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wj.nd I'unnel- studies on Natural Air Flow Through Building

O. PREFACE

Since the oil crisis, energy conservation and use of natural energy
sources have become increasingly important factors when designing buiJ-dings.
These factors are especially important in the field of building environmentaL
controls, not only in practice but al-so in studies and they have been studied
intensively. Given the recent. cuts in oil prices, there exists no imminent
energy crisis. Hor,r/ever' the exhaustion of fossil energy resources is, never-
thless, taking place. Probl,ems related to changeovers to other energy sources
have not yet been solved. Under these circumstances, energy conservation and
the use of natural energy sources are aII the rnore important. Using artificial
means to control buiLding temperature is inevitably accompanied by air and
thermal poJ-Iution. As J-ong as fossiL fuels are used, this takes place regard-
Iess of how efficient energy conservation neasures are. Thus. the use of
natural energy sources has significant meaning.

Using natural energy, warming rooms using solar energy used to be the most
popular. As shown in the clirnooraph, Fig.1, almost all regions in Japan re-
quire measures to cope with boÈh cold and heat. Sunrners in Japan are hot and
humid and winters are cold and dry. Compared with heating, it is extremely
difficult to util-ize natural energy for cooling. With todayrs technology, we
can onJ-y use diurna] and nocturnal- temperature differences to store coolness
or use the cooling effects of water evaporation. However, given Japants hot
and humid sunmer, great expectations can not be placed on water evaporative
cooring. storing coorness is arso difficult due to condensation.

The usual methods for cooling hot rooms are sun shading and natural air
flow. This can lower the indoor temperature to that of the outdoor air. In
addition, the oevelopment of techniques that produce a cooling feeling, namely
to l-ower effective temperature, is much sought afÈer. This can be done using
natural air fLow.

This paper deaLs with studies on the indoor natural air flow in buildings
in the search to mini¡nize room temperature rises while permitting air movement
which produces a cooling sensation.

1. PAST STUDI ES ON NATURAL AIR FLOW

Studies on indoor air flow caused by wind can be divided into the foll-ow-
ing three categories:

l) Behavioral studies on visualized air streams
2) Calculating air flow rate by expanding the calculation method for the

ventilation caused by natural wind
3) Model experiments and measurenents with respect to wind speed coefficients

Among past studies, some studies worthy of nention are Olgyay,s /I/ rel-at-
ing to l), rshihara's /2/ and Kodama's /3/ to 2), and Aynsrey /4/ and rshiha-
rats /5/ to 3). The results of these works chiefly center on single rooms and
there are limitations in their application and guantification. Applying them
to practical use calls for experiments on a case-by-case basis. However, the
results have been put on use for comparative and design studies in the design
stages. This is because they offer means for qualitative understanding as well
as some limited degree of quantifications.

,T

@

l



rn our studies, we conducted experiments using 5 scal-ed-down ¡rodel_s ofhouses attached together and placed in a smoke wind tunnel-. The quantitative
as weII as qualitative studies were achieved by visualizing the air flow in thewÍnd tunnel.

Apartnent buildings are growing in number and this trend will continue for
some time in the future. use of natural wind for such apartments is not easysince benefit from natural- wind differs from one apartment to another due todifferences in height as well- as in position from the gable side. The avail-abíIity of apertures l-imited only to the wal-l-s opposite each other al-so rnakesthe use of natural wind more difficult than in the case of detached houses.

2. SUIV]IIIARY OF EXPERI¡,IENTS

Fig.2 shows rnodel-s used for the experiments. The models are made oftransparent acrylic board with a thickness of 3mm. Five units each of theidentical models were rnade available for simulations of plane figures as wel-Ias five-story section figures of five-househol-d housing ãggregations. The planefigures include a rectangular pJ-ane cornposed of a. in Fig.2, as weII as a zig-zag plane composed of b. shown in Fi9.2. The section figures incLude an upiright section composed of a. as wel-l- as a setback sectio.,.o*po"ed of b. Forthe plane figures, studies were .conducted on apertures having different dimens-ions and shapes as shown in Table-t.

Fig.3 shows a schematic figure of the smoke wind tunnel- used. ïts
measurenent platform measures 600 x 1r000 x 250mm and one side is transparentto permit observation. smoke is discharged from 30 nozzles, each smoke trailhas a diameter of l_ to 2mm.

To secure sufficient two-dimensionality, a camera was placed approximately
8m away from the transparent observation window and a teJ-escopic objective lenswith a 200nrn focal length was used for photographing. picturã= *ur" taken atan Jnumber of 5.6 and shutter speeds ot L/8 and I/4 sec. ASA 400 filrn was
used and was then 4x-hypersensitized during development. .Fig.4 shows an ex-periment using models for upright section measurement.

3. PRELIMINARY EXPERIMENTS - SI¡'III,ARITY STUDIES

The wind tunnel air flow velocity at which smoke trails are most clearly
seen is 3.6mrlsec. Experiments were conducted at various air stream velocit-ies. Fig.5 shows their results. As shown, no difference \^¡as recognj.zed inthe air stream over the experimented velocity range. Experience has confirmedthat sinilar air stream behavior can be obtained as long as turbulence is suf-ficiently developed around subjects having abrupt edges. At the optimum airstream veJ-ocity and by converting the longer side of a unit house to present
the characteristic length, the Re value can be obtained by the calculaLiongiven below- Since the value obtained indicates a sufficient turbulence de-velopment, the results of the experirnents can be applied to actual- designs forbuiJ-dings having arbitrary sizes as werl as to other verocities.

- 3.6 x 0.25
^e = ----------..-- = o. i x iu-- 1.483 x 10-5
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4. RESULTS OF EXPERIMENTS ON PI"ANE FIGURES

4.I Wind direction and air flow rate :

partiaL results obtained from the plane figures are shown in Fig.6 and

Fi9.7.

4.1.1 Air flow rate determined number of snroke trails

Air flow rates can be determined by the number of smoke trails recorded on

the photographs. Since atl the smoke trail-s within 56 as shown in the schematic
Fig.8 are considered to pass through the building, the air flow rate Qt(0w) as

wefL as the ratio of the air flow rates {(0w): Ql(0w) to Q1(0)¡ at a natural
wind velocity of Ve and its incidence angJ.e of 0p, can be obtained by equat-
ions (l) and (2 ) . trlhere So (O) and Se (0ç) are Se vaf ues corresponding to re-
spective angle of wind incidentat to the building: 0 degree and 0ç degrees.

Ql (0w) = Se (0w) .Vo (r)

{(0w) = Qt(s")/Qr(0) = se(0")/so(0) (2)

4 .r.2 t!91e9!9g-3!9e-9!-yell-:9tIs9e-9$-3931!l!-!e!slsl-vl!q:-9pl9wI

i. In case of rectangular P1anes

SP (0w) - Sm'cos 0¡¡

R(0w) = SP(0w) /Sm = cos 0ç

ii. For zigzag Planes
SP (0w) = t Sm' {cos eç - 1s in 0w) 

'22 i
R(Ow) = 1{cos 0w - lsin 0w),22}

where the symbol + is -g0'<O*(tan-IZ
- is tan-rz ( ow <90'

4.I.3 Air flow rate calcufated u vll9-eres sure coefficient

QZ(0w) = 5'Vo Cw (0w) - Cr, (0w) (7t

x = I/(/w.Aw)2 + I/ (d¡.A¡")2

f(0") = ez (ow) /a2Q)

{c, {e"l - c¡ (oe¿)} zic" 1o¡ (8)

wher e,
Cw (ew) and C¡ (0ç) are the respective windward and leeward wind pressure

coefficients when the incidence angle of the natural wind is 0ç degrees.
d. and A are the flow coefficient and the area of the aperture respectively.

Subscripts: w; for windward and L; for l-eeward

Fig.9 shows vaLues for t(ow) , R (Ow) and lrcw) obtained by exper jments

(3)

(4)

(5)

(6)

Ð

@

- cr, (o )i

J



I and 15 in Tabfe I. Since a wind pressure coefficient couLd not be obtained
for the zigzag plane, the ¿i(Ow) shows the results of the experiment I onty.
Wind pressure coeff icients in Tabl-e tr are used. As f igure clearì-y shows, the
changes in air flow rate in relation to wind direction, determined by the
number of snoke trails, almost identicaÌIy correspond to the changes of pro-
jected area. Air flow rates obtained by calculations with wind pressure coef-
ficients tend to become larger than the ones in the former two cases at larger
wind incidence angJ-es (0w> 60"). Calcutated air flow rates are thus excessive-
Iy large under such conditions. A small aperture provided for each model- hous-
ing unit in comparison with the interval of smoke trails did not permit the
determination of differences in air flow rate from unit to unit.

4 .2 Àper trrr e shapes and a ir f l-ow r ates

To determine optimum shapes and dimensions of the apertures for the maximum
intake of natural wind, how So undergoes changes with respect to wind direct-
ions is shown in Fig.I0 and Fig.1J-.

4.2.I Aperture sizes and air fl-ow rate

For rectangular plane figures, comparisons between experiments 2 and 4 as
weff as between 3 and 5 in Fig.f0 were made.

lrlhen,
Natural wind

Natural wind

incidence 8w <60"

incidence 0w > 60"

The greater the aperture ratio, the greater the
air flow rate.
Air flow rate decreases abruptly at guide vane
angJ-es other than 45" and the influence of
aperture ratio differences decreases.

vane and
guide

45"

€

well
When,

For zígzag plane figures, comparison between the experiments 10 and 12 as
as between ll- and l-3 in Fig.ll were made.

-75"<0w<45o : The greater the aperture ratio, the greater the air flow
rate.

0ç (-75o, 0w>45o : Air flow rate decreases abruptly and the infl-uence of
aperture ratio differences decreases.

4 .2 .2 Gu ide vane les and air fl-ow rates

For rectangular plane figures, comparisons between experiments 2, 3 and 6
as well as between 4, 5 and I in nig.IO were made.

I,Ihen,
0v,' < 60o : Alnost no difference in air fLow rates between no guide

'with guide vane set at 90o. Poor results obtained with
vane at 450.

: Abrupt decreases without guide vane. Guide vane set at
yieJ-ded best results.

gw>60o

For zigzag plane figures, conparisons between experiments I0, 1I and 14
as well as between J-2, 13 and 15 in Fig.U were made.
V'lhen,

-75o<0w<45" : Best resul,ts obtained without guide vane and better re-
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sults at 90o then 45" guide vane angles'
ev¡>45o : Abrupt decreases without guide vane and better

achieved at 45o guide vane angle'
results

ow <-75o,

4.2.3 Air f low rate with re -!9-P-19!9-!¡ggret

When,
-90o< Ow<I5o : Better resuLts with zigzag planes
I50< gw<450 : Less differences between both planes and they decrease a-

bruptJ-y as natural- wind incidence angle becomes larger'

, on the whole , zígzag planes were most advantageous. For rectanþular
planes, over the range of -90"< ew (0o, the same tendencies as obtained in the

experinent 2 were assurned.

4.3 Vlind speed coefficient

Generally the definition of wind speed coefficient refers to the ratio of
airstream velocity r-o natural- external wind velocity /1/ rneasured at an arbi-
trary point in a room. However, in this paper, the wind speed coefficiency is
defined as the ratio of the average v¡ind velocity at windward aperture to the

average natural wind velocity. using equation (I), wind speed coefficient
cflOw) may be expressed in the following equation (9) '

c((ew') = {to(0ç) .ve,/Sm 
J tvo = se(0ç)/s¡

How <((ow) undergoes changes with respect to wind directions
and Fig.13.

4 .3.1 ryt!!_99 ide vane set at 90" and without

ComparÍsons between experiments 2 and 4,6 and 8, ]-0 and L2 as well as 14

and 15 were made. As figureexplicitly shows, as the aperture ratio becoems

smaller, the wind speed coefficient becomes larger '

4.3.2 With 9u i,de vane set at 45o

"Ð

(e)

is shown in Fig. 12

o

For rectangular planes, a comParison between experiments 3 and 5 was made'

Irrespective of aperture ratios, wind speed coefficients become constant'

For zígzag planes, a comparison between experiments 11 and 13 was made'

Vflhen, i) e* a-aSo and 0o< ew<60": The smaller the aperture ratio' the greater
the wind sPeed coefficient.

ii) -45"<0w (0o and 0">60" : The greater the aperture ratio' the great-
er the wind sPeed coeffÍcient.

Generally, decreasing the aperture size will increase the wind speed co-

efficient. However, in the case of ii) the wind speed coefficient becomes

smaller. This is thought to be caused by the guide vane itself since it may

create Iarge resistance to the air flow decreasing the flow rate when the aper-
ture is decreased in size.
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5. RESULTS OBTAINED ON SECTIONS (Fiq.14)

Comparisons were made only between upright and setback sections. Larger
air flow rates were achieved for the upright section when the guide vane was

set at 90o. However, almost the same resul-ts were obtained without a guide
vane.

6. SUM¡4ARY

Air fl-ow rates obtained by cal-culating using wind pressure coefficients
tend to become excessively larger as the degree of parallelism between the
natural wind and the apertures increases. To increase air flow rate, apertures
may be enlarged.

For zígzag plane figures, adjoining houses' walls are more effective than
guide vanes and the zigzag plane figures are, as a whofe' more aovantageous
over the others.

The effectiveness of guide vane becomes more apparent as the parallelism
between the natural wind and the apertures increases.

To increase indoor air movement velocity, apertures may be down sized j-f

there is no guide vane cr when guide vanes are set at 90".

At a guide vane angle of 45o, if the aperture size is al-most the same as

the guide vane, the guide vane works as resistance and its use is disadvan-
tageous.
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Fig.3 Smoke Vùind Tunnel

6 - Smoke Inlet
7 - Light (Tungsten-Halogen)
I - Observing Vùind (GIass)
9 - Exhaust Duct
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Fig.5-a Velocity = 0.8m/s

Fig.5-c Velocity = 3.18m/s

Fig.5-e VelocitY = 6.06m/s

Fig.6-b Rectangular Plane
w=Y2, GV=90", 0w=30"

Fig.5-b VelocitY = 1.95nls

Fig.5-d VeLocity = 3.90mls

Fig.6-a Rectangular Plane
w=VA, No GV, 0w=30o

Rectangular Plane
w=12, GV=45", 0w=30o
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F ig . 6 -d Rec tang u lar P l-ane
w=12, No GV, 0w=30o

Fig.7-a Zigzag Plane
w=y2, GV=90o, 0w=-60o

Fig. ?-c Zigzag Pl-ane

w=12, No GV, 0w=60o

!'ig.6-e Rectangular Plane
w=V2, GV=90", 0w=60o

Fi9.7-b Zígzag Plane
*=!2, GV=45o 0w=60o

Fig.8 Schematic Diagrarn
of Stream Lines

I - Stream Lines
2 - Model Building

e

0

Fi9.14-a UPr ight Section

IO

Fi9.14-b Set-back Section
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Fig.9 Comparison with Flow Rate

l- - Air Flow Rate Obtained by Stream Line (Rectangular plane)

2 - Aír Fl-ow Rate Obtained by Stream Line (Zígzag plane)

3 - Projection Area (Rectangular Plane)

4 - Projection Area (Zigzag plane)

5 - Calcul-ated Val-ue Using V{ind Pressure Coefficient
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TabIe-I Case of Experiments

r6

t7

Table-II Vlind Pressure Coefficient

0V ; Angle ot Gide -Van

W ; Rate of OPen¡ng

Set- bscf Section

GV=90, W=1/t

No W = t/z
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No
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upr¡ght section

r8GV=90, W=%
r9tN = t/ZNo

Angle of f'ùind Incidence 0o 150 300 45" 600 75" 90"

windward 0.75 0.76 0. 75 0.43 0.25 0.0 -0 .44

Leeward 0.40 -0.50 -0.49 -0.50 -0.49 -0.52 -o.44
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