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ABSTRACT 

There are many indices to evaluate the 
ventilation characteristics of the ventilated 
rooms. These indices are classified into air 
change efficiency and contaminant removal 
effectiveness. In order to know how to use 
many indjces for a good understanding of lhe 
characteristics of the concerned ventilation 
system, the values of various efficiencies 
under some typical air flow conditions with 
isothermal condition are compared. 

The local mean age distributions and 
local contaminant concentrations are 
measured with tracer gas technique in a 
scaled model of the room venLilated 
mechanically. Four typical air flow 
conditions are made inside the enclosure. 
Two conditions are of high velocity type, and 
the other two condition are of low velocity 
type. The ceiling based type and the 
underfloor type are elected as the typical 
ventilation system. 

The distribution of local air change 
index and local air quality index were 
investigated. Then the relation hip between 
local air change index and local air quality 
index was examined. It i turned out that this 
relationship expres a unique and interesting 
feature for each ventilation type. And it is 
confirmed that air change efficiency and 
contaminant removal effectivene s are also 
important indice to evaluate the quality of 
ventilation efficiency. 
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INTRODUCTION 

There are many indices to evaluate the 
ventilation characteristics of a ventilated room. 
These indices are classified into "air change 

efficiency" and "contaminant removal 
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effectiveness" (Etheridge and Sandberg 1996; 
AIVC 1991 ). Air change efficiency is the 
name of the indices to evaluate the amount of 
fresh air distributed in the room. Contaminant 
removal effectiveness is the name of the 
indices to evaluate the cleanliness of the air in 
the case that a specific contaminant source is 
supposed to be in the room. Though air 
change efficiency is based. on the concept. of 
the age of air, the contarrunant concentrat:J.on 
can be estimated by this index when the 
contaminant emis ion is uniform throughout 
the room. In other words, it can be said that 
the difference between these two categories 
of v�ntilation efficiency is the difference of 
way of contaminant emission. 

Recently these indices are attracting 
the attentions of many engineers and 
researchers in charge of air conditioning and 
ventilation. However, it is necessary to know 
how to use the many indices for a good 
understanding of the characteristics of the 
concerned ventilation system. 

In this paper some representative 
indices are used to evaluate some typical 
isothermal air flow condiLions in a scaled 
model room ventilated mechanically in order 
to investigate the characteristics and make 
clear what each efficiency evaluates. 

VENTILATION INDICES 

The following representative indices 
(Etheridge and Sandberg 1996; AIVC 1991) 
are selected for the estimation of ventilation 
efficiency in this paper. Strictly speaking, 
local mean age of air and room mean age of 
air is not the efficiency but basic statistics to 
define the air change efficiency. 

air change efficiency 
1 . local mean age of air Tr 

2. local air change index t: r 
3 . room mean age of air ( r) 

' "  



4. air change efficiency Ea 

contaminant removal effectiveness 
1 . local air quality index t:� 
2. contaminant removal effectiveness Ee 

EXPERIMENTAL SETUP 

A model enclosure was used to 
measure the various indices with tracer gas 
technique. Figure 1 shows the structure of 
the model. The model is made of wood 
except for two walls, which are 
acrylic for visualization of airflow 
inside the enclosure. This model 
has two supply opening with a 
big chamber and four exhaust 
opening with a small chamber. 
The steel plates with a thickness 
of 3 mm having a circular opening 
were installed onto the supply and 
exhaust chambers joined to the 
model enclosure. The diameter of 
exhaust opening is 15 cm. There 
are two plates with different 
diameters of 6 cm and 30 cm for 
supply openings. Table 1 shows 
the combinations of supply 

The supply airflow rate in any case was 
intended to be the same, but it was turned out 
that the fan performance is gradually 
decreased. That is the reason why the mean 
supply airflow rates in tables are not the same. 
As each measmement of air change efficiency 
for a certain condition took much longer time 
than the one of contaminant removal 
experiment, the rage of supply airflow rate is 
listed in Table 2. 

Local mean age of air was measured by 
step up and tep down method with SF6. For 

supply air chamber 
in the case of ceiling 
supply 

unit(mml 
l 

model enclosun> 

opening and exhaust opening. 
The abbreviations in Table 1 mean 
the pos1t:J.on of supply 
opening and the velocity in 

Figure 1 Model of the room mechanically ventilated 

supply opening. High 
velocity in supply opening 
corresponds to the diameter 
of 6 cm and low velocity the 
diameter of 30 cm. As there 
is no heat source in the 
enclosure, the airflow in the 
enclosure is isothermal. The 
high velocity type was 
intended to make airflow 
perfect mixing, and the low 
velocity type was intend to 
make airflow low mixing 
and something like a piston 
flow. 

Using this model 
two types of experiments 
were conducted. One is the 
measurement of air change 
efficiency and the other is the 
measurement of contaminant 
removal effectiveness. The 
conditions for the former 
experiment are listed in Table 
2 and the conditions for the 
latter are listed in Table 3. 

type 

C-H 
C-L 
F-H 
F-L 

Table l Types of ventilation 

supply of air 
ceiling 

ceiling 

noor 

noor 

supply velocity 

high 

low 

high 

low 

diameter of 

supply opening 

30 cm 

6cm 

30 cm 

6cm 

diameter of 

exhaust opening 

15 cm 

15 cm 

15 cm 

15 cm 

Table 2 Conditions for the experiments to measure the air 
change efficiency 

lypc of venlilalion 

measunng time 
generation rate of SF to 

supply airnow ralC 
m.c�rn supply .airflow r::lle 

supply velocily 

C-H 
10 rriin 

150cdmin 
40 5-.\5 0 m 'lh 

·13m.l/h 
4 2 mfs 

Table 3 Conditions for 

C·I. F-H 
10 min IOmin 

150..:dmin 150..:dmin 

.\5 5-53 0 m 'lh J6 6--4� 1 m 1th 
50 m 'Jh JS m'1l1 
0 12 mfs 3 7 mis 

the experiments to 
contaminant removal effectiveness 

type of ventilation C-H C·L F-H 

mea.suring time 5 min 5 min. 5 min 
generation rate of SF t. 50 cc/min 50 cc/min 50 cc/min. 

supply airflow rate 40 2 ml/h 46 3 m'lh 36 6 m'lh 
supply velocity 4.0 mfs 0 18 mfs J 6 mfs 
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F-L 

15 min. 

I:! 5 cdmin. 
2) 1-�8 9 m 'th 

27m-1Jh 
0 II mfs 

measure the 

F-L 

5 min. 
12 5 cc/min 

30 I m'lh 
0.12 mfs 
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Figure 2 Measuring point and generation point of SF6 

one point in the enclosure, a set of step up 
and down was conducted. The points where 
the change of SF6 concentration was 
measured were shown in Figure 2. When 
stepping up the concentration in the enclosure, 
the SF6 gas was emitted in the supply hose 
near the fan. The local air change index was 
calculated from the local mean age of air. 
After a series of measurements of local air 
change efficiency, the SF6 concentration of 
the exhausted air in each exhaust hose was 
measured sequentially to calculate the room 
mean age of air and the air change efficiency. 

Local air quality index arid 
contaminant removal effectiveness were 
calculated from the equilibrium concentration 
at measuring points with the constant 
generation of SF6 gas at the point of (1) or 
(2) in Figure 2. The gas generation points are 
located in the plane of section B . 

For all the measurement of SF6 
concentration real time gas monitor (model 
1311 by B & K) was used. 

Before these measurements, the 
airflow patterns were visualized with smoke 
injected into supply air and laser light sheet 
projected from the side of the enclosure. 

CALCULATION OF INDICES 

The indices listed above are· calculated 
from the measured concentration. The 
equations to calculate them are as follows. 

In the case of step up method local. 
mean age of air r p can be calculated by, 

�= f (1- c��))dr (1) 
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where f:p(t)= concentration at time t and 
point p ,  C= s concentration of supply air. 

In the case of step down. method r p 
can be given by the next equation: 

(2) 

where Cp(O)= th� initial concentration at 
pomt p .  

Local air change index e p can be obtained 
by, 

(3) 

where 'tn= the nominal time constant. 
This constant is the volume of the enclosure 
V divided by the ventilation flow rate Q: 

(4) 

Room mean age of air ( r) is derived from 
equation (5) in the case of step up method: 

i- 1( Q c,-(Q,c,,(1) + Q,c,,(1) +Q,c"(1) + Q,c,.(1)))d1 

(r) J0- { Q c,-(Q,c"(1) + Q,c,,(1) +Q,c,,(1) + Q,c,,(1))}d1 • 
(5) 

where Q1, Q2, Q3, �= airflow rate of 
each exhaust opening 



.. 

Ce,, Ce2, Ce3, Ce4= concentration __ of 
the aµ: in _each exhaust 0pening 

As for the step down method, the next 
equation can be applied: 

· 

J0- 1(Q,c,,(1J + Q1Cdtl +Q,C,,(1) + Q..C,,(1))<!1 { r)= ;:_;__ _________ _ L-tQ,C,,(1) ! a,cd(1)+Q3Cdlr)+Q,C.,(1)}1/1
. 

(6) 
Air change efficiency Ea is calcul;ited by, 

fn 
�=� CT) 

where 't,= the average time of 

replacement of the air. 't, is twice the room 
mean age of air : 

r, = 2( r). (8) 
So far as contaminant 

effectiveness, the local air quality 
c.an be expressed by, 

removal 
index £� 

c 
EC = _.!._ 

p c,, 

where C = 
Ce= p 

(9) 

the exhaust concentration, 
the equilibrium concentration 
at point p. 

Contaminant removal effectiveness c:c is 
calculated by the equation (10): 

c (E') =-' 

(C) (10) 

where <C>= the average concentration m 
the enclosure. 

RESULTS AND DISCUSSIONS 

Airflow patterns in the enclosure 
Figure 3 shows the visualized airflow 

in the enclosure for each ventilation type. 
Smoke was injected to supply air and 1he 
section A was lit up bY laser light sheet. In 
the cases of high supf1ly ,velocity (C-H and F
H), supplied air is hiown out in the form of 
jet. It was observed that the aii In the 
enclo ure i circulated wi th high velocity du 
to the jet. In the cases of Jow supply velocity 
(C-L and F-L), the supplied air mov� slowly 
toward the opposite walJ w ith a potential 
core. It appears that j�t is ·not established in 

[a) C-H type (b) C-L type 

[c) F-H type (d) F-H type 
Figure 3 Visualized supply airflow inside 

enclosure with smoke 

these case and the mixing inside the 
enclosure eerns weaker than the high 
velocity cases. 

The distribution of local mean age of 
air and local air change index 

The di tribution of local mean age of 
air and local air cbang • i nde x of each type i 
shown in Figure 4. The values above a line i 
measured by step up method, and the values 
below a line is measured by step down 
method. It can be seen that most of the value 
measured by step up method and the ones 
measured by step down method are almost 
the same. 

In every figure, the local mean age of 
air is relative ly low and the I cal air change 
index is high on the central axis of upply 
opening. Jn the cases of high velocity type, 
these indices in the ther area than U1i axi 
are relatively equal. This means that the air is 
quite well mixed beside a small area of 
supply jet. On the other hand, in the 
enclosure with low velo<..:ity supply the l0cal 
mean age of air at a ·h p int varies with a 
larger range. Thi seems· to reflect • the 
in ufficiem mixing and the large distribution 
of tracer ga concemration. 

Though the room m an age f air and 
the air change efficiency are also wr"tten in 
Figure 4, these value will be investigated 
later in this paper . 
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Sicp Up tr /ep 
Step Down 1'p /Ep 

•..R.!lL.!1.. ·� 
85.71-1.11 88.811.13 

·� • 82.011.19 •rn 
84.311.10 87.5/1.14 20.814.70 

·� 
89.3/1.09 

e.11.!!!L!Z.. •.!!.!!1.!.J.L .� • � 82.311.15 94Afl.05 49.212.01 93,210.99 

73.Ql1,31 89 7/1.08 m. 
• 82.811.21 • 91.311.07 • 63.811.48 

� 84.111.17 .R1LLil.. 85.8/1.o7 • 851il1.12 • 88.111.13 • 70.611.39 •·e8.111.oo 

t 80.5 • 0.583 < >-=;p- "' 0:634 
(a) C - H type 

• 1��:::�� • :a:::�::g: • 76.511.43 
79 . 211.39 

•...!J!!!J!!Jl. • 108,9/1.03 • 74.111.52 102.4/1.09 110.911.02 76.liiUil 
• urrnu� • i��1u • .li..\il.1§... 61.411 . 82 

101211.11 104,0/1.07 � 
•16iAir.08. 101.311.05 • 33.713.33 

. :�:�::: . ��;;::: 
90.8 0.608 <t> 96.4 .. o:576 

(c) F- H type 

unil [sVl-1 

• 101.011. 10 "'iO'IJ7r.04" 

• :st]}l:S� 

102.0/1.tO 
• 1052/1.08 

unill•VH 

• 83.711.27 • 69.011.17 ·� � 68.t/1.18 6.1113.09 

• 69.911.15 � 

• 51.011 •2 • 1s.111.01 •™ . m 56.511.4'1 71.0/1.13 7.1111.51 69. 211. 16 

� � 12 116.85 
• 57,411.40 • 75.511.07 •"'i"i":'iif.4 

• �tz:.�A • :t�::� • ��%::�� • !i:::::: 
t 65.9 • 0.686 

< "632 ... o.m 
(b) C - L type 

-� 
19.78.31 

• 158.610.94 • 191,8/0.81 ·� 
140.911.05 � 15.8110.03 

.� e.1Wl2.li. 158.6/0.96 179.4/0,85 .� 13.6111.83 

172.9/0,88 204.6/0.74 � 
• 168.9/0.91 • 198.9/D.80 • 9,9116,11 

155.1 0.516 
<t > 153.8 t, D.524 

(d) F - L type 

unit l•Vl·I 

-� 
171.3/0.113 

.� 185.lll0.85 

. ��:��:� 
unit ls)l[·I 

Figure 4 Distribution of local mean age of air and local air change index (section A) 

The distribution of local air 
quality index 

Figure 5 show the 
distribution of local air quality 
index in section B when SF6 was 
generated at point (1). Values of 
the index are written in the boxes 
with different gray tones 
corresponding to the SF6 
concentration at each point, which 
is proportional to the reciprocal of 
the index. The local air quality 
ind�x is lower than unity at every 
point except for the points on the 
central axis of supply opening. 
Comparing the high velocity types 
(C-H and F-H type) with the low 
velocity types (C-L and F-L), the 
high velocity types have larger 
index value in most ambient zone 
around the supply airflow. In the 
case of low velocity type, 
generated SF6 is not diffused so 
rapidly as the high velocity type 
because of the low velocity in the 

@@ e'S.sa. 
4!Defm§I •fi2� 

G-generatton of SFa 
••@ 
.imam .!L£, 

(a) C-H type 
.25 

ei)lemJ ·� 
... 1-75 

(c) F-H type 

e'64.31 
---�)j 

0 OlnttllOll ol SFo 
--� 
.... ei.671 

(b) C-L type 

•11.:!.3J 
.... .. �·� 
---�:!W 

0--1lfOlldSF1 ... >100 
.... 

(d) F-L type 

Figure 5 Distribution of local air quality index (section 
B,the generation point of SF6: (1)) 
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enclosure, which arise the low 
value and large uneyenness of. the 
local air quality intle'x·:· • ' ' · ' ·· 

The distribution of local air 
quality index in the case that the 
generation point of SF 6 is 
positioned (2) is shown in Figure 6. 
For every type of ventilation.. the 
values of the index are larger than 
those in Figure 5. at most points in . 
the enclosure. This is considered to 
be brought by the flows alon:g the 
surface of the enclosure with a high 
velocity conveying the generated 
SF6 to exhaust openings, And it can 
be seen that the high velocity types 
have larger valu� in the ambient 
area around the supply flow than 
the low velocity type. 

� � 

(a) C�H type 

�i 
.61.1! 

["<E->l � 

(b) C-L type 

Though the contaminant 
removal effectiveness is also written 
in Figure 5 and 6, these values will 
be investigated later. (c) F-H type cctrF-L type 

The relationship between, the Figure 6 DiStribution of local air quality index 
local air change index and (section B,the generation point of SF6: (2)) 
local air quality index 

Figure 7 shows the 
relationship between the local air change 
index and the local air quality index. For both 
indices, l. 0 means that the concentration bas 
the same value as that of p�rfect mixing. The 
figures on the left row are the case of SF6 
generation point (1) and the ones on the right 
are of point (2). It should be noted Lhe only 
data on this area seen in che figure are plotted. 
The data of the points on che central axis of 
che supply opening are plotted wich a s111all 
circle, and the others are plotted with a black 
dot. In any case each type· has its own unique 
appearance of the distribution regardless of 
the generation position of SF6• There is a 
tendency that the low velocity type has wider 
range of the index than the high velocity type. 
As for two high velocity types, these• types 
have very similar tendency of data with each 
other. 

If the overall quality should· be 
evaluated by chese figures, the. more marks 
which is located in the right and upper area in 
each figure means the better qualjtY 1 of 
ventilation efficiency. Ac�ding to thi� 
meaning, it seen)$. th.�� �-!-- typ'?_ has th� be!\t 
quality of ventilation efficiency among four 
types of ventilation.· ., . . . 

It can be said that this kind of chart is 
a good way to evaluate the quality.- and 
distribution, of ventil�tion efficiency. 

Air change efficiency and contaminant 
rembval effectiveness 

Figure 8 is a bar graph of the air 
change efficiency, and Figure 9 is that of 
contaminant removal effectiveness. In every 
figure, the value for perfect mixing is 
indicated by a broken line. Air change 
efficiency suggests that the ventilation 
efficiency of every type is bet�er than perfect 
mixing, and the order of them is C-L, C-H, 
F-H and F-L. This tendency is almost true in 
the case of contaminant effectiveness with 
SF6 generation from point (2) (Figure 9 (b)). 
Wheri the SF6 generates from point (1) 
(Figure 9 (a)), however, the values are lower 
and the order is a little different. In this case, 
C-'.L .. type does not have.so good capacity to 
remove the contaminant. But it should be 
noted that the contaminant removal 
effectiveness was calculated by averaging the 
concentration of SF 6 weighted by the volume 
surrounding each measuring point, 
whichmight lead to some error in this 
effectiveness. Anyway these indices for 
overall the enclosure is one of good way to 
know y�nliJation."q11ality. 
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Figure 7 Relationship between local air change index and local afr quality index 
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Figure 8 Air change efficiency Figure 9 Contaminant removal effectiveness 

CONCLUSIONS 
Under the airflow condition like C-H 

or F-H which has a established jet on the 
central axis of supply opening and high 
velocity field in the enclosure, local air 
change index and local air quality index are 
almost uniform in the ambient area 
surrounding the jet. 

On the other hand, in the case of the 
low velocity type like C-L or F-L the flow 
line can be suggested by the distribution of 
local mean age of air, and local air quality 
index is distributed nonuniformly depending 
upon the position of SF6 generation. 

In any case, generation of SF 6 in 
position (2) causes better effectiveness to 
remove the contaminant due to the flow along 
the envelope surface. 

A chart to show the relationship 
between local air change index and local air 
quality index is very good to know the 
quality of ventilation efficiency of the 
concerned ventilation airflow. The low 
velocity type has a wide distribution of 
spread marks in this figure. 

It is also useful to examine the air 
change efficiency and the contaminant 
removal effectiveness to grasp the overall 
quality of ventilation. 

In the future, the authors shall 
evaluate the displacement flow in the room 
with heat sources by means of the same 
indices. 
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