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Abstract 

The two purposes of a building ventilation system are (I) to remove indoor 
contaminants and (2) to provide thermal comfort. Ventilation effectiveness is 
measured using tracer gas techniques and age distribution theory to compare the 
actual delivery rates of outside air at specific locations to those projected for the 
case of perfect mixing. ADP! is a thermal comfort parameter which compares the 
effective draft temperature as determined by dry bulb temperatures and air 
speeds to acceptability criteria established by ASHRAE. Three different 
supply/return configurations were evaluated for a recirculating constant volume 
system in a steady heating mode under standard conditions for an office space . 
Ventilation effectiveness ranged from 0.57 to 0.76 at points in the occupied zone. 
ADP! measurements ranged from 81 to 94 %. Short circuiting of supply air to the 
return air- inlet was evident in tests of each configuration. More research is 
required to characterize the performance of existing systems and develop more 
effective ventilation strategies. 

Introduction 

Ventilation systems in the United States are designed to recirculate air at rates 
of 4 to 10 air changes per hour in order to satisfy internal cooling loads and 
provide acceptable thermal comfort. The flow rate of outside air required to 
remove indoor contaminants is often set at recommended minimums as a result of 
energy considerations. These recommendations follow from tests and calculations 
which are based on perfect mixing of indoor contaminants and outside air. The 
recommended minimum flow rate of outside air for an office space ranges from 
2.5 to 10 l/s · person (I) which for an occupant density of 7 occupants/100 m2 
translates into - 0.2 to 0.8 air changes per hour or between 5 and 25 % of the total 
air circulation rate. While this relatively high rate of air circulation to out,ide air 
flow suggests that the delivered outside air should be well mixed with the indoor 
air the few tests conducted to date (3,4,5) indicate that the actual delivery rates of 
outside air to points in the occupied zone may be substantially less than those 
projected assuming perfect mixing. The effectivness of a ventilation system to 
deliver outside air lo the occupied zone of a building is effected by a number of 
variables including the configuration of the supply/return air circuits, the rates 
of air circulation and outside air flow, the mode of operation (e.g. cooling, 
heating), and the presence of interior partitions. In this paper we compare 
measurements of ventilation effectiveness and thermal comfort for three 
supply/return configurations of a recirculating constant volume system in a 
steady healing mode under recommended minimum ventilation rates for an office 
space (I). 



where: 
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Vcnrjla1jon Mcasuremen15 

N - Q!V - Qrt(Css· V) (I) 

Q = the total flow rate of outside air 10 1he building. 
V = the volume of the indoor air space. 

QT = the volumetric flow rate of pure tracer. 

. ~Local Venrilalion Rates. While the nominal vemilation rate provides 
in or_ma1ion re.garding the total amoun1 of outside air enrerin 
Pr<_>v1_des no information regarding the distribut ion of oUl'sid~ ~; ~~:~~~"£th~ 
building. _Tracer gas techniques have been employed to mea·. ure 

h h n ' local \•en tilntion 
~~~:~io:s tc T~:s:c~e:~~iq~~~uaflolldoelivefry rates of outs ide air ro specific indoor 

. . · w rem concepts developed In che · 1 
engineering as applied to b "Id ' .1 . mica re ac tor 
theory (5). Local vemila(ion ~:te;n!s vr:;~r~~~onfros~stems usi ng age distribution 
calculated as the recipricals of I.he local ages of air. Ai ~ tr<icer ga decay test arc 

where: n; 
Ci(t) 
C;(O) 

n; - !:.i.(.(U 
Sci<t> dt 

l. 
A; 

(2) 

= the local ventilation rate at location i ( h-1) 
• the tracer concentration at location i at time t. 

• !he perfectly mixed initial concentration 

For a constam tracer injection test this sam_e equation may be used provided the 
concentrations are transformed by sub1rac11ng the measured concentrati"on 
from the final steady state indoor concemra1ion. dara 

1 
".enlilation Effectiveness. Ventilation effectiveness or efficiency is a 

re a~1ve _performance parameter which compares the actual delivery rates of 
o~ts.1de a~. to the indoor space to those projected for the reference case of perfect 
mixing. mce for the case of perfect mixing the ventilation rate is the same 
e;try'!'here a?d equal to the nominal ventilation rate, Q/V, the local ventilation 
e e~uv7ness is calcul~ted_ as the ratio of the local ventilation rate to the nominal 
venulat1on rate. Vent1lat1on effectivenesses may vary from much I h 
for a short · ·t" · fl ess t an one 

c1rcu1 ing air ow pattern to much greater than one for a plug flow 
pattern. 
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Experimental 

Room. The room used for these 1es1s, depioted in Figure I, is a 46.4 m2 
unoccupied office sui1e wi1h a ceiling height of 2 .85 m, and a net air space volume 
(less panitions and furnishings) of I 27 .8 m3 . The constuction is typical of office 
spaces in the Uni1ed States. The floor is a light concrete slab covered with carpet, 
the celling and walls are constucted of gypsum board, and the walls are partially 
finished with wood paneling. A suspended ceiling of acoustic tiles forms a return 
air plenum for the ventilation sy.stem and supports the supply air diffusers and 
flourescent light fixtures. Office furnishings consisted of four desks and four 
chairs. A floor to suspended ceiling wall partition seperated a ponion of the room. 
The windows were not operable and the doors were taped shut for the tests. 

Venlilation System . The vemilation sys1em sen•ing this office suite is a 
rccircula1ing constant volume, gas he·ated, freon cooled, roof top un it. An outside 
air inlet is connected to the return air duct. There is no ducted exhaust outlet, a 
configuration popular with 1his type of ligh1 commercial equipment. For our tests 
we used a 3000 wau fix-ed output eleccric heater in place of the thermostatically 
controlled gas-fired heater so as to avoid modulations in the supply temperature. 
We divorced the system from two occupied adjacent office suiies and throttled the 
fan discharge to establish a total air circulation rate of 135 I s-1 ( 2.9 I s-1 m ·2) . We 
attatched ·a 3.1 m length of 10 .2 cm diameter PVC pipe to 1he outside air inlet in 
order to mix the tracer gas in 1he oucside air stream. Three different 
supply/return configurations were evaluated as depicted in Figure I. The first 
configuration tested was that of the existing system, a ceiling diffuser supply and 
a ceiling plenum return . The supply air was delivered to the room through four 
61 x 6 l cm four-way diffusers mounted in the suspended ceiling. The return air 
circuit consisted of a single high wall outlet exhausting air from the ceiling 
plenum space created by the suspended ceiling. Room air entered the ceiling 
plenum through a single 61 x 61 cm perforated exhaust grill installed in the 
suspended ceiling. The second configuration consisted of an open ceiling supply 
and a low wall point exhaust. We d.isconnected the supply ducts from the four 
diffusers and allowed the air 10 exit the ceiling plenum 1hrough the four open 
spaces left after removing the diffusers . The r1:•urn air circuit was modified to 
take air from a single point in the corner of the Toom at a he.ight of 28 cm abo,·e 
the noor. The third configuration was a high wall supply jet directed at a hi-gh 
wall point exhaust. We closed off three of the four supply ducts and used the 
temaining one as a 20 cm high wall supply jet , The return air was moved to · a 
point on the wall under the suspended ceiling directly across from the supply jet. 

Experimental Prolocol. Ventilation effectiveness was measuied using .a 
cons1ant injection tracer gas technique. Sulfur hexanouride gas was injected 
upstream in the PVC pipe attatched 10 the outside air inle t at a constant rate of 180 
cclmin. A pump and manifold system was used to sequential)• collect 20 cc s.yringe 
samples of air from the outside air inlet , the supply air outlet, SA , 1he return air 
inlet, RA. and five different room locations. Sl-S5, at a height of 109 cm above the 
floor (seated breathing height) . Seven s"amples were collected at different times 
from each loca.tion during the experiment which lasted untill the tracer gas 
concentration in the room was equal to the concentra ti on in th·e supply air 
stream ( typically 3-4 hours). The samples were analy'l'ed for tra cer 
concentration using a gas chromatograph with an electron capture detector. The 
nominal ' ' entilation rates reported here were calculated using the steady s1ate 
indoor concentration data as described in equation (I) . The local ventilation rate 
are computed from equation (2) using 1ransformed data. The integral in equation 
(2) was evaluated numerically assuming an exponential change in concentration 
between data points. Following the cracer gas measurements the researchers 
entered the rest room and simultaneously measured one-minute time averaged air 
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four indoor locations labeled S l-S4. ADPI was computed using an acceptable draft 
temperature range of -1.7 to I. I o C (2). We conducted a total of five tests of 
ventilation effectiveness: Tests HI and H2 were repeat tests of the existing ceiling 
supply/return configuration, Tests H3 and H4 were repeat tests of the ceiling 
supply/floor return configuration, and Test H5 was a single test of the high wall 
supply/ return configuration. ADPI measurements were obtained once for each 
cc~fig:.::2ric~ 

Results and Conclusions 

The nominal ventilation rates ranged from 1.25 h-1 for tests H 1 and H2 to 1.38 
h-1 for test H5. The nominal ventilation rates were not determinable from 
measurements of the flow rate into the outside air inlet since the steady state 
tracer gas concentrations in the supply air and room were approximately 80% of 
the concentrations in the outside air inlet suggesting 20% leakage of outside air 
into the return ducts. The local ventilation rates ranged from more than 2 h-1 for 
a point in the supply air duct to 1.05 to 0. 77 h-1 for points in the occupied zone (S l­
S4). The ventilation effectiveness as determined from the average of the four 
local ventilation rates measured in the occupied zone ranged from O.S7 for test HS 
to 0.76 for test H3. ADPI measurements ranged from 81 to 94 %. 

Table I: Ventilation and ADP! measurements for three supply/return 
configurations of a constant volume system ( @ 33% outside air ) in a steady 
heating mode. 

Test 
Configuration 

Location 
SA 
RA 
SI 
S2 
S3 
S4 
SS 

Occupant Zone 
avg.(S 1-,54) 
Nominal Rates 
QJ.V (h" 1l 
Ventilation 
E[fi:i;Ji YJ:DJ:SS 

Temp. Diff. (OC) 

St.-BQQm ave 
ADP! (%) 
M~asl.!r~rn~nts 

HI H2 
I ) 

Local 
2.79 1.91 
1.83 1.43 
0.90 0.80 
0.87 0.82 
I.OS 0.84 
0.83 0.86 
l.l 8 0.88 

0.91 0.83 

1.2S 1.25 

0.73 0.66 

8 13 

81 

H3 
2 

Ventilati~n Rates 
1.68 
1.16 
0.93 
0.92 
1.05 
0.94 
1.18 

0.96 

1.26 

0.76 

8 

94 

H4 
2 

(h-1) 
2.02 
1.27 
0.82 
1.00 
1.04 
0.96 
l.2S 

0.96 

1.32 

0.73 

8 

HS 
3 

1.45 
0.87 
0.81 
0.79 
0.79 
0.77 
0 .80 

0.79 

1.38 

0.57 

9 

88 

The local ventilation rates measured for three configurations of an office 
ventilation system were between 57 and 76 % of those projected from the nominal 
ventilation rate which presumes perfect mixing of outdoor air with indoor air. 
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Short circu1trng of supply air to the return air inlet is apparent in each of the 
configurations tested. Much more research needs to be done to determine the 
ventilation effectiveness of existing designs so that ventilation engineers may 
knowledgeably compensate for ventilation ineffectiveness. Such research also 
holds forth the promise of developing more effective ventilation strategies. 
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Fj~ure Captions 

Figure l. Floor plan of office space depicting locations of measurement locations 
and supply and return air ducts. 
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Measuremenr JocarJons: SA outlet, RA inlet, Sl-5 at 109 cm above the floor. 
HVAC Configuruioo: I 2 3 

Supply air: 4 ceiling diffusers 4 ceiling openings high wall jet 
Re1uro air: I ceiling panel I low wall poinr I high waJI point 


