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A New Experlmental Approach for. the ¥
Evaluation of Domestic Ventilation Systems,

Part 1—Description of Experimental Facilities and
Their Application to the Quantification of Buoyancy-
Driven Airflow in Two-Story Houses

Takao Sawachi, Dr.Eng.

e e 5 . Haruki Ohsawa it
ABSTRACT - ‘ an
A ﬁdl-scale house model was constructed in ah artificial
chmate chamber where cylinders were insialléd for simulat-
ing anﬂovy paths, including cracks in the external and internal
walls. The flow rqte through the cylinders was determined &y
measuring the pressure difference across them. Ventilation
behavior due to internal-external temperature difference, i.e.,
ventilation .induced by buoyancy or stack pressure, was
observed w:thout using (racer gas. Parameters such as
armghmess of the envelope, airflow resistance through the
internal walls, which partly depended upon the operation
gpen or closed) of doors, and internal-external temperature
ﬁ‘érer;ce were varied in a series of tests.

P Aﬁer vergvmg good. agreement _between calculatéd
val ues and.meqasurements of the air change rate and pressure
difference across the envelope, the air change rate was deter-
nmined at an mszde temperature of 20°C with internal-external
temperature differences of 10 K, 20 K, and 30 K, when the
reference pressure difference (AP, is 9.8 Pa and the recip-
rocal number (n) of the exponential factor of internal-exiernal
pressure difference (AP) is 2. The air change rate was also
calculated at various values.of AP,dandn to enable predlcnon
of the buoyaircv-tfiwen azr chqnge rate, :

INTRODUCTION ° wly b

lte;; yzeu fu'\own s_ha;,mmt alr quahty has a significant
mﬂuepc:,qn hymm health-Maintenance of good air quality.is

a pnmary concern, espuc:ally in residential buildings where
og:cugan tay lgnge: than,. ;n oq;ex types of buildings. -

Howcver, cwgpn; heusing: ueg;gs in. NordyAmerica, Europe, -
and Jqpan aye toward mcreaseckaamghmess ofithe envelopes
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to achieve higher énergy efficiéicy or to prevent water vapor
condensation: in the envelope. Accordingly, convedfional
ventilation techniques not based upon a systematic ventilation
scheme are not capable of maintaining good air quality in
today’s extremely airtight houses. . n

Current evaluation techniques used in ventilation deS:gn
for buildings fall into two categories: measurement on site
with tracer gas and calculation using a ventilation network
model. In domestic ventilation systems, except in the case of
central heating or air conditioning where the indoor air is
completely mixed, the fresh air supply rates to each room are
usually different from each other. Thus, both’ the tracef
measurement technique .and the ventilation network model
must deal with a multizone situation and ldentlfy interzonal
airflow rates.

There has been theoretical development and valn‘lancm‘-‘yil:vg_zr
experimental data of tracer gas measurement techmq
(Sinden 1978; Afonso et al. 1986; Enai et al. 1990; Okuyama,
1990), and the potential of those techniques has been demon-
strated. However, some problems still remain-that aredelatéd
to the effect of measurement error, includingunifornhityf of gas
concentration in each single zone &nd Weximéesaf'to&
many unknown parameters for stability ofvsolttions. . © 2
The basic ventilation network mode'db&8 ot reci“ i ‘}
more validation, but the accuracy of the cinidlatiod prdr
should be demonstrated to users so that the§'dé ot HiEditate s’
use it for the evaluation of ventilation §y/%tems, “fiie Hertch”
_mark test of different computer codes is alse-meantagful-for -
 Mesting agreement, but direct comparison With'expeTimen il
- data'seems more persuasive. Especially fof thb'prhdmlcii‘é?
.me fresh airflow rate, a relative evaliation m‘h&ng Ventiiation
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was used for observing the airflow induced by buoyancy in a

FEATURES OF THE EXPERIMENTAL EQUIPMENT

The equipment is composed of (1) a two-story house with

e

L

external and internal walls whose airtightness is variable, (2)
-a large artificial climate chamber enclosing the house, (3)
meéasurement and control systems for pressure difference,
temperature, and gas concentration, and (4) a system for
measuring -AP-Q charactenstlcs of components having an

The two-story expénmemal house is 7.28 m by 4.55 m,
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Figure 1 Plan of cylinder house.

o o = AN
systems is not satisfactory, and a comparison between
predicted absolute values.and standard -ventilation ‘require-.

ments is essential.

The apparatus described here can be used for the experi-
mental ‘evaluation of specific ventilation systems as well as
" being a sourcé'of data for tie validation of tracér gas measure-
ment technique¥’and the ventilation netWofk modél."As the
ﬁrst applxcauon of the expenmemal equ:ﬁmem, the apparatus

n

with a floor-to-ceiling height of 2.55 m. The room layout i 1s
shown in Figure 1. The cubic space of the unit is 176.09 m>.
The inside of the house is divided into ten spaces including an
interstory space andian attic. To enable accurate determination
of airflow between the:inside and outside and between rooms,
the house is designqﬁd with cracks reduced to the minimum
possible extent except for intended openings. To achieve this
purpose, each space is separately wrapped with airtight sheets,

.- and highly- airtight. parts are used for all the doors and
" “vindows. To simulate cracks and natural vents, two types of
_ opemngs are provided in external and internal walls: cylinders

" 50 mm in inner diameter and 375 mm long for simulating
cracks (airtightness control cylinder) and openings of 500 mm

X 500 mm or 500 mm x 900 mm for installation of supply-

45

exhaust vents, A total of 163.cylinders are installed in the

extcma! wa!ls and 55 in the internal wal!s (the cylinders in the

" internal walls are 105 mm long), The lattertype of opening is
provnded at l2\posmons in the external walls and 35 posmons
"in the internal floors and ceilings. . 5 &85
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Q=7.11X AP*0.5
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thure 2 Vemca( qupw detad of msta#laﬁwn and. AP-Q-charactéristics of azrnghtness céntrol cylinder.
e 2 R i o I

The ‘AP-Q characteristics of the anrﬁghmess control ms:de the chamber is almost uniform, for example when set

+ cylinders are sho“‘n in Fxgﬁre 2. The cﬂ‘ecnve 1eakage area : at 30°C and at -10°C for the alr-handhgg ynits, as,shown in
- (reférence pressure dlfference 9:8'Pa (1 mmAq) discharge Fxgurq 3 Th¢ tgmperatures recorded .outside the house as
‘ coefﬁcnem 1.0)is'15.31 em” for ﬂovf into the msxde and15.62 expermemal da%were dcteqmmed l;y T-type. thermocouples
cm? for flow to the outsidé:” et iinstead of using the set temperature of the air-handling unit.
The airtightness values of the walls, floors, and ceilings & ° According to equipment specifications, the airflow velocity
with all the intended openingslosed-ate-as.showm in Tabté -:ashouldbe belows®S3im/s Witere the house is close to the cham-
1, very high in all rooms.or spaces or. combinations of rooms - ber-wall to prevent airflow-inthe chamberf;om dnvmg venti-
and spaces. " ieA e dead CesdilE by «+Jation in the hoise. Wmd velocity’ méasuremeénts (given in
*'Thé" thermal _insulation “prbpertiés’ of housgs can be ‘“F’igure 3) show that thzs Specification is satisfied. Two air-
adjusted by placing, expanded polystyrene panels in the thandling units mounted in the west part of the chamber 1.8 m
‘outside of the envelope, suchas the external walls and roof. In -  ffom the housé pull Temim air through the lower-grille.
. standard practice;- 50-mm-thick expanded po]ysryrcne is = - Measurements oﬁmernai-extemai pressure difference across
_installed’in two layers. An envelopé With such nsulation has ' the envelope show negligible lowering of pressure in the west
a. Jhgmal transmittance: resistance “of 4.02°C- -m?W. The . of the house; hence, the ventilation driving force in the | house
: Win‘dbvis are 1360 x 650 mm with sealed double glazmg, , duet to air.sugtion by the au'-handlmg units has been proved to
_ giving 4 thermal transmittance resnstance of 0. .>4 °C -mzlw ‘be-negligible.- —— -

¥I8 1] * {
- SRR e E T 77 "Byusingagreataif change rate for the chamber, ver;nla-
_ Qllmate Chamllq!' L, 3 -tion experiments usmg—tracergas can-be performed as if the

The inside dxmensxons of the chmate chamber are 12 m house were constructed' éutdoors At Ihgmammum. hfere is

"

side; where-the house comounsneamt to the chamber wall, * "14.5 1/h. When the assuﬁléd air change rav.;e is. rela,nve,ly large,
'i5'2 m, The’témperature in_the chamber is controllable in g e g, 3-(1/h) for a house of-about-260 m* including the inter-
range from -10°C to +40°C. The temperature distribution story 4nd atti¢’spaces, deviation from the trué ventilation rate

4152 '3
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Temperature Distribution in Artificial Climatic
Chamber When Ventilated at a Maximum and
Target Temp. is 30 deq.C

temperature | vertical position in Fig.3(b)
deg.C A B C- 1.0
a - 30.0 28 | 29.6
b - 29.5 295 | 295
c - 2.8 | 285 | 295
horizontal | d - 296 | 296 | 296
position | a' - - - =
in Fig.3(a)| b’ - - = =
i el - - =
d' - - - =
2 e | 295 - -

Temperature Distribution in Artificial Climatic
Chamber When not Ventilated and

Target Temp. Is -10 deg.C

temperature | vertical position in Fig.3(b
deg.C A | B Cc D

a - 23 [ 80 | 82

bl - 86 | 89 | 87

c = 94 | 8.1 86

horizontal | d_ - 82 8.6 82
position | a' - - - -
in Flg.3@[ b | - -~ - -
BN 1) = = = -
n g = — = =
e-| 8.8 - - =

Mean Veldcity Distribution in Artificial Climatic

Fig.3(b) A -A' Sectlon

R @ IS f‘;".,__,‘ b 3y

AT Y

Figure 3 Dimension of artificial climatic chamber and temperature and velocity distribution.

as measured by the tracer gas decay method is estimated to be
) Wlthlﬂ 4%’ G VRS T aTBE el N nee )J!’L 4 . Y

A

Moasuremont and Control Systﬂm

The pressure d;ﬁ"emnre was mcasured by gauges

" instaiied at 14 pomts (P1 through P14), shown in Figure 4. In
alddmon the pressure difference hetween rooms, used as refer-
ence data, was measured .at four points. (P15 through 18).
Scans of these were pcrfonned at. tenrsecond intervais: to
récord the average for one minute. The dry-bulb temperature
_“\va% recorded at one-minufg intervals at eight points in the
climate chamber and 27 points ms:de the housg, whilg surface
tempefamres of the walls, ﬂqors, ceilings, and glass, were

‘ recorded at 165 pomts In eight spaces (excluding the attic and

<

Chamber When Ventilated at a Maximum

mean * | vertical position in Fig.3(b)

. | velocity (m/s) | A B c D
“ackl L] T R 022 | 0.29 | 0.17
] “I'b --1027 | 0.11 | 0.15
! c| - 1018027 | 033
horizental | d - 1022|025 028
position | a' | 0.10 | - = =
inFig.3(@)| b’ | 0.27 = = =
e | 021 = = =

" M R I I

elo18 ] - - -

SR PR [ SN B\

mtcrstory spaces), l3rele¢u;zc heaters (600.W or 1200 W) were
provkded The temperature in.each room was regulated by PID
(proportional plus integral pfus derivative) control by a micro-
computer. Tracer gas could be released at eight mmts;n the

“Hotise, with sarnplmg at elght poims mklde the hq,use and four

pomr.s in the ciimatic chamber,

7 e alierr o1 K o Softiedi L4 Shme Gl !
Wasuuiﬁ!elnt.Spfbll: for AP-Q Characteristics .-

The air leakage characteristics of these componems such

'as’ almghtness control cylinders, were measured by a system

compesed¢f airtight iron boxes (2000 mm x 2000 mm x 2300
mm) that could fix the componentsand determine tl_le,pressure
difference across the'cylinders; fan (0.75 W), and duct (200 mm

4152
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Figure 4 Measuremerit and control system.

«1-in diatdéter) with"a ‘microwdve ﬂoneter or plpm,g w1th
ar onﬁee§’ for mehsurihg the mlcfdffow rate '

Y
a3

00 ] .‘.'

- il [C Ji.

“OBSERVATION § BESULTS OF BUQ,}(ANOY-DﬁWEN
'AIRFLOW IN THE TWO-STORY HOUSE -

{1

The main reasons for makmg the buﬂdmg cnvelope
airtight are’to fitdit théncreade of heatin loag due to air leak-

| age and to prevent twater vapar condensatlon caused by -
' humxdxty penetmtmg through the wJaIIs, When, an.-airtight
3 envelope is to be. consnucted, suitable yengilation design is

:n féquired to compensate, for, degrease of nagural wentilation.
The most essentlal information,for the ventilation design is the
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" level of airtightness at which satisfactory airflow-catifiot be
ensured by natural ventilation alone.

10;," ‘-'.';e)‘;\

Previous studies (ASHRAE 1989; Sherman and Grim-

« srud 1980; Shaw 1987) have demo:fshamd (1) that the effects
. of ‘temperature difference ‘and wind' pressure, whlch are
primary elements forinducing ventilation, are not reduceéby
.intetaction between théim when the ‘overall hotise is  considered
it a&d (2) that the effect oftemperamre dlﬁ‘en:nce is more sngmf-
icant thani thiit of wifid pressure, especially in densely built-up
1:areas, although it depends updn chmanc condmons1 For
éxdinple] whien a comparisoni is made between the effect of 3
“m/s wind‘and 10 K temperature dlﬂ“erence .by using, the
s“ASHARAE’ prediction method" (ASHRAE 1989) of natural
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p ventxlauon, the increase in .ventllanon rate by the addmon of . .mside the house dnven bybuoyaﬁey alone. Reference to these
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, (c) airtightness level 3
.. (SLAss=3.0cm?/m’, nso-3 8h?)

- T SFL

Figuré's ' "Location of open cylinders (black spots) jbr each armghlness condmon

. wind effect.is estimated to be 20% while that by the addition
of buoyancy eﬁ‘ect is estimated to be 83% fora typxcal subur-
ban shielding condmon Eon -

The experimental results presemed here show the mflu-
ence on the natural ventilation rate of envelope airtighmess
and intemal-external temperature difference. The test facili-

ties employed were intended for observing airflow in the "

house built inside the chamber, not for monitoring the effect _
of wind on natural ventilation, which requires special pressur-

ization and depressurization devncee for the envelope '
'Because this study is the first step of the research project, we

have ot tied to provide such devices. Acc&rdm ly, the data
given‘in this p*aper refer to airflows ‘across the envelope and
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~internal doors (open or closed), and le

(c) airtightness level 10
(SLAss=9.6em’/m’, n50=11.8h")

e

datawill give a conservative estimate of the natural ventilation
rate.

~

e
GBI el
§, i
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The essentiai parameters considered when determining
the experimental conditions were internal-external tempera-
 ture difference, airtightness of the envelope and status. of the
earea. of the under-
cuts. Three temperature differences were selected, 10K, 20K,
and 30 K, and five effective leakage areas of the envelope per

" umtﬂoorarea, 12,2.1,'30, 4.9, and96cm/m (reference

* pressure difference is 9.8 Pa [1 mmAQq]). The efféctive leakage

L
4152



[ AT=10K | [ AT=20K { AT=30K
% ﬁm@iﬁ | Toul Ouflowsid | || Toal Qufiow=20| | Tom Outtiows22
- T Tods ol 10 104« 11 e
SLA gy =
1.2onf fea’ 1 ¢ 1 E 1
ey | Totiinbowets || [ Toul laowsi8 ]| | Toul taiows24 |
= P 84— 9 I S NS e I

Tezal Qutllows119

L & B

| o i e
Texal laDowe-107
s 55 S

Teza) Quilows227
L 1 wl,

esre

Toral Liafiows 234
Ls 419 Al

|
i

Figure 6 Airflow rate (m/h) through cylinders due to
stack pressure with all interior doors open
(single space condition). SLAgg: Specific
leakage area at the reference pressure of 9.8
Pa (ImmAa).

area per unit floor area is sometimes called “specific leakage
area,” which is designated as SLA accompanied by the refer-
ence pressure AP (Pa), i.e., SLA,p. The airtightness of the
house was adjusted by opening the cylinders in the walls and
internal doors of the first floor living room (LV) and dining
kitchen (DK) as well as the second floor south (BS) and north
(BN) bedrooms (see Figure 5). Thus, infiltration and exfiltra-
tion airflows were generated through the cylinders in the four

rooms, except for unintended cracks,. With regard to-door-..,

status and leakage area of the undercuts five cases were

selected: all internal doors opened and doors closed with

© undercusof 17,74,136;4nd 223 cm” in effective leakage area !
:ata referénce pressure: difference of 9.8 Pa-(1 mmAqg).*

EXPERIMENTAL RESULTS

T Ut O T SR < S e
Air Leakage Characfenétlcs
-s.:With internal Doors:Open..

“%  Figure 6 SHOWS the’ ‘neasured * ‘airflow rates at’‘three
: temperamre différentes and ‘three levels of "envelope dirtight-
“ ness. 'Posm\?e values represent’ ‘outflow from the house, and
neganve vaIUes repré‘sent the inflow. Drivén by the buoyancy

i

house ouglde air ﬂows mto the two rooms ‘on the first ﬂoor

4152

(LV and DK), then passes through the first floor hall, staircase,
and second floor hall, enters the two second floor rooms (BS
and BN), and escapes to the climate chamber.

Air Leakage- Characteristics with Doors Closed

Figure 7 shows results of tests with the internal doors
closed, where the significant airflow paths are door undercuts
alone, at three temperature differences and five levels of enve-
lope airtightness. A-circular opening 160 mm in diameter was
made at the side of each door to simulate the door undercut.
The effective leakage area of each circular opening is 136 cm?,
obtained from measurements of AP-Q characteristics. This
ELA value was selected so that it approximates an ordinary
undercut. Induced by buoyancy, the outside air flows in from
the first floor and flows out from the second floor, as found in

. the case with the doors opened. What should be noted is that

with decreasing envelope tightness, the difference in leakage
dueto the status of the.internal doors is more remarkable. With
low airtightness (SLA9 ¢ = 9.6 cm?/m?), the leakage increases
by about 35% to 50% if the internal doors are opened, depend-

ing upon temperature difference.

‘Variation of Leakage Characteristics
with Size of Undercut

The data in Figyre 8(a) indicate the variation of leakage
characteristi¢s: with undercut size at an internal-external

' temperature difference of 20 K and airtightness at 4.9 cm?/m?.
“With small-diameter openings (50 mm) for simulating under-
cuts, the resistance of airflow from the first floor to the second

~ floor becomes larger, resuiting in infiltration through the

~simulated cracks in the lower part of the rooms and exfiltration
,through the upper part in each floor. The leakage rate becomes
greater with increasifig snze of the opening, from 50 mm to
'120 160, and 200 mm.

‘ Variatlon of Leakage Characteristics
with Height of Opening

The experinental rékults discussed above were obtained

with the airtightii€ss control cylinders opened (one or more

. Cylinders per room) ip the two floors and placed symmetri-

cally in the middle of the ﬂoor-to-cexlmg height. In another
arrangement, a single open cylinder was placed in each room

i rin‘both floors, changing'its height to five différent levels to

“'observe thigvariation of leakage characteristics (Fxghre 9).
"“When the ¢ylinder height in the first and second floors is the
same, 3.99 m (see (a), (b), and (d) in Figure 9), the leakage rate
-1i5 almost the same, whereas the Variation ratio is (1.96/3. 99)%3

**ifor a Sinaller differénce in height, 1.96 m, and (6. 03/3 99)" 5

for a lbrger dtffcrence in height, 6.03 m."

DISCUSSION OF EXPERIMENTAL RESULTS
' Wxth the same alrughmess of the envelopc (SLAg =49

; cmzlm ,n50=6 lh"),asmdtcated in Figure 8, the buoyancy-
™ due to the air densxty dlﬂ'erence between both sides of the

drwen vcmllauon rate ch,anges with a;rﬂow chara.ctensucs of

3 “'the mtema) walls from 62 m*/h to 94 m*/h, i.e, the increase
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ratio attamﬁg 1.5 at the maximum. When the amlghmess‘ of becomes more srg.mt' cant. For dlsmcts w:th a relanvely mild
the ‘internal walls is. Higher than the onvek:pc as shownin-: climate where the:internal-external temperature difference is
Figure 8(a), outsxde air flows in through a lower part of the  around 10 K in winter, it is not unrealistic to set SLAg g to 10.
room and escapes through an upper part "iIn such a case, the ventilation rate due to buoyancy with the
Fxgure 8(b)shows.a compan o Whsed ik data'- -doors open can be estimated to be a!:out 35% greater than with
the doors closed. In other words, if the expected buoyancy-
given in Figures 6 and 7 of the buoyancy-driven airflow . Goss . :
: s . ..~induced ventilation rate is based on the case with thé doors
rates—between the case with the doors open-and the case with *™ =" - : .
X : + open, the rate with the doors closed is only about three-fourths
the doors closed and undercuts serving as the main flow path. of e axiiocied Eate:
Toabout 3 cm?/m? of SLA g, at temperature differences of 10 pe
K to 30 K, the difference due to theé status of the door (opened =~ “In’ measurements of natural ventilation by the tracer gas
or closed) is not femarkable: However, when the ti‘gﬁ&}’éss of decay method, the doors are opened and Ihc airis aglmed with
the envelope is léss, the influence due to the status'ofthé door  a fan'to achieve a “uniform gas concentration in the whole
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bunldmg It should be noted that by thlS wacuce, the vcnula- ral venplanon me 6ther.pac,cr gas techmques, such as the
tion rate of the house is overesnmate:i because Qccupapts qs:ant concentration method, should be :applied with the
' usually close thie doors To make a sati- esumanon oflhe natu- doqm‘closed ;Though the actual status of.doors may-depend
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upon family composition, the discussion here assumcs the

doors are closed and have open undercuts of 136 cm? of effec- -

e FLIV

tive leakage area. s
Comparison of the measured results shown in Figure 7
“aridi¢dlculated Valies Verifies the reliability of both. The
calculation was conducted as follows. Letting the internal-
external pressure difference at the first floor leyel -AP (AP >
0) be an unknown, the outflow and inflow rates are expressed
asa function of AP using the crack ﬂow equation (AP-Q char

ence at the helght of the cylmders AP is determmed by
iieration so that the sum of the outflow and inflow rates
becomes zero. The pressure loss across the undercuts can be
givenasa function of AP by inputting the airflow rate through
each room on the first floor, which is expressed as a function
of AP, in the crack flow equation for the undercuts.

Figure 10(a) shows a companson of measured data and
calculated values for airflow: rate. The measured dats, in

10

‘general, “are sllghﬂy greater than the calculated values. ,Fora
ventilatior rate of 100 m*h or less they agree falr.ly well,

“'differences being within 4%. However, m 1 the range of greater
“flow rates, the difference becomes larger that i is, about 6% as
a whole.

.;  Figure 10(b), 10(c), and 10(d) c‘ompare measurements
and calculations for the pressure difference across the enve-
lope Companng both values for the internal-external pressure
" differenice-across the lowest cylinders in the first floor walls
shows that the caicuiated values are about 5% smaller than the
- measkréiiénts (third quadrant'sf Figure 10(b)). For the

nal-external pressure dlﬁ'erencc across the h:ghest cylmders,

too, the calculated values are about: 2% .smaller than the

“tneasuréments (first quatirant of Figure 10 (b)). The plots for

the pressure differences across the highest cylinders in the first

‘fléor and the lowest cylmders in the second floor (Figure
10(d)) show that the calculated results for the first floor are
18% smaller than tHe observed values. The measurements are
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greater than the calculated values, especially for the first floor
internal-external pressure difference, reflectingthe « differ-
ences between measurements and calculation for'the airflow
rates induced by buoyancy. The main cause of the differeces
seems to be measurement.eror. Flgure 11 shows the agree-
ment between measured total inflow and outflow for the over-
all house. A differénce up to 1-10% was. observed

Cracks are provided at ﬁve dlfferent heights pn each floor
in the cylinder house. What difference-is produced in the
airflow rate if cracks are distributed uniformly in the walls and
if cracks are present:notonly-in-the walls bt also'in the céil-

ings and floors? To study these problems, calculat:ons were . . wherd"®”

perforrned Equation 12'is the crack flow equaqon for w when

the uiSIde of‘the envelope is neg;uwe!y pressurized and Equa-
"hon lb for when the msxde of the env,elope is positively pres-

"

Y

' ﬂoors of the t'u's; floor, respegwely Thus

surized. Vs
s Q 4‘ 1 JAP " (Yitas specific’gravity of‘arr) (13
Wi 2 STONL 131 it R (PR g i) 01 s [T
o 3 l/"‘ 3 <A \..d' ISNET 4§ A
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Let S S d S,be ‘the 3’ sn?ﬁunon ratios of cracks m the
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PRy TR
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— S +28,+8, =1 2)
! Let AP be the internal-external pressure difference at the
~ surface level of the first floor. The inflow rate through the
- floor; @y, is given by

2t T
. ) 1/n, T .
Q= -5,k (5 AP) C oy 3)
“where
' Vo = speeiﬁc gravity of outdoor air,
i = specnﬁc gravity of indoor air.
" The inflow rate through the first floor walls, O, is
expressedby
i . k1 l/n, Y, 1 n
0, =S, y) 1’y—y»'n F3
Yi o i 1
i Sy n|+l = ’_l|_+1. (4a)
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. 0+ 0™
when AP - (Tg,yl)H-PZ (%) >0
where b -

H = floor-to-floor height.

o FTh

The outflow rdte through the second floor ceilings, O, is
expressed by.-- -

u oo

‘ (‘%) 1/m,y ' ' s (6)

O] Qw] 1/n,
Q. = Sc'kg (70—71)(H+h) AP zy ( K ) V

v %
.

The overall airflow is obtained by calculating AP by iter-
ation until the sum QO+ Oy, + 0,0+ O, becomes 0, then input-
ting the obtained AP in Equations 3 through 6. '

"

Figure 12 plots the calculated values for the case:where
cracks have the same overall leakage area‘as that of the cylin-
ders and are uniformly distributed in the walls (S,, = 0.5, S, =
Sy=0) and the case where cmcks are uniformly distribated in
the ceilings, floors, and wallspropomonally to the-area of each
element (S, = S,=0.177,S,, =0. 323) against the values calcu-
lated for simylation as,dlscussed abovc .When the cracks are
supposed to_hé’ umformly -distributed in the walls, there is
almostjno sngm%g}uit dlfference from the simulation with the
cylinders. In‘ (:ontraSt, for fhp case where cracks are distributed
in the cellmgsand ﬂeors too the alrﬂow rate is 10% larger in
every calculatxon condmon ' L

In des:gning for Ehé au‘hghmess of houses, it ls essentlal
to know at what level of airtightness sufficient airflow is not
ensured b oY natural ventilation alonic.. As mentioned ucu.uc,
previous studies, suggest. it.may be unnecessary to consider
adverse interference between buoyancy and-wind; which are

the driving forces for natural ventllanon ‘I'l1ercf6re if natural

ventilation due to- “Buoyancy alorie is taken 'intd’ account,; -

excluding the wind effect, the resultant prediction of airflow
rate is conservative. In the event the air inflow is excessive due

12

to wind, which may degrade the thermal environment inside
the house, a solution is the addition of vexits, which automat-
ically regulate the airflow rate to avoid excessive ventilation
(IEA 1996).

The floor-to-floor height of the cylinder house is 3.99 m,
which is higher than ordinary residences. So calculations simi-
lar to the onc above were conducted assuming a floor-to-floor
height, 4. of 2.99 m and an inside temperature of 20°C with
the internal-external temperature difference produced by
varying the outside temperature. Such computational results
will contribute to generalizing the airflow prediction for
common two-story houses.

-Figure_13a illustrates the relationship between the buoy-
ancy-induced ventilation rate (air change rate) and the tight-

-ness- -of the -envelope with different internal-external

temperature differences. The airflow rates in the figure are
obtained when: the reciprocal number of the exponential
factor, n, of the AP-Q equation for the envelope takes on 2.

The airtighmess levels (abscissas of the graphs) are for
9.8 Pa (1 mmAGq) of the reference pressure difference. The
graphs for air change rate vs. airtightness are linear in the
range of SEAgg up'to'3 cm*m?. But when SLAg g becomes
greater, the. air-change rate does not show'a linear increase
because. of the. greater influence of the'airflow resistance
through the undercuts (160 mm in diameter). When compared
at a fixed airtightness level, the air change rate becomes
greater-approximately in proportion to A8 05410 A0 933 (a0
for internal-external temperature difference in K).

Even if the eﬁ'ectwe leakage area is constant, the air
changemateﬁeééssanly changes, depending upon the recipro-
cal number of the exponential factor of AP or a reference pres-
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Figure 12 Comparison between dirflow rates on the
different assumptions for crack distribution.
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sure difference. The air change rates for different exponents
and reference pressure differences were calculated, and the
ratios of the'values obtained to those in'the reference condition
(n=2,AP, ;=98 Pa [1 mmAq]) are indicated in Flcure 13(h),
(c), and (d). g

When n=2, the effectlve leakaoe area-is consmm regard-
less of the reference pressuge thereg’ore the air change. rate is
tiot influenced by reference pressure. At an internal-external
temperature difference of 10 K (Figure 13b), the influence of
the value of » on the air change rate is smallest when the
reference pressure difference is 1 Pa and is largest for 9.8 Pa
(1 mmAq). When the specific leakage area at areference pres-
sure difference of 4 Pa is 1.2 cm?/m?, the air change rate with
n=1.6is 20% smaller than with »=2. At an internal-external
temperature difference of 20 K (Figure 13c) also, the depen-
dency on the value of » is smaller when the reference pressure
difference is 1 Pa. This can be explained by the fact that the
pressure differences across the envelope when airflow is due
to buoyancy are 0.5 to 1.5 Pa, i.e., around 1 Pa, as shown in
Figure 10c.

The air change rate varies more significantly, depending
upon the value of », if 4 Pa or 9.8 Pa is selected for the refer-
ence pressure difference at intermal-external temperature
differences of 10 K or 20 K. When the temperature difference
is 30 K, there is no obvious difference in dependency of the air
change rate on the value of » whether 1 Pa or 4 Pa is selected
for the reference pressure difference. Through comparison of
(b), (c), and (d) in Figure 13, the influence of the value of 7 on
the air change rate is not independent of the internal-external
temperature difference.

Using the airflow rate (air change rate) as a reference
value, with » = 2 and reference pressure difference = 9.8 Pa,
determined from Figure 13(a) by airtightness and internal-
external temperature difference, the air change rates along
with other exponents and reference pressures can be obtained
by multiplying the reference value by the coefficients given by
Figure 13(b),13(c), and 13(d). For example, if the temperature
difference is 10 K, the reference pressure difference is 1 Pa, n
is 1.6, and the air change rate is calculated by multiplying the
rate given by Figure 13(a) by a factor of 0.95, regardless of
airtightness. When the temperature difference is 30 K and n is
1.2, the buoyancy-driven air change rate can be predicted, if
SLAy g is within the range from 1 to 5, by multiplying by a
factor of 0.6 the air change rate determined by Figure 13(a).

CONCLUSIONS

1. A full-scale experimental house (cylinder house) was
constructed in an artificial climate chamber, where cylin-
ders were installed for simulating airflow paths, including
cracks in the envelope and internal walls, and the flow rate
through the cylinders were determined by measuring the
pressure difference across them. With these facilities, it
was confirmed that the airflow pattern can be measured
without using tracer gas. The measurementresult is appli-

cable to the. validation of tracer gas measurement tech-
niques "and network simulation programs.

. 2. Througha series of tests with the cylinder house, the vari-

ation of airflow rate due to buoyanéy, depending on door
status (open or closed) inside the house and undercut size,
was observed. The experimental results demonstrate that,
in houses with a leaky envelope, the status of doors exerts
significantinfluence on the buoyancy-drivenairflow rate.

Satisfactory agreement was confirmed between values
obtained by basic calculation and measured data for the
buoyancy-driven airflow rates and pressure differences
across the envelope. Then, using the same calculationtech-
nique, it was verifiedthat the airflow induced by buoyancy
when cracks are uniformly distributed in the walls is
almost the same as that when cracks are concentrated at
several positions (cylinders)in the walls.

(93

4. Employingthe calculationmethod verified by experimen-
tal data, the air change rates were plotted against the
airtightness of the envelope (SLAg ), at internal-external
temperaturedifferencesof 10K, 20 K, and 30 K, fixing the
room temperatureat 20°C. Calculation was also done with
reciprocal numbers of the exponential factor of AP other
than 2 and with reference pressure differences other than
9.8 Pa (1 mmAQq) for determining the airtightness, and the
ratios of the calculatedresults to the values in the reference
condition (n =2, AP, = 9.8 Pa [ mmAq]) were plotted.
These graphs will enable prediction of the air change rate
due to buoyancy with different exponents and reference
pressure differences.

5. Ventilation design in airtight houses is an important
subject. If, at a given airtightness of the envelope and an
internal-external temperature difference, the buoyancy-
induced airflow rate is determined in order to predict the
natural airflow rate, the resultantestimationis conservative
in terms of maintaining good air quality. Such prediction
enables us to know the critical airtightness of the envelope
that requires mechanical ventilation for ensuring the
required air change rate. Also, when a natural ventilation
system is selected on the basis of the predicted critical
airtightness, it is possibleto provide the requirednumber of
naturai vents consideringthe effective leakage areaof each
vent. It is also possible to use natural vents designed with
a flow-controlling mechanism to prevent degradation of
thermal comfort and heat loss due to excessive airflow.
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