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Jari Palcoen, Maij a Ukkalen, Tapio Helenius, Antti Maj anen 

Helsinki University of Techn:>logy, Laborato:ry of Heating, 
Ventilation and Air-o:nli ticning, 02150 Espoo, Finland 

Introductiai 

The lecture hall at Helsinki University and its ventilation system 
have been in use since 1988. The system is displacement type, the air 
being supplied to the 1CMer part of the occupied z.one at a temperature 
close to rocm air temperature. There have been sane canplaints concerning 
draughts due to low air temperature in the bottan of the hall. The HVAC
laborato:ry was asked to analyze the perfonnance of the ventilation system 
in winter 1989. 

'!be lecture hall. The lecture hall is sh:Jwn. in figure 1. It has 270 
seats in 12 rows. The vertical height difference between ~ rows of seats 
is 0.32 m. The rear seats in the 12th r:ow are 3.84 m above the bottan le
vel. The floor is rectarYJular with an area of 320 m2 • The max:imum ceiling 
height is 5.8 m at the front of the hall and the minimum ceilinJ height is 
only 2.6 m at the main entrance. The air volume is about 2000 m . In nor
mal use the heat load fran the ceiling lighting is about 3 kW. With 270 
students (85 W) in the hall the total heat load is about 26 kW which oor
respaOOs to about 80 W/m2 • Three panel radiators at the both side walls of 
the hall were used to cover the heat losses. '1he height of the single ra
diator was 1,5 m and width 2,0 m. Their locations were at the levels of 
2nd, 6th and 12th r:ow. 

Ventilatiai. The design value for the supply air flow rate was 10 l/s 
per seat. The total design value for the supply air rate was 2700 l/s. The 
measured value was 2630 l/s. The air exchange rate was about 5 ach. No re
tunl air was used. The supply air temperature was kept at 18°C with a sen
sor placed at a height of 1.5 m above the floor level oo the rear wall of 
the hall. The air was supplied to the hall through four devices, ~ at 
the back and ~ at the front of the hall. The supply air rate at the 
front wall of the hall was 1800 l/s and at the rear wall 900 l/s. The ex
haust air grille was in the ceilin;;J at the rear of the hall. The lay-out 
of the ducting was ve:ry simple and low-oost. This was the main reason why 
the hall had only four supply air devices, and cne exhaust opening close 
to the entrance. 

Air supply devices. The supply air devices were mnnal, ocmnercially 
available nodels. Their sectioo was semicircular and they were placed near 
the oo:rners of the hall. The free area was 85% of the total face area. The 
height of the supply air devices oo the rear wall was 1.5 m and the diame
ter was 0.5 m. Values for the devices on the front wall being 2.0 m and 
0.7 m. The total value of the free face area of the devices was 9.0 m2 • 

The mean face velocity of the devices at the front of the hall was 0.30 
m/s and at the rear side 0.35 m/s. 
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Figure 1. The lecture hall. 

Measurements 

'I'arperature. The air temperature was measured continuous! y in the 
supply and exhaust duct and at 9 locations in the hall. The placement and 
the height of the measuring :i;x:>ints are stnm in figure 2. The vertical 
temperature difference between the levels of 1.1 and 0.05 m a'l::x:Jve the 
floor was measured only while measuring the mean velocities. 
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Mean velocity. The mean velocity was measured with a mul ti-p::>int 
thennistor anenaneter (3) at heights of 0.05, 0.15, 0.6, 1.1 ja 1. 7 m. The 
measuring time was 180 s. The measurements were made at the bottan level 
of the hall and at the left and right hand side of the 1st and 12th rows 
and in the middle of the 6th ITM. 

Air quality. The carbon dioxide concentrations were measured conti
nously in the supply and exhaust ducts and at 7 p::>ints in the hall. The 
location and the height of the measuring p::>ints are sh:Jwn in figure 2. 

' 9 

7 

3 

Figure 2. The p::>ints where the air temperature (x) was IIDilitored and 
the carbon dioxide (CO ) and the sulphur hexafluoride (SF ) 
concentrations (o) ~measured. 6 

Air exchange efficiency. The air exchange efficiency was measured 
using the decay method given by Sandberg ( 4). The sulphur hexafluoride was 
injected into the supply air duct. Once a steady state concentration had 
been reached in the hall, the supply of SF was shut c:Dwn and the cx:>ncent
rations in the hall were then measured as ~ function of time. The measu
ring p::>ints where same as sh:Jwn in figure 2. The naninal time constant of 
the air i: was calculated fran equation 1. n 

where 

00 

IC (t)dt 
0 e 

1: = ---n C
0 

(1) 

C
0
(t) is the concentration in the exhaust as a function of 

the time. 
C

0 
is the steady state concentration at the beginning. 

The mean age of the roan air <i:> was calculated fran equation 2. 
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Using the results of equations 1 and 2, it is :r;;:ossible to calculate 
the mean air exchaI'YJe efficiency E • This was obtained by dividing the rx::>
minal time constant by the averagearesidence time of the rcx:m air which is 
twice its mean age. 

"tn 
E = --100% a 

(3) 
2<"t> 

Pollutant remval effectiveness. The pollutant renoval 
effectiveness shows whether the air quality in the occupied ZC110 is better 
or poorer than in the exhaust. The local values of the pollutant renoval 
effectiveness was calculated fran equation ( 4). 

(4) 

where 

C is the concentration of CD at the measurement point p 2 

C is the concentration of CD in the supply s 2 

Loads. Lighting was constant durirY;J measurements. Small candles were 
used to simulate the occupancy. The heat production of a sirY;]le candle was 
measured as 30 W and the CD release was 3.4 l/h. 800 candles were needed 
to generate the same heat lbad as the full occupancy ( 270 students) • The 
release of CD corresponds to a load of 130 occupants. In the results the 
measured inc~ of the CD concentration were nrul tiplied by "b«:> to ob
tain concentrations close to2 real hunan occupancy. 

cases. The measurements were made with the simulated heat loads of 
270 (100%) or 70 (25%) occupants and durirY;J lecture when there were 60 
students in the hall. The supply air flow was 2700 l/s and 67% ( 1800 l/s) 
of it was supplied at the f:ront and the rest (900 l/s) at the rear wall of 
the hall. Same tests were ma.de when the supply air flow was reduced to 
1600 l/s. The supply air flow was reduced to 2200 l/s durirY;] the tests 
when all air was supplied at the f:ront of the hall. In that case rx::> measu
rements were ma.de durirY;] the lecture. The cases are sh:Jwn in table 1. 
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Table 1. The supply air flow and occupancy in cases 1-8. 

1) An air flow of 2700 l/s was supplied fran the front and rear devices 
in the hall with a ratio of 2:1. The load was 270 perscrlS. 

2) An air flow of 2700 l/s was supplied fran the front and rear devices 
in the hall with a ratio of 2:1. The load was 70 persons. 

3) An air flow of 2200 l/s was supplied fran the front devices in the 
hall. The load was 70 persons. 

4) An air flow of 2200 l/s was supplied fran the front devices in the 
hall. The load was 270 persons. 

5) An air flow of 1600 l/s was supplied fran the front and rear devices 
in the hall with a ratio of 2:1. The load was 270 perscrlS. 

6) An air flow of 1600 l/s was supplied fran the front and rear devices 
in the hall with a ratio of 2:1. The load was 20-60 perscns. 

7) An air flow of 1600 l/s was supplied fran the front and rear devices 
in the hall with a ratio of 2:1. The load was 70 persons. 

8) An air flow of 2700 l/s was supplied fran the front and rear devices 
in the hall with a ratio of 2: 1. The load was 60 persons. 

Results and discussioo 

Flow patterns 

The air flow pattern in the hall was visualised with sm::ike, which was 
mixed with supply air in the duct or released in the zcne of occupancy. 
Figure 3 stXJWS the air m:ivement in case 1. In the uppenoost figure, sm::ike 
was supplied through the device in the front wall of the hall. In the next 
figure the sm::ike was supplied through the device in the rear wall of the 
hall. In the bottan figure ani.ssialS fran occupants were simulated by re
leasing sroke in the middle of the 5th rrM. 

In the first case, sm::ike rroved rapidly and straight over the seats to 
the exhaust air q;>enir:g at the rear side of the hall. Sane of the air was 
circulated at the front of the hall, just over the supply air devices. 
There was a clear stagnatiCll zcne. Several minutes after the sroke had 
disappeared elsewhere in the hall there was still sane stratified snoke 
aOOve the lecturer. 
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Figure 3. Air flow patterns in the hall. The snnke was supplied fran the 
supply air devices at the f:ralt of the hall (upper case), at the 
rear of the hall (middle case) and in the 5th row (bottan case). 

When the snnke was supplied through the supply air device in the rear 
wall, the sm:ke flowed d:Jwn alc:DJ the side balcaiy. The tanperature diffe
rence between the air flow and the envircnnent decreased as the air flowed 
towards the bottcm of the hall. At the height of the 5th or 6th row the 
air flow was isothennal and stopped m::wing d:Jwn. The radiators at the side 
walls were on in spite of the heat load in the hall. The cx:nvective flow 
caused by radiators rose the sm:ke fran the side balconies up to the cei
ling level. Snoke released fran the 5th row noved straight and rapidly to 
the exhaust. 
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'1her:mal. OOlldi.tic:ms 

Vertical teup::LGture distributim. Figure 4 shows the two basic cases 
of the vertical air temperature distribution in the hall. The points were 
in the middle of the rows CXle meter above the floor level in the 1st, 5th, 
6th, 9th and 12th rows. The vertical distance stXJWn in figure 4 is measu
red fran the bottan level of the hall. The numbers of points are the same 
as stXJWn in figure 2. 
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Figure 4. 'Im examples of the vertical temperature distribution in the 
hall. CUrve A represents 25% and curve B 100% occupancy. 
The height was measured fran the bottan level. 

It is useful to study the results in two larger groups. The first 
group oonsists cases of 2,3,6,7 and 8 (curve A in figure 4). In these ca
ses the occupancy and the heat load were low and the tanperature dif f eren
ce between the exhaust and the supply air was between 2.5-4.0 K. The dif
ference between air temperatures at the 12th and 1st rows was low, between 
1.0-2.0 K. In the other cases 1,4 and 5 (curve B) the occupancy and the 
heat load were high and the temperature difference between the exhaust and 
the supply air was between 8.0 and 9.5 K. The difference bet~ the air 
tanperatures at the 12th and 1st row was high, between 3.5-5.0 K. 

The supply air temperature was low, 18.0-18.5°C. At the fn::nt of the 
hall in the z.al0 of occupancy, the air temperature was between 18 and 
19°C. In the 1st row at the ankle level, the air tenperature was less than 
20°c. Even in the 6th row at the same level it was only 20°c. In the 11th 
and 12th rows the air temperature at the ankle level was usually over 
20°c. 

' 
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At the head level the air ternperature was in the 1st row 20°C in all 
cases. With low occupancy the air temperature in the 6th row was about 
20.5°C and with full occupancy between 22 and 24°C. In the 12th row the 
air tanperature was about 22°C with low occupancy. With full occupancy the 
air tanperature in the upper part of the hall (rows between 9th and 12th) 
at the head level was 24°C when the supply air rate was 2700 l/s (10 l/s 
per occupant). With supply air flow of 2200 l/s (8 l/s per occupant) the 
air ternperature was between 24 and 25°C. It increased to 26°C when the 
supply air flow was reduced to 1600 l/s ( 6 l/s per oocupant). 

The vertical tanperature difference between 1.1 and • 05 m in the 1st 
row did mt exceed 3 K. In the 6th row it was 4 K during full occupancy. 
In the 11th and 12th rows, if sane of the air was supplied fran the rear 
wall, the vertical tanperature difference was highly dependent en the tem
perature difference between the exhaust and the supply. 'lhus the highest 
measured value was 6 K with full occupancy. The recc:mnended (ISO) limits 
for vertical temperature difference were exceeded and the ocnliticns were 
thus unacceptable. 

'lb improve the thermal OCXldi.ticns in the la4er part of the hall the 
supply air tanperature stx:Juld be increased to 19-20°C. This will increase 
the air temperature in the uwez- part of the hall to 25-26°C if the supply 
air rate per occupant is 10 l/s or less. This requires a supply air rate 
of 10-15 l/s per perscn. The design air flow of 2700 l/s is erxxigh cnly 
for 80% occupancy. With full occupancy it is mt possible to obtain satis
f actocy thermal OCXldi.ticns in the whJle hall. 

The locaticn of the exhaust air grille forces the air to flow traigh 
the occupied z.al0 of 12th row where the vertical distance between the cei
ling and desk is cnly 2.0 m. This may be ooe reasoo. for the high air tem
peratures in the upper part of the auditorium. The air temperature near 
the ceiling over the lecture was 1-2K higher than in the exhaust. Rem:Jvi.ng 
the exhaust air grille there the air tanperature in the upper part of the 
auditorium will probably decrease. 

Draught 

The predicted percentage of dissatisfied ( PPD) was estimated fran equation 
5 ( 1). 

0.622 
PPD = (3.143+0.37VTu)(34-ta)(v-o.o5) 

where Tu = the degree of turbulence 

Tu = ! ·1Cl0% v 
s = standard deviaticn of the mean velocity, m/s 
v = mean velocity, m/s 
t = air temperature °C a , 

(5) 

The degree of turrul.ence was between 20 and 55% when the mean ve
locity was between 0.1 and 0.2 m/s. At the bottan of the hall the mean ve
locity was less than 0.22 m/s. At the left and right sides of the 1st row 
the mean velocity was 0.15 m/s at ankle level (0.05 m) when the supply air 
flow thra.1gh the devices at the frcnt side of the hall was 1800 l/s (the 
cases 1,2 and 8). 
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It increased to 0.25 m/s when the air flow fran the frcnt wall was raised 
to 2200 l/s. The co~ velocities at neck level (1.1 m) were be
low 0.1 and 0.30 m/s. In the middle of the 6th row, at ankle level the 
mean velocities were less than 0.1 m/s but at the neck level 0.2 m/s with 
full load. The nost draughty places were on the left and right hand sides 
of the 12th row due to the supply air devices near the seats. At the ankle 
level the mean velocity was 0.30 m/s and at neck level 0.15 m/s. 

The predicted percentage of dissatisfied based on equation ( 5) was 
10% at the ankle level and at the neck level less than 10% in the 1st row 
when the supply air flow through the devices at the frcnt of the hall was 
1800 1/s. With an air flow of 2200 1/s supplied fran the front devices the 
PPD value at the neck level in the 1st row increased to 40% and to 25% at 
the ankle level. In the 6th row at the neck level the PPD value was 20%. 
When the supply air devices in the rear wall were used, the PPD value in 
the 12th row at the ankle level was 50% and at the neck level less than 
10% due to high air temperature (26°C). 

'1he 00 -ocmcentration in the hall 
2 

Figure 5 stx::Jws the three basic cases of the carbon dioxide ccocentra
tian at the middle of the 1st, 5th, 9th and 12th rows one meter above the 
floor. The vertical distance is measured fran the bottan of the hall. 
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Figure 5. 
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The vertical distribution of the CO -ccocentrations in three 
2 basic cases in the hall. A=case 6 and 8, B=cases 2, 3 and 7 and 

C=cases 1, 4 and 5. The height was measured fran the bottan le
vel. 
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Cw:ve A shows a typical distribution in cases 6 and 8, where the 
real occupancy was 20 or 60 students durinJ the lecture. Cw:ve B :repre
sents cases 2, 3 and 7, where the sinrulated occupancy was 25%. In curve C 
(cases 1, 4 and 5) the simulated occupancy was 100%. 

With a full load (curve C) there was a sharp increase in the measu
red c:xncentrations of cartx:n dioxide between the 5th and 9th rows (between 
2. 3 and 3. 5 rn above the b:>ttan of the hall) • Up to the 5th ITM the oan
centration was close to the background oc:ncentration. In the 9th ITM the 
c:xncentration was already the background ooocentration plus half of the 
difference between the exhaust and the supply. In the cases where the 
supply air rate was same, the intensity of the heat load did rx:>t seem to 
have 8rr:f effect on the vertical c:xncentration distributions. The highest 
values in the occupied zane were in the 12th ITM (point nr 6) • The maximum 
ooocentration in the occupied zone was in &r:f case lCMer than in the 
exhaust duct. 

Ventilatiai effectiveness 

Table 2 shows the local values of the pollutant raroval effectiveness 
calculated by equation ( 4) fran the en -c:xncentrations. The mean air 
exchange efficiency measured simu1tanebus1y in the exhaust is stn-m on the 
right side of the table. The locations of the points are the same as in 
figure 2. The vertical distances fran the b:>ttan of the hall are in pa
rentheses. 

Table 2. The local pollutant raroval effectiveness in the hall and the 
mean air excl'lanJe efficiency in the exhaust. 

Pollutant raroval effectiveness Mean air exchange efficiency 
location of the measurinJ points (%) 

Case 1(1.0) 2(2.3) 4(3.5) 5(3.8) 6(4.5) * 

1 
2 
3 
4 
5 
6 
7 
8 

>100 13 
90 90 

>100 110 
>100 9.5 

52 4.3 
>100 3.0 

34 34 
100 5.0 

2.0 
3.0 
3.7 
1.4 
1.5 
1.2 
4.3 
1.7 

1.3 
1.8 
2.2 
1.3 
1.2 
1.2 
1.3 
2.1 

1.4 
2.3 
1.6 
1.2 
1.1 
3.0 
1.3 
1. 7 

45 
47 
54 
31 
66 
-- **Students 
60 
-- **Students 

(*) In the brackets the height fran the b:>ttan level in meters 
(**) The measurements were made durinJ the lecture, rx:> data available 

'1he nean air exchange efficiency. In the basic cases 1 and 2 the air 
exchange efficiency was 47% with 25% occupancy and 45% with full occupan
cy. There was sane sl'x>rt-circuiting in the hall. A reduction in the supply 
air rate fran 2700 to 1600 l/s increased the mean air exchange efficiency 
to 60% with 25% occupancy (case 7) and to 66% with full occupancy (case 
5) • In these CCXldi tions the air flow pattern was displacinJ. When the 
supply air rate was decreased to 2200 l/s and the air was supplied only 
fran the £rent side of the hall, the mean air exchange efficiency increa
sed fran 47% to 54% with 25% occupancy (case 3). With full occupancy (case 
4) the system was strc:nJly sl'x>rt-circuitinJ and the mean air exchange 
efficiency decreased to 31%. The difference between high and low heat load 
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in values of the air exchan;e efficiency was rx:>t great in tb:Jse cases 
where air was supplied through four devices. 

Pollutant rellDVal effectiveness. The results show a sharp chan;e in 
the pollutant rennval effectiveness between heights of 2.3 and 3.5 m above 
the bottan level. The pollutant renoval effectiveness decreased when the 
supply air rate was reduced f:ran 2700 to 1600 1/s. The same happened when 
the load was raised f:ran 25 to 100%. 

The values of the air exchan;e efficiency d:> not to explain the 
values of the pollutant renoval effectiveness. Ana1g cases where the heat 
load was high, case 5 had the best value of the air ex~e efficiency 
but the local values of the pollutant renoval effectiveness generally were 
better in cases 1 and 4. With low heat load, case 7 had the best air 
exchan;e efficiency but the local values of the pollutant renoval effecti
veness were poorer than in cases 2 and 3 except in point 4. 

'lhe locaticn of the supply devices 

Two supply air devices were placed in the rear wall of the hall. l'b 
such cases where the vertical height difference between the supply air de
vices is so high as 4.0 m have been reported earlier. The m::ist cx:mocn so
lutions are the supply air devices in the frcnt wall or in the side walls. 
In several cases the supply air devices are IIDUnted close to the floor un
der each seat. 

Vertical air teup::LC&ture distributicn. The vertical temperature 
distributicn in the hall was mainly ccntrolled by the temperature differ
ence between the exhaust and the supply air. Whether 70% or 100% of the 
air was supplied f:ran the f rcnt of the hall did oot seen to have 8fr:1 ef
fect en the vertical temperature difference in the hall. If part of the 
supply air is introduced through the devices at the rear of the hall, ex
cessively high vertical temperature differences may oc.cur between the ank
le and neck lt.vels in the 11th and 12th rows. 

Mean velocities and draught. The air flow f:ran the devices in 
the rear wall easily cause a feelinJ of draught at the right and left hand 
sides of the 11th and 12th rows. On the other hand, if all the air is 
supplied f:ran the frcnt of the hall, draught problems ensue in the 1st 
row even if the total supply air flow is decreased frcm about 2600 to 
2200 l/s. 

Air quality. There was oo significant differenc:e in the pollutant 
renoval effectiveness regardless of whether or mt sc:rne of the air was 
supplied f:ran the rear wall. With low tenperature difference between the 
exhaust and the supply there might be sane risk of short circuit between 
the supply and exhaust air devices because the exhaust air grille is cnly 
1.2 m above the supply air device. In Sll:lke tests, there was sane sh:>rt 
circuit at the rear of the hall. It is oot visible in the results between 
the low and high heat load cases. 
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Conclusiais 

The minimum value for the supply air temperature is 19-20°C. The 
temperature difference between the exhaust and the supply must rx:Jt exceed 
6 K in this case. The design air flow did rx:>t create satisfactory thennal 
CXXldi tiais with full occupancy. With the design air flow the mean veloci
ties were over 0.2 m/s at several points in the hall and the air tempera
tures in the upper part of the hall were over 24°C. The vertical tempera
ture difference between the neck and the ankle was aver 3 K in seats si
tuated between the 6th and 12th rows. 

The mean velocities in the occupied zcne were too high even in the 
middle of the hall. The main re8SCl1S for this were the high air exchal'Y:;1e 
rate and the st:rcqJ air flow over the seats fran the supply to the ex
haust. The full supply air capacity is very rarely needed. A typical load 
is about 50 students duri.IYJ a lecture. Because the temperature difference 
between the exhaust and the supply must rx:>t exceed 6 K, the air flow which 
is required per oocupant is between 10 and 15 l/s. 

The CX> cc:ncentratiais in the occupied zcne were less than they 
WJUld be usihJ ccnventiooal mi.xinJ air distributioo. 'lhe use of demaOO 
coo.trolled ventilation based en 00 ccncentraticn in the exhaust or at 
least 2-3 different supply air ratk acoord.:i.IYJ to the occupancy of the 
hall WJUld help to create draughtless CXDdi tiais dur.in:J low occupancy. 

Duri.IYJ the full occupancy it is possible to improve the the:rmal ooo.
di tiCl'lS in the hall in two ways. Firstly, changing the exhaust air grille 
to a place where the ceiling is highest (over the lecture) cxx.ild decreased 
the air temperatures in the upper part of the auditorium. Secoodly, repla
cing the supply air devices to devices which have larger face area and lo
wer face velocities, cxx.ild lead to lCMer mean velocities when full supply 
air flow is used. '!hat allows increasing of supply air flow over 2600 l/s 
which will decrease the air temperature in the uwer part of the audi to
rium. 'lb avoid unneccessary draught when full air f1ow is rx:>t needed a 
supply air flow of 1000 l/s wcul.d be sufficient during lectures when the 
occupancy is rx:>t IIDre than 50 students. 
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The perfonnance of displacement ventilatioo in a lecture hall was studied 
with eight air flow and load oanbinatiCllS. The measurements CXX1Sisted of 
the vertical teitperature distributicn, velooi ty, CO ococentratioo, mean 
air excharYJe efficiency and pollutant rem:rval effed::iveness. The vertical 
difference between the 1st and 12th rows was 3.5 m. The measuraoonts were 
made both with 100% and 25% oocupancy of the hall. The supply air rates 
were between 1600 and 2700 l/s. DurinJ tlX>Se cases four supply air devices 
were used. When the air was suwlied cru.y fran the frcnt of the hall the 
supply air flow was 2200 l/s. The pollutant renoval effectiveness in the 
occupied zcoe varied fran 1.1 to over 100. The mean air ex~e efficien
cy was between 31 and 66%. With a full load the air ~ature was 20°C 
or less in the lower part of the auditorium and 24-26°C in the upper part. 
With a partial load the thermal CXXlditiCllS were satisfactory if the tempe
rature difference between the exhaust and the supply was less than 6K. The 
supply air "tenperature must be kept at 19-20°C to ensure thenna1 canfort. 




