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THE FEASIBILITY OF USING MODELS FOR PREDETERMIVING NATURAL VENTILATION

Introduction

The advantages of utilizing the natural .wind to
ventilate buildings have long been recognized,
particularly ir the milder climates. However,
little work has been done to establish methods
for predetermining the natural air flow patterns
for ventilating proposed buildings. The devel-
opment of such methods is the objective here.

In order to develon the methods which are to be
utilized in predetermining ventilation charace
teristics, it is natural to turn to the field of
serodynamics.ts2:3  Unfortunately, few studies
in azerodynemics are useful in this study. Since
the use of models is very importamnt in zny aero-
dynamical study, the possibility of utilizing
models in the study of ventilation characterist=
ics should be investigated completely. 1lost of
the early work which was done on the problem of
determining air flow patterns by the use of mod-
els employsd simple geometric shapes such as
spheres, cylinders, and rectangular parallelepi~-
peds. With the advent of the airplane, aerody-
namicists turned their attention to the host of
prodlems which this medium of transportation
raised., Thus, most of the models used were sec=
tions of airplanes or complete airplanes, and
the air spseds employed were much higher than

“those found in natural ventilation. Therefore

most of the work done with models in aerodynam=
ies is of such a2 nature that it gives little in-
formation concerning their use in the study of
natural ventilation. It is the purpose of this
report to give in azbbreviated summary of the
theoretical basis for the use of models in aero-
dynamics and to describe the results of a series
of experiments which indicate that the use of

models in the study of natural vwentilation is
feasible.

Since only the -ventilation patterns due to the
natural wind are to be investigated, ¢ is nece
essary to confine this study to buildings of
moderate ceiling heights in order that the ef-
fects of thermal convection msy be negligible.

This should be kept in mind throughout the fol-
lowing discussion.

Ifumbers refer to Bibliography at end of report.
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In order to study natural ventilation by the use
of models, a means of producirg an artificial
wind must oe used. The device which is used for
this purpose at the Texas Engineering Experiment
Staticn is the Air Flow Chcmber, which is essen-
tiallg an cpen throat, closed circuit wind tun-
ne14:9,6 including a wind tzble 8 feet wide and
12 feet long upon vhich models are tested. See
illustrations on following page..

The inlet is specially designed with eggcrate
louvers, =nd cheese~-cloth screens to insure unie-
form 2ir movement immediately above the top of
the wind table. An attic fan in the opposite
wall exhzusts the air from the chamber through
- the zir washer, and into the return air circuit.
The air washer, consisting of water spregys end
an excelsior mat, serves to remove most of the
undesirable effects from the air caused by thse
use of titanium tetrachloride in the chamber.

In using the vind tzble for testing, models are
placed upon the table in the air stream and the
resulting air flow patterns observed by the use
of titenium tetrachloride smoke.

Before models can be used with confidence for
predetermining the natural air flow in 2 pro-
posed building, information concerning each of
the following topics must be available:

l. Sizes of models and corresponding
air speeds, necessary for giving ac~-
curate predictions of air flow pat-
terns and relztive air speeds.

2. Methods which can be used to deter-
mine air flow patterns in and around
models.

3s Methods which can be used to measure
a2ir speeds in and around models.

A series of experiments was conducted to test
the relizbility of the information which is ob-
tained by the Wind Table Method. Accounts of
the experiments concerning the above topics zre
brought forth in the following sections.
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THE

AEFODYHMAMICAL BASIS R s USE OF MODELS

According to accepted aerodynamic theory, 7,8 3 model
should give the seme air flow pattern as a full-sized
building if the following condition is satisfied:

That Reynold's Number 1is the szme for the model

as for the full-sized buildinge Reynold's Num-

ber, R = ZE!: is the product of the air speed,
) :

soms dimensicn, znd the density of the air all

divided by the viscosity of the air.

It may be cbserved that if the density and viscosity of
the air remain constant, the smaller the model, the high=-
er the air speed which must be used to test it. Thus, if
a model 6 inches hign is to be used to predict the per-
formance of a buildinz 14 feet (168 inches) high, vhen
the spsed of the wind is 2% miles per hour, the relation
must satisfy

(4ir speed for model)(Height of model) =

(air speed for building}(Height of building) _ (1)
(v)(6) = (2)(188) (2)

v s 70 miles per hour, or slightly over 6,000 feet per
minute.™ ' o (3)

At this cor lower air speeds, chenges in the density and
viscosity of the air are very smzlil, thus the assumption
that the density and viscosity are comstant is justified.

A serious objection to the use of very high air spsedc is
that comparztively strong expensive models must be em-
ployed. There are also two objections to the use of very
small models. First, the air flow patierns are difficult
to observe, and second, air speed measuremeris inside g
very small model are almost impecesible to make.

In order to make possible the use ¢f very cheap models,
it is desirzble +to work with air speeds which are too
slow to satisiy the relation that the product of the
height of the ©building by the wind speed expscted shzll
equal the product of the height of the model by the air
speed used in testing it. Tnere is, howvever, a very def-
inite possibility that the patterns may not change appre-
ciably over a considerzble range of the preduct of the
air speed by the height. = To test this, two series of
tests were run. The first series of tests was on interi-
or gir flow patterns, and the second series was oz ex-
terior air flow patierns.

* 1 mile per hour s 88 feet per minute,



AIR FLOW PATTERUNS

The first tests of this seriess were run in a
full-sized buildirge. This building, 30 feet
long by 30 feet wide by 14 fee®t high, was
built on a» open plain and constructed so
that the fenmestrztion could be changed rath-
er easily. It was also mournted on wheels
which ran on a circular tracke. This lztter
arrangement permitted the orientation of the
building to be changed at will so that the
wind could be made to blow past it in any
desired direction. This rotetable building
is usueliy referred to as the “Experimental
Buildinzg" and will be so called in this re-
port. After a number of different fenestra-
tions hzd been tested in the Experimental
Building, +the same feunestrations were then
tected in a model which was built to a scals
of 3/4 inch equals 1 foot, or on a scale of
1/56 of zctuzl size. This gave 5 model
which was &zbout 2 feet wide, See photo=-
grapns of the Experimentel Building and its
model on the following pages.
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Most of the fenestration patterns gave the same air flow pattern in the mod-
el that they had given in the Experimentsl Building, but there was one nota-
ble exception. The upper drawing on the opposite page shows the air flow
pattern which was obtained in the Experimertal Building, and the lower draw-
ing shows the air flow pattern which was c¢btained ir the model for a fenes=
tration arrangement which was intended to e the same. Sirce there was a
very definite possibility that ths change in pattern irn this isolated case
might have been caused by something other than the change in magnitude of
the product of the air speed by the height of the building or model, a care~
ful search for possible czuses of the variztion was made. Finally, it wes
noticed that the inner edges of the windows projected a little farther in-
side the wall of the model then they did in the wall of the Experimental
Building. Since the model was made of balsa wcod and cardboard fastened to-
gether by means of a minimum zmount of model airplane glue ard many common
pins, it was very easy to change it so that it reprocduced the arrangement of
the Experimental Euilding more eccurately. The required change Iinvclved
moving the windows horizontally less than L/B of en inch, but when this
small change was made, the model gave the same pattern that had been obtain-
ed in the Experimental Building. '

This experience called attention very sharply to the fact that small changes
in a structure may cause larze chenges in the air flow pattern. In the case
Just described, a small change in window design asitered the air flow pettern
from z poor one in which the sir flow was &ll near the ceiling where it
would not biow wupon the occupznts of the room to a good one which preduced
the maximum air movement down nezr the flcor where it was effective in in-
creasing comfort, ’

These results immediately raised the question as to whetner a slight verti-
cal movement of the window sesh and pane might ceause an important charge in
the air flow pattern. This was tested in the szme mcdel by moving the carde
board rectangles, which represented the window fremes and panes, vertically
without rotation. It was found- that z chanze of position of as little es
1/16 inch could change the direction of infiux of the air intc the model
from inclining toward the ceiling to inclining toward the floor.

The conclusion to be drawn is obvious. No matter what else may be impor=-
tant, it is essential to make the models large enough and ilexible encugh in
details of construction so that the effects of small changes in the design
of the building upon air flow patterns can be tested. This means that mod=
els should consist of structural frames of balsa wood to which cardboard cr
acetate sheets mey be attached by means of pins or glue, whichever is more
practical, Iris rules out the use of air speeds which exceed 1200 feet per
minute and indicates that speeds below €00 feet per minute ars desirsble.

Ine tests described so for were run at 2ir speeds which ranged from €0 feet
per minute to 120 feet per minute measured outside the model, ard they gzve
no indication that the very low values of the prcduct of the height of the
rodel by the air speed czused arny important changes in the air flow pattern.
However, 2s will be shovn later, the tests so far described invclved efrects
which depended almost entirely upon tne Eeoﬁg%ry, or shape, of the model and
could not very well oe affected greatly Oy either size or air speeds




EXTERIOR AIR FLOW PATTERNS

The Necessity For A In order to determine the limits within
Criterion Which liakes which the product of the height of the
Different Shezpes model by the air speed may vary without
Roughly Comparasole intrcducing serious pussibility of error,

it is necessary to run a large number of

: tests on models of various shapes using a

- - ‘ test which depends mere upon size and air
: speed than upon geometry.

An importsnt pattern which can be zltered
considerebly by changing either the air
- speed or the size of the model is to be
found on the lee side of a building or
_ model as shovn in the drawings on the fol-
' lowing page. A goed way to test such a
pattern which is to be compared o another
of the sane geometry, but having a differ-
ent size end air speed, 1is to locate the
point on the ground in the 1lee of the
building where the air is at rest. Vhen
this has been done for models of various
sizes at various air speeds, the ratio of
the distance E to the distance h may be
used as a criterion +to determine whether
or not the pattern has changed,. If the
retio E/h shows no tendency to change in 3
definite manner as the size and air speed
a2re increased or decreszsed, and if its ire-
reguler variations are of the order of 10%
or less, there has probsbly besn no impor-
tant chenge in the pattern.

In addition %tc having a criterion for de-
termining whether or not the pattern has
changed, it is highly desirable to find an
ebscissa egzinst vhich to plot the ratio
E/h in  such 2 meaner that any - critical
values of E/h will coms =t sbout the same
abscissa on the grephs for various shapes.
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The product hv, which represents the product of
the height of the model and the 2ir speed 1s not
a good quantity to use as the abscissa beceause it
does not give comparable results for such differ-
ent arrangements as shoewn on the opposite pagee.
If the two ultra simple models which are depicted
in these drawings are tested at an air speed of
600 feet per minute for the point where the air
is at rest, and the blocks wused are about 10
inches squzre, the location for zero air speed is
found to be at 2 distence equal to about Zh back
of the dlock irn the upper drawing, &nd at a dis-
tance roughly egual to L behind the block in the
lower drewirge. Evidently, a quantity which re-
duces to approximztely Zh for the upper bloek and
to approximately L for the lower block would be
very advantsgeous as a substitute for h in the
product hve Fortunately it is not difficult to
devise a quaantity which has these characteris-
tics. fThe cesired quantity is tio times the pro-
Jected a2rez ncrmal to the air flow dividsd by the
perimeter past whica the air flows. 1f it is de-
cided to czll this quentity the aerodynzmic radi-
us and represent it by r,, the defining equation
becornes . ‘

2"\
The neme zerodyramic radius is appropriate fer
this quantity because it reduces to the radius
for a sphere placed in the 2ir stiream. That is,
for a sphere
20 2(mr?)
P =

- r = Zir Te (5)

a:

To see that ry, reduces to approximately 2h for
the upper D%lock, note that for +this block

A = hL (6)
and

When equstions (6) and (7) sre substituted into
equztion (4), the result is

2(kL) 2h
Ta* M+ L E+ 1T (8)
T

12



Now 4in the upper drawing, h is very small com-
pared to L so that the quantity 2:/L is small
compared to unity and cen, therefore, be ne-
glected. Under these circumstances, equation (8)
may be replaced by the zpproximation
ro=2h (9)
In 2 similar manner, by looking =zt the lower
lock it may be seen that for the tzll model

‘A= hlL (10)
and

when equations (10) and (11) are substituted into
equation (4), the result is

2(LL) L
a°2h+L=1+_L__ : o (12)
2n

r

In this case L is very small compared to h, so
that the quantity L/Zh can be neglected in come
pariscn to unity. Equation (12) can, therefore,
be replzced by the zpproximestion

raz Lo ' (13)
Equations (9) and (13) indicate that a good ab-

scissa to use in conmmection with the critsrion
E/h is

r.v, (14)
which mey be writtern in full as

2 \ .
3§v. - (15)

13



EXPERIIEN TAL TESTS o) PETERIVE TWHICH VALUES
OF %év GIVE THE WST RELIABLE RESULTS

In working with models of tuildings, 4t is most convenient to express
area, A, in sguare inches, perimeter, P, in inches, and speed, v, in
feet per minute. Accerdingly, in all the tests to be descrited, the
results are expressed in the zbove units.

One of the simplest shapes which can be tested is a cube. Graph 1 on
" the following pzge shows the results of & series of tests run on
cubes. The cubes which were used ranged in height from 3 inches to 18
inches. The lowest air speed used was agbout 40 feet per minute, and
the highest used was about 1000 fest per minute. The graph shows that

2f
for values of Tﬁv below 1500, +*he results were both highly varizble

and inconsistent with the results obtained for higher spceds. Graph 2

shows almost identical results for a square ended block whose lengta,
L, was 2.25 times its heizht, nh. Note that for the cube, L/h l, =nd
for the second block L/h = 2.25. The results for a third block having
L/h = 4.5 are shown in Graph 3. The results are 2gain consistent for

2A
values of $v in the neiguborhood of 1800 and higher.

Although the tests just described irdicate that there is a region of

2A
great consistency for values of T v between 2000 and 12,000 there 1is

no certainty that this consistency coantinues to the values of %ﬁv-

which are encecuntsrsd when the natural ventilaticn of & full-scale
building is being considered. -

In order to determine whether this uniformity of pstterm held for
full-sized buildings, models of the Experimental Building were con-
structed, &and tests were run on both the models and the full-sczle
building. This series of tests was run with the roof arranged %o be
flat, as shown in the photozraphs on page €. The results of these
tests, as shovm by Graph 4, indicate that the results obtzired for

values of %?v between 2000 and 12,000 are +valid for conditions de=-

scribed by iA 125,000,

That is, for models tested, having wvalues of %év between 2000 and

12,000, the results were con51st°nt with those obtained from the fulle-

scale structure for 2 value of ?rv of 123, OOO. These data seen to ine-

L
dicate that the workable range cof values for %;v is from 2000 to

125,000. Since these models were tested in two tunnels znd the degree
of turbulence between the two tunnels wss not definitely known, it is
very possible thzt the lower limit of the valid range may be extended
"even lower by considering this fector. Also, there is no reason to
expect any variation for values which are greater than 125,000.

14
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. Furthermore, mnot only is the pattern essentislly
A

24
irdependert of the values for T 7 above 2000, but

‘the szme s a2lso true for the speed ratios.
Grephs 5, 6, 7, and 8 on the oprosite page give
the plct of the ratios of the speed at a point
above the leading edge of the models of zrzphs 1,
2, 3, and & respectively to the undisturbed air
speed in front of the models. Wnile the varia-
tion is somsvwhat greater than in the tests for
the flow patterns, wuseful informaticn coneerning
the air speeds =zt various points of the full-
scale structure may be determined within a rea=-
sonatle percentzge of accuracy. It seems prob-
atle that most of this variation is due to the
iraccuracy of the anemometers which were used to
mske these meozsurements.

A8 an sxample to determine the minimum speed of
air flow for testing 2 typical rectangular model,
assume a model Levirg 2 windward side dimension
of 2% inches by 9 inches:

Since 2Av =
1 2

2{24 x 9)
T+ %&+09)

2000,

then v

2000,

-
-
~
-

or v = 124 feet per minute.

(Y41}

Therefors, tests for a model of this size should
be conducted in a flow of air having a speed
greater than 200 feet nper minute.

No tests have been run on modeis with rounded
surfaces, such as a Quomset hut; therefore, it is
not possible to indicate whether or not +thers
should be varizticns in the pattern of this type
of structure with an increase in size or an in-
crease in vwind speed.

17



ADDITIONAL REMARKS FKOR COMPARING THESE RESULTS WITH O THER AERODYIMAMIC DATA

For those interested only in the feasibility of
using models for predetermining natural ventila-
tion, the previous discussion will be adequate.
Those who heve sn interest In either aerodynamics
or hydrodynzmics will want to convert the guanti-

ty %év to consistent units and multiply it by the

quotient of the density of the air by its viscos~
ity to obtain Reynold's Number. Thus, if °= the
dersity of air, and M= the viscosity of air,
Reynold's Fumber, based upon the aerodynamic ra-
e dius, is then:

R= "“"""VZE;A‘ f ' ’ (16)

By referring to equatiorn (5), it can be seen that
equation (16) gives a Reynold's Kumber for which
the length involved reduces to the radius for a
sphers. Scmetimes it may be desirable to compare
these data with other data feor wnich Reynold's
Yumber for e sphere is computed by using the diz-
meter of the sphere. In this case let the

aerodynemic diamster D, (17)
be defined by the equation
D, = %‘}-_. (18)

For convenience in relating the grephs of this

report with various other experimertal data, all
A
T
Reynold's Fumber based upon the zerodynamic radi-
us, Rr,a: eand Reynold's Xumber based upon the
aer zmic dieme )
odynzmic diesmeter, RD,a'

the graphs have three sets of abscissas -

18



FIOV: PATTERNS CAN BE MADE VISIBLE

Probzbly the most satisfactory way of deter~
mining ax air flow pattern at low speeds is by
introducing s dense smoke into the air siream
so as to meke the pattern visible.9»10,11
When proper precautions are taken for washing
end filtering the a2ir, titanium tetrachloride
smoke is a very satisfactory substance to use
for this rurpose.

Since the smcke produced by the use of titani-
un tetrachloride is white, it can best be ob-
served against z background which is rough and
painted a very flat black. The irregularities
of the surface which cause its roughness must,
of course, be small ir order not to affect the
air flow pattern. In the case of the model,
as ¢istinguished from its surroundings, the
wagll nezrest the observer should be transper-
ent in order to permit the pattern to be cb-
served. Tre most satisfactory material found
for making the transparent wall is a sheet of
zcetste, because it can be easily cut eand
glued cr fastened with pins. A strong light
at right angles to the 1line of sight of the
observer 1is 2isc very ‘desirable, but care
should be exercised to avoid ary arrengement
which might produce convecticn currents strong
enough to alter the air flow pattern apprecia-
blyve. If it is necessery tc teke »hotographs
of the pattern, 2 much stronger light is need-
ede Some information concerning technigues
for photographing smoke patterns can be found
in references 12, 13, snd 14 of the bibliogra-
phye

In the determination of the air flow pattern
in or around a mocel there zre two principal
features +to observe - the actuzl air streams,
and the eddies bounded by the zir streamse.

If the interior flow pattern of a model is to
be observed, two technigusz may be employed.
Ihe first is referrsd <o as the main-stream
techniqus. In this methed, a stick which has
been dipped in*tc a vottle of titanium tetra-
chloride is placed ir the zir stream slightly
windward cf the region for which the pattern
is desired.

19



-

The smoke from the stick flows with the air
through the model and defines the region of
air flovr. The second, or eddy, technique is
not only useful in observing the flow streams,
but also in outliring the eddies in the pat-
tern. In this method, the smoke stick 1is
placed in zn eddying region until the eddy has
filled witl: sroike. The stick is then removed.
The flow streams are quickly cleared of smoke
while the eddy remairs filled with smoke. -
Since the background is black, the clear air
stream then appears black while the eddy ap-
pears white. By careful observation it is
paessible to detect the flow within the eddy
itself.

In observing exterior flow patterns, as in the
case of interior patterns, it is only possible
to use the eddy technique to advantsze to ob-
serve eddies. Therefore, both technriques must
be used. To locate the lee point of a build-
ing, the point where the air is at rest, a
modification of the main stream technique is
used. This is done by placing a heavily smok=-
ing stick close to the ground, or wind table,
and 2t a2 considerabie distence from the build=-
ing on the lse side. If the distance from the
building toc the smoking stick is not too
1, the sroke drifts away from the build-
ing. The smeking stick is then moved slowly
closer to the building while keeping it close
to the ground. When some of the smoke begins
to show a tendency to drift toward the build-
ing, the position of the stick is noted. Af-
ter the titanium tetrachloride on the stick
has been replenished, the stick is placed
close to the ground and near enough to the
building so that the smoke drifts toward the
building. The stick is then moved slowly
argy from the building. TVhen some of the
smoke begins to show 2 tendency to drift away
from the building, the pesitiorn of the stick
is 2zzin noted. The mean of the two recorded
stick positions is taken as ths place where
the air is at rest.

[Edl
-

For special cases other modifications of the
above techniques czz be used. With a little
experimentsztion, the chserver will find which
of the above technigues or modifications will
give the most information about a2 pariicular
flow pzttern.



THE MEASUREMENT OF THE 10¥ AIR SPEEDS *IICH OCCUR INSIDE MODELS

The only instruments known to the authers which

have protes small encugh to be used inside a mod-

el of a2 building are hot wire anerometers,15,18

more properly czlled resistance thermometer ane-

mometers, and thermocouple anemometers.ld, 16

These instruments are equipped with T-gprotes,

which haeve fair directionzl characteristics and

may be placed at the point where the air speed is

desired vithout changing the flow pattern appre-

- cizbly., lost of the instruments c¢f this  type

have meters rezding directly ir air spsed, usual-

— ly in feet per minute. These instruments can be

calibrated reliably at low air speeds by using

the titanium tetrachloride methods described in

references. Instruments to be used for measuring

N low air speeds should always be calibrated to
avoid large errorse. '

Both paddiewheel and deflecting vane anemome=

tersl? give relisble air speed measurements in

and around full-scele buildings. When using pad-

dlewheel anemcmeters, +the electrical contactor

type is usueally preferred to the direct reading

type because by using several of these instrue

ments, continuous records of the air speeds at

several different points cen be mede. -

e
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U i M A R Y.

The ecriterion of aerodynamic theory, that the
product of the undisturbed air speed and some
typical dimeasion must be constant in order that
the szme zir flow pattern will be observed in a
model arnd in the full-scale structure, is not a
necessary condition., It has been found by a ser-
ies of experiments that if this product is above
a cortain critical value, the observed patterns
are essentially independent of the value of the
productes This result mekes possible the use of
convenient size models and convenient air speeds
to predetermine the natural ventilation charac-
teristics of proposed buildings. It must be re-
membered that these results were obiained from
straight edged models and caution must be used in
interpreting the patterns of models with smooth
rounded surfaces.

In zpplying this method of using models, the fol=-
lowing conditions must be observed.

A. The changes in the density and vis-
cosity of the air must be negligible.

Be The effects of thsrmal convection
muist be negligible, or other methods
mist be used.

Condition “B™ is of special importance if the
flow patterns of certain types of buildings are
to be determined. In many industrial buildings
and in any tall, heated building, thermal effects
are the major factor in the observed flow pate
terns; therefore, the results of the experiments
in this report are not applicable.

22
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