International Journal of Air-Conditioning and Refrigeration Vol. 10, No. 4 (2002)/pp. 177-183 177

Distributions of Local Supply and Exhaust Effectiveness
according to Room Airflow Patterns
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Abstract

A pulsed tracer gas technique is applied to measure the distributions of local mean age and
local mean residual-life-time of air in a half-scale experimental chamber. The airflow patterns

in the chamber are visualized by a Helium bubble generator for three different exhaust loca-
tions. A supply slot is located at the top of a right wall, and an exhaust slot is at either
bottom-left (Case 1), bottom-right (Case 2), or top-left (Case 3) location. Results show that the
distributions of local mean age and local mean residual-life-time are different from each other,
but both of them are closely related to the airflow pattern in the space. Included are dis-
cussions on explaining the variations of overall room ventilation effectiveness depending upon
airflow rates for three different supply-exhaust configurations.

Nomenclature

ACH : air change per hour
C : tracer gas concentration [ppml]

LMA, : local mean age at point P [sec]
LMR, : local mean residual-life-time at P [sec]

Q . volumetric airflow rate [m®/s]
t : time [sec]
14 . total volume of the room [m®]
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Engineering, Kookmin University, Seoul
136-702, Korea
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Greek symbols
€ . ventilation effectiveness
T, : nominal time constant ( = V/Q)
< > : room mean value
Subscripts
ex : at exhaust

v

. at a point P within a chamber

sup © at supply

1. Introduction

Ventilation is needed to supply fresh outdoor
air to an occupied space and to remove air-
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borne contaminants generated within the space.
In order to quantify ventilation performance, vari-
ous definitions of ventilation effectiveness have
been developed, since Yaglou and Withen'dgem
first introduced the terminology in 1937.

Recently, a concept based on the age of air
proposed by Sandbergm has been widely ac-
cepted. ASHRAE® defined local air change in-
dex and room air change efficiency based on
local mean age and room mean age. Studies
have been conducted to develop experimental
methods® to measure air change efficiency us-
ing a tracer gas technique and to develop num-
erical methods® to predict ventilation perform-
ance by turbulent airflow calculations using com-
putational fluid dynamics.

However, most of the studies have been fo-
cused on the supply of clean ventilation air to
a location in a room rather than the removal of
contaminants generated indoor. There are some
investigations on contaminant removal effective—
ness,(s) but they are mostly involved with the
overall removal characteristics for specified con-
taminant sources. Exhaust effectiveness should
be defined in parallel with supply effectiveness,
both of which should be based on airflow pat-
tern in the space but not on contaminant char-
acteristics.

It is an objective of the present study to in-
vestigate the effect of room airflow pattern on
exhaust effectiveness. The distributions of local
mean residual-life-time and local mean age of
air are measured using a pulsed tracer gas
technique. The results of exhaust effectiveness
based on LMR are compared with those of
supply effectiveness based on LMA. The vari-
ations of overall room ventilation effectiveness
are presented depending upon air change rate
as well as upon different supply-exhaust con-
figurations.

2. Theoretical basis

Local supply index or local exhaust index

can be defined as the ratio of local mean age
of air or local mean residual-life-time of air
compared to the nominal time constant of a
space. The nominal time constant is the space
volume divided by ventilation rate, which is
the inverse of air change rate per hour tACH).

The LMR at a supply means -he tine du-
ration for a contaminant generated at the sup-
ply to reach an exhaust, which has the same
meaning with the LMA at exhaust. 3oth of
them are equal to the nominal time constant
theoretically.

r, = LMA,. = LMR,,, o)

The average of LMR over an entire space is
room mean exhaust effectiveness, which can
be proved to be the same with the roorn mean
supply effectiveness. It is therefore needless to
distinguish supply and exhaust effectiveness in
overall sense. It can be simply termed as ven-
tilation effectiveness.

Tn

2 (LMA>

{er = (2

Tn
2+ {LMR>
where <> means the average value over the
entire space. The ventilation effectiveness is
50% for complete mixing conditions, and 100%
for displacement ventilation conditions.

In order to obtain LMA at a point experi-
mentally, concentration variation needs to be
monitored at the point after a tracer is injected
at a supply. LMR at a point can be measured
by monitoring concentration variation at an ex-
haust after a tracer is injected at the internal
point.

There are three tracer-injection methods to
determine LMA or LMR values, i.e. pulse, step—
up, and step-down. Following equations of (3)
and (4) can be used to compute LMA and
LMR values for a pulse method. Room mean
age or room mean residual-life-time can be
obtained according to equation (5).
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f() t- CS2(t)dt

LMA, = 2 3)
Jo crra
fwt- CE(t)dt

LMRp = 2 )

fo“’ chtyat

fomtz - CE(t)dt
fo CS(¢) dt

{LMA> = {LMR> = G}

where the superscripts indicate tracer injection
locations, whereas the subscripts indicate the
concentration monitoring locations,

3. Experiments

3.1 Experimental apparatus

An experimental chamber used for the pre-
sent study has dimensions of 1.8 mX12mXx0.9
m (LXHXW). There is a supply slot on the top
of the right wall, and an exhaust slot at one
of three different locations, i.e. bottom-left (Case
1), bottom-right (Case 2), and top-left (Case 3).
The supply and the exhaust slots are 0.025m

in width, and supply air discharges horizon-
tally. The ventilation airflow rate is controlled
by a variable speed DC motor of a supply fan,
and is measured using a 49 mm nozzle in the
supply air duct. An exhaust fan is used to
maintain the pressure inside the chamber bal-
anced with atmospheric pressure in order to
minimize infiltration through the chamber en-
velope. The exhaust air from the chamber is
dumped outside the building not to reentrained
into the chamber. The sulfur hexafluoride (SF6)
of 30% concentration is used as a tracer gas.
Using a syringe, 10 mL of SFs is injected into
a polystyrene tube, and the gas is mixed with
a continuous stream of nitrogen.

The diluted tracer gas is injected at a point
in the chamber through a porous sphere of 40
mm in diameter connected at the end of the
tube. A tracer gas detector is a multi-gas mo-
nitor based on non-disperse infra-red (NDIR)
absorption principle. To visualize airflow pat-
terns in the chamber, helium bubbles are dis-
charged into a supply air duct, and a sheet of
light is illuminated through the center of the
chamber. A schematic diagram of the experi-
mental setup is shown in Fig. 1.

He-bubble
Generator
—/—3 Halogen Lamp for Flow Visualization
— 1L } C 1 Mircro -
Mircro - / \ Manometer
Manometer l l
l 2R — l
. €y
Iiection Poi P— IScreen  Nozzle
SFs gas yection Point & upply
Monitor f{  Plenum Supply Fan
To Outdoor Connector

Exhaust Fan Mixing
Box

—/—/

Nitrogen Gas

Fig. 1 Schematic of the experimental setup.
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Fig. 2 Locations of tracer injection or concen-
tration monitoring for LMR or LMA
measurements.

3.2 Experimental procedure

First of all, the ventilation airflow rate is
fixed at 12 ACH. For LMR measurements, tra-
cer gas is injected through a porous sphere at
a point in the chamber and then time-depend-
ant tracer gas concentration variation is mea-
sured at the exhaust. After the tracer gas is
exhausted completely from the chamber, the
injection sphere is moved to another point in
the chamber. The experimental procedure des-
cribed above is repeated for all the internal
points shown in Fig. 2.

For LMA measurements, all the experimental
conditions are identical to the LMR case, but
tracer gas is injected at a supply duct and
then time-dependant tracer gas concentration
variation is measured at the points shown in
Fig. 2.

Room mean ventilation effectiveness is cal-
culated from the concentration variations at the
exhaust. Experiments are conducted for three
different exhaust locations under isothermal room
temperature condition. The airflow rate is varied
in the range of 4-76 ACH.

4. Results and discussions

4.1 Flow visualization

Flow visualization res are shown in Fig. 3
for three different exhaust locations. The air
change rates are 12 ACH’s. For Case 1, the air

supplied in the horizontal direction moves to-
ward the bottom-left exhaust grille in the dia-
gonal direction. The remaining room air forms
two large recirculating flows at top-left and
bottom-right corners.

For Case 2, the air supplied along the ceiling
changes its direction by the opposite wall and
makes a big circulation in the chamber. It can
be noticed that the airflow pattern is quite si-
milar to a complete mixing condition. For Case
3, supplied air is facing directly to the exhaust.

(c) Case 3

Fig. 3 Flow visualization results for three dif-

ference cases.
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The room air is mostly stagnant but with a
slow recirculation due to the viscous action of
the bypass flow.

4.2 IMA and LMR distributions

Fig. 4 shows concentration variations at sev-
eral points after a pulsed injection applied at
supply duct for Case 3. Each curve shows a
rapid increase in concentration initially and an
exponential decay after a peak. The curve at
P8 shows a delay in concentration increase in-
itially, since the point P8 is within the recir-
culation region at the center of the chamber.

To measure LMR distributions, tracer gas
needs to be injected at internal points. Fig. 5
shows concentration variations at exhaust after
a pulsed injection applied at several internal
points for Case 1. Similar to LMA experiment,
each curve shows a rapid concentration in-
crease initially and an exponential decay after
a peak.

LMA and ILMR values are computed from
the concentration curves according to the equ-
ation (3) and (4) for all the measuring points.
Contours of LMA and LMR are plotted in Fig.
6 for Case 1. It can be seen that both of the
distributions are closely related to the airflow
pattern visualized in Fig. 3(a). LMA and LMR
values are large within recirculating zones. But
LMA is small adjacent to supply air inlet and
large adjacent to return air grille, whereas LMR
is small adjacent to return air grille and large
adjacent to supply air inlet. Fig. 7 shows LMA
and LMR distributions for Case 2. LMA and
LMR distributions are similar to the airflow
pattern shown in Fig. 3(b). LMA is relatively
small near ceiling, whereas LMR is small near
floor.

Both of them have large values within a
large recirculation zone at the center.

Fig. 8 shows LMA and LMR distributions for
Case 3. LMA and LMR are small near ceiling,
and are large adjacent to floor.
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Fig. 4 Transient concentrations at various mo-
nitoring points for Case 3.
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Fig. 5 Transient concentrations at exhaust by
various injection points for Case 1.

The airflow pattern, as shown in Fig. 3(c),
indicates there is a large stagnant recirculation
at lower half of the space. The slow air move-
ment is created passively by the injected sup-
ply air along the ceiling. It is considered that
the tracer gas diffused to the lower part of the
chamber cannot be exhausted effectively.

4.3 Room ventilation effectiveness

Room average ventilation effectiveness is ob-
tained from the concentration variations at ex-
haust after a tracer injection at supply accord-
ing to the equation described earlier. Figure 8
shows the room mean ventilation effectiveness
for various air change rates. For Case 1, the
effectiveness decreases as air change rate in-
creases for low ACH's, but remains nearly con-
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Fig. 6 LMA and LMR distribution for Case 1.
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Fig. 7 LMA and LMR distribution for Case 2.

"

v
T

2
3

L. \
::“'\\\/ é»m

0.
0.0 0.2 0.4 0-b 0.8 L.0 1.2 1.4 1-b 1-8
(m)

(a) LMA contour (sec)

(m)
a
T

’P

(m)
(=] (=] e
T =r ‘?

o
i

fé”i\

‘0.0 0.2 0-4 0.6 0.8 J.u 3.2 J.u T b-d
(m)

(b) LMR contour (sec)

o
i

Fig. 8 LMA and LMR distribution for Case 3.

stant for ACH greater than 20 approximately.
The ventilation effectiveness is between 0.4~
0.5, which is similar to a complete mixing con-
dition. For Case 2, as the air change rate in-
creases, the effectiveness increases initially and
decreases slowly afterwards. The effectiveness
remains nearly constant for over 20 ACH as

Case 1. However, the ventilation effectiveness
in Case 3 is significantly lower compared to
Case 1 and Case 2, especially in low range of
ACH’s. It is due to the fact that the supply
jet is facing directly to the exhaust, and that
remaining room air is mostly stagnant buat with
a slow recirculation.
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Fig. 9 Effect of ACH on room mean ventila-
tion effectiveness.

5. Conclusions

In order to study supply and exhaust effec—
tiveness according to airflow pattern, tracer gas
experiments have been performed in a half-
scale ventilation chamber.

(1) The distributions of LMA and LMR show
different characteristics from each other, but
both of them are closely related to the airflow
pattern in the space.

(2) LMA is small adjacent to supply inlet, and
large adjacent to return-air exhaust, whereas
LMR is small adjacent to return-air exhaust,
and large adjacent to supply air inlet.

(3) Compared to Case 1 and Case 2, Case 3
where the exhaust is located at the direct op—
posite side of the supply, shows poor overall
room ventilation effectiveness over the range
of ACH investigated in the present study.

(4) The overall ventilation effectiveness de-
pends not only on supply-exhaust configura-
tions, but also on air change rate.

The concept of local mean residual-life-time
of air can be used in designing the locations
of contaminant sources in a building such as a
smoking zone, whereas that of local mean age
can be used in designing proper distribution of

fresh supply air into an occupied zone.
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