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SUMMARY

Substantial work on ventilation effectiveness is carried out, both in Norway
and Sweden, using tracer gas technics based on fundamental physical and
mathematical concepts. The state of the art at present is that we know the
nature of, and how to characterize, by using tracer gas technics, the flow of
ventilation air-. and contaminants. through a ventilated room. Displacement
flow is proved to be the best flow principle in ventilation in additiom to
that the ventilation air’ in general should be supplied to the zone of
occupation. Results are reviewed from a field test of ventilation effective-
ness, showing how the experimental tecnigue can be applied for practical ex-
periments. ‘

1. IR TION

The main objects of ventilatian for occupants in a building are to replace
"0ld” and contaminated air in the Zone of occupation with “new" fresh air as
quick as possible and to remave generated contaminants as quick as possible.
An additional requirement is that “new" alr should reach the zone of occy-
pation as “undiluted” (contaminants, "old" air etc.) as poessible. The words
“quick”, “new” air and “old" air are related to time and can be quantified
through the time parameter "age-”.

The air renewal process and the contaminant removal process are generally not
identical. Cansequently, these two processes Rave to be treated separately.
The effectiveness of the air renewal process may be characterized through the
"air exchange efficiency”, and the effective- ness of the removal process of
contaminants through the “ventilation effectiveness . To avoid ambiguities it
is necessary to differ between average and local conditions. Research work in
Norway and Sweden has proved that criteria for effective ventilation can be
defined through the age concept (1,2).
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2. THE PHYSICAL MEANING OF EFFECTIVENESS

2.1 Air Exchange Efficiency

The coaoncept of and arguements for using age analyses, studying the ven-
tilation process, are treated in (1,2,3). The age of the ventilation air 1is
defined as the time elapsed since it entere# the roam. A unidirectianal,
parallell plug- or piston flow is taken as an exgmpLF to explain thé basic
implicatiaons, fig 1. Lqﬁal age of the ai?'is the time it takgsvfor the
imaginary piston, starting at the left end, to reach a certain "position.
Generally, local age is defined as the time it takes for the air to reach a
certain point in the room. [t is obvious that the age of the exhaust air,%e ,

in fig.1 1is:

T = VY/V =< (1)
e n

Where: V room volume
v ventilation air flow rate
Overbar is used to denote time mean values,

Other names for exit age are turnover time or holdback time for the
ventilation air, flowing through the room.
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Fig. 1.’§éfallell bldgf{}ow showing tnEMUSe of ;hsJagetgoncept. !

The average:htotii}7ﬁa§iiénce time for all the air in”%he;room is defined as
the average tota) residefce time for all air molecules in the room. From
fig.1 it'is .easy to'seé that the residence time in™the case shégh is the sum
of the local "age, 1., "and "the residual residence time, Tv__. In the case of
. R Ottt S e o IO I A

piston flow, the fotal resldencg time 1s™ " The Togm average agej, however,
for the air in .the room is the ayerage age ?gr. 5%1 positions apd is for
piston flow: ’ ; T T B '

5 o : ;
KTy =t /2 J: (2) "
i n', :

Consequently, the total average residence time, Er.“for all fhe air in tne
room is two times its space average age:

T_ o= 2¢<T > (3 —,
by 1 '

Where: < > is the symbol for space average.
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F(t] 1s defined as the cumulative fraction of air having age less than or
equal to t. The derivative of F(t) is the frequency distribution function of
the age, giving the mean age as:

1]

T = g-F’(t)t dt £°(1 - F(t)) dt (4)

Above expression means that the @ean age is the area between F=1 angd the
F(t)-curve, called the “area abaove- the curve.” Turning to fig.!, F_ (t) is
zero between t = 0 (piston in left position) and t = 't _ (piston in right
position) and t for greater times, giving for the exit age, re

T =1 Y(5)
e n
The fraction of new air in the room, F.(t), is linearly increasing from zera
to one as time increases from zero to T . Generally, <Fi(t)> is constructed

. . n
from the Fe(t)—curve in the following way:

CF LE)> = S{E)/S(m)
stey = [C(1 - Folt)) at

Subscript 1 = internal
Subscript e s exhaust

{6)

According to eq.+%, <?i> is the "area above” the <Fi)- curve.

Generally, in a continuocus flow system, like a ventilating system, all above
rules apply, giving:

<?r> = 2<¥i> .
i ' (7)
: .

: 3
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The flow is generally turbulent causing the air at a certain“point to have an
age distribution. The air-renewal process runs slower, Fié.r@ﬁyﬁhan for ideal
piston flow, due to the fact_that more or less ‘new" jirh}sﬂigtaping the room
(shortcircuiting)‘yithout having any efqut on replacing #old” air.
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Fig. 2. Turbulent flow in a ventilited room showing the general use of the
age concept. "

Defining the air exchange efficiency, it was found appropriate to com- pare

the actual air exchange speed, 1/t , for the system with the nominal
exchange speed, l/rn . Doing so, the average air excange efficiency, <na>,
becomes a unique system parameter: i © # : G
1/2<?i> T :
<na> iy = = 100 (1) (8)
n 2<Ti)
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:The maximum efficiency,

# to design for air exchange
%gjeffective ventilation 1s of
e
bW . nnot be measured.
: § measuremant
- mixed with the supply air (labelling the "new air-) or initially well mixed

‘with

" 1002, is achieved only for ideal piston flow. Ide#l
& mixing results in only 507, while stagnant flow gives less than 507.

1 for designing affective. ventilating systems is from now on defined
efficiencies abave 501. This definition of

no practical value however, if the efficlency
Fortunately this is not too difficult. For practical
procedures the air may be labelled with tracergas, either well

the room air (labellihg the "old air). The first method involves a
step-up procedure, the second  one a step-down procedure. , The step-up

procedure involves constant supply of tracergas, stepping up from zera at

_time zero:

Flt) = C{t)/Cl=) (9) g

The step-down procedure involves a decay from a uniform concentration of

tracergas in the room at time zero and no supply of tracergas after that
time.

Fleg) = 1 - C(t)/ClO} (10)
Clt) is the concentration of tracergas as a function of time.
Local ,conditions is ch@racterizedv by measuring local age. I+ this age 1is

lower. than the average age the "“fresh’ a;; potentiéll is better' than the
average. Local age is used, for defining a local air exchange indicator, €t

g% g (11)

Rule no, 2 far effective ventilation is consequently defined to design for
local age (in the bredthing zone) ‘lower than the room-average, i.e: e, <1

2.2 Ventilation Effectiveness

The contaminants live thelr own 1ifa in the room so ta speak, fig.3 . Surplus
heat is also treated as a contamipant. The ventilatiaon effectiveness is
deterTined by the turn-over time, i.e. the exit age of the contaminant flow
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Fig."3. Flow-pattern of contaminants in a ventilated room showing the use
of the age cancept.

prd

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

equently determined by the exit age. The space average and local mean
are, contrary to the situation for the ventilation air flow, ambiguous

parameters. The meaning of age and the evaluation principles are identical to

what

is said for the ventilation air flow. F- curves may be determined either

from measureing the real contaminant concentratigns or by labelling the

cont

Wher

Divi

The

aminants with tracergas. The following relation apply: .

T (w)> V=1tV (12)
1 (=3 (o4 .

e: VL: contaminant production rate (nmjls) i {51(&)} = space ave.

ding ‘eq.11 with V, bearing in mind that V_JV =Lce(~5. gives:

T Ce(-) 2
pr- s = {13} B
it <C.(=)>

e il

above expression is a unique system parameter, describing the contaminant

flow and consequently the expression &s taken to be the definition of the
average Ventllatlon effectiveness, <e >

This
old
The
is.
dire
cont

<ec> s r /r (14)
v n e

definition of ventilation effectiveness is in agreement with Rydbergs
definitian.

shorter the turnovertime, ?i, the higher the ventilation effectiveness

Short turnover time 1is obtalned when the contaminants flow more or’ less 2
ctly to the exhaust, fig” 3. If the condltlons become stagnant i.e%" the'®
aminants are trapped in a stagnant zohe, the turnovertime may’ become very:

long.
Local concentrations may be lower or higher than the room average. A local

vent

ilation index is defined as the fallowing caoncentration ratig:

e, = C, (-)/6.(-) ’ (15)
oy v . .

: 5 . “ )
. [AE I L TR : s i

C.(=) = local concentration of. contamlnants at . .gteady state

i .

Rule no. 3 for designing for effective ventilation is consequently defined to
design for <e > greater than 1 and for lawer cancentfaticghs “of —confamimants

in ¢t
i.

Gene

he Zone o occupatlon than the room average. Flg 3,
&
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rally, the conditions in the zone close to the contaminant source canndt;

be properly controlled by general ventilation. I[f the near zone cannot be

kept out of the breathing zone, 1lagcal eliminatiaon _technics have to be
applied. . s g "B 5 '
' ~ P :‘;'.:‘_.

- _ . : N S i A

3. TIHE_TWO-ZONE MOOEL: ; g . Rl .
= L T . e e i

In the next chapter the two-zone model will be used to explain the Lnfluenée
on the measurement of efficienéy from in- and ex-filtration. [n this chapter
the basic equations for this model will be examined. e
Howe

ver, it should also be mentioned -that the displacement flow principle is

the most -efficient design principlé (4,5,8) for:ventilating system for two

main

reasans:
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1. It improves the air renewal and contaminant removal speed.

2. [t assists in maintaining Favourablg concentration éradients of
the contaminants generated in the raom.

piston flow. There are séveral ways of accomplishihg displacement ventilatian

in a ventilated room. The most obviaous one is to supply air through one sur-
facer and to extract it at the opposite (parallell flow). This principle
requires that disturbances like bouyancy farces and mamentum fluxes from
contaminant sources have to 'be overcome by the piston flow.

Thermal stratification. Practical design principles for displacement ventil-
ating systems for normal use is, rather than to overcome natural forces, to
utilize buoyancy, momentum fluxes from contaminant sources etc. The dlsplace-
ment direction can either be vertical-up or vertical-down. Vertical-up flow
direction 1is accomplished by supplying ventilation air to the zone of occu-
pation with a lower-temperature than the temperature in this zone, and to-ex-
tract it at ceiling level. Vertical-down flow direction is accomplished in
the opposite way, i.e. by supplying ventilation air under the ceiling heated
to a temperature above the temperature in the zane of occupation and extract
it at floor level.

In applying vertical up displacement the air is filling the room from below
due to gravity and “older” air is displaced upwards. Any heat source in the
zone of occupation creates cbnvectiv% currents and contributes to carrying
the air to the upper zone. In this way a temperature stratification will be
formed, creating two more or less distinct flow regions. The "new” air should
spread through the zone of occupation before being carried to the upper zone.

3.1 Calculation procedures

It has been justified, (7}, to base calculations for designing displacement
ventilating systems on a two-zone flow model, fig. 4. An important prerequl-
sit for the calculations is that it is assumed that the air and contaminants
are well mixed within each zaone. Between the zones the air recirculation is
characterized through the air exchange parameter B8 _. This parameter
quantyfies the relative air flow from zone 1 to zone Z«xk%e absolute value of

‘the air flow is B,.V. The numerical wvalues of the effectivenesses thus

calculated are generaliy conservative, "ie. they are “lower than in the

practical case. ] e e

The basic equations and formalas for calculating concertrations and effec-
tivenesses, given in fig. 4, are based on the following mass balance
equations:

S F _
dC /At = Ayt A G t fG o i (15)
dc,/dt = a,, ¢ 3,,C =Gy, '
$ Q -
R T SO ot T
10 Ky ' 1M - K ' 12 K n
1-4)4Q -
It T SR s S8
20 (1-ov %0 T Tk P30 7 -k "
Where: Q = Net 1load to the room of either chemical contaminants or surplus
heat.
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$ = Fracliun of the load that 1s released in zone 1.

K = Fractian of the room volume belonging to .zone 1

Superscript s = Steady-state (statLonary)
The parameters that determine the air exchange efficiency are B and k. The
cancentrations and the ventllatlon effectiveness are, in additidh to abave
parameters, determ{ned by ¢ and Q . The air exchange efficiency n and the
ratio between average age and local age are shown in fig.5 as a ‘function of
8. for different values of K. '
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Fig. 4. The two-zone flow and diffusdion model showing_ .the mathematics.
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Fig. 5. Two-zone madel. Curves showing'the air exchange efficiency.
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Fig. §. Comparision of calculated-ages for the ventilation air using a

two-zone madel.

+Notations used im fig. 6.: =7

i = infiltration’’

e = exfiltration

X = mechanically supplied ventilation air
y = mechanically‘'exhausted air o
g Shte s
e

Subscript = belonging to zone 2

Subscript = exhaust air o SN .

Subseript 4> = irfternal air.(total air -volume for the Toam)
<D = room average .

Overbar - = time mean ) ‘

a0

Subscript 12 from zane ‘one--to zone 2 o W
Superscript 1= measured in exhaust aif from Zone 1

Superscript d= decay from an initially well-mixed .room (step-dowp):
Superscript s= measurements during step-up, tracefgas injected to
mechanically supplied ventilation air.

T s

2

i =1
e = 1

* o+
@
r *

Constants used in equation 14:

x, C -
B Yy e, *8,, v . - X Xty re, 108, ]
1:0. - K T X S K
o C ot N j
oo Hpts Rl T S ' ) X, *1,t8,
20 Tk 0 ¥y P P8y T T-x 4

CS = tracer-gas cancentration in supply-air during step-up

71



LRI,

3 RS

4. MEASUREMENT OF AIREXCHANGE EFFICIENCY.

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

o Continuous.-supply of tracer gas to the supply-air {step-up).

o A pulse injection of tracer gas to the supply-air.

o Decay from an initially well mixed space (step-dawn)

Two types of problems have to be overcome. The first ils the measurement of
low tracergas concentrations. The other one is the influence from in- and ex-
filtration. The significance of measureing low concentrations is most pro-
naunced using the step up and pulse procedures. In-/exfiltration play a role
in all procedures, but in different ways. In the step up and pulse pracedures
all air cannot be labelled with tragcergas in addition to that all exhaust air
cannot be measured. This will influence on hoth average and lacal perfarmance
assessment. Using step down procedursas, evaluations from exhaust air
measurements only are influenced.

The two-zaone model is used ta illustrate how various conditions may influence
on the results from practical measurements and gvaluation procedures.
Calculations are based on equation 16, but in- and ex- filtration are intro-
duced , see flg. §.

From the calculations one can conclude as follows:

1. The step-down procedure is most relieable.

2. The step-up pracedure can be used if infiltration and mechanical air.
supply are mainly to the same zone. The most accurate results are
obtained if exfiltration and mechanical exhaust are mainly from the
same zone. el R ; '

3. Local performance ire*less<s§qiitivq;§nan‘amerage performance to
the choice of procedures. 2 L, : fotua .

af

5. HMEASUREMENTS OF VEHTIL&IIGN EFFECTIVENESS AND VENTILATION INDEX -

The same considerations as to instrumentatian, :=whoice of procedures and
evaluation of results as for measureing air exchange efficiency "'aTe to be
made when measuring vgntilgtion performance, = : '

Vad oL

-

§. FIELD-MEASUREMENTS OF EFFECTIVENESS. . - . «

-

=18

Several laboratory andO fleld measuréhenté of alr exchange efficiency have
been carried out. We will here show some experimental results from a large
room in Royal Garden Hotel, Trondheim, see fig. 7. This room has a vertical-

up displacement ventilation system.

Room and ventilation construction data: i e
- Floor area: 400 m
- Maximum heat load: 400..persons, 25 kW of elect¥fic light, 170
" T - m of windows in eastward direction
- Air supply: ! m high filter clothing alorig three of

the walls, see fig. 7.
- Room air temperature control: Vaaiableyair volum system (VAV)
- Supply air temperature: 20°¢C : ’
- Maximum air flow rate: 20.000 mJ/h
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Only the air exchange efficiency 1is examined in this paper. It was measured.
by a step-up test with constant supply of NZO to the supply air fan Lnlet.
The step down test was: not executed
initially well mixed room. The test probe for local age
located in the middle of the room, 1.7 m above the flaar.

because it was difficult to get an
measurement

was =1

MEASURING
EALTPRENT

SUPPLY AIR

§ ¢ %
—SUPPLY AIR } N .
—_ : .r,_m' e | A
—_ ' e _ L1
- 2 H - fisy
— i { |
- ' : isuper ap —Jf !
| g_ g | il
] ] - 1 ‘
——tzE;J i AT AL \J/*Jl/\lzzzfgﬁLﬂ
) PLAN
Fig. 7. The room where the test was carried out.
The first

evening the measurements were_carried qu‘ﬁ}th 200 .people present
in the room. The second evening 5-680 people were .present. During the
there were no ceiling lights on, nor was there any sun shine outdoars.

tests

Results:
200 people 5-500 people
present present
Mean 0.59 0.58
air exchange
efficiency z
{Local age)/ 0.87 1.24 B
{Room aver-
age age) .

4

Table 1 Results from tests in Royal Garden Hotel.

From the Eable above
ventilation system.
can

it
However,
be seen from fig. 8§

is clearly seen that the room has a displacement
there were some problems due to air leaks. This
., where the room ailr concentration never reaches the
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level of the supply air concentration. The situation was probably not wunlike
the conditions shown in the wupper part of fig. 6 exept far that the
infiltration is about half, the amount. The curves in fig. 5 indicate a

of about 0.5. The ratio §r1>/<r > = 1.041 1f the in¥filtration is 20 % é%
the total air supply.This indlcates that the true lnternal room mean age 1s
about 271 lower than the measured one.

The low local age: with 200 people present might be due to the location of the
test probe. The Eublic which was the anly heat source in the room, was sit-
ting in the front of tHe room. 'The fresh air was probably sweeping beneath
the test point, causing this to be lozated outside the supply zane. [f the
test point had been located in the middle of the crowd, the result would have
beenmmore like that with 5-600 people present. [t should also be mentioned
that measurements of CO2 and temperature profiles confirm the stiggment

above, 5 <
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Fig.:8. Step-up tests are shown with 200 people present at the upper fligure.
" -5-500 are present at the lower.
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