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Abstract

The two purposes of a building ventilation system are (1) 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. ADPI 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.
ADPI 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.

Intr ion

Ventilation systems in the United States are designed to recirculate air at rales
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
25 to 10 Vs - person (1) which for an occupant density of 7 occupants/100 m2
i 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 outside 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 to 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 heatling mode under recommended minimum ventilation rates for an office
space (1).
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Ventilati M

Nominal Ventilation Rate. The nominal
rate is defined as the rate at which outside air is
by the volume of the indoor air space. The nominal ventilation rate is the most
frequently cited building ventilation parameter and is commonly used in terms of
air changes per hour (h-1). The nominal ventilation rate may be computed
directly from measurements of the volumetric flow rate of outside air entering
the building and dividing by the volume of the indoor air space. In buildings
where all of the outside air enters through the outside air inlet of the ventilation
system the outside air flow rate is measured using routine air velocity scans
across the face of the air inlets. Other potentially significant sources of
ventilation such as duct leakage and infiltration are not detected with this
technique. Using either tracer gas decay or consiant injection techniques the
nominal ventilation rate may be computed from the exponential rate constant in
the latter part of the test or the inverse
air stream. The nominal ventilation rate, N,
state indoor tracer concentration, Css,

ventilation rate or air exchange
delivered to the building divided

N=Q/V = Q/(Cy- V) (1)

where: Q = the total flow rate of outside air to the building.
V = the volume of the indoor air space.
QT = the volumetric flow rate of pure tracer.

Local Ventilation Rates. While the nominal ventilation rate provides
information regarding the total amount of outside air entering the building it
provides no information regarding the distribution of ourside air within the
building. Tracer gas techniques have been employed to measure local ventilation
rates which reflect the actual delivery rates of outside air to specific indoor
locations . These techniques follow from concepts developed in chemical reactor
engineering as applied to building ventilation systems using age distribution
theory (5). Local ventilation rates as reported from a tracer gas decay test are
calculated as the recipricals of the local ages of air, Aj:

nio = G0y = 1 (2)
S$Ci(y dt Aj
where: nj = the local ventilation rate at location j ( bl

Ci(t) = the tracer concentration at location i at time t.
Ci(0) = the perfectly mixed initial concentration

For a constant tracer injection test this same equation may be used provided the
concentrations are transformed by subtracting the measured concentration data
from the final sieady state indoor concentration.

Ventilation Effectiveness. Ventilation effectiveness or efficiency is a
relative performance parameter which compares the actual delivery rates of
outside air to the indoor space to those projected for the reference case of perfect
mixing. Since for the case of perfect mixing the ventilation rate is the same
everywhere and equal to the nominal ventilation rate, Q/V, the local ventilation
effectiveness is calculated as the ratio of the local ventilation rate to the nominal
ventilation rate. Ventilation effectivenesses may vary from much less than one

for a short circuiting air flow pattern to much greater than one for a plug flow
pattern.
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. The room used for these tests, depicted in Figure 1, is a 464 m
unoz::p(;:i oﬂt;ce suite with a ceiling height of 2.85 m, and_a n?( air .space volufne
(less partitions and furnishings) of 127.8 m:f. The constuction is ly;:cal_ lg{ offlc:
spaces in the United States. The floor is a light concrete slab cove:l'lc wi ca!'plel.
the ceiling and walls are constucted of gypsum board, and .the_wafs are panu:zur:
finished with wood paneling. A suspended ceiling of acoustic ules‘ orpfnts_ are :
air plenum for the wventilation system an_d supports the supply a;r :1 use;s fanr
flourescent light fixtures. Office furnishings _consisted of four essf ;n 0:1
chairs. A floor to suspended ceiling wall partition seperated a portion of the room.
The windows were not operable and the doors were lape.d shulifor xh_e tests. "
Ventilation System. The ventilation system serving this ofhge suite Is‘de
recirculating constant volume, gas heated, freon cool;d. roof top un;‘t. An ‘i‘i"ls' :
air inlet is connected to the return air duct. There is no ducted ex ;a:ust ou eu;sts
configuration popular with this type of l!ghl comm_crcnal equipment, i‘lor ox:rl. =
we used a 3000 wan fixed output electric heater in pl_ace of the lt ermnsau: ey
controlied gas-fired heater so as to avoid mo«:lulauons in the.: supply ;:mpfr; ut;u;
We divorced the system from two occupied adjacent office smltes and t‘ 1rot_lze #
fan discharge to establish a total air circglmion rate of _135 1829 ; sim ')I;:t i:
attatched a 3.1 m length of 10.2 cm diameter PVC pipe to the out';lhe mrdil?ferem
order to mix the tracer gas in the outside air stream. rcl:e B ik
supply/return configurations were evah_lal‘ed as depicted in F:g.t;;e . .
configuration tested was that of the existing system, a ceiling di userhsgzphy s
a ceiling plenum return. The supply air was delivered to thg _room throug o
61 x 61 cm four-way diffusers mounted in the suspended ceiling. The hretur A
circuit consisted of a single high wall cu(lst exhausnng.an from the ce!I! g
plenum space created by the suspended ceiling. Room air .enle]'ed I;Z cei :‘x;nlf
plenum through a single 61 x 61 cm_perforalcq exhaust grill msla_re in :
suspended ceiling. The second configufanon consisted of an open ;‘.en mgu.I suggu{
and a low wall point exhaust. We dtsconnec}e.d the supply ducts ]r‘omf e 08
diffusers and allowed the air to exit the ceiling plen}xm _lhrqugh the (él:l;. gpl
spaces left after removing the diffusers. The return air circuit wafs Zg'lo neb vc;
take air from a single point in the corner o!’ the toom at a l_mghll o ¢ cm ah? :
the floor. The third configuration was a high wall supply jet directe dat ad 1§e
wall point exhaust. We closed off three of t_he four supply gluczs an us; B
remaining one as a 20 cm high wall su]?p.ly jet. The return air wahs moveI A
point on the wall under the suspended ceiling dnr_ecuy across from the dsupp)_r j ’a
Experimental Protocol. Ventilation effectiveness was measure u‘sn‘ng‘d
constant injection tracer gas technique. Su!fur ‘he_xaﬂoundc gas was‘ u:)jfeclgo
upstream in the PVC pipe attatched to the outside air inlet at a c!onsmnzzora: it
ce/min. A pump and manifold system Tas u];sed to 1s;.fcu;:ierntl‘:l‘llz'le::ci Ise:t A cmuin agir

s of air from the outside air inlet, the supp ¢ . y
::IZ\E'CRA.rand five different room locations, S1-85, at a height of 109d_t;;n ab:)vrinx‘l;:
floor (seated breathing heightg‘. chen_szxem{)le‘.svhi\:':;remzt:l};cngtiﬁt 1hle e:rc:c" it
location during the experimen ) | 1S
f:gonr:en:raacl}ilon in the toon? was equal to the concentration in l:e fsu;:u:»lly;mael:
stream ( typically 3-4 hours). The s_arnples were analyze . (:Arl s
concentration using a gas chrom:toiraph with a:lc:Ix:tc::ionus‘i::gm:}c:e :t‘::dc;'.sme
nominal ventilation rates reporte ere were ¢ e A
i ntration data as described in equation (1), The lof:al ventilation ra
::goz:mf::::itfmm equation (2) using transformed dat_a. The integral in :&:g::gz
(2) was evaluated numerically assuming an exponential change mh conctarchers
between data points. Following the tracer gas measurements the rescd i
entered the test room and simultaneously measured one-minute time averag
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=2 ds ez 18, £l 107, add 168 om zbowe the figor ezzh of the
four indoor locations labeled S1-S4. ADPI was computed using an acceptable draft
temperature tange of -1.7 to 1.1 °C (2). We conducted a total of five tests of
ventilation effectiveness: Tests H1 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 HS5 was a single test of the high wall
supply/ return configuration. ADPI measurements were obtained once for each
cozfiguraticn

=)

The nominal ventilation rates ranged from 1.25 h-1 for tests H1 and H2 to 1.38
h-1 for test HS. 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-! for
a point in the supply air duct to 1.05 to 0.77 h-! for points in the occupied zone (Si-
S4). The ventilation effectiveness as determined from the average of the four
local ventilation rates measured in the occupied zone ranged from 0.57 for test HS5
to 0.76 for test H3. ADPI measurements ranged from 81 to 94 %.

Table 1: Ventilation and ADPI measurements for three supply/return
configurations of a constant volume system ( @ 33% outside air ) in a steady
heating mode.

Test H1 H2 H3 H4 H5
Configuration 1 1 ) b) 3
Location Local Ventilation Rates (h-1)
SA 2.79 1.91 1.68 2.02 1.45
RA 1.83 1.43 1.16 1.27 0.87
S1 0.90 0.80 0.93 0.82 0.81
S2 0.87 0.82 0.92 1.00 0.79
S3 1.05 0.84 1.05 1.04 0.79
sS4 0.83 0.86 0.94 0.96 0.77
S5 1.18 0.88 1.18 1.25 0.80
Occupant Zone
ave.(S1-S4) 0.91 0.83 0.96 0.96 0.79
Nominal Rates
QV_(hl) 1.25 1.25 1.26 1.32 1.38
Ventilation
Effectiveness 0.73 0.66 0.76 0.73 0.57
Temp. Diff. (°C)
SA-Room avg 8 13 8 8 9
ADPl (%)
Measurements - 81 94 - 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 circuiting 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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Ei Capti

Figure 1. Floor plan of office space depicting locations of measurement locations
and supply and return air ducts.
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Measurement locations: SA outlet, RA inlet, S1-5 at 109 cm above the floor

HVAC Configuration: 1 2 3
Supply air: 4 ceiling diffusers 4 ceiling openings 1 high wall jer
Return air: I ceiling panel 1 low wall point 1 high wall point
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