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SYNOPSIS

A computerized portable unit for measuring the ventilation
efficiency by the tracer gas technique is described. The hard-
ware of the unit is designed from readily available equipment.
The software of the unit is menu-driven to be operated by com-
puter non-experts. The software include several analytical
models of ventilation processes and in the present study is
discussed age analysis and the air exchange efficiency. In a
field study the ventilation process of a non-occupied lecture
hall was characterized by the portable unit, and in case of
almost isothermal conditions the measured air exchange effic-
iency was 54% indicating a complete mixing. It is emphasized
that the portable unit may also be used for characterizing the

indoor air pollution.

SYMBOL LIST

Units
A mean age of air h
C generic symbol for concentration pPpm
C(=) equilibrium concentration ppm
C(0) concentration at =0 ppin
C(x) concentration at time « ppm
MO zeroth moment from origin of the ppm h

concentration vs time

M1 first moment from origin of the ppm h2

concentration vs time
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m amount of tracer gas released as a pulse m3

NO zeroth moment from origin of the complemen- h
tary normalized concentration vs time
Nl first moment from origin of the complemen- h

tary normalized concentration vs time

q flow rate of tracer gas m3/s
Q0 flow rate of air m3/s
VvV  volume of a room m

Greek symbols

T time h
L time constant of a ventilation system h
Tp the "local time constant” of a point p h
T given time interval h
ea air exchange efficiency

B off-set

Subscribts and other symbols
e refers to the exhaust air

p refers to an arbitrary point p

< > refers to the room average
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INTRODUCTION

A common technique for ensuring an acceptable indoor air

quality and thermal environment is mechanical ventilation. A
number of ventilation system designs are in common use, and
qualitatively the pattern of airflow can vary from one extreme
(short circuiting) to the other extreme (displacement flow).
Between these extremes is perfect mixingl.
A proper air distribution in a room is essential, and the con-
cept of age distribution is useful in the quantification of
mixing and flow in a confined space. For this purpose the
experimental impulse-response tracer gas technique is well
establishedz, and by the present study is reported details of a
portable computerized unit3 using this technique for measuring
and modelling the ventilation process in a room. Some of the
analytical models included in the software of the portable unit
are the age distribution of the air in a room, the ventilation
efficiency, the air exchange efficiency, the air change rate,
and airflows of a two compartment model. In the present study.
however, 1is included only details of modelling and estimating
the age distribution of air and the air exchange efficiency.
The unit is designed to allow an easy characterization of the
ventilation process in a room, which finally is illustrated by
an example,

THE PORTABLE MEASURING UNIT

For the purpose of documenting a ventilation process by the
tracer gas approach a detailed experimental procedure is re-
quired, including a proper strategy for injecting the tracer
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gas. adequate hardware for measuring the tracer gas concen-
tration vs time, and finally an analytical modell for the in-
terpretation of the data obtained. As previously reported2
common strategies for the injection of the tracer gas are
constant release (step-up), decay (step-down) and the pulse
injection mode. In the present study the equipment for the
injection of the tracer (SFG) is a release directly from a
compressed gas cylinder and controlled by a needle valve and a

calibrated rotameter to an accurac:y3 of +/-3%.

The hardware of the highly automated unit (fig. 1) is de-
signed from readily available equipment4. By gas tight pumps
air from up to 8 sample lines (25m length, 10mm i.d. tygon
tubing) are continuously sucked through the sample lines and
the manifold of 3-way solenoid valves, and air from each line
is sequentially delivered to the gas analyzer at a flow of 33
1/min. The present gas analyzer is an IR-analyzer (MIRAN 80,
Foxboro Analytical) with a time constant of 9.6 sec at a 33
1/min sampling rate. During an experiment the sequence of oper-
ations and the data acquisition is run by a portable IBM-com-
patible computer (COMPAQ 286). Continuously upgraded test re-
sults are displayed on location.

Multipoint—
Personal
Pumps sampler
Computer IR—analyzer _
I ——
2
— 3
- 4
! ] Y
I E— A—
L ] ! —_—y
Plotter Printer L 8
¥ Sampling
positions

Fig. 1. The multipoint tracer measurement equipment.
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The software running the outlined hardware is designed to

be menu-driven and to be operated by computer non-experts. The

two
syst

main menues of the software are entitled setting up the
em and modelling, respectively. Some major points in set-

ting up the system include preselecting of

unti

are

THE

the tracer gas to be used: the software may contain the
calibration curves of up to 9 different gases. In the pre-
sent study SF6 is used, the calibration ranging 0.2-50 ppm

with an accutacy3 of +/-2.5%.

the gas analyzer to be used: a digital or an analog output
is accepted, and one sample line may, if needed, contain a
span gas for an automatic correction of a possible drift in
the baseline of the analyzer.

the measurement cycle: usually a 45 sec step period of the
sequential sample line scanning is used ensuring a 1% maxi-
mum bias in data due to an insufficient purging of the
present gas analyzer.

the number of sample lines to be used: each line may be
described by a 40 character free text.

When the system has been set up measurements are running

1 a manual stopping procedure is applied. All data obtained
stored on a disk for the subsequent modelling.

ANALYTICAL MODEL

The modelling software menu include several analytical

models, but in the present study is only discussed the mean age

of air and the air exchange efficiency. By definition6 the air

exchange efficiency <ea> is computed by the equation

<e >
a

= Tn/2<A> (1)
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3.1

where L is the nominal time constant of the wventilation
system and <A> is the mean age of air.

The analytical model of the mean age of air depend as out-
lined below on the applied strategy for the tracer gas injec-
tion.

Tracer decay technique

Using the tracer decay techniqﬁe the mean age of air (<A>)
within the room and the local mean age of air (AP) at a point p

can be computed using the equationszz

B> = Q/V [or C, (x)/C (0)dr, and (2)
A, = IOCP(T)/CP(O)d‘t (3)

where C(t) is the tracer gas concentration at time x, and C(0)
is the concentration at +=0. Subscript e refers to the exhaust
air, and subscript p to a point p. V is the indoor volume, and
Q0 is the exhausted airflow. For convenience the zeroth moment
of the measured concentration vs time about the origin is
denoted MO, where2

MO = [SC(x)dx (4)
Likewise the first moment is denoted M1, where?
ML = [Tt C(x)dx (5)

Assuming a complete mixing at + = 0, it is noted that

MOe = (V/Q) Ce(O) (6)
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3.2

3.3

Substituting equation 4.5 and 6 into equation 2 and 3 the mean

ages may be expressed as follows3:

<A>

Mle/MOe. and (7N

3
il

8
b MOP/CP(O) (8)

Tracer pulse technique

Using the technique of delivering a tracer pulse by the
supply air the mean ages mav be computed using the equationsg:

B> = [or Ce(r)dr/ffbe(r)dr = M1 /M0, and (9)
A = [2rC (0)d/[S C (x)dr = M1_/MO 10
D Jor p(r) </f, p(t) T P/ 5 (10)

If m is the amount of tracer gas released as a pulse it is
noted that m = Q MOe.

Tracer step—up technigque

Delivering the tracer by the supply air and using the step-
up technique the mean ages of air can be computed using the

equation55
<A> = Q/V [or (1-C_(x)/C (=))dr, and (11)
Ap = Io(l—Cp(T)/Cp(m))dt (12)
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where C(w) is the equilibrium concentration., and Ce(w) = q/Q
where q is the flow rate of the tracer gas. Two quantities NO

and Nl are defined for convience as follows:

NO

it

I5(1-C (1) /C(=))dr, and (13)

N1

I2 © (1-C(x)/C(x))dr (14)

Normalizing the measured concentration to C(») it is noted that
the quantities NO and N1 are the zeroth and the first moment
about the origin of the complementary normalized con-
centration vs time, respectively. It is noted4 that the nom-

inal +time constant T, of the ventilation system may be
obtained by

t_=V/Q = NO (15)

By substituting equation 13,14 and 15 into equation
11 and 12 the ages may be computed as follows:

<A>

Nle/NOe. and (16)

A = NO_, 17
D b (17)

ESTIMATING THE PARAMETERS

In the field the sampling period of an experiment may often
be restricted so the measured concentration vs time is obtained
only for a given time interval t_,. Theoretically, however, an
integration of the concentration vs time is needed for t»«. By
the menu-driven software of the present study this integration
over the interval 0<i<o may be approximated firstly by
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curvefitting, secondly by integrating the extrapolated fitted
curve. When using the tracer decay or the tracer pulse
technique the fitting of the data obtained from a point p is by
the function Cp(r) = C exp(—r/rp). where ™ is a "local time
constant”. When using the tracer step-up technique the fitting

is by the function
C = C (o) (1- =(+ 1
p(T) LP( Y(1-exp(-(x Bpr)/Tp)) (18)

where Bp is a possible off-set. In case of no off-set it may
benoted that -cp=NOp. otherwise Bprp indicate a delay in the
stimulus-response relationship of the experiment. As an option
of the software the moments mentioned may also be estimated on
only a preselected time interval within <, in case of an
unacceptable low coefficient of regression of the fitted

function.

TEST RESULTS

In a field study the ventilation process of the non-occu-
pied lecture hall (V = 400m3) shown in fig. 2 was character-
ized by the tracer step-up method. The nominal flow rate of the
balanced mechanical ventilation system (supply/exhaust) was Q =
0.22m3/s and the air temperature of the supply air was 20.0° C.

6m3/s) in the supply

The tracer gas was delivered (q = 5.3 107
duct, and the concentration vs time was sequentially (45 sec
step period) measured at 5 different points (No. 2-6) in the
room, and at a point (No. 1) in the exhaust duct. Additionally

the air temperature was measured at some of the points.
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Fig. 2. The lecture hall where the test was carried

out.

As an example the measured concentration vs time at point
No.3 is plotted in fig 3. In the plot is also shown the func-
tion fitted to the data. For each of the points measured the
estimated parameters of the fitted function are listed in table
1 as well as the estimated moments NO and N1.
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Fig. 3 Step-up test in point No. 3.

Point'Cp(w) rp Bp Tpo R NOp Nlp Rir
No. ppm h h a) h temp°C
1 26.4 0.51 0.094 0.047 0.982 0.56 0.29 21.0

2 24.0 0.34 0.004 0.002 0.854 0.34 0.11 20.8

3 26.0 0.36 0.004 0.002 0.975 0.37 0.13 -

4 25.7 0.48 0.054 0.025 0.957 0.50 0.24 21.3

5 26.6 0.44 0.048 0.021 0.985 0.46 0.20 -

6 27.4 0.42 -0.114 -0.048 0.954 0.38 0.16 -

Table 1. Estimated parameters of a tracer gas step-up

field study. a: coeff. of regression.
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From table 1 the mean age of the air in the room is calcu-
lated (point No. 1) as <A> Nle/NOe = 0.51 h, and the
exhausted flow rate of air is estimated to be Q = q/Ce(m) =

0.20 m3/s. The time constant of the room is estimated to be ™
= NOe = 0.56 h. The air exchange efficiency is estimated to be

= NO2 -
<€> = NOe/2 Nle = 0.54.

DISCUSSION

The approach of age analysis in characterizing the venti-
lation process has mainly4 been used in small spaces with
relatively simple geometry and ventilation arrangement. Test
results are available from experiments in the laboratoryz, and
as recently reported6 the approach may also be useful in field
studies, including large spaces. The results of the pre- sent
field study were obtained in a non-occupied room at near
isothermal conditions with a temperature difference between
supply and room of less than 1.3° C. The time constant of the
room was estimated to be 0.56 h. At positions within the room
the estimated "local time constant” ranged 0.34-0.51 h. As
listed in table 1 the estimated delay of the stimulus-response
relationship of the experiment ranged (-0.048:0.047 h) causing
a difference ranging 0-0.05 h between i and NO . wWithin the
room the estimated local mean age of air ranged 0.34-0.50 h,
and the mean age of the exit air was 0.56 h. On the average the
ventilation process of the non-occupied room may be charac-
terized as almost complete mixing, the estimated air exchange
efficiéncy being 54%. This conclusion, however, may not be
valid for the occupied room due to convective currents from
people. Finally it is emphasized that the portable unit may

also be useful in documenting the indoor air pollution.
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CONCLUSION

A portable computerized unit is described for documenting

the ventilation process by the approach of age analysis. The

software of the unit is menu-driven, designed to be operated by

computer non-experts. By the portable unit the air exchange

efficiency of a non-occupied mechanically ventilated lecture
hall was estimated to be 54%.
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