rates raises some ambiguities. ASHRAE
1977 and ASHRAE 1981 define the independent variable A as the area of the iniet wal'l openìngs,
whereas an earlier edition of ASHRAE Fundamentaìs (1972)-defines it as the smaller of ihe iñlét

s are present in waìls parallel to the direc-
as to the proper value of this variable. In
otal area of the windward openings. The ìncre-
f windward and leeward openings 'is accounted
1 areas of openings on opposite waìls, Equation
the relative wind angle is changed by 180..

This was not found to be tn¡e for the shelter models studied. Equation 2, in wñich úalues of
the factor F are taken from two different curves (Figures 8a and'8b) depeñding on whether the
ratio.(At/Aw) is greater than or less than un'ity,'is-found to g'ive úettär corietation with
çIperimental values. However, extrapolation of-these curves bãyond the ranges of the ratio
(At/Aw) indicated in these figures is not recomlended.

Figures 10a-10d show that maximum values of venti'lation rate per unit area of wal'l openings are
obtained when the windward opening area is about 50% of the tôtal. For a'l'l five modàls, lhe
h'ighest vaìues of ventilation rate per unit area of wall openings were obtained when thé wind-
ward open'i!g area was between 30% and 60% of the tota'l opening ãrea. This observation was trr.¡efor all values of the_approach wind speed tested. It may be inferred that if open'ings are dis-
tributed over the wal'ls so that the windward opening areá is between 30% and 601, of lhe total
opening area_at any value of the relat'ive wìnd angle, the vent'ilation rate per un.it area of
.openings will not þe very sensjtive to the actual-location and area of the individual openings.
However, the air distribution inside the whelter, which is not discussed in this paper,'is'likely to depend upon the location and area of the individual openingi.
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TABLE I

DIMENSIONAL CHARACTERISTICS OF SHELTER CONFTGURATIONS

Shelter
Configu-
ration

Total Wall
Area

*2/
(12)

ilindows

No. Area
*2/
('n2)

Doors

No Area
*2/
(12)

Total Opening
Area

-att¿
(m2)

Area Ratio
( opening/

waI1 )

A

B

c

D

E

1920/
178.4

L920/
' 78.4

L920/
178.4

1920/
178.4

1920/
178.4

3 27/
2.5r

') 18l
t.67

4 36/
3.35

/+ 36/
3.35

4s/
4 I8

5

t 2L/
r .95

2 42/
3 .90

I 2L/
I .9:

I 2L/
1.9:

I 2L/
1.9:

48/
4.46

60/
5 .57

57/
5 .30

57/
5 .30

66/
6 l3

0.0250

0.0313

0.0297

o.0297

0.0344
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Figure I Sheìter model with wedges
partia)19 pulled out Figure 2- Hodel. configuration A

Figure 3- Model configuration - B Fiqure 4- Model. confiquration - C



Figure 5- ModeL configuration D

Figure 6. Model- configuration - E
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