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1. INTRODUCTION

Ilístorically, man has achieved human comfort in sunnertíme
opening building windows and ventilatíiig. Design guidelines on wíndow
size', shape, placement in bùitdings have been suggested after investi-
gating scatr-ê model buildings ín uniform speed tunnels ín the fifties and
early síxties (Refs. l, 2, 3) and later on by model testing ín boundary
layer wind tunnels (Refs. 41 51 6). To our knowledge, except for the
qualitative flow visualizatio¡i comparísons perforned by the Texas re-
searchers (Ref. 7), the literature is devoíd of any quantitative com-
paríson of nodel and full scale naturally ventílated buildings. This is
whY, as part of our investígation into quantitatíve understandí4g of
natural ventilation, r{e decided to undertake this comparíson of full
scale and'model scale internal velocities of naturally ventilated rooms.
The full scale studies were performed at the Florída Solar Energy Center
in Cape Canaveral, Florida. The model scale studies were perfor:ured by
the Colorado State Universíty Fluid Dynamics and Diffusíon laboratory
personnel under the guidance of Dr. Jack E. Cermak.

2. FT'[T SCAI,E A}TD UODET BUIIDI}IGS

The FSEC site ís located wíthín a mile of the Atlantic Ocean as
shovm ín Figure 2.1. Tbe FSEC Passive Cooling tab (PCt), an experimen-
tal building with a fÍxed roof supported by colunns whose floor plan and
ceilíirgs are reconfigurable, is the buíldíng used in this study. Fígure
2.2 is a photograph of the PCL showíng its south and east facades. The
east nall shows the two 1200 overhangs above the openings. ThÍs south-
east room rdas the room where the ventilatíon experiments were carried
out. Figure 2-3 shows a closer view of the southéast room wíth the
wingwalls io place. The purpose of the wíngwalls are to hopefully
increase the ventilation in the rgom for south, southeast, northeast and
northerly winds. The room ís not otherwise cross ventilated. Figure
2.4 shows the surrounding buíldings -- this photo was taken from a poínt
approxímat.ely 400 feet southeast of the PCL.

For testíng íf the CSU wínd tunnel, they built a 1:25 scale model
faithfully reproduciag the PCL with its movable walls and ceilÍngs. The
nodel was constructed from l/L6n (for roof) and 3116't thíck (for'walls)
acrylíc wíth steel and ah¡mínu¡n framing as needed. Figure 2.5 shows the
floor plan of the PCL. The southeast roon ís the test room. The Veloc-
ities and pressure taps for thís room are shown in the drawing. .AIl
measurements were at nid room heíght (í.e., 4'0" full scale) àbove PCL
floor in the nodel. lable I compares the model and full scale dinen-
síons as tested.
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Table 1. Model and FuIl Scale DÍmensions as Tested
Noninal Ìlode1 Scale is 1:25

Model FuIl Scale ScaleDinensíon

Interior roon length
Interior room wídth
Interior room height
Idindow n¡idth
Window Height

onníprobe
cup anemometer
wind vane

( 2 seconds

( 10 seconds

277 mm

ll+L tmr

95 mm

48 .5m
36.5nn

77.60 f.t
fr
ft
ft
fr

7
3
8
4
0

1

1

1

I
1

24
25
25
24
25

ll,
8
3
3

.70

.05

.88

.00

3. EXPERIITENTAL PROCEDIIRES

The full scale tests were conducted during eveníng and early night
hours so that atnospheric AT was nearly zero corresponding to a ther-
na1ly neutral atnosphere like that ín the wind tunnel. The atnospheríc
measurements consists of six instruments on a mast located about 150
feet away from the buílding. The nast had instrunentation at two levels,
approximately 10 m and I m above grouad. Each leve1 had a precísíon cup
anemometer (threshold 0.5 mph, fuII accuracy 1.5 mph), wind vane and a
thermocouple in a naturally aspírated radiation shíeld. the velocítíes
inside the room were measured by a TSI nodel 1620 omnidirectíonal air
speed probe. These appear to have an accuracy of t10T over a range of
0.1 to 5 nph.

The probes have a sma1l. (2 nn) sphere with hot wires as the sensing
element and are tenperature conpensated. -lhey have a nonlinear output
which rùas curve fitted and read by the data processing software. The
response time constant of the field probels are given in Table 2.

Tab1e 2. Response Time for Field Probes

Probe Tine Constant

Generally qnly one omniprobe was present ín the room at ,Iocation ll1 or
llZ. As noted later, nost of the tíme, the heíght above floor was 4'5t'
rather than 4'0'r. Some data was also obtained by brínging the lower cup
anemometer from outsíde to locatíon lll insíde.

AIl data channels [vere sinultaneously recorded every l0 seconds,
the fastest scan rate available. Ty¡rically, data leere avera$ed over
five minute intervals.

The CSU, Fluid Dynamics and Diffusion Lab meteorological wind
t ,nne1 (Wil) was used for aII nodel studies (Fígure 3.1). Neighbouring
buildings weie modeled fron styrofoam or masoníte and installed upwind
as' app.ropriate. An atnospheric surface layer approxinately 30 n deep
was ' simulated by following techniques reconmended by Cqok (Ref. 8).
Six-ft wood spíres were positioned across the Mh¡T at the test section
entrance. These were followed by a 7-inch trip and varying degrees of
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surface roughness. The four spires were located at l7-inch intervals,
while the trip was continuous across the tunnel. In addition, 7.87-inch
roughnsss cubes were positioned near the MWI entrance to further enhance
development of the desired boundary layer. The floor of the test sec-
tion was covered wíth 28 feet of one-inch roughness cubes, followed by
48 ft of one-half ínch roughness and terminated with I ft of one-quarter
inch smooth masoníte upon which the PCF model- rested. Graphic illustra-
tion of the UtfI confíguration (complete with pertinent dínensions) is
includetl - Figure 3.2 and 3.3.

The. velocities vtere measured by quick response hot film anemometers
with the sensor axis vertical. TSI 1211-10 and l2l}-20 cylíndrical hot
fíIm sensors were used: CSU ex¡rerience has been that mean velocities
measured are accurate to tfO percent, simílar to expectatíons of full
scale accuracy.

4. RESIITTS

The full scale tests vùere conducted during February and. March of
1982. Four out of five of the full scale data sets reported here cor-
respond tó a thermally neutral atmosphere with a AT <O.loC and q¡ere
collected duríng the evening and early níght hours with ambíent tempera-
tures between 19oC aod 21.5oC. Ilind speeds ranged between 4 and 16 mph
encompassing the speeds prevalent during ventílation conditions (4-7 nph
or less) and stronger winds. t{ind directíons were generally between
east and south -- sunmertime dírections comíng from the ocean.

Figures 4.1 and 4.2 compare the full- scale and nodel scale internal
to external velocíty ratíos for several wínd directions. In 4.L one
sees the comparisons for the configuration without the wíngwalls for
ínternal'probe locatíon tlt (see Figure 2.5) Note that. the field data
overlapped for two dífferent days (3/73 and 3/14) for WD = 135 and were
about 30 percent lower than the nodel data. The data set for I.lD = 90,
collected daytime under bright sun and high AT and fairly low winds (4-6
nph) appear to be 3 30 percent hígher than the nodel data.

All three sets of data in Figure 4.2 are for the confíguration with
the wíngwalls in place for internal probe location /12 (see Figure 2.5).
All data are for nearly neutral atmospheres. Unfortunately the field
and nodel internal probe locations were not identical ín the z coordi-
nate as noted in the graph. As can be seen, for WDs of 135 and 180 (SE
and S) the full scale ratíos exceed the model scale by about 30 to 40
percent and for WD = 90o by about 200 percent.

In order to understand thís díscrepancy, Fígures 4.3 through 4.6
vrere drawn fron the ð,ata of 2/2, 2/75 and 2/16. (Fígure 4.6 contains
some addítional poínts.) Fígure 4.3 conpares the atnospheric velocity
ratio at 1.1 n and 9.7 m above ground. It can be seen that the atmos-
pheric mean speed varíatioq with height is well modeled in the lrrnnsf
and so is the turbulence at the lower level as evidenced by Figure 4.4.
However, Fígure 4.5 shows that the atmospheric turbulence at the 9.7 m

level is about twice as great as the tunnel. Tbis 1s perhaps explained
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by the fluctuations in the atnospheric wind direction sbow¡ in Figure
4-6. The wínd tunnel fluctuations in wínd dírectíon are less than
perhaps two degrees.

5. DISCUSSIONS

It nay be useful to list and discuss
fuII scale and model teste.

the differences during the

Í) smarl dímensíonal differences see Tabre l. Due to the rikely
predominantry 2-D nature of the flow at the Ínternal velocity probe
locations, thís is unlíkely to expl-ain the rarge observed dif-
ferences.

ií) Differences in the probe types The external- wind neasurements
were done by sensitive cup anemometers which should measure the
sarDe mean horÍzontal vector wind speed as the vertical hot fiLr
probe ín the model scale. One could argue that since the wÍnd
tunnel internal probe neasured only the horizontal rnean airspeed
and the full scale internal probe was onni-directional, the model
nean velocitíes would be lower if the mean flow was three dimen-
sional. To check this, fult scale tests were conducted where the
omní-directional probe and a cup anemometer h¡ere placed as close
together as possible at measurement location l/1, with the small (2
nm) ormi probe upstream of the 6-inch cup to minímíze interference.
Fígure 4.7 conpares the readings from tbe two probes. The hígher
airspeeds leere obtained with the wingwalls with the probes 4r5rr
above the floor and the rower airspeeds (< 0.5 mph) for probes
located 4r0" above the PCL floor and ¡vithout the wingwalls. Both
sets of data were for southeasterly winds.

rt can be seen that berow about 1.5 mph the cup reads rower
than the omniprobe, and above 1.5 nph the readings are essentially
identical. rt could be that at lower airspeeds the airflow is nore
three dimensional but the nore likely reason for this behavior ís
the fact that the cup thresbord ís 0.5 nph and full accuracy of the

. I{ith thís infornation, we pro-
U1 (cup) as shown in Figure 4.8
h.- A cup åt l0 neters was not
were nondímensionalized wíth an

r located level with the internal
probes or at 1..57 n above ground. The other dÍffícutty with this
data set was due to an instnnentation problem with the I{D vane,
Lot of data on t{D had to be discarded and as a result onfy 1 minute(6 poínt.) averages courd be protted on figure 4.8; (All the other
graphs have been plotted wíth 5 minute averages).- rn spíte of the
data scatter it does aþpear that there is closer agreemãnt between
full scale and model data.

íii) He Dífferences -- The PCL floor is 8 l" above zero gro rnd (= CSU
f,rrnns] floor
real ground

and that is the way it was built at CSU. However, the
s wavy and the field mast base is actually 9L" belowt_

zero ground. There Ì4¡aa- some confusiou in sensor heights. The
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model scale resurts h¡ere taken with internal probes rocated at
midheight of the room and external measurement reported with tunnel
floor as zero height. As noted earlier, prior io March 12, rgg2
all fierd internal probes \dere located at slightly above room
nidheight (4'5" above Pct froor rather than @ 4'0',). The outside
cup locations arso varied with the 10 n cup at 9.7 meters before
3/12/82 and at 9.9 r after. The lower cup r/as at r.l m before
3/l/82 and at 1.57 m during 3'/4 and 3/5/92. These should cause
only minor differences in the comparisons.

iv) lds No. differences The model test were conducted at a Re
to á tunnel speed of 21.5 mph (9.6 m/sec),
1-7e-05 sq.m/sec and a model aerod¡mamic

of l. er05 corresponding
a kinematic viscosíty of
radíus of 0.224n. The full scale Re equals 1.68e+05 per mph of
'i¿ind speed for a kinematic viscosity of.1.5e-05 sq.m/sec. So full
scare Re for the 4-16 mph range wourd vary between 6.7 and 26.9e+05

5 to 20 tímes greater than model scale. However, a prot of
internar airspeed vs. Re for NE wínds showed it to be independent
of Re for Re > 0.7e+05 although the internal turbulence intensity
kept. on varying up to Re=1.26e+05. Thís would seem to ímply Re
would have lítt1e effect on mean internal airspeeds

v) Time Scale and l{índ Direction -- If a time scale is defined as the
speed, the tunnel time scaleaerodynamic radíus d ivided by the wind

was 0.01 seconds and the field tine scale varied between 0.78 and
3.13 se'conds corresponding to 1ó to 4 mph winds. Thís ín conjunc-
tíon with the differences in ¡rind dírection variations and sensor
tine constants may explain part of the differences between field
and model scale turbulence intensities.

vi) Nature of Flow The mean

ÍtD
908

135 SE

(closed) without the wingwa
Cpts for the two pressure
measured in the model.

pressure differences at the apertures
lls are very small. Table 3 lists the
taps tf24 and lÍ26 (see figure 2.5) as

for the southeastern wínds
about 0.07 for no wingwall

TABTE 3. Mean Pressure Coefficients (Cp's) at
taps ll24 and tÍ26

lÍ24 tl26+0.517 +0.472
-0.096 -0.134

045
038

acp
0
0

Indeed the forcing mean pressures are about an order of magnitude
smaller than that prevalent for cross ventilated rooms. So the flow
will definítely be affected by turbulence characteristícs. So for these
cases the disagreements as seen Ín fígures 4.7 and 4.2 are perhaps not
surprising in view of figure 4.5 whích shows that the turbulence at the
10 m level was not exactly modeled. The large 200 percent discrepancy
for easterly winds with wingwarls can be due to the highly unsleady
neture of the flow. Full scale smoke pictures taken show that the aper-
tures lJere alternatíng as ínlets and outlets. Moreover there are not
sufficient nu¡nber of dat,a points near htD = 90.

However, comparing and ertrapolating the V,rs
one notes that full scale Yt/Ug.g goes frtom
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(Fígure 4.1) to about 0.4 with the wíugwall (figure 4.8, ass"ming U, .,/
Uo o - 0. 7 ) -- a 500% increase t This Beems to indicate that nor.¡' 'tÉe
ffirír is predominantly mean preÊsure driven. And indeed the discrepancy
between model and fuII scale appears to decrease (Figure 4.8).

6. CONCI.USIONS

To the authors' knowledge, this is the first tine quantitatíve compari-
sons have been performed for r¡odel and fuIl scale naturally ventilated
structures. The results show smaIl disagreements between fuII scale and
nodel internal velocitíes for flows not driven by mean pressures. This
is partly explaíned by the inexact nodelling of the atmospheric turbu-
lence of speed and direction. For flows which are mean pressÌrre driven,
e.B. ¡ SE winds with wíngwaIls, the agreement between model and full
scale internal velocítíes are quite good.

These data lead us to belíeve that boundary layer wind tunnel
testing ís indeed a good r¡ethod for performing tradeoff studies as has
been done by Sobin, Aynsley and Víckery (Refs. 4, 5, 6) especi.ally
sínce in good natural ventilation desígns, airflorda are produced nainly
by mean pressure differences.

Future research should be aimed at turbulence. modelling (vibrating
the model in the tunnel may be an ínteresting approach). Also some
model to full scale comparisons should be conducted with uniform speed
wind t'nnels to determine the validity of exístíng natural ventílation
data collected in uníform speed tunnels.

7. NO}ÍENCIATI]RE

TI . Turbulence íntensíty defined as standard deviation dívided by
the average of the instantaneous airspeed indications.

U- .Mean aírspeed in the horízontal plane i.e. all model veloci-
tiès and all full scale velocítíes measured by the cup ane-
mometers. Subscrípts I and 2 í.e., U' U, refer to loçations
ttt and ll2 in Fígure 2.5. Two or thrree ifigit subscrípts like
U1 E? or Ur^ refer to free stream velocíty at 1.57 or 10 m

(fùfl scale)"above ground.

v v Mean airspeed measured in fuII scale by the TSI omniprobes
(rrodel 7620)

1t

^T 
- Atmospheric temperature difference ín the field between that

measured at 0.71 m and 9.46 above zero ground.

WD - l{ind Dírection with respect to the PCL measured at a height of
9.7 ot 9.9 m above ground.
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Figure 2.2 The FSEC PCL, SE view
without wingwalls

Figure 2,3 CloseuP of the test room
exterior showing the
removable wingwalls in Place

Figure 2.4 Buildings near the P-C^L {SE view from a point
about 400 ft. from PCL)
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Figure 4.5 Comparison of full scale and model free
stream turbulence. intensities at 9.7 m.
(full scale) above ground.
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Figure 4.6 Full scale fluctuations of wind direction
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