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SUÈlIIARY

substantial- work on ventiration effectiveness is carried out, both in Norwayand Sweclen, using traeer gas technics based on fundamental phystcar andmathematical concepts. The state of the art at present ls tha;;;-;;;_;;;nature of, and how to characterize, by using tracer gas technics, the flow ofventiration air-". and contaminants, tnrougn a ventiiated roòr¡- 0j.splacementflow i-s proved to be the best flow principre in ventilation in adct¡-tior¡. tothat the ventilation air' in general should be supplied to the zone ofoccupation' Results are reviewed from a field test of ventilation effect!ve-ness ' showing håw the experimental tecnri¡u" c.n be app.]'iect for practicaJ. ex-perimeàts.

1. INTROOUCTION

fhe main objects of ventilation for occupants in a buitding are to replace'old'and contaminated air in the zone of occupation with'new. fresh air asquick as possibre ancl to remove generated contaminants as quick as possible.An adctitionar requir.ement is that 'new' air shourd reach the zone of occu-pation as 'undiluted' ( contaminants, , 
.old- ai¡ etc. ) as possible. The words'quj'ck', 'new' air and 'old' air are rerated to !ime and can be quant:.fiedthrough the time parameter .age..

rhe air renewal process and the contarntnant, rernovar process ara genererry notidenticaJ" consequently, these two processes have to be treated separatery.The effectiveness of the air renewal process may be ch¿racterizect through the'air exchangi efficiency', anct thc effective- ness of the removar process ofcontaminanÈs through Èhe 'ventilation effecÈivcncss'. ro avoid ambrgurties itj's necessa¡y to differ between average and IocaL conditions. Rerearch work inNorway ¡nd Swoden hes proved that crlteria for effective ventiratton can bedefined through the agr concept (l,Z).
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2. THE PHYSICAL HEANING OF EFFECTIVENESS

2. t Air Exchanqe Effj.ciencv

V/V = r
n

hlhere : V: room volume
V = ventilation air flow rate
0verbar is used to denote time mean

exit age are turnover
g through the room.f Iowrn

F

n--a =f

or holdback time for the

r, The concept of and arguements for using age analyses, studying the ven-
':j_ tilation process, are treated :-n ( 1 ,2,3 ) . lhe age of the venEilatron air is
'- def ined as the time elapsed since it enterei an." room. A unidire.ctional,
': paraIleII plug- or piston flo.v¡'is taken as an example to explain thè" basic
,- implications, fig 1. LoSaI ip" of' the air is 'the time it takes for the

imaginary prston, starting at- the"'left end, to' reach a certain þosition.
6eneraJ-ly, local age is d'efined as the time it takes for the air to reach a

certain point in the roorn. It is obvious that the age of the exhaust air,i"
in f ig. I is: .,

T (1)

tii.ivalues

t ime0ther names for
ventilation air,

I5_
Zfr,

t

F-¡

0

s howrng

ç

Ene u

fim e ¿ 1

the Ìij-ìl*

-. 4-.; (r
1. Pa¡allell ÞIuS:'ftow

;
se of the.,age concept. '

-;- t

II the air in'*the'room is defined as
air molecules in the room. From
ce time !n-'the case snri'ù'n is the sum
s j"dence time, i--. In 'tine case of

-..E ¡ ¿S T lne rOOm avefage age¡ hOwevêr,

" . !0", 5l,r positroãs,, ,1nJ is, f or

2 )
Fig .

Ihe average ¡,,fotrlì¡.,res¡Uà'n." time f or a

the average . tota) .residerTce lime f or aJ.1
fig.l itl !s)g?.sy to'seè that the residen
of the locâ1-'agÞ, T . , -end -tìe residuaL re
piston flow, the ÈotaI residerì'cç'tj.räë--'i
for the air.,i¡.the loofn.is-tlte averagè a9
piston flow:

Ij(t.r)
.t l2

ì{
Consequently, the
room is two times

i = 2<i.>rI
l{here: ( > is the

total avarage residence time,
its space av6rage age¡

symbol for space average.

,-for all the air !nr
Li

I
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F(t) is
egual to
the age,

defined as the cumulative fraction of air having age
t. ïhe derivative of F(t) is the frequency distrj.bution
giving the mean age as:

less than or
function of

(t )t dt

Above expression
F(t)-curve, caIIed
zero between ! :
position) and I for

T=len
The fraction of new air
to one as time increases
from the F (t)-curve in

e

F(t)) dt

in the roorÞ, F

from zero to t

(1)

' (51

(t) , is linearly
Generally , < F

tncreastng frocn zero
(t)> i.s constructdd

ï [', tIF
ö

means that the mean age is the area between F=l
the 'area above' the curve.- Turning .to fig.1, F

0 ( piston in' Ief t position ) and t '= r i pis tone
greater times, grving for the exrt agà,n.^,ô

and the
(t) is

in rigtrt

I

the following wly: I

(F. (il >I
s(r) = [

S(t)/S(-)
L

(6)
(l

Subsclipt i
Subscript e

Accorct ing to eq . I ,

GeneraJ.Iy,
rules appIy,

<i )r

The flow is gener
age distributi.on..
piston flow, due
( shortcircuiting )

FT

Fe(r) l dr
internal-
exhaus t
) is the'area above' the <F<T

t curve

system, like a ventilating system,'aIl above

(7)

I

in a continuous flow
giving:

= 2<i. > '-':':
!

t I V/V

alty turbul:ent causing the
ïhe air:renewal process ru

to the f ac!_ tþ3.!- rnore or. le
ithout having any effect

air at a certQ,in point to have an
ns slower, f ig. '..ëjv,than f or ideal
ss,,..:nçJ-: air is eô:rapj.nq the roomr'r'ffi¡. .,&,:,on replactng ^'oId' air.

,.
n

['rfrx-r
',1 .,

0
Fig. 2. Turbu-Lent f tow in

age concept.

r ev'

a ventiiát"Fioo,n the genera.l use ot trre
time

s howing
;n

0efining
the actual
excha ng e
becomes a

the air exchange efficiency,
arr exchange speed, 1lt-

speed, t /r- Doing so, tne
un,ique systSm parameter: .

it was founcl appropriate to com- pare
for the s y s tem wrth the nominal

average .r1. 
"*""nse 

_a-f 

f iciency, a1..,r,,

1l?<t
100 (z )

T
n

2(r. >t

(n
T

n

I
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The maximum efficiency; 1001, is achj'eved only for

"ïrtnn 
results in only 50f" whÍIe stagnant flow gives

for designing effectiv e venti'Iating systems is from now on defined

¡6 destgn for air êxchenge effici encias above 502. This definition of

effective ventilation is of no Pr acticaJ. value however, if the efficiency

cennot be measured. Fortunately this is not too difficult . For pra ctical

mSaSureme nt Procadures the air maY be labelled with tracergas, either weII

mixed with the suPPIY air (labelling the 'new air') or initially weLl m ixed

with the room air ( labelling th e 'olcl air ) ' The f rrst metht¡<l involv e5 a

steP-uP Procedure, the second'on e a step-down procedure ' The step-up

procedure invo lve s constant sUPPI y of tracergas, stepping up from zero at

tÍme zero:

F(r) C(t)/C(-) (e)

ideal Prston flow. IdeaI
less than 501.

uniforrm concentration of
tracergas after thatThe s teP-down

tracergas in the
time.

Rule no. 2

local age (in

?.2 VenL i ì.a Li-on ffective

F(t) = 1 - C(t)/C(0)

C( t) is the concentration

(l0)

of tracergas as a function of time'

procedure !nvoLves a decaY from a

room at time zero and no suPPIY of

Local , conditions is characterized by

Iower, thàn- the average agF the 'freSh
avErage. Local age...is used. fq'r defining

<i.>

measuring IocaI age' If this age

ai¡ Potentiä1, is better .than
a 'locaI air exchange inclicator, t,

i:

(rr )

IS
the

è
a i.

l.

for effective ventilation is consequently defined to des!gn for
the breäthing zone ) 'lower than the room-av-re,{age, i ' e: e^ < 1

nês s

The
hea t
dete

contaminents live thei-r
ts also Èreatecl as a

ned bY the turn-over

own li.ii¡ in !nä
contaminant. The

time, i. ". 
the exit

x

room so' to sPéax, fig ' 3 Surplus
ventrlat:.on effectiveness ts
age of the contaminant flow

¿l

I

ì
I

t
t

I
!ðt
ra

(
c

G
'ì.

,t.,

I

0
: ç '';r fime

Fldw-fiarttern of contaminants in
of the age concept.

through the room. The average concentrations of contaminants in the room is

ven!il'ated room showing the u-seFig."3
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conseguently determined by the exit age. The space average and local mean
ages are, contrary to the situation for the ventilation air flow, ambiguous
parameters. The meaning of a!e and the evaLuatron principles are identical to
what is said for the ventiJ-ation air flow. F- curves may be determinecl e¡-ther
from measureing the real contaminant concentrati,ons or by labelling the
contaminants with tracergas. fhe following relation apply:

<c (-)) V = r
c

v (12)

: <d'. (-')>
¡ ,t

: ,C (-).-e

: space ave

9ives:

I c

t¡lhere: V = contami-nant
c

Dividing 'eq.1 I with V,

e
(-)

This definition of
old definitÍon.

production rate (nrn

bearing in mind Èhat

3 /s)
v /v

L

cI
n

i' <õ. (-)>
ôt

The above expression Ís a unique system parameter,
flow and consequently the expression is taken to be
average ventrla tion ef fectivenes s , < e- > :

c c.-c v
<e > = r /Tvne

il3)

describing the contaminant.
the definition of the

(14)

The shorter the turnovertime, the higher the ventilation effectiveness

ventilatj.on effectiveness rs in agreement with Rydbergs

-tTe'

¡ designrng for effectj.ve ventilation is consqquently defined to
",> greater than 1 and f of .Lower concentiåtì.åtts ',bf .* e onåa.mi.*a.ats
I occupation than the room average, fig. 3,

> l - j,, 
r '¡-,!6: r ìi.: - | ¡tÌ. . î,

i¡

-_.1is. Sho¡t turno.ver time is obÏaineo Ûhen the contaminants f Iow more or.''1èss :r
ctirectly to the exhaust, fig. 3. If thä'condi'tions become stagnant, i.el,'' the'-E
contaminants are trapped 'in a' stagrfa'nt zohe, thê turnovefrtime Ã.yf 6""ore verli
long .

Local concentratj,ons may be lower or higher than the room aver,age. A local
ventilation index is defined as the following concentration ratiô':

e = C (-)/ê.(-) (1s)
.,: V e ¡,i I , , J. .-- r!5 .-i,: *;; *, 

_,.*-
C. (-) = IocaI concentrãtion of. ,contacçrinantrs at -9!e,ad.y, state -":.I a)

--71RuIe no. 3

design for
in the zone

i.e.:'le /1
v

fo
<e

o

c
Ê
;.V

Generally, the conclitions in the zone cl-ose to the contaminant source cannÖlt-
be properly-çp-ntrolled_¡y gener_a.l ventilation. tf the near zone cannoc be

'i

I
f

fkept out of thê breathing zône, local elimination technics

". I _".*¡ *,,.,í.,i1

3 . THE TWO- Z0NE l.l00EL :.

have to be

T
¡

,!

'{

In the next chapter the two.zone model will be used to explai.n
on the measurement of efficienëy;-from .in- and ex-fi.Itration. tn
the basic equations for this model will be examined.

However, it should also be mentioned -that the displacement
the most :ef f icient design principJlé (1 ,5,61 f or ,,ventilating,
maln reasons:

the
thrs

inf Lue-nle
clràp t e r

flow princrple is
systen f,or two
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It improves the air renewal ancl contaminant removal sPeed.

It assists !n maint !ning favourabi.e concentration gradients of
the contaminants generated in the room.'

J.t^ :.

' :.:
:r-- piston flow. rhere are several ways. of accomplishing displacement ventilation

_-_ lffi"ait"ted room. The most obvious one is to suppry air through one sur-

face and to extract it at the opposite (parallell flow) ' Ihis principle
: ,"àrit". that disturbances like bouyancy forces and momentum fluxes from

contaminant sources have tO'be overCome by the piston flow'

fhermal stratification. Practical design principles for displacement ventir-
atlngsystemsfornormaluseis,ratherthantoovercomenaturalforces'to
utilize buoyancy, momentum fluxes from contaminant sources etc. The d:'splace-

ment directton can either be vertical-up or vertical-down' Vertical-up flow

Oiiã"tion is accomplished by supplying ventrlation atr to the zone of occu-

pation with a lower-temperature than the temperature in this zone, and to'ex-
tract it at ceiling level. Verticaf-down flow direction is accomplished in

the opposite way, i.e. by supplying ventilation air under the cëiLin9 hê'àteÛ

to a temperature above the temperature !n the zone of occupaÈion and extract
it at floor level-

In applying vertical up displacement the air is filling the room from below

due to gravity and'oIder'air is displaced upwards. Any heat source in the

zone of occupation creates cb,nvective currents and contributes to carrylng
!he air to the upper zone. In this way a temperature stratification wiII be

formed, creating two more or Iess distinct flow regions. The "new'air should

spread through the zone of occupation befo're being carried to the upper zone'

3. I Caleulation orocedures

I

l!
¡.

I
I

i

2

,¡
il

t
.t

I

if
rl-.
'Il'

f

i'''
l.l

I

It has been justified, (7), to base caJ.culations t9r O

ventr-Iating systems on a twcj-zone f Iow modeI, f ig' t' ' An

sit for the calculations is t-hãt it is assumed that Ë'he

are weII mixed within each zone. Eetween the zones the a

characterized through the air exchange parameier F

quantyfies the relative air flow from zone f to zone 2''
the air flow i s F

caJ.culated are genera
practical case.

V. The numerical valu,es of the
y coñserviltive., .'i";e. they", are

esigning disPlacement
important Prerequ:.-
arf and contaminants

ir recircula tion is

tÂ
. fhis Parameter
e absolute value of

effectrvenes s es thus
"lower than in the

effec-
balance

tl
The basic
tivenesses,
equations:

equations
given in

and
f is.

f òrmuf as 'f ot-'calculatir¡g"concerltrations and

4, are based on the followrng mass

+

a
1

dË
'|
/dt = a

/dt = a

A
12

*îi'
y+p

12

p
12

a
z1

' il6)
Ç+ ë,

t2dC,
10

2g
Ò 0

n
a t0

20

KV

(1-r)0
n

(l-xlV
Net load
heat.

a

11

¿
*+

't2

n
22

either chemical

y-x+Fl 
2

= 

-n

.' -"*Êr 
2

n
1-x

contarninants or surPlus

a

l-x
room of

KK

n
l{here: Ô to the
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| = FrauLrvrr ùf the load that is reLeased in zone 1.
K = Fraction of the room volume belonging to zone I

Superscript, s : Steady-state (stationaryl
The parameters that determine the air exchange'efficrency are P, and K. Ihe
concentrations and the ventilatioJi effecliveriess are, in a¿o:.tibá to above
param€ters, determined by i and ô The- ai¡ exchange efficiency n and the
ratio between average age and IocaI age are shown in f ig.5 as a 'fì.¡nction of
F* for different values of x.
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FiS. 6. Comparision of calculated. ages for the ventilation a!r using
two-zone modeI.

. i:: i_.

lrr fig. 6.i : "Ì'
infiltration'
axfiltra tion
mechanically supplied ventilatign,,air
mee,hanicall9'exhausted air
belonging to zone Z "' ' :'

, Notations s ecl

=

=

U

i
e

X

v
2
â

S ubs cri pt
Subscript
Subserípt',r''-

0verbar -.
Subscript 1Z

Superscript
Supers cript
Superscript

í'.
for a,he î-óoml

room average
t,ime mean
f rom zone )one -to zone z " 1â i

measured in exhaùstr ai?'rro¡ni ?onå I't-
ql : decay from an initially well-mrxed,room { s!9"9*-{91¡},

measurements during step- çr; t'racei-gas inlected to
mechanically supplied ventilatio a tr

exhaust air :.i
iri'-tef:naL . air -,( total air 'volume

n

,i; * "z,l l,
, Vt, +,Y¿ii e1

i,
e

2
:l

11

Constants usecl
xCls:-v
..-'(

in equation
.Y

14:

'1¡'B 1,2
*t,**2 - (y2.Çz l'8., 

zt1z=T

'?'iz'8 r z

a
1;0.

e
20

c
S

K

x.C . r I:z s ' 1z
= -ç: n .;: "zt +1Tï-:n ; a

: tracEr-gas concentration in s,upply-air

;-
22

d u ring
1-K

s tep-up

B

L
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ZONE I

x=0,5
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x:0,5 B
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v¡

'.t
*
;

1
'i
'q'

I

| ,009 | ,009'I ,007
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1 ,055 1 ,041 r ,029

1,016 1,0r:1 ,AZ

0,9 0 , I29 0,95

,870 0,920 7 6

0,6{ 0,83 0,9J

o,95 0,97 0,98
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4. HEASUREMENT OF AIREXCHANGE EFFICIENCY.

There are three procedures using tracer gas to determine the air
efficrency:

o Contj-nuous supply of tracer gas to the supply-atr (step-up).
o A pulse injection of tracer gas to the supply-a!r.
o 0ecay from än initia.Lly well mixect space (step-down)

exchange

Two types of problems have to be overcorne. fhe first is the measurement of
Iow tracergas.concentrAtions. The other one j.s the influence from in- and ex-
filtration. I'be significance of measureing Iow concentrations is most pro-
naunced using the step up and pulse procedures. In-/exfj.ltration play a role
in alI procedures, but in different weys. In the step up and pulse procedures
aII air cannot be labelled with tracergas Ín addj.tion to that aII exhaust aj.r
cannot be measured. Ihis will influence on both ave¡age and local performance
assessment. Using step down procedurä3 , evaluations from exhaus t air
measurêments only are j.nfluenced.

The two-zone model is usecl to i],lustr.ate how various
on fire results f rom - practical measuretnents anct
Calculartlons are based on equation l6, but 1n- and
duced , see fig. 6.

From the calculations one can conclude as follows:

1. Ihe step-down procedure is most relj,eable

2

3. LocaJ.
t,he choice of procedures.

conditions may infLuence
gva Iua t,ion procedures .

ex- flltration are intro-

The step-up procedure can be used if infiJ.t¡ation and mechanical air
supply are mainly to the sam€ zone. The most accutate results are
obtained if exfiltratj.on and mechanical exhaust are mainJ.y from the
Same ZOne. ':'

i t: ' -'perf ormanie are _less sen,s,itive...Çhan'a-v;erage perf ormance to

iìf

ì .i)
1i

t. "-
il

5

Ihe same
evalua tion
made when

6

consi.deratÍons
of results a s

if
as to instrumentati:on, :L'choice of procedures

for meas.ur-ell-s air..,exchange eff iciency:':'are to
mea s urtng v entil--a tion perf or¡na,nc.e-,

and
be

,';
FrEL0" HEASUREHENTI 0F, EFFECTTVENESS

Severar ,.oo..tory and'r rieri ."".ur.i"nt.'or''..r"'"r"nange eff!ciency have
been carried out. tJe will here show some experimental resu.I.ts fçom a Iarge
room in Royal Garden HoteI, Trondhei.m, see f ig. 7. IhiS roorn has a vert:.caI-
up displacement vEntilation system.

Room and ventilation construction data:, r .ril ::': I

- Floor area: 100 m'
- Haximum_.1:"t .load: 4t.0-..persons, z5 kt,.l of electlic right, 170

m'of windows in eastward direction
- Air supply: 1 m high filter clothing aloflg three of

the watl-s , see f ig. 7 .

- Room a:.r temperature control: Va¡iable air volurn system (VAV.)
- Supply a ir tempera ture : 2Ol C

- Maximum air flow rate: 20.000 mr /h
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¿

0nIy the air exchange effi_ciency is examined in this paper. It was measured'..

by a step-up test with constant supply of Nr0 lo the supply air fan inIet.
fhe step down -test wâs; not executed bècause it was difficult to get an

initially weII mixed room. The test probe for loca]- age measurement was

located in the mrddle of the room, t.7 m above the floor'

ilG

SUPPLY AIR

É.1

t-,
It tt lt tt tt

Y AIR

tt tt lt

A

tl

-

1
l

ccgr.-r À
I

PLAN

FiS. 7 . The room where the test was carri.ecl out.

Ihe f irst evening the measurements w-ere... Caf"ried out with 200 ,people present
in the room. The second evening 5-6'e0 people wererôielent. öuri?rg the tests
there were no ceiling light,s on, nor wa:s t.here any sun shine outcloors.

Results:

200 people
pr es ent

5-600 people
pre s eRt

Hea n
air exchange
efficren cy

0.59 0.58

( LocaI age ) /
( Room aver-
age age l

0.87 1 .21

fable

):i

from tests inI Results

From the table above it is ciearly
ventilation system. However; there were s ome
can be seen from fig. 8., where the room air

seen that the room hás e

problems due 'to a !r
concentration never

Royal Garden Hotel.

dis pla cemen E

le.aks. Ihis
reaches the

.f" t

MASURI

.1?

{
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