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ABSTRACT

The state ot the.art on predicting alrfiows from natural ventllation Is dlscussed. The
usefulness and: iImitatlons of wlnd-tunnel-derlved bullding pressure coefflclent data In

predicting alrflow are presented. Actual measured full-scale fleld data are proviced to show
the effects of atmospheric turbulence, window type, and Insect screening on alrflow. Also
presented are alrfliow and alrspeed data from cellling fans,

ANTRODUCT | ON

The ever-Increasing cost of alr condltloning has prompted us to research ventllative coolling
as a supplement to mechanlical coollng for southeastern residences. Other aspects of our work
have been recently presented (see Falrey et al. 1985, a parametric study of ventllative
coolIng energy savings; and Kerestecloglu et al. 1985, for atgor|thms to predict molsture
effects In:- ventllative bulldings). This paper revlews the state of the art of algorithms to
predict natural ventllation alrflow rates and also presents data on celllng fan performance.

In order to Integrate natural ventllation with mechanlcal coollng and heating systems,
one Is usually .forced. Into desligning bulldings with a relatively small window area, say, 10%
to 158 of fﬁe‘fléor area. Otherwise mechanical conditloning costs may become excesslve. Wlth
smal| amounts of window area, one can achleve 10 to 40 alr changes per hour (ach) In typlcal
U.S. suburbla (Chandra 1983). Although this amount of alrflow may be sufflclent for bullding
coollng, l.e., rejecting heat from the bullding, It Is +totally Inadequate to provlide
sufficlent alrspeeds for human comfort.

Consider a typical house of dimensions 50 f+ x 30 f+ x 8 ft (15.2 m x 9.1 m x 2.4 m) wilth
windows on the large walls 6f the house. I|f the entlre house volume participates In the alr
exchange, the alrspeed 'In the maln part of the room will be only 15 ft/min (0,08 m/s) at 30
alr changes per hour (ACH). Even If we assume only 50% of the room volume participates In the
alr exchange (due to dead corners, furniture, etc.) the alrspeed will only be double the
previous value. This Is pretty close to negllgible alr motlon tor coollng people. For the
effective coollng of people, alrspeeds in the range of 100-400 ft/min (0.5-2 m/s) are
deslrable. Alr clrculatlion: fans (cellling fans, osclllating portable fans, etc.) must,
therefore, be employed for people coollng In a naturally or fan forced ventllated house.

Our computer studles Indicate’ that ventllative cooling savings are highly sensitive to
bullding airflow rate, at the low alr change rates (5 to 30) Ilkely to occur In practice
(Falrey et al. 1985). Vvalldated algorithms to predict alrflow from natural ventilation are

S. Chandra Is dlvision dlrector, P.W. Falrey, principal research sclentist, A.A.
Kerestecloglu, research englneer, and A. Kamel!l, graduate research asslstant, Research and
Development Division, Florida Solar Energy Center, Cape Canaveral, Florida.
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thus necessary to predict energy savings and develop design tools. In additlon, development
of designs to augment alrflov In bulldings and low-cost test methods to evaiuate Innovative
designs are also necessary. See Chandra (1985) for a summary of research conducted at FSEC on
the latter toplcs.

Air flows through a bullding due to wind-Induced gressure dlfferences acting across the
inlets and outlets of a bullding. The stack effect can also cause natural ventilatlon.
However, the stack effect Is weak, and It works only In the daytime when ambient temperatures
are generally higher than the desired Indoor temperature and ventilation Is not deslred.
Thus, stack ventllation Is not discussed further. The wind englneering and Inflltration
research communitles have generated a large data base of bullding pressure coefficlent (C))
distributlions by testing so'id bullding scale models In boundary-layer wind tunnels (see for
example, Allen 1984). Natural ventllatlon researchers (e.g., Aynsley 1977; Vickery 1983) have
proposed that the alrflow *.rough naturally ventllated bulldings be also calculated from solld
bullding Cp data.

This paper summarlzes the usefulness and |Imltations of C_ data In predlcting natural
ventllatlon. The effect of wind turbutence on alrflow at Igw wind speeds or In p-orly
ventl|ated situations will be discussed. Full-scale data on alrflow reductlions due to ow.ilng
type windows and due to Insect screening are also presented. Flnally, data from celllng fans
will be glven,

USE Of BUILDING PRESSURE COEFFICIENTS (Co) IN PREDICTING NATURAL YENTILATION AIRFLOWS

In 1982 and 1983 an Investigation was performed on the adequacy of C_ data to predict natural
ventllatlion alrflows. The results are detalled In a contract report gy Yickery (1983) and are
summar|lzed below for wider dissemination of his Interesting results,

We flrst discuss the flow computation method proposed by Vickery. The assumptlons of
this method are:

1. No steck effect.

2. Same Internal pressure In all rooms of the bullding Implying zero pressure d:op
in rooms. This also Implles all the doorways Inside the building are open.

3. Fluctuating pressure effects not accounted for.

4. Perfect mixing occurs In the bullding.

Most of these assumptlions are satlsfied by a well-ventilated bullding. Even !f there Is some
uncertalnty, glven the level of data available, It Is our oplnlon that Vickery's procedure Is
the optimum for present computational purposes. We note that for Inflltration calculations,
more sophlsticated models are avallable, e.g., a multi-cell model (Etherldge and Alexander
1980), which accounts for stack etfects and fluctuating pressures but requlres a higher level
of data Input.

The Vickery mode! starts with the standard orlfice flow equation through the (th
aperture:

1/2
8Oy = CyiAy V(Cyy = Copd) / \cpl - cP,\ (n
where
AOI = flow through the lfh aperture
cdl = dlscharge coefficlent for the (th aperture accounting for flow
direction (the same aperture could have dlfferent C; depending on
whether [t was an inlet or an outlet)
Al = area of | aperture
Vr = reference wind speed at some height, e.g., 10 m
C,j = pressure coefficlent = (P -P.}/ 1/2 pV_
Pl'Bs = pressure difference between ?he surface pressure tap and f ree
stream static pressure
alr density

internal pressure coefflclent

20
Cp|=P|/(1/20Vr )
Internal pressure

P

The numerator and denomlnator are written to account specliflcally for Inflows and
outflows. Equation 1 Is nondimensionallzed by V. and a reference area A such that It Is
recast as:
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8Cyy = Cqy Ay~ (Cyy = Cpy) / e, - ey | V2 e
;_

From the contlinulty equatlion
; A (3)

!fl Co| °
where N = number of openlngs
An lterative solutlon (slince Cpy Is unknown) Is obtained as follows:

1) Defline two starting values of Cp| s
Cp1y, =z Coni/n
ey, = (%, * 0.00

and compute the corresponding values of net Inflow L, and Lo

11) Compute » new estimate (Cpl) from the relatlionship;

(I8Cy))
(Cp) = (Cp)  + S [(c ) -(Cp,)
PI1Y = 1, T T T e E Pl BRI
K K-1 (zACo,) - (zACQ,) K-1 K—Z}
K-2 K-1

In the above K Is the Iteration number.
111) Compute the corresponding value of the net Inflow,
-4
(IaCq;) and test |(mco|)K | < 10
YES; put Cp, = (Cp|) oand compute the elemental fiow coefficlents Acol
K

NO; return to (11)

The flow Into the bullding can then be evaluated by summing ACy, over all positive values
while the flow through a glven surface can bs obtalned by an algebralc sum over the reglons
comprising that surface.

Note that for the simple case of one Inlet and one outlet, there Is no need to solve for

Cpi- Cp, can be ellminated from the Inflow and outflow equations and the flow determlined In
one step.

To assess the adequacy of thls model, Vickery conducted tests using a boundary-layer wlnd
tunnel .

Vickery constructed two Identical models, one solld and another with varylng wall
porosities for the long walls (see Figure 1). There was a capabllity also to add extended
eaves ond wingwalls and have an aperture at the roof ridge. The airflow through the
ventilated model was directly measured In the wind tunnel. The flow was then compared to that
calculated using C. data as measured on the Identlcal sol td-body model. Figure 2 shows the
compar Isons for fhg cross ventllated case with 21% wall porosity.

For larger poroslitles, the solid body C. data overestimates the actual flow. As Yickery
explalns, the "through" flow through the pgrous bullding decreases the pressure dlfference
between the windward and leeward sides and thus the actual filow !s reduced. Vickery suggests
a simple correction factor to account for thlis;

Co = Coo/ (1 * Gy (4)

where qo refers to the actual flow for large porosities and C s the flow computed by uslng
solld body pressure data per the procedure described above. The Yickery concluslions are

806




rue;.nzted below:

1. At low values of the Internal flow coefflclent (Co<0.1 or a wall porosity less than
about 25% on two opposlte faces) the Internal flows can be predicted from the external
pressure distribution measured on a solld or sealed bullding provlded the openings are on
walls. The level of accuracy that can be achleved (glven rellable pressure data and relfable
estimates of the discharge coefficlents) Is, typica!ly, 10%.

2, Ilf & simple correctlon term Is added to account for the Influence of the
"through-flow"™ on the pressure fleld, then the Internal flows can be predicted with acceptable
accuracy (about 10%) for values of Cy up to about 0.3, which, for openings on two walls,
corresponds to a wall porosity of abouf 70%.

The situation changes however when one analyzes rldge-vented models. A number of schemes
have been suggested to accompllish whole buliding ventllatlon using roof-rldge-level apertures
(Chandra 1985). Rldge venting was tested by using a solid leeward wall and using a porous
windward Inlet and rldgye outlet. Flgure 3 shows the results., Solld body C_  data
significantly overpredict ine flow even'for smalh flow coefflclents. Vickery sugges?s that
this may be due to the flowfleld around the roof ridge being modlflied by the airflow from the
ridge vents,

Our concluslon from these windtunnel tests and other fleld tests (Chandra 1983) is that
if C, data for the bullding are known and local wind speeds can be accurately estimated, then
ior strong winds (e.g., local 10 m wind speed greater than 6 mph (2.7 m/s)) and apertures
located on the walls, natural ventilatlon alrflows can be predictd to about 10% using the
Vickery procedure for wall porosities up to 70%. |In additlon to the dlfflcultles of obtaining
good C. datea for typlcal bulldings In the presence of adjacent bulldings, etc., we note that
procedBres to predlct local wind speeds from alrport data are not valldated. To our
knowledge, the terraln-correction factors relating alrport wlinds to other terralns were
developed In Europe for strong winds when wind loading of bulldings becomes a concern. To the
euthors' knowledge, the validity of the terraln correction ftactors tor normal wind speeds have
not been establ|shed.

Effects of Wind Turhulence

When wind speeds decrease, fluctuations In the wind directlon and turbulence generally
Increase. Under thls rather common condltlion, alrflow becomes highly erratic and cannot be
wall predicted usling Cp data.

Flgure 4 presents recent full-scale data on this toplc. Natural ventllation airflow was
contlinuously measured In the southeast room of a Passlve Coolling Laboratory (PCL) wlth only
one awning window for Inlet and two celllng apertures for the outlet. Alrflow was
contlnuously measured by three hot fllm probes located at the end of a flow-stralghtening
sectlon downstream of the window. The flow-stralghtening sectlon conslsted of a
four-feet-long flow-contracting section made out of smooth foll-faced rigld Insulation. The
outliet of thls sectlion had an area equal to 50% of the window area. At the end of thls a
honeycomb was used to further straighten the flow.

Data were sampled every 10 seconds and averaged for 15-minute perlods. Each 15-mlinute
average |Is represented by a polnt In Flgure 4, which plots the average inlet to site 10 meter
wind speed ratlo for nine days In August 1985. Thuy horlzontal axis represents wind dlrection
measured clockwise trom north. As the window was on an east wall (azimuth=90%) It was an
Inlet window for the wind directlons plotted. To obtaln trends In the data for dlfferent wind
speed reglmes, the data were separated In 2 mph (0.9 m/s) bins and third-degree ieast-squares
fits to the data were obtelned. The results are shown In Flgure 5. We see that for WS >6 mph
(2.7 m/s) the data are unlque, but we get different lines for lower wind speeds. Moreover, as
seen In Flgure 4, the data scatter increases substantlally at these lov wind speeds.

ODuring summer nights, In many parts of the Southeast, the local winds are below 6 mph
(2.7 m/s). Thus, wind turbulence Is l|ikely to create a slgnlflicant uncertalinty In predicting
natural ventilation alrflows.

Alrtlow Reductions Due to Awning Windows and Insect Screenlng

The alrflow-calculatton procedure Is valld for rectangular apertures in the wall wlthout
screening. In practice, Insect screening Is routinely used. Also, slnce silding wlndows have
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50% closed ares, we recommend projection or awning wlndows (fully operable windows with two or
three horlzontally pilvoted sashes) for raln protection and maximizing natural ventilatlon,
Moasurements were made to determine the alrfiow reduction from fully open awning windows (open
et an angle of 30 degrees to horlzontal) and from a 60% porous Insect screen., Alrflows were
measured using the same technique as outlined In the prevlous sectlon. For wind speeds below
6 mph (2.7 m/s) at the 10 meter level, the alrflow had a lot of scatter and did not exhiblt
discernable trends. For wind speeds greater than 6 mph, Figure 6 presents the least-squares
fit curves through the data for the three cases tested. The ratlio of alrflow In the presence
of window and screens to the case of no window was calculated from the data In Figure 6 and
plotted as a functlon of wind Incldence angle (which Is wind directlion shown In Flgure 6 mlnus
90 degrees, the azimuth of the window). This ratlo was falrly constant with respect to wlind
Incldence angle. Table 1 presents this ratlo, called the airflow correction factors.

Alrflow Correctlon Factors

Fully open awnlng windows, no screen 0.75
Awning window and 60% poroslty screen 0.65
60% poroslty Insect screen, no window 0.85

(from above data, l.e., 0.65/0.75)

For wind speeds greater than 6 mph (2.7 m/s) the alrflow computed from C_ dat. n be
multiplied by Table 1 factors to get actual alrflow through dlfferent wlndé& and lusect
screening comblnations. It Is very lInteresting to note that the actual alrflow through

screens Is more than would be predicted by cons!dering the geometrical poroslty of the screen.
The alrflow correction factor for the 608 porosity screen Ic 0.60 it only geometric porosity
Is consldered,

FULL~SCALE DATA FROM CEILING FANS

As noted earller, we recommend the use of celling fans to cool people in naturally ventliated
homes. Cellling fans also allow the alr-conditioning thermostat to be set up by at least 4 F
(2.2°C) saving substantial amounts of cool Ing energy.

We have measured alrspeeds provided by a cellling fan, and Figure 7 s' .«s the results.
It Is seen that the celling fan provides effective cooling In a ~', cular srea whose dlameter
Is twice the blade dlsmeter of the fan. We have noted f -~ ers nal experlence that large
top-of-the-line celling fans can provide alr motion In larger areas up to a radlus of 8 to 10
ft ¢2.4-3 m) from the fan center. Flgure B shows the alrspeeds measured under the fan as the
fan blade clearance (the dlistance between blades and the cellling) was varled In one-lnch
Increments, The alrspeeds were measured by omnidirectlonal hot-f!|Im-type alrspeed probes with
a 2 mm spherlcal measurement tip. Thls probe Is claimed to be accurate ai low alrspeeds such
as those reported here. We see that there Is a notlceable drop In airflow below 6 in (.15 m).
For clearances greater than that, the alrspeeds away from the fan and under the fan center are
largely unaffected. However, the alrspeeds at fan blade edge continues to Increase. Slnce
most people slIt or sleep between fan edge and one fan dlameter, It seems that the maximum
clearance physically possible would be the recommended blade clearance.

The clrcles and squares represent alrspeeds messured for two celllng-hugger fans.
Celling-hugger fans are tans deslgned to have a small clearance (about 6 In or .15 m) between
the fan blade and the cellling. In general the alrspeeds from celling huggers are
signlticantly worse than the regular fan. For the 6 In (.15 m) clearznce the regular fan was
much better than the celling hugger «Ith the same clearance. This might be due to Improper
blade angle settings for the cellling huggers. |t appears that the average alr motlon from
celling huggers will be about 40% less than that from regular fans.

The Attic-Coupled Calling Fan

A frequent problem In the southeastern U.S. during summertime [s the low wind speed at
night. Even It the homeowners are wliling to tolerate the humidity, the |ow nlighttime wind
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speeds result In very poor natural ventllation, Thls can result In house temperatures at
night 5 F (2.8°C) or more warmer than outside even If the windows are open. Simliar
situatlons exlst at moderate wind speeds |f the room Is not cross-ventllated (e.g., bedrooms
with only one window). One way to alleviate this sltuation Is to use whole house fanc, An
alternative solutlon, which uses celllng fans coupled to the attlic, has been proposed by
Chandra. In this appllicaticn, the celling fan provides both alrspeed for people coollng and
alrflow for bullding coollng.

This concept uses operable celling vents above the cell 'ng far as shown [n Figure 9. The
celling vents should be positioned so that t' » vents are near the +1p of the fan blades. The
shutters should open as shown to malntain _nly a small clearance between the blade and
shutter. The Insuleted vent shutters are manually operated and are kept closed durlng the
daytime (hot attic) so that the celling fan can be operated normally, Data on a full-scale
house show that a moderately vented attic (wlth sofflt vents and gable vents) wlll cool down
to within 1-2 F (,5-19C) of the ambient temperature during the sleeping hours of 11 p.m. - 7
a.m. (Chandra and Kerestecloglu 1983). At that tIme the celilng vents can be cpened. Then
the cellting fan pulls In cool alr from the a*tic and exhausts It through an open window in *he
bedroom. If +the nlight 1Is windy then, even wlthout the fan running, sufflclen*
crosc-venti|atlon can be attalned from one window and the celling vents. Note that thls
concept Is especlally useful for rooms with only one window.

This concept mlght also work In winte~ to draw hot attic alr Into the house durlng winter
daytime. Shutters should seal tight to prevent nighttime heat loss from the room ‘o the
cooled attlc. Due to the risk of puliing In loose flbers from the attic, It Is recommended
that thls concept not be used In attics with blown-Iin Insulation,

Tests of thls concept have been conducted In one room of a passive coollng laboratory.
On a windless (wind speed at 10 meters less than 0.5 mph (.22 m/s)) morning without +the
celling fan running and the vents open, natural ventllation produced only 4 alr changes/hour.
With the celling fan running, the alrfiow through the room Increased to 20 alr changes/hour.
The alrflow was measured by traversing the wall aperture at 12 locatlons by an alrspeed probe.
The first author may be cor tacted for further details of this test.

On windless summer nlghts, a normal room with celling fans running Is [lkely to have 4-5
alr changes/hour resulting In a room temperature about 5 F (2.8°C) higher than outslde. This
5 F value has been measured In the fleld !n real houses. So If the night temperature Is 78 F
(25.5°C), the room will be around B3 F (28.3°C). WIth this new concept with 20 alr changes
per hour, the room temperature will be only 2 F (1.1°C) higher, 1.e., 80 F (26.7°C), a
comfortable temperature wlth the cel!ing fan running If the homeowner does nc¢t mind the
humldlty.

CONCLUSION

We conclude that bullding pressure (C_ ) dlstripbutions can predict natural ventilation alrflows
through windows In windy locations (f.e., perlods when site 10 meter winds are greater than 6
mph). As wind speed decreases, the effect of wind turbuience becomes p-omlnent and must be
accounted for. Exactly how Is no* clear yet. Low wind speeds, projectlon or awning wlndows,
and Insect screening are common In naturally ventllated resldences and all tend to reduce the
alrflow from what would be predicted using C. data. Quantitative full-scale data on the
magnltude of alrflow reductlons from these effeé#s have been presented.

Ceilling tans are very popular and highiy recommended by the authors to cool people In
Southern resldences. Full-scale measurements on alrspeed data from cellilng fans are
presented. A new concept for night ventilation using cellling fans has been proposcd.

Accurate prediction of alrtlows Is necessary to correctly estimate energy savhics from
natural ventlilation. As a first, step the exlsting world-wide C_ data base needs to be
consol Idated In a computer-~frlendly format., Thls work Is currenfﬁy belng performed by us
under ASHRAE tunding.

Fuli-scate tests need to be performed to measura natural ventlilation alrflows In real
houses to valldate the calculated algorithms. Additionally, valldated algorithms need to be
developed to predlct local site wind speeds from alrport wind data during low wind speed
condltions.

809

s L

o

G T DR S Y

F -

b




REFERENCES

Allen, Carolyn 1984, ™Wind pressure data requlrements for alr Inflltration calculations.

"Toechnical Note AIC 13. Great Britaln: Alr Infiltratlon Contre.

Aynsley, R.M.; Melbourne, W.; and Vickery, B.J. 1977. Architectural Aerodynamics. London:
Appllied Sclence.

Chandra, S. 1983. "A deslign procedure to size wlindows for naturally ventilated rooms."

- R Glorleta, NM,
Septemler.

Chandra, S. 1985. "“Passive coollng for residences In hot-humid cilmates: A review of recent
research.” FSEC-PF-84-85, proceedings U.S.—Indla B

Inational Symposium on Solar Energy
Research and Applicatlons, Roorkee, Indla, August, To be publlshed by Hemisphere Press.

Chandra, S.; and Kerestecloglu, A,A. 1983. "Ventllation experIments at FSEC durlng 1982."
-]13= , Feb., p. 2.27.

Etheridge, D.¥ . Alexander, D.K. 1980. "The Britlsh gas multl-cell model for calculating
ventllation." ASHRAE Tran-actlons, Vol. 86, Fart 2.

Fairey, P.W.; Chandra, S.; and Keresteclogiu, A.A. 1985, "Ventllatlve coollng In southeastern
reslidences: A parametric analysls of the effects of molsture absorption/desorption,
bullding type, alrflow rates and convective heat removal rates." Proceedings
ASHRAE/DOE/BTECC “harma! Performance of the Exterlor Envelopes of Bulldings LLL,

Clearwater Beach, December.

Kerestecloglu, A.A.; Falrey, P.W.; and Chandra, S. 1985, "Algorithms to predict detalled
molsture effects in bulldirgs," Proceeding
» Clearwater Beach, December.

Vickery, B.J.; Baddour R.E.; and Karakatsanls, C.A. 1983. "A study of the external wind
pressure dlstributlons and Induced Internal ventliation filow In low-rise Industrial and
domestlc structures." Raport No. BLWI-552-1983, Bo

mwﬂa-‘ml—mnmxl
University of Western Oniarlio. Publilshed by DOE as DOE/SF/11510-73 (DE 83015607),
January.

ACKNOWL FDGMENTS

This research was largely funde. by the U.S, Department of Energy, San Francisco
Operations Offlce. We appeclate the Interest and cooperation of Professor B.J. Vickery
of +the Universlty of Western Ontarlo In conducting the wind tunnel study. We thank

Marvin Goi elick and Janet Nevlile, DOE program managers, for thelr support of this
project.

810

P e e e R

T

4
"
A

o

N {505 A

¥
3
b




0.100

0.078

0.050

0.025

0.000

-0.025

Flow Coefficient CQ

Roof slope
1:4

/ Alternate ridge outlet

Figure 1. 1:100 scale model used in wind
tunnel tests

Azimuth
(Wind Incidence Angle)

Measured (o) Vs. Calculated (o) Ventilation

Figure 2. Comparison of measured and predicted ventilation
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Figure 8. Airspeeds from ceiling fans as a
function of clearance from ceiling
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Figure 7. Airspeed contours from a
2 ceiling fan in a room with
no furniture

Figure 9. Attic-coupled ceiling fan for
nighttime cooling




