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A New Experimental Approach for the
Evaluation of Domestic Ventilation Systems,

Part 2—Necessary Airtightness Levels, Inner Door Condi-

tions, and Temperature Difference for Successful Function
of Nonduct Exhaust-Only Ventilation System

Yoshinori Taniguchi Takao Sawachi
Haruki Ohsawa

ABSTRACT

This paper discusses in detail the behavior of a nonduct
exhaust-only ventilation system in an experimental house for
which the outflow-inflow paths (i.e., simple.openings such as
vents and cracks in the envelope, undercuts in inner doors) are
modeled by very simple cylinders. The test equipment presented
here is composed of a full-scale house model located in an arti-
ficial climate chamber where the influence of wind is minimized
as much as possible, thereby offering accurately controlled
internal-external temperature differences. A series of experi-
ments with this equipmens has made it possible to evaluate the
effects of various parameters under the same conditions
(airtightness of house, size of undercuts in inner doors, internal-
external temperature difference), which was impossible in the
on-site measurements.

From experimental results, it has been demonstrated that
in an extremely airtight house, stable ventilation almost unaf-
fected by an internal-external temperature difference can be
achieved by a nonduct exhaust-only ventilation system with a
single exhaust fan continually operated, if suitable door under-
cuts are provided. It has also been verified that at a certain low
level of airtightness, the system does not work efficiently, and
that in a house where the area of cracks in the envelope is too
large, sufficient negative pressure cannot be generated by a
single fan. Such a house is, therefore, unsuitable for being venti-
lated by the exhaust-only technique.

INTRODUCTION

Along with the improvement of airtightness and insula-
tion of houses in recent years, appropriate ventilation planning
on which less stress was placed before the advent of a higher
airtightness concept has become a vital factor in house design.

Shigeki Ohnishi
Hironao Seto

In a highly insulated and airtight single-family house or a
multifamily residential building made of reinforced concrete,
the nonsystematic (unintended) reduction of cracks leads to
the decrease of fresh air infiltration and may degrade the
indoor environment unless correct ventilation design and
well-planned operation of the ventilation system are ensured.
Thus, introduction of an appropriate ventilation design
accompanying mechanical ventilation should be recom-
mended for airtight houses if the required ventilation is not
achieved by natural ventilation alone.

This paper deals with an exhaust-only ventilation system
that is an example of a mechanical ventilation scheme for resi-
dential buildings. This paper treats minutely the air outflow-
inflow patterns, aimed at specifying the building performance,
and internal-external temperature difference for the satisfac-
tory function of the ventilation system. This type of ventilation
keeps the indoor space negatively pressurized by continually
operating exhaust fan(s) at an appropriate flow rate, thereby
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Figure 1 Outline of cylinder house and artificial climate
chamber.

‘Tukao Sawachi and Haruki Ohsawa are adivision heads and Hironad Seté is a senior researcher at the Building Research Institute, Minigtry
of Construction, Tsukuba, Japan. Yoshinori Taniguchi is a research engineer with Kumagai Gumi Co., Ltd., Tsukuba, Japan. Shigeki Ohmishi
is a research engineer with Mitsubishi Electric Corp., Kamakura, Kanagawa, Japan.

\

THIS PREPRINT IS FOR DISCUSSION PURBOSES ONLY, FOR INGLUSION IN ASHRAE TRANSACTIONS 1998, V. 104, PY. 1. Nt 1o be reprirtad in whole ofin
palt without written permission of the American Society of Merting, Refrigeratirig and Air-Conditioning Engineers, Inc., 1791 Tullie Circle, NE, Atianta, GA 30329.
Opinions, findings, conclusions, or recorymandations expressed in this paper ars those of the author(s) anu do not ngcessarlly reflect the views of ASHRAE. Written
qQuestions and comments regarding this paper should be received at ASHRAE no later than February 6, 1



G A

gy
]

1FPLAN g
e Stair Case(SC) . Exhaust Fan
| __ Utility {|88m3/h
'8 | Living open (034ch)
™ Room Dining & -
v% V) Kitchen
) - = - -
S Inner Door/ 'Qgﬂ‘ __\_,glaoboor
B Dl (i
" U
©- 2730 1820 2730
— 7280
I .
T2730 718200 2730 .
2F PLAN :
—_I- —
To Bed Roem % 'Bed Room
| 8 4| South BS) : Nerth (BN)
(=2 o |
vy
e 3! !
=0
3 tamer Door /|| open Iumer Doot
Door U i i
= inog opening | 2F-Hall ﬂmmm
2720 1820 2730 ” -
] 7280 F b A

Figure 2 Plan of cylinder house. iy

accelerating the inﬂé&ﬁ{;f fresh aiii‘dwough ;)ents or the like in

the envelope. If a single exhaust fan is used,,it should be -

located in the dmy space because a smgle exhaust fan mstal]ed
in a clean room will introduce the eontammated air of the dirty
space into the clean space. The simplest way of achieving siich

ventilation performance of existing buildings if the require-
tifenits for the building and the fan are satisfied. In this sense,

. the results of the present study will be applicable not solely to

the ventilation plannmﬂ for new buildings but also to the
;mpmvement of the env:ronmem of existing houses.

" From the companion paper that dealt with ventilation due
to buoyancy (Sawachi 1997), it was demonstrated that in ordi-
nary airtight houses where no-measures-for increasing the
natural ventilation (e.g., stack effect) are taken (Shaw 1982;
ASHRAE 1985), the fresh air supply rate by natural ventila-
tiommay not reachi the desired level. One solution ‘for achiev-
ing the . necessary vcnulanon rate may be the usé of a
mechanical fan. This paper reports the results of the study on
the exhaust-only \gentilation system, which is a primary
equnpment employed is not designed to s‘i‘mljlate the wind
pressure::or .non-steady-state conditions. ‘It can, however,

2 determme ‘with satisfactory preciseness the’ influence of such
factors as internal-external temperature difference, undercut
size, axmghtness, and the.airflow pattern. Since this tectnique
is mdependent of fluctuating factors, the experimental results

" given in this paper ot‘fer a reliable design guideline for a
* nohduct exhaust-only vefitilation system, as well as funda-
.. mental data for verifying the accuracy of multizone computer
modelng, e o

'EXPERIMENTAL EQUIPMENT AND CONDITIONS

1+1:iThe" tests Were conductéd with a cylinder house
~'¢opstructed in an agtificial climate-chamber that enabled accu-
“rate temperature control, free of influence by wind (see Figure
'1)- The cylinder housc is a two-story 1 residential building with

a total floor area equalmg 66.25 in> and a total volume in the

__rooms of 176,09 m>“In every.test, the three inner doors were

always open: the doo¥ between the first-floor utility room and

a ventilation system is, therefore, to continually operate an- - dixing kitchen, the door between the first-floor hall and stair-

exhaust fan in the hood over the gas range in the kitchen, in thefd &

case, and the door between the second-floor hall and staircase.

bathroom, or the lavatory. Since -exhapstfatisidike the one " @ This thé intérnat §pace is composed of a single zone including

incorporated in the experimental system.are found in-almost --

all dwelhng units in Japan, itis pé?.Slble to‘readu impfove the .

mainly a staif¢4sé and four rooms of the same volume. In the
. description below, theﬁrst—ﬂoordtmgglg&gt:en and first-floor

-
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Figure'3 Position of opened cylinders.
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| TABLE 1
Experimental Conditions of Airtightness

)

ia Basic effective i : ,
Alrtightness Opened cyhnder Jecdkapeared in @ofal effective Effective leakage area/. 150 value
m four rooms Jeakage area floor area .
e . whole house s
Levl | 5| 155 cmbdl - 17 cm? 79cm? o _1.2 cm¥m? 1.6
Level 2 15.5 cm®x2 17 cm? 140 cm? - 2.1 cm¥m? _ 2.7
Level3 |  155cmb3 17 cm? 202 cm? “30cmi? L] 3.9
.« Level 5 15.5 cm®S 17 cm?~ 325 cm? 4.9 cm?/m? 6.2
‘| ¥ Level 10 15.5 cm?x10 17 cm? 633 cm? . 9.6 cm?/m* 11.9
26 3 TABLE 2
Experimental COndmon of Door Undercut Simulating Opening
: Diameter of undercut AP (Pa) QM) Air condition at AP-Q .
simulating opemng characteristic characteﬁgiw_'isﬁgment EITECive leakapeiar e
= = —= e ——
:U:C. ¢ 50 mm “Q'= 7179 X APY2 . 24.0°C, 1007.4 hPa' 17 cm?
U.C: ¢ 160 mm Q=63.79,x AP 26.5°C, 1007.1 hPa 136 cm?
) U.C. ¢ 200 mm Q— 104:75 xAP"2 26.0°C, 1007.7 hPa * 223 cm?
Y
! Note: Door undercut 51mulatmg opemng as U.C. ¢ and effective leakage area as ELA '
' “ i ' TABLE 3
Experlmental Condmon of intemal-External
' i A 'Ijgmpgratum Difference
Temperature dll't'erence setting |- - Internal temperature External temperature
AT vy oo }(cylmder house) (artificial climate chamber) .
> ——al - ——— = e ¥
gonlivt o (1} R s 20°C 1 20°C I
: i ¥R -l % IO‘K YRS 30°C S 90°C 4L e ROE D
bt 2 T T T e — - ey
N o 20K or s s 30°C i 10°C° Gl
: A 30 8 o 0 M L 40°CT S . 10°C. ... L hi
5 3% .40 " R ] S i
o, 2 si o~ TABLE4 it '° g ”
o g s S SE TN Coug!;,maﬁnnaf Throe Factors i |r'| fll Bx?eltn:dﬁﬁ ' ks
1 "[» 40 tw iu‘l{ Vol 1"‘: Mnmmm . h g
U.C. ¢ 50 mm U.C.d)lSOmE Jt U.C. ¢ 200 mm
Py 1o i R ~—AT=0,10:20-30K ~~ | — AT=01,10,20,30 K AT =0,10,20,30K
L akeVel2 ¢ feal AT =0,10,20,30K AT=0,10,20,30K., .. |.AT=0,10,20,30K
Co R 3T '”“.Tf.:';i_ A’,I‘ _ 0%, 10,202,30K - AT=0%710%, 302,30 K | AT=0,10,20,30K
P Levelid . i < AT=0%,10.20,30K AT=0,10,20530°K; ¢ ZATLQ 10,20, 30K
; Levg:_ljé s AT=0% 10, 20, 301(- ~ag AT= o‘ rcP 205 30K AI_-\O‘ 10,20, 30K

»\

_‘

: Exgmmcn_(gl coqﬂin’bns tba‘tshqwed prhssure 4d:ff¢rence proﬁle and auﬂow p@num in !'~'lg\irel 18
“ Expennzema} condmons that sdeed prcssurc ‘dlff;rence pmﬁle and airflow pattern in Fxguxe X

. Expenmental condlgons that showad pressure dlfferencc proﬁle and é:rﬂow phnci-n in Flgure 10
# Poor accuracy experimental ¢ condition-in Figure 4. =

.\

2 Expepmental conditions that showed airflow pattern in Figure 6.
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Total ‘Inflow ( outside to inside) P&te acr@ss Envelope (m*/h)

1'

Figure 4 Oug‘low-inﬂdw‘galbncé»_m %3
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utility room, first-floor living room, second-floor bedroom-

north, and second-floor bedroom south are referred to as DK,
LV, BN, and BS, respectively. The entire first- goqr hall:g
second-floor hall, and staircase are referred to as "staircase”

(SC) (see Figure 2). The following are the three mam charac-
teristics of the cylinder house. ‘

= The airtightness of the envelope isrenhanced to the maxi-

mum possible extent. The airtightness ¢an be controlled by -

218 cylinders, 163 installed in the external walls-and 55 in

the internal walls. RN St LD B 130

«  For each of the féuf1 u"iner doors between SC and DK, SC
and LV, SC"ahd BN, “and‘SCand BS, an airtight door
desighed for |nstallatmn in an extemal wall is used so that
the ‘Sutflow and inflow rafes through the doors are mini-

“Tnized. A door undercut Smfulanng an opening is pmwded
“2U5" oy thé Vicinity of each door. Adjtistment of its opemng area
“I'¢nables ihe ‘sxmulanon of vanous sizés of door undercyt.

* : Since the P-Q charactensucs of all the-cylinders (au'ught-
arumess:control. ¢ylinders in internal and:external-walls) and
undercutssimulating openings are known, it’i§: possible to
obtain the:airfloWw rae through: the cylinders: by measuring
- the pressure:differerice between both sides.of them. There-

baa:

sdt r - fors, umhmnmcmorrmrfrwm which ic aﬂdlcn-ncahl- in -

=1 - ToeAsuramentsansite, the outflowtinflow rate can be deter-
4z mined acourately. The ventilation performance ofi multiple
¢ rooms;;whieh:normally requires:technical expertise in the

e i mulu-meengaﬁumchmquc;mn be-determined pmcrsely

5 B i [T o HEA T S

1k Bfficiently" ‘utilizing lhe"adv&itages of the test equipment -
rabove, thé tests wereGonducted: for 60 cases conibining thiree
parametéts: the: sirtightness of the cylindér house as‘listed in
Table 1 (five levels), the size of the internal door undercut from

Fhhoesw nosedr e wngg

¢ 4

b R

£F
E% 250 =
w
» = / =}
0. 3
O =
S5 ~ P
8 2 300 A.T.Level 10 : +5%, g
2 o U.C. ¢ SOmm : '
S E . AT-0 K ’
S 5 ATLEVEl 10 7 sl it 3 -5%
2> 150 | U.C. ¢ 160mm G-z-u‘;' 1°m ® Airtightness Level 1
= = e AT=0 K A.T.-g OKO"‘ 2 P - - | ® Airtightness Level 2
oo A Airtightness Level 3
E L":,: Al Levels g s S o Ainii:mess Level 5
2 = 100 | U.C. ¢ 50mm it
2 E : 1AT=0 K & ; B Airtightness Level 10
28 '
T
= 2 50 :
z = - s a A3
g > bl i Sy “ 7"
= - E- 4 [
S &
= o :
] o so 100 , . 150 200 & 250

i w N %i@\
-~ Table, 2 (threk’ sizes), -and. the internidl-external temperature
dtffmnce from Table 3 (feur levels).
1 Thelittightness ®uels shown inTable 1 were achieved by
varying the number of opened cylinders in the envelope of
DK, LV, BS, and BN. The cyhnder opemno patterns are illus-

- % -tratéd in Figiire 3. With'all the' opening patterns, the cylinders

‘were arranged symmetrically with respect to the middle of the

ﬂoor-to—celling height. Anmghtncss Levels 1 and 2 represent
highly insulated and airtight bmldmgs mcludmg smgie—(amxly
‘Housés and remforcud" concrctc condommmms Auughmess
Leévels3t05 con'espond to nudd!e-grade mmght houses, and
level 10 corresponds to leaky houscs '

“U.C.50'mim” diafitetei’ in T4ble 2 represents the crack
around the'door without intended undercut. “U.C. 160 mm?
diameter akd “U.C: 200 mih" diarhetéf'mean a difference of
intended .undercut size: If the Cd (discharge coeffiCient of
opening) of-the rectangular undercut is assumed to be 0.7,
U.C. 160 mm-and:200- mm diameters are equivalent to under-
cuts 2.8 cm and 4.6 cm high, respectively, in-a,70 cm wide
door. '

The 1ngsfnal-e5mnpl temperature differencesindable 3
were produced by controlling the temperature of the cylinder
thousé and ‘that of the artificial' climaté ‘chamber, the latter

7 coneSpoﬁdmg to the Oitsidé temperature Undef alnfdstall of
ithe wat ummuuns, ihe comrm accuracy WlS sausxacrory with

(i the température difference within the target'0.5"°C’ Hovﬂever.

““when the target 7 was 0 K [the internal-external différence was

v actually 2K; smce lt is d1fﬁcult ‘to"aéhxeve the conditron T=0
K by e ta VS

" The exhaust fan for t.he ventilation systen'i wds‘IOcaied in

" DK (see Figure 2) " The rotation speed of t.hefhnwas controlled

** by an invertor so that'the éxhatst rate by thie fan was as¢iose

as possible to 88 m’h (ait' thinge rate 0.5/h for the' Whole

house).

o
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Air Flow Pattern

oY e
Typtcal anﬂow pattern. and pre:sure dzﬂerence proﬁle (companson
about dqor undercut (U.C. ¢) and temperature difference (AT).

" “The aitflow through ‘the envelope was calculatcd ﬁ‘om1 the

m'cﬁsyn'emcnls by 12 Pressure dlfferen’ual ,gaufes mslalled in
the envelopes and' the: ‘P -Q chara xergstlcs of the cyhnders

; gwen below. When calculatmg v}np ow rate, the air volume is
normalized in ten'ns of mtemal lempcplure e
Q=711 aP'? (Inﬂgw measurggment condition:air

. temperane=21.0, relative hpmidity=65%,

bt % 34

5

L piey

i

a;mgspl;eric pressure=1007.5 hPa) o emic ..
Q 7250A P 12 (Outflow, méasurement cotiditioh: e '
~ - temperanire=19.9, yelative hﬁrmdxtje:&t%'

r-atmosphericipressure=1018 2‘hFay< ;

dpif s ak Lap et Lo

- UniteQ (m/h) BPa)

sl

L THD

'EXPERIMENTAL RESULTS ’(Rk\‘l D_A’TA‘)

A.'l,lL'.'J

. For mepn;pos&of venfymg the accuracy~of I.he mgasure-
mem;,,}he balances.of outflowinflow across-the envelope
. under.every test conditiop jase. plotted in, Figure :4. Under
aln;gstall{est condmonsﬂtpq variatipn of the balange is within
5%,1]115 shows the satisfactory accuracy of the:flow rate
. ‘measurgments. The measured vaiyes that dewate significantly

from 5% are for those cases with a low airtightness and T=0 K,
whlch £3n, be. ;m:nbuted to d;gfact that the accyracy of the pres-
,§ure gauge l;ecp,;nes lower wuh, Ehe dgcreasc of oumde-mmde

. pressuredifference. In the ;sucqeeding figures, the four
mgasyrements | with poor Acguracy are omitted. .,

., 4153
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. Using as an examplé-the airtightness Level 3, Figure 5

‘ iluserates % comparison'bétween the cases with U.C. 50 mm
i and‘160 min'didmetet 4t T= 0 and 20 K. The upper row shows

the pressure difference profiles and the lower row shows the
amelow patterns. The upper portion and lower portion of each
dxagram for the. pxessure dnffexcnce represent the second floor
and first floor, rcspecuvely Locgqu the zero reference point
of mdoor—outdoor  pressure. difference at the envelope, the

: piots msxde l&eh house mean the inside is neganvely pressur-
; 1zed ag{mnst the oul’s:de. wlule the plots oumcle‘xhe house

Lﬂe mftde 1s posmvely pre;sp{lzed aggmst the outside.
Th ow patterns in the lower rows were obtained by calcu-

. lating the:inflow-outflow;rates. fram:the pressure differential

. measurements given in-the upperrow. The arrows pointing to
&he outside:represent the qutfiow (+);'while thie: arrows point-

~iing to theinsideshowthe inflow (). The arrows inithe middie

of ieach diagram-express:the -airflow in=SCiIf the. planned

. ventilation by the:exhaust fan installed in DK is’achi¢ved, the
-~ amrow in S points downwards: from-the: second floor to the
o +first:floor- The-arrows between the fouryooms dnd'8C show
. the airflows through: the door undercutssimuldting-eylinders.

Theseflowsrates-weére measured: by fourdifferential pressure
gauges. It should be noted, however, that it was difficult to
n-measure the pressure difference acourately because:the differ-

,ﬁpqq,across the cylinders was so little.for. U.G: 160 mm and

2,00 mm diameters, except fox U.G 50 mm diameter;Accord-

Tl e I o T 1

SR TR Tato s ROt LA
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ingly, the flow rates through the undercuts of 50 mm diameter
were calculated from the pressure measurements and for the
other undercut diameters, estimated values are given in paren-
thesis. The estimation of the airflows lhreugh the. undercuts
and in SC wasdone as follows. First, the airflows through the
undercuts bétween DK-SG_and LV-SC were calculated from
the flow balances through the envelope of DK and LV. Then,
from the flow balande through these two undercuts, the flow_
in the second ﬂoor was ob{ained on the basis of the flow in the
first floor throuvh SC and vice versa: Finally, the flow rate
through SC was halved. The halves were deemed as the flow
through the undercut between BN-SC and between BS-SC.

From the pressure difference profiles given in the upper
row of Figure 5, it is known that when the airflow resistance
of the inner door is too great (U.C. 50 mm diameter), the

exhaust fan does not exert significant influence upon the
rooms other than in the DK where it is installed. Especially at

T =0K, the inside-outside pressure difference is almost zero, .

causing almost no fresh air supply, as shown i ‘the_airflow
pattern in the lower row, since there is no inside-gutside
temperature dlfference,When T=20K, under the influenceof -
a relatlvely_largg_ inside-outside temperature difference, fresh
air flows in through .he lowcr position of each room in the
second floor, while inside air escapes through the upper posi-
tion. This phenomenorn is called “one room circuit.” As shown *

by these patterns, when the airflow resistance of the inner door B

is 0o high, the pressure profile at Six points, incl’udmg three -
points in the first floor and thrce,pomts in the second floor,
respectively, is not on a single straigfit line. Consequently,
more than one neutral plane may éxist ina house with condi-
tions similar to the case shown in Figure 5: Whether or not the
pressure profile at six points in LV and BS, where no fan is
installed, forms a single straight line is considered in the

following discussion to be a criterion for judging whether or | -

not a single-zone state is established ek 182 2

The pressure differential proﬁles demonstrale that when . | -

intended undércuts (U.C. 160.mm diameter) are provnded the
exhaust fan-effectivel 'cxcgts influencg upon all the rooms.
Especially when T = D K, the fresh air supply to different
rooms is approximately- cgual and satisfactory ‘ventilation
may be available with-a single exhaust fan, as shown by the

airflow pattern in the lower row of Flgure ; Whep T=20K, .-
the inside of the house is in a nearly" smgle-zonc statp due to ~

the provision of suitable undercuts. The, pressure difference
profile at six points from the vicinity of the secand-floor ceil-

ing to the first-floor surface is approxlmately ‘on a smgle f‘f

siraighi line. Such a pressure profile is achieved by supprpo-
sition of the exhaust fan effect on the buoyancy-induced venti-
lation (or infiltration) in a single-zone house where fresh air
flows in from the first floor and inside air flows out from the
second floor. A large amount of fresh air ﬂows lle DK,an
LV, while inside air escapes from the upper pomon ‘of BN and
BS (one room circuit).

& -,

Particular Airflows

el

e We have observed the airflows in a one-room circuit in

Floure 5. Fxgure 6 shows two specific airflows that were
obtained by tests with U.C. 160 mm diameter, T= 20 K, and
airtightness levels of 5 and 10. With ap airtightness level of 5,
since 65 m*/h of fresh air flows in first-floor DK and 58 m3/
» hin first-floor LV, the portion of fresh air inflow into LV that
cannot be evacuated by the exhaust fan in DK rises under the
. buoyancy effect in the staircase and flows into the second-
“floér BN and' BS, as shown from, the upward arrows in SC in
the middle of Figure 6. This phenomenon is hereinafter

referred to as “Phenomenon 1.”

Atthe airtightnessilevel 10, fresh air flows in DK at arate
of 114 m>/h'and in LV atarate of 81 m*/h. The portion of fresh
airnot evacuated by the fan from DK flows into BN and BS,

- hereinafter referred to as “Phenomenon 2.”

~""Thesé phenomena can be explained as follows. In 2 house
wnh a Iow an'tightness level there is a great overall area of
therefore, small and a large volume of fresh air, exceeding the
exhaust capacity of the fan, flows into the first-floor DK and
LV which become the inflow side because of ventilation due
‘to byoyancy. The indoor cnvn'onmem is deteriorated by these
phenomc(pa For example, water vapor, bad odor, smoke, etc.,
enter into the second-floor rooms that should be kept clean,
causing water vapor condensation and woise air quality. The
-following descnpuon considers in farther detail these partic-
ular airflows (one roOm circuit, reverse ﬁow Phenomena 1 and
=), whith afe opposite to the airflow plan of the exhaust-only
vefitilation system without duct.

S ol DRI )
-

- &

i U C. ¢ 16Qmm U,.C ¢ 160mm
-~ “AT.Level 5 . ATLevel 10
AT=20 K

"AT=20 K

-

£
4 -

Air Flow Pattern

Phenomenon 2

Phenomenon 1

A0 R IR O fan

Fi; zgure 6 Uncontrollable auﬂow pattem
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SYSTEMATFG’COMPAHISON OF INFLOW AND
OUTFLOW RATES

Figure 7 shows the plots of varying inflow and outflow
ratios in the living rooms of the experimental house designed
with a nonduct exhaust-only ventilation systert.The three sets
of graphs show a systematic comparison, with-1J.C. 50;<160,
and 200 mmidiameter, respectively, of the influence upon the
airflow rate exerted -by-the airtightness of the house and the
internal-external temperatité difference. The black symbols
in the positive range of the ordinate represent the fresh air
supply rate through the envelope of each room.If the exhaust
fan in DK provides the same effect to each’of the four rooms,’
the fresh air infiltration is about 20 m*/h in every room.. The
white marks in the neganv?fﬁhge of the dfdinate represent the
outflow rate of each room through the énvelope. When the
outflow rate is'negative, the"bne room circuit” mentioned in

)

F

the precedmg section occurs. Each set of four plots linked with
aline shows the variation of the outflow-inflow rate, fixing the
airtightness and changing the internal-external temperature
difference. Considering that the internal temperature is nearly

~~constant; if the four plots ofi"a line do not fluctuate signifi-

cantly (three plots when the data of outflow-inflow balance in
Figure 4 are not satisfactory), stable ventilation can be
achieved and-is hardly affected by‘the change in external
temperature.

With U.C. 50 mm diameter (no mtended undercuts), the
résistance through the inner door of DK is too great, a signif-

- teant extracting effect of the fan is Jimited to DK, without

_ensuring required fresh air supply to the other rooms. Under
the influence of a too large resmta,nce through the internal wall
and temperature difference (buoyancy) at the airtightness
levels 5 and 10, inside air flows out from the first-floor LV too,
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from which it is Known thata neutral planc appears both in the
first and second floors.

With the two different intended undercuts (U.C. 160 and

200 mm diameter), the fresh air supply rate in the living fooms ™

becomes nearer to that in DK, though it depends upon the
internal-external temperature differenee=(T): “With ‘these '
undercuts, the house is in approxnmalely the single-zone state.
In other words, there is only one neutral plane in the whole of
the house, producing no outflow from LV or DK. A compar-
ison between these cases shows no significant difference in the
flow rate in each room, in spite of the remarkable difference
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in the effecuve opemug area of the undercuts, the ratio of
which is about 1.6 (223 t0.136). Since too large undercuts are
not desirable from the v:c‘Wpomt of privacy protection, etc., a
study. ofweunlamuﬁhould consider.undercuts of the mini-
mized size for ensuhng réquired ventilation. The discussion

_s=<below:treats the dif for U.C. 160 mm diameter.

~ ~With the-same airtightness in-the first floor, the fresh air
:supply,.ratg,.increases with internal-external temperature
difference (buoyancy) while the fresh-air supply in the second
+floo décreases. The variation of fresh'air supply diie to buoy-
ancy (stack pressure) becomes greater with lowering airtight-
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ness. Such outflow-inflow behavior for typical pressure
difference profiles with U.C.160 mm diameter can be clearly
seen in-Figure 8. Two diagrams on the left in Figure 8 repre-
sent the airtightness Level 1 at T-= 0.K and 30°K and the
diagrams in the right represent the airtightness Level 5 at the
same Ts. When the temperature difference is zero, the exhaust
fan effect can be observed separately and the pressure imbal-
. ance is great for airtightness Level 1, while it is almost zero for
axmghmess Level 5. Nevertheless, also for airtightness Level
5 (Figure 7), the fresh.air supply rate due to the very small pres-
sure difference is considerable except for the tworooms in the
second floor. Thus, the fresh air supply rate is the same for
both mmghmess levels at T = 0 K, as shown in Figure 7. An
‘essential difference between the two levels is that the fresh air
supply is ensured at the hlgher airtightness level by a greater
internal-external pressure difference and a lesser crack area,
whereas it is provided at the lower airtightness level by smaller

internal-external _pressure difference and a greater crack area.

At T =30 K, the results are affected by both an internal-exter- .
nal pressure difference produced by the exhaust fan and buoy- .
ancy wnh alrughmess Level 1, where a greater pressure

dlfference is mmmamcd by .the exhaust fan, and the upper

indoor portion of the second floor also is kept negatively pres- , .
surized against the outdoor. In the case of airtightness Level 5,
air flows out from the upper portion of the secopd floor. These .
results demonstrate that the fresh-air supply, rate is affected by

the supcrposmon of internal-external pressure imbalance
: pﬂoduccd by the exhaust fan on the gradient of the pressure

proﬁle due to temperature difference as well as the overall area "

“of cracks in the building fabric.

Tat airtightness Level 1, fresh air is supphed at approximately
the same rate to ejgch room, regargless of the magnitude of T,

]
3

* and at any internal-external temperature, one room circuit is

not generated. This may be ‘attributed to the fact that there is
only ene crack-simulating cylinder opened at the middle
height of each room. However, if the effective opening area of
each cylinder was divided into two equal halves, and those two
halved cracks (cylinders) weré arranged'in the same positions

4s in the case of Level 2 (Sec Figure 2), air nutﬂow would not

occur in spite of the existence of a crack near the second-floor

" ceiling, as inferred from the pressure profile at airtightness
" Level 1 and T = 30 K (See Figure 8).” a

One rodm circuit in reverse of the planned airflow direc-

* tion is found in almost all cases at lower zurnghmcss Levels 5

and 10,'and at the Levels 2 and 3, the internal- extemal temper-
ature difference is great. :

_ The discussion above has rcferred to both outflow and
inflow.. We will -discuss the analytical results exclusively
regarding the inflow, of fresh air into each room from the view-
point of supplying a required fresh-air volume. The cases with

U.C.; 160 mm diameter alone are studied below: 1

Figure 9;shows the plots of the fresh-air supply rate to LV

.and BS divided by .22 m>/h, whichis the targetfresh-air supply

per. room, determined on the assumption that'the effect of
mechanical extract:at arate of 88 mh is distributed uniformly

. to the four rooms. The data for DK and BN are excluded from
: the figure because the exhaust fan: permanently supplies a

fresh-air supply exceeding the target in DK, and the supply in
BN is-similar to that.in BS. The:black symbols representing
LV show. fresh-air supply rates exceeding the target under

. every condition. ]n contrast, the white symbols for BS repre-
. . sent the fresh-air- supply rate that is below the target in alimost
It is clear from Figure 7-2 for U. C. 160 mm dlameter that ,,,

all cases. 3 s ;
. At the same axmghtness levci the fresh afr supplv rate in

' the figst-floor LY «increases:and.the fresh-air supply rate in
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second-floor BS decreases due.to the buoyancy effect, with
increasing internal- external, temperature difference.. When
the buoyancy alone is consrdered with a constant mternal- 5
external temperature difference and lowering airtightness
level, the overall area of cracks becomes larger, leading to
augmentation of the fresh air supply rate. However, for the
exhaust-only ventilation system without duct, it is essential to:
note the variation of the neutral plane locationn the envelope.
under the superposed., effect of the pressure difference
* produced by the exhaust fan and by the temperature differ-
ence. For illustrating the neutral plane movement (Awbi
1991), éirrt'pli.ﬁed pressure profile models, measured pressure
proﬁles,var'_rd' airflow patterns are shown in Figure 10.

In the upper half of Figure 10, the variation of the neutral
plane is depicted at-a ‘constant temperature difference and at
different airtightness levels, while in the lower half, the vari-
ation is depicted at a constant airtightness level &nd different
temperature imbalances. The left ‘columns show ‘model
diagrams and the right columns show pressure difference

profiles and airflow patterns based upon measuremments. In the

model diagrams, the left column illustrates the pressure differ-
ence profiles produced by the exhaust fdn. In an airtight house,
greater internal-external pressure difference is generated by
the fan, and in.a leaky house, a smaller internal-extemal pres-
sure differenceris-generated: In the ceiiter column in the left
half of Figure 10, pressure difference profiles ¢aused by a
. temperature difference are given.-When proper undercuts are
provided, & nearly single-zone state occurs and cracks are
- distributed: symmetrically about the space between the first-
floor ceiling-and the second floor (intér-story space). The pres-
sure difference profile forms a single straight line and the

-neutral plane is at the middle.of this space or at the symmetry -

axis of the crack arrangement:(the inter-story space is not
depicted in the diagrams). The gradient of the pressure differ-
ence profiles is given as a function of the internal-external
temperature difference. The actual operating behavior of the
ventilation system, excluding the wind effect, is determined
by superposition of the fan effect on the temperature differ-
ence that presents the pressure differential profiles asshownin
the right ;:ohu}m in the lefi half of Figure 10. The neutral plane
height Jowerb gra_dually to the middle of the inter-story space
with degradi'hg airtightness and increasinig internal-external -
temperature 1fference Under the effect.of the movement of
neutral plane’height, position, and number of axrughtness-
control cylinders, the airflow balances shown in the patterns in
Figure 10 are produced. Accordingly, as in the'case of BS in
Figure 9, the fresh air supply rate decreases in spite of the -
larger area of cracks at the same temperature difference. This
suggests the importance of the vent layout, since natural vents
made in an airtight house for the purpose of supplying a greater

from DK to BN and BS (*Phenomenon 2”) occur (see Figure

- 6). When the ordinate is more than | for DK+LV, air flows

from LV to 2F rooms (“Phenomenon 1”) ¢see Figure 6). In
Figure 11, it is shown that “Phenomenon 2,” which departs
most remarkably from the projected ventilation flow, occurs at
the airtightness Level 10 with'a tempetature differencé of 10
K-or more. “Phenomenon 1" occurs at the airtightness Level
3 with a temperature difference 6f 30 K and at the airtightness
Levels 5 and 10 with atemperature difference of 10K or more.

. Figure 12 shows contour maps'df the fresh air supply rates
in DK, LV, aid BS normalized in térms of 22 t/h. Excessive

+fresh air supply in LV, as'shown in Figure 9, is inconvenient

+12.71

for heating enérgy saving, while too little supply is not suitable
for maintaining good air quality. For this reason, the regions
covering0.5 to 1:5 times the taroet supply are shaded m Froure

e

If the shaded ranges in Figure 12 afe assumed_’ to be a

- condition for ensuring satisfactory Vemtifation, the contour

" less meet the’ l“equlrernent

map for DK is the least advantageous since it has the smallest
shaded range'among the three rooms. At anughtness Level 1,
temperature differences from 0 to 30 K satisfy the vent;latwn

‘requirenient. At Level 2; temperature differences of 15 K or
© less satisfy the venulatron requrrement and at Level 3,4Kor

i

If a rate of miore than 0.5 umes the target fresh air supply
is assumed’ satisfactory for the purpose of provndmg the mini-
mum ven‘trlanon rate for mmntenance of gpod air quahty, all
the conditions in DK 4nd 'LV'meet the requirement while the
satisfactory range for BS i is the smallest. In BS, at airtightness
Levels 1 and 2, temperature differences from 0 to 30 K meet

+» 1the'requirement; at Level 3, 20 K or less meets the require-

ment and at Lew.-.l 4,10 K or less satisfies the reqmrement

*“ "There aré various definitions of a saﬂsfactory ventilation
condition. Notwithstanding diversification of definition, for

“achieving effective operation n of the exhaust-only ventilation

amount of fresh air may not work well 1f they aremcorrectly* v

arranged.

Figure 11 shows the variation of the fresh air supply in

DK and DK+LV divided by 88 m>/h, which is the-capacity'of ¢ s disoussed‘in this-paper. *

the exhaust fan. When the ordinate exceeds 1 for DK, airflows
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system without 4 duct, an airtightness level of the house suit-
able for the ambient external conditions (temperature, wind
velocity) is a vital factor. The tests presented here were
conducted with a constant exhaust rate of the fan installed in
the first floor and a uniform airtightness of every room. It is
clear from Figure 12 that the fresh air supply rate is excessive
in the first-floor rooms, while the rate in the second-floor
rooms is tao small under the influence of the first-floer condi-
tion. From these. results, it is concluded that the range of satis-

_-~_‘factory effect by the. e;thaus,t -pnly ventilation system without
" aduct can. be enlarged by a suitable airtightness of the first-

floor rooms including the room p°rov1ded with an exhaust fan,
forced ﬂow of air by an auxﬂraxy fan into the setond-floor
rooms, use of a larger capacity fan, and:the permanent opera-
tion of exhaust fans in both first and second floors.

CONGLUSIONS .
The following have been verified through the study

(i\\’ i

3

If appropriate undercuts are provided in highly airtight

Pl
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houses (airtightness Levels 1 and 2), the nonduct
exhaust-only ventilation with :a kingle exhaust fan is
capable of performing stable ventilation almost inde--
pendently of outside temperature change..

* In houses of middie airtiOhmess, Levels (3 to 5), with
very low outside, temperatures in winter, the exhaust-
only ventilation without a duct may not operate satisfac-

torily. Leaky houses (airtightness Level 10) are not suit-

able for this ventilation scheme since the fan does not
produce a significant negative pressure because of a
great overall area of cracks.

e When the air extract is-performed solely from the first -

floor in a two—s(topy,leaky building, the fresh air supply
rate in the secofid fldor teids to be insufficient due to

the buoyancy ventilation. This suggests, however the

possibility of effective use of the exhaust-only ventlla-

tion system in apartment houses (flat plan) and one- .

story single-family houses.

*  When the flow resistance across,internal doors is‘" too
great, the effect of the exhaust fan is not distributed to
the whole of the dwelling unit. Therefore, correct under-
cuts in internal doors are essential for the exhaust-only
ventilation. Absence of the appropriate undercuts may
generate multiple neutral planes under the infldence of
internal-external temperature differences

*  The tests reconfirmed that the neunal plane. height is
determined by supeijposmg the pressure difference given .
by the fan by mtemal-extema] Jlemperature différence.
Increase of temperatu;‘ve dlff;emce and decrease of air-

tightness lower the neptral plape height. .

« Even if the air extract is permanently tompléfe!’the.
indoor zone in the vicinity of the cclllng is frequemly
positively pressurized against the exterior (otie” Foom"

circuit). This proves the importaice of Tayout planning

of natural vents.

PROSPECT FOR FURTHER STUDY

The data presented in this paper and Part 1 were obtained
in the steady-state condition that cannot be easily obtained by
field investigations. Therefore, these data can be referred to as
a basis for verifying thereality of the airflow pattern obtained
by tracer gas technique. Those ¢an be Jutilized to validate the
result of multizone ventilation network ‘inodels.

A R

In this study, the anrﬂow charactensues of the qxtemal ;

and internal walls were modeled by very simple;cylindens.- - .

This technique does not distinguish cracks in building enve-
lopes (P-Q characteristics with an exponential factor of about

4153

Ik

1/1) from simple openings such as vents (P-Q characteristics

‘with an exponential factor of about 1/2). In future studies, by
simulating more faithfully the states where cracks of different
airflow characteristics exist, .
reflected more precisely on experiments. By discerning cracks
of different ﬂuid—dynamic propetties, ventilation and infiltra-
tion will be determined separately.

actual conditions will be

One possible solution for preventing pollutants from
spreading is the permanent operation of a fan both in the bath-
room, where a'large amount of water vapor is produced, and
in the lavatory. For this purpose, it is necessary to study the
effect of a multiple exhaust fan permanently operated and the
mutual effect between a permanently operated fan and inter-
mittently-operated fan.

For achieving an exhaust-only ventilation system without
"a duct that is hardly affected by the outside temperature
change, it is essential that the pressure difference provided by
" the exhaust fan be relatlvely larger than that due to the temper-
ature difference. Excessive internal-external pressure differ-
ences, however, cause adverse effects, such as less smooth

A operanon of door or; windows in the envelope, noise (whistle)
’ produced by air passmg through cracks around windows, etc.

For these reasons, it 1s necessary to know the upper limit
of an acceptable pressure dlfferenCe

After finding engmcbnnc solutions for these problems,
the authors “will 1mplement further study on ventilation
systéms (exhaust-only, tmlanced ventilation, and natural
ventilation)and perfommnce of houses (airtightness, undercut
size) sunable for valmus types of residential buildings (single-
story buildings, high-rise multifamily houses, three-story
bulldmgs etc.).
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