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SYNOPSIS 

Measurement of air exchange rates, ages of air, and 
~~minal and local veniilati6n efficienciies in large buildings 
is often complicated by the building size and 
compartmentalization, and by the presence of multiple 
ventilation systems. To allow characterization of the 
ve.ntilation process in such buildings, a unique experimental 
system, that employs multiple tracer gases, is being developed 
at Lawrence Berkeley Laboratory. The tracer gases are sulfur 
hexafluoride and five halocarbons .. The system is designed to 
be non.- obtrusive, highly automated, and relatively easy to 
install in buildings. .Included in the system is a 
programmable tracer-gas injector that automaticaliy initiates 
and termi.nates the process of tracer injection. One injector 
will be used for each tracer gas. Another component of the 
system is a programmable sampler that collects up to 15 small 
samples of air; these samples can·be stored and analyzed at a 
later. time in the laboratory. One sampler will be placed at 
each sampling location. Because each tracer gas injector and 
sa~pler is a. stand-alone device, long runs of tubing are not 
requ~red to inject.tracer or take samples. The concentrations 
of , tracer gas in the samples are determined using a gas 
.c_hromatograph with an electron capture detector. 

This paper first provides background information on the 
ventilation of large buildings and a discussion of age of air 
and ventilation efficiency. Various tracer gas techniques are 
briefly reviewed and equations to analyze the tracer gas data 
from the step-up and decay techniques are presented. The 
experimental system is described in detail and the results of 
two tests of system performance are presented. In these 
tests, four of the six tracer gases yielded the same result 
(i.e., air exchange rate, age of air, or ventilat~on 

efficiency) within approximately 15 percent. In an experiment 
conducted in a well-mixed test space, these four tracer gases 
also yielded an air exchange rate, or age of air, that 
differed by no more than 12 percent from a reference 
measurement made with an orifice plate flow meter. Further 
work is required to increase the accuracy of our measurements 
with the other two tracer gases. 

1. INTRODUCTION 

1.1 Ventilation Systems 

Large buildings almost always contain a mechanical 
ventilation system and some also have provisions for natural 
ventilation (e. g., openable windows). Uncontrolled 
infiltration (air leakage) can also be significant in these 
buildings. Several independent or semi-independent mechanical 
ventilation systems may be present in a single building. A 
number of ventilation system designs are in common use; only 
features that are common in many of these designs and that are 
especially relevant to this paper are described here. 
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_ Jhe airflow configuration of a typical large-building 
ventilation system is shown in Figure 1. The air supplied to 
the building is generally a mixture of outside air and a 
larger amount of recirculated air. Yhen heating or cooling 
loads are high because of high or low outdoor temperatures, 
the entry rate of outside air may be adjusted to a minimum 
value in order to save energy. Conversely, when outdoor air 
is at a temperature that makes it useful for cooling, the 
supply air may be entirely outdoor air. The position of the 
three major dampers in the system, which determines the flow 
rates of outside air and exhaust air, is regulated 
automatically in response to thermal loads and outdoor 

.temperature. Some ventilation systems also contain variable 
air volume (VAV) control units, which regulate the flow of 
supply air out of a group of supply diffusers in response to 
thermal loads ln the region s-erved by the diffusers. 

It is important to recognize that actual ventilation 
systemsare much more complex than indicated by the simple 
diagram in Figure 1. Actual systems generally contain a 
complex system of ductwork and dampers, large numbers of 
supply diffusers and exhaust registers, heating and cooling 
coils, filters, and a complex control system that regulates 
supply air temperature and humidity and air flow rates. 

Exhaust Air 
Return Fan (E.A.) .....,.__ 

Return 
Air Supply 

(A.A.) Air 
(S.A.) 

--+-
Outside Air 

(O.A.) Supply Fan 

Key: / - Damper valve 

r-, t _J -Variable air volume control unit (optional) 

/A.A. Ceiling 
Plenum 

r ., .. ., 
t ·J I I 

411 *'~ ~' {~ A.A. S.A. 
A.A. 

Conditioned 
Space 

A - Supply ·diffuser 

IIIII - Exhaust register 

XBL 858·9899 

Figure 1. Simplified schematic diagram of air flow pathways 
in typical large-building ventil~tion systems. 
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1.2 Air Exchange Rate. Age of Air. and Ventilation Efficiencies 

The objectives of the ventilation process in a large 
building are to remove or supply heat and moisture and to 
remove indoor-generated pollutants from the building. These 
objectives are accomplished by conditioning (e.g., heating or 
cooling) of the recirculated air and by exchange of indoor air 
with outside air. Numerous factors affect the performance and 
efficiency of the ventilation-process. In this paper we are_ 
concerned primarily with the following factors: 1) the nominal 
air exchange rate; 2) the overall pattern of air flow between 
supply diffusers and exhaust registers; and 3) the spatial 
pattern (e.g., evenness) of outside air distribution 
throughout the building. 

The nominal air exchange rate is simply the rate at which 
outside air enters the building divided by the indoor volume. 
A nominal time constant or turnover time can be computed by 
taking the inverse of the nominal air exchange rate. 

The second parameter, the overall airflow pattern, is 
more difficult to describe. The pattern of airflow can, in 
theory, vary from one extreme, in which much of the air 
exiting the supply diffusers rapidly short-circuits to the 
exhaust registers, to the other extreme where the flow between 
supply and exhaust approaches a piston-type or displacement 
flow. Between these extremes is perfect mixing of the indoor 
air. The benefit of displacement flow and disadvantage of 
short-circuiting is perhaps best understood if one considers a 
hypothetical room throughout which pollutants or heat are 
generated uniformly. In the case of displacement flow, the 
air exiting the room will contain pollutants (or heat if the 
room is being cooled) at a concentration that is higher than 
the average within the room. Conversely, with a less
efficient short-circuiting flow pattern, the exiting air -will 
have· a lower pollutant concentration or temperature than the 

. average within the room. 

The performance index that characterizes the overall 
airflow pattern is the nominal ventilation efficiency. The 
most unambiguous, but unfamiliar, interpretation of this 
parameter is provided by Sandberg and Sjoberg in their paper 
that applies age distribution theory to ventilated buildings. 1 

In this theory, the age of an infinitesimal parcel of air is 
the elapsed time since that parcel entered the building and 
the nominal ventilation efficiency equals the turnover time 
(described above) divided by the mean age of all air parcels 
within the building. Because the turnover time equals the age 
of air within the building for the reference case of perfect 
mixing, the nominal ventilation efficiency also equals this 
reference case age of air divided by the actual mean (spatial 
average) age of air within the building. The theoretical 
maximum value of nominal ventilation efficiency is two for a 
perfect displacement flow, the theoretical minimum is zero for 
complete short-circuiting, and this nominal efficiency equals 
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unity with perfect mixing. 

Sandberg et al. 2 and others3-s have shown in laboratory and 
field experiments that the nominal ventilation efficiency can 
vary widely, from substantially below unity to substantially 
above unity, and that efficiency depends on such factors as 
the relative positioning of supply diffusers and exhaust 
registers, the type of supply diffuser, the relationship 
between supply and exhaust temperature, the nominal air 
exchange rate and the geometric configuration (e.g., number of 
rooms) of the ventilated space. However, the applicability of 
available data on ventilation efficiency for the majority of 
large buildings is uncertain. Previous studies of ventilation 
efficiency were conducted with ventilation systems that did 
not recirculate indoor air, which contrasts with the typical 
system in a large building. In addition, the majority of 
available data are based on laboratory experiments with supply 
air that was warmer than the indoor air (i.e., when the 
building was being heated). In many large buildings, the 
supply air is often cooler than the i~door air (i.e., supply 
air is used for cooling). Virtually no measurements of 
nominal ventilation efficiencies have been made large, 
mechanically-ventilated buildings. 

The third factor of interest is the spatial pattern of 
outside air distribution throughout the building. The pattern 
of outside air distribution is influenced by several 
characteristics of the ventilation system including the 
balancing of air flow through various sections of supply 
ductwork and supply diffusers, the degree of mixing between 
the outside air and recirculated air, and the modulation of 
air flow by the VAV control units. In buildings with multiple 
ventilation systems, the various systems ·may also supply 
different amounts of outside air to the zones they serve. The 
degree of short-circuiting in various regions of the building, 
as noted above, is one final parameter that will influence the 
distribution of outside air. 

The appropriate performance index for outside air 
distribution patterns is the local ventilation efficiency. 
Again, age distribution theory provides the most unambiguous 
interpretation of the performance index1

. The local 
ventilation efficiency is the turnover time, which equals the 
age of all air within the building if the air is perfectly 
mixed, divided by the age of air at a specific point within 
the building. By comparing local ventilation efficiencies 
measured at different locations, the evenness of ventilation 
can be assessed4

• 

Each of the parameters described above, nominal air 
exchange rate and mean and local ages of air and ventilation 
efficiencies, can be measured using tracer gases. Various 
tracer gas techniques are reviewed in the next section and 
expressions for computing the age of air and ventflation 
efficiency are given. Finally, in the remainder of the paper, 
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a multi-tracer experimental system being developed at Lawrence 
Berkeley Laboratory (LBL) is described in detail. 

2 . TRACER GAS TECHNIQUES 

A variety of tracer gas techniques can be employed to 
assess ventilation system performance in a large building. In 
this paper, these techniques are divided into two categories: 
transient techniques and the constant injection rate 

.... technique. 

• 

• 
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2.1 Transient Tracer Gas Techniques 

Tracer decal: The most common transient technique is the 
tracer gas decay -8

• Yith outside air dampers closed, a volUme 
of tracer gas is released, usually at a number of locations, 
within the building. After mixing between the tracer and the 
indoor air has occurred for a period of time, outside air 
dampers are opened and fresh tracer-free air is brought into 
the building. The dilution of ipdoor air with outside air 
causes indoor tracer concentrations to decrease or decay. 
Tracer concentrations are monitored as a function of time at 
various locations within the building and in the exhaust 
ductwork. Two methods of data analysis can be employed. In 
the first, the natural log of tracer gas concentration is 
plotted versus time, and the slope of the straight line that 
is the best fit to the data is computed and used as a measure 
of ventilation rate. If the slope is computed from the 
latter linear portion of the decay curve, it is an appropriate 
indicator of the overall ventilation rate (i.e., nominal air 
exchange rate multiplied by nominal ventilation efficiency). 
However, it has been shown clearly that the slopes of decay 
curves are poor indicators of local ventilation rates9 if there 
is a substantial amount of air exchange between the different 
points or zones of measurement. In fact, under ~uch 
circumstances the slopes measured at different locations will, 
in theory, eventually become equal2

•
9

• 

The second method of analyzing tracer gas decay data 
is to apply age distribution theory1 . The mean age of air (A) 
within the room or zone and the local age of air (AP) at point 
p can can be computed using the equations: 

A (Q/V) [1' c (1') I c (o) d1', and (1) e e 

[ A c (1') I c (o) d1' . (2) 
p p p 

where C(1') is a tracer gas concentration at time 1', subscript 
e refers to the exhaust duct, V is the indoor volume, and Q is 
the entry rate of outdoor air. The nominal air exchange rate 
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(QIV) and its inverse the turnover time (VIQ) are computed 
w!t~ the equation 

Q/V - C(o) I I: c. (~) d~ (3) 

which is easily derived from mass balance considerations. The 
turnover time (VIQ) also equals the age of air in the exhaust 
duct (A); therefore, it can also be computed directly from e 
Equation 2. The nominal and local ventilation efficiencies, 
En and EP, are then calculated using the expressions 

En - (VIQ) I A, and 

Ep - (VIQ) I Ap 

(4) 

(5) 

A major constraint associated with usage of equations 1-3 
above is that the tracer must be uni.formly mixed throughout 
the building at the start of the decay. The tracer decay 
technique has been employed in 38 commercial buildings by our 
colleagues at LBL8 and in the majority of these buildings, 
especially those with multiple ventilation systems, 

·satisfactory mixing could not be achieved. Therefore, the 
requirement of initial mixing limits the usefulness of the 
decay technique in large buildings. 

Tracer step-up: A second transient technique, referred to as 
the step-up method, involves continuous injection of tracer 
into the stream of outside air that enters the building. The 
injection is continued until steady state concentrations are 
achieved. Tracer concentrations are measured as a function of 
time in the building and at points within the HVAC system. 
The step-up technique is analogous to a tracer gas decay. In 
_the decay technique the indoor air is uniformly labeled with 
tracer gas and in the step-up technique the incoming outside 
air is uniformly labeled with tracer gas. The mean and local 
ages of air from a step-up are computed with the expressions1

: 

A- (Q/V) I:~ (1- C
8 
(~)I C

8 
(ao)) d~, and (6) 

Ap - I: (1 - cp <~> I c (ao)) d~ (7) 

and the entry rate of outside air (Q) is computed with 

Q - m 1 c (ao) e (8) 
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2.2 

where m is the injection rate of tracer gas into the incoming 
outside air. The indoor volume (V) is· ded~rmined from 
phy~ical measurements and ventilation efficiencies are 
computed from Equations 4 and 5. Alternately, the turnover 
time (V/Q), which equals A

8
, can be ·computed directly from 

Equation 7 and then the ventilation efficiencies from 
Equations 4 and 5. A disadvantage of the step-up technique is 
that only the air entering the building through the HVAC 
system can be labeled with tracer gas, i.e., infiltrating air 
can not be labeled. However, the infiltration rate can be 
determined by comparing the steady state concentration of 
tracer in the incoming outside air to · the steady state 
concentration in the exhaust. An important advantage of the 
step-up method is that initial mixing of tracer throughout the 
building is not required, however, the tracer must mix well 
with the outside airstream and good mixing may be difficult to 
achieve in some ventilation systems. In a building with 
multiple ventilation systems, and air flow between the zones 
served by separate systems, it is necessary to have the same 
concentration of tracer in each stream of outside air, which 
is impractical, or to use a unique tracer in each system. 

Tracer pulse: A third transient technique, which is only 
mentioned here, is to suddenly release· a fixed volume or pulse 
of tracer in the incoming outside air. Expressions for the 
entry rate of outside air and mean and local ages of air and 
ventilation efficiencies are provided by Sandberg and Sjoberg1 . 

Constant Injection Rate Technigue 

An alternative to transient techniques, which require 
tracer concentrations to be measured as a function of time, is 
to employ a constant injection rate technique10 which relies on 
measurements of time-averaged tracer concentration. 
Typically, tracer is injected continuously at a controlled and 
known rate for an extended period of time (e.g., several days) 
into the supply airstream(s) or at a number of locations 
within the building and some technique is used to measure the 
time-averaged tracer concentration at several points within 
the building. If the building has multiple ventilation 
systems a unique tracer should be used with each system. The 
data are generally analyzed using a single-zone or multi~zone 
steady-state mass balance model to compute the entry rate of 
outside air and, if multiple tracers are employed, to compute 
rates of air flow between zones. An assumption implicit in 
the steady-state models is that the air within each zone is 
perfectly mixed. In addition, the measurement period should 
be much greater than the amount of time required to achieve 
steady state tracer concentrations, which is roughly three to 
four turnover times. The constant injection rate technique is 
best suited for buildings that have a nearly constant or 
slowly-changing ventilation rate. An assessment should be 
made of the errors that result from using this technique over 
an extended period of time in buildings with large deviations 
from steady state, such as nightly shutdowns of the HVAC 
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system. 

-The primary advantages of the constant injection rate 
technique are that only a simple experimental system need be 
deployed in the building, such as the convenient passive 
tracer gas sources and samplers developed at Brookhaven 
National Laboratory11 , and that the average ventilation rate 
for an extended period of time can be measured in a single 
experiment. The nominal ventilation efficiency and local age 
of air or ventilation efficiency cannot be measured using the 
constant injection rate technique because the data analysis is 
based on the assumption of perfect mixing within each zone and 
ventilation efficiencies result from imperfect mixing. 

3. MULTI-TRACER EXPERIMENTAL SYSTEM 

The remainder of this paper describes a multi-tracer 
experimental system under development at LBL and summarizes 
the results of experiments conducted to verify system 
performance. The design objectives ~ere as follows: 1) a 
flexible system that can be utilized for a variety of tracer 
gas techniques without major modifications; 2) a system that 
can measure ventilation efficiencies and local ages of air 
within a zone; 3) a system that can be deployed rapidly in a 
building; 4) a system suitable for use during periods of 
building occupancy; and 5) a system suitable for use in 
buildings with multiple ventilation systems. We plan to use 
this multi-tracer system to study ventilation system 
performance in a substantial number of large mechanically
ventilated buildings and to assess the impacts of changes to 
ventilation systems. Some of these future studies will be 
conducted as part of more comprehensive investigations of 
ventilation and indoor air quality in large buildings. 

The experimental system consists of six tracer gases and 
instrumentation for measuring tracer gas concentrations, stand
alone tracer gas injection systems, and stand-alone samplers. 
In buildings with six or fewer ventilation systems, the step 
up or constant injection rate techniques can be employed by 
injecting a different tracer gas into each ventilation system. 
The injection of each tracer gas will be controlled by a 
distinct stand-alone injection system placed in the building 
near the point of injection. The stand-alone samplers will 
also be placed at various locations within the building near 
to points where the time-history of tracer gas concentration 
is required. These samplers collect and store small air 
samples taken at different times during an experiment (e.g., 
every 15 minutes during a step up experiment). The 
concentration of each tracer gas in the samples can then be 
determined in the laboratory after completion of the 
experiment. 

3.1 Tracer Gases and Tracer Gas Measurement System 

Selection of tracer gases: Selection of tracer gases was a 

8 



..... 

• 

·" 

major early consideration. Suitable tracers must be non
toxic, chemically unreactive in buildings, naturally present 
in buildings only at concentrations that are low compared to 
those encountered during experiments, readily available at an 
acceptable cost considering the amount of tracer required, and 
not prone to substantial physical adsorption on indoor 
surfaces. Another consideration is whether the tracer is a 
gas or liquid at normal indoor temperature and pressure; 
liquids are more conveniently stored, but gases are more 
easily injected into the building at a controlled rate and may 
be less prone to physical adsorption. The measurement process 
also imposes important constraints on tracer selection . 
Measurement of tracer concentration over approximately two 
orders of magnitude, is highly desirable. The time required 
to separate and analyze a mixture of tracers must be 
reasonable (e.g., less than about ten minutes). Finally the 
cost of the measurement system is a major consideration. 

The two groups of tracers that were considered are: 1) a 
set of four perfluorocarbon tracers (PFTs) used routinely at 
Brookhaven National Laboratory10 • 11 , and 2) sulfur hexafluoride 
plus selected halocarbons. The PFTs can be utilized at very 
low concentrations 11 (parts per trillion) due to their 
extremely low background concentrations. Generally to collect 
sufficient PFT for analysis, the PFT from a volume of air is 
adsorbed and thus concentrated onto a solid sorbent11

• The 
PFTs are then thermally desorbed from the sorbent just prior 
to analysis in the laboratory. An expensive analytical system 
(approximately $30,000) is required to desorb the PFTs from 
the solid sorbent and determine the amount of each PFT 
de sorbed. If PFTs were used in the parts per billion 
concentration range, a less expensive analytical system might 

·be suitable, however, this alternative is impractical because 
of the high cost of PFTs, 100 to 500 $/kg12 (45 to 225 $/lb). 
The fact that PFTs are liquids at room temperature makes 
storage convenient, however, an automated system for 
evaporation and injection of PFTs at a controlled rate posed a 
difficult design challenge considering the extremely small 
quantities of liquid required. 

Because of the considerations regarding the use of PFTs 
noted above, and the expectation that a system of more than 
four tracers could be developed, we selected sulfur 
hexafluoride (SF6 ) and several halocarbons as a preferred group 
of tracers for our application. Each of the tracers selected 
is a gas at typical indoor temperature and pressure. SF

6 
has 

been used routinely as a tracer in large buildings6- 8 and three 
halocarbons have also been previously used as tracers in 
buildings 13

• After preliminary experimentation with a large 
number of halocarbons, a group of five (R-13Bl, R-115, R-12, R-
12Bl, and R-114) plus SF 6 were selected. The chemical 
formula, approximate cost, and other relevant data on these 
tracers are given in Table 1. We intend to conduct our 
experiments so that the peak concentration of R-13Bl, R-115, R-
12, and R-114 is 1000 parts per billion (ppb) and the peak 
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concentration of SF
6 

and R-12Bl is 100 ppb. In buildings with 
substantial leakage of refrigerants from refrigeration 
equipment, one may encounter substantial background concen
trations of R-12 and R-115. Ye have taken air samples from 
several buildings, and in one building, specifically chosen 
because its mechanical system had a large refrigerant leak, 
the concentration of R-12 was approximately 225 ppb, which is 
sufficiently high to prohibit our use of R-12 as a tracer in 
this building. 

Table 1. ·selected Properties of Gaseous Tracers 

Refrig
erant 
Number* Chemical Name 

Chemical Molecular 
Formula weight 

Boiling U.L. 
Point TLV Safety 
(*C) (PPM)+ Group** 

13Bl 

115 

12 

12Bl 

114 

Sulfur 
Hexafluoride 

SF
6 

146.1 -64 1000 

Bromotri- CBrF
3 

148.9 -58 1000 6 
fluoromethane 

Chloropenta-
fluoroethane 

CC1F2CF3 
154.5 -39 1000 

Dichlorodi-
fluoromethane 

CC1
2
F

2 
120.9 -30 1000 6 

Bromochlorodi-
fluoromethane 

CBrClF
2 

165.4 -4 

1,2-dichloro- CClF
2
CClF2 170.9 +4 1000 6 

tetrafluoro-
ethane 

* Refrigerant number designation of the ·American National Standards 
Institute. 

+ Threshold Limit Value published by the American Conference of 
Governmental Industrial Hygienists. 

** Underwriters Laboratories safety Group 6 is for "gases or vapors 
which in concentrations up to at least about 20 percent by volume 
for durations of exposure of about 2 hours do not appear to 
produce injury". 

++ Costs vary widely depending on purity and quantity purchased. 

Approx. 
·Cost 
($/Kg)++ 

12 

21 

19 

5 

12 

11 

Tracer gas analysis: A microprocessor-controlled instrumen
tation system is used to determine the amount of each tracer 
present in small air samples. This system consists of a 
Hewlett Packard (HP) 5890A Gas Chromotagraph (GC) with an 
electron capture detector and a ten-port sampling valve with a 
0.25 cc sample loop, a HP 3392A Integrator, and a HP 19405A 
Sample Event Control Module which controls operation of the 
sampling valve. This instrumentation system costs 
approximately $14,000. The carrier gas is a mixture of 7% 
methane and 93% argon. A standard backflushing procedure, 
with a 0.15 m (0.5 ft) pre-column and 2.4 m (8 ft) main 
column, is employed to prevent extraneous high-retention-time 
gases within the sample from entering the main column. 
Backflushing is initiated 0.75 min after injecting the con
tents of the sample loop into the pre-column. Both columns 
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contain Chromosil 310, 60/80 mesh packing in a stainless. steel 
tube _with an outer diameter of 0.32 em (0.125 in). The flow 
rate of carrier gas is maintained at 20 cc/min. The initial 
oven temperature of 35°C is maintained for 2.75 min after 
which the oven temperature is increased at a rate of 30°C/min 
to a maximum of 60° C. The entire cycle is completed in 
approximately eight minutes. 

Figure 2 shows a typical chromatogram, a tabulation of 
retention times and areas under each peak based on the 
printout of the HP 3392A Integrator, and additional 
information for characterizing each peak. The sensitivity of 
the electron capture detector to each tracer can be computed 
from the information given. The printed output of the 
integrator is also recorded on magnetic tape and subsequently 
read into a mainframe computer system. Calibration is 
accomplished by injecting and analyzing six to eight mixtures 
of calibration gas with known concentrations of each tracer. 
Because the calibration curves are not entirely linear, a 
third degree polynomial is fit to the calibration data using a 
curve fitting routine available on the mainframe computer 
system. 

Retention Cone. 

0.86 
Time (min) Area Component (ppb) 

1.33 
0.86 1.9700E+07 Air 1.98 
1.33 529140 SF6 5 

3.14 1.98 3098700 R-1381 50 
2.63 74651 R-115 50 

4.76 3.14 1426800 R-12 50 

5.63 4.76 7478000 R-1281 50 

5.63 657790 R-114 50 

XBL 858·9897 

Figure 2. Example chromatogram and table of information that 
characterizes each peak. 

Tracer gas safety considerations: It was stated above that a 
suitable tracer must be non-toxic. However, any tracer can be 
hazardous to health if sufficiently high concentrations are 
encountered. A more precisely-stated requirement is the 
following: the investigators must be sure that normal usage 
of the tracer gas, and feasible accidents, will not harm any 
of the building occupants. In the following paragraphs we 
discuss briefly the safety of our selected tracer gases and 
tracer gas technique. However, until this issue is reviewed 
by qualified experts, no definitive conclusions should be made 
by the reader regarding the safety of these tracers or our 
procedures. 
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Included in Table 1 are two safety-related parameters. 
THe-first of these is the Threshold Limit Value-Time Weighted 
Average (TLV) published by the American Conference 
Governmental Industrial Hygienists (ACGIH). The TLV is 
defined by the ACGIH as follows: "time-weighted average 
concentration for a normal 8-hour work day and a 40-hour work 
week to which nearly all workers may be repeatedly exposed, 
day after day, without adverse affect". The maximum TLV 
established by the ACGIH is 1000 parts per million (ppm) even 
when no harm is expected from exposures to concentrations much 
higher than 1000 ppm. For all of the tracers except R-12Bl, 
the TLV ~s 1000 ppm which is 1000 to 10,000 times greater than 
the maximum concentrations that will be encountered in our 
experiments. No TLV has been published for R-12Bl. In his 
review of fluorocarbon toxicity, Clayton14 indicates that R-
12B1 should be less toxic than R-12B2, for which the TLV 
equals 100 ppm or 1000 times greater than the maximum 
concentration of R-12Bl expected in our experiments. However, 
Clayton indicates that R-12B1 should b_e more toxic than R-13Bl 
for which the TLV is 1000 ppm. Other information on the 
toxicity of R-12Bl is provided by Beck et al. 15 who exposed 
various animals to R-12B1. Most of the experiments involved 
concentrations in the range of 1 to 30 percent and significant 
adverse effects were noted, however, no adverse effects were 
noted when rats were exposed to 3300 ppm of R-12Bl (i.e., 
33,000 times our maximum) 6 hr/day, 5 days/week, for three 
weeks. 

The second safety-related parameter in Table 1 is the 
Underwriters Laboratories (U.L.) safety group. Three of the 
tracers have been assigned to Group 6 which is for "gases or 
vapors which in concentrations up to about 20 percent by 
volume for durations of exposure of about 2 hours do not 
appear to produce injury". A concentration of 20 percent is 
200,000 times greater than the one ppm maximum of our 
experiments. U.L. has not assigned a safety group number for 
SF6 , R-115, or R-12Bl. 

Based on these two safety-related parameters, exposure of 
building occupants to maximum concentrations of tracer gas of 
1000 ppb or 100 ppb, depending on the tracer, does not appear 
to be of concern. However, an accidental rapid release of a 
large amount of tracer gas from a pressurized cylinder into a 
small room could result in tracer concentrations much higher 
than 1000 ppb. To preclude this possibility, we have designed 
a tracer injection system (described later) that eliminates 
the need for pressurized cylinders in the building and that 
limits the maximum quantity of each tracer within the building 
to approximately 100 liters. 

A third safety-related issue is the thermal decomposition 
of the halocarbon tracers. It is known that halocarbons can 
decompose to toxic products (phosgene, halogens, and halogen 
acids) if heated to high temperatures such as those 
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encountered in ~as flames or at the surface of electric 
heating elements 6 • Neither open flame gas heaters nor a 
substantial quantity high-temperature electric heating are 
generally present in the buildings we plan to study; when 
present we will avoid usage of the tracer system. Another 
concern is the possibility of decomposition of the tracers 
when they pass through burning tobacco. Hanst et al. 17 

determined that R-11 and R-22 did not decompose when 2000 ppm 
of these gases passed through a lighted cigarette within their 
detection limit of 0.1%. However, we have identified no 
analogous experimental data for the five selected halocarbons 
tracers. Based on some preliminary calculations we believe 
that decomposition of these tracers in burning tobacco is 
unlikely to be a problem. Further analysis is warranted 
before these tracers are used routinely. 

One should place our safety concerns into proper 
perspective. We are trying to be extremely careful. It is 
our impression (as yet unconfirmed) that many industrial 
workers and others including smokers., are routinely exposed to 
these halocarbon gases in concentrations and for a duration 
that greatly exceed those in our experiments without any 
apparent adverse affects. 

3.2 Programmable Stand-Alone Sampler 

Real time analysis of tracer gas concentrations during an 
experiment, by placing the GC in the building and drawing 
samples to the GC through sample tubing run to various 
locations within the building, is generally not a practical 
alternative when multiple tracer gases are employed. For 
example, the time required to analyze a single sample with our 
system is eight minutes. If measurements are required at ten 
locations, and often monitoring at more than ten locations is 
desirable, data could be obtained from each location only once 
every 80 minutes, which is too infrequent for any transient 
tracer gas technique. Even without this constraint, we would 
have decided against real-time analysis and multi-point 
sampling using sample tubing because of the large amount of 
time and labor required to set up the GC in the building and 
string the sampling tubes out of the way of building 
occupants. 

To meet our sampling requirements we designed the 
programmable stand-alone sampler depicted in Figure 3. The 
sampler utilizes a 34-port, 16-position valve (Valco 
Instruments Multiposition Valve with ST type flowpath) mounted 
on a Valco electric actuator. The valve has an inlet port, an 
outlet port and a pair of ports at each of the 16 positions. 
A six position version of the valve is shown schematically in 
Figure 4. In each valve position, a different sample 
collection loop can be purged and filled with a sample. In 
our experiments a 2.1 m (7 ft) length of copper tubing, with 
outer and inner diameters of 0.32 em (0.125 in) and 0.165 em 
(0.065 in.), respectively, is used as the sample collection 
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loop; a shorter piece of tubing with a larger inner diameter 
may be used in the future. Since one pair of valve ports must 
always be open to the inlet and outlet of the valve, a sixteen 
position valve can store only fifteen samples. A small pump 
is used to draw air through the valve. 

Manual control and display 
of valve position 

Ribbon 
cable 

Electric 
actuator 

AC~cable 
to electric actuator 

AC paws 
cable to JX.np 

Microcompufer 
with keyboard, screen, 
printer, !Wid micnx:assette 

Pump 

Microcontroler bead, paws supply, 
m ttvee solid state relays 

RS-232 port 

~wire 
connector 

Figure 3. Schematic diagram of automated stand-alone sampler. 
The actual sampler contains 15 sample collection loops. 

Figure 4. Schematic diagram of flow path in six position 
valve. A-16 position valve is used in sampler. 
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the multiposition valve is positioned by the·electric 

actuator. During normal operation a sampler control system 
(described later) uses binary coded decimal (BCD) logic to 
position the electric actuator, and thus the valve, in the 
desired position. The valve can also be stepped to the next 
position or moved to position #l manually, using a toggle 
switch. 

The sampler control system consists of an Epson HX20 
microcomputer, communicating via its serial RS 232 port with a 
small microcontroller board (Basicon MC-lN). The micro
controller board; along with a power supply and three 
miniature solid-state relays are installed in a small metal 
housing attached to the underside of the HX20. The micro
controller board has three eight bit binary ports which sends 
control signals to the electric actuator, senses actuator 
position and controls the solid state relays. One of the 
relays controls the pump, one turns the electric actuator on 
and off, and the remaining relay is a spare. A BASIC program 
burned into read-only memory of t~e microcontroller allows 
communication with the Epson HX20. The Epson microcomputer is 
also programmable in BASIC, keeps track of date and time with 
a real time clock, and contains a built-in keyboard, liquid
crystal display screen, printer, and micro-cassette tape 
system. 

To minimize programming or operator errors when numerous 
samplers are deployed, a single micro-cassette tape can be 
used to load programs or control data files into each sample~. 
An appropriate operating procedure is the following. Prior to 
the experiment a control data file is loaded into the Epson 
and also printed on the Epson' s printer. The valve is 
automatically rotated to position #l, which does not contain a 
sample loop, and all solid state relays are switched to the 
off position. A few minutes before the first sample is 
required, the eleciric actuator is turned on, the valve is 
rotated to position #2 and the pump and actuator are turned 
on. During the following few minutes the sample loop and the 
short length of tubing leading from the sampler to the desired 
sampling location is purged of the previous sample. At the 
desired sample collection time, the valve is rotated to 
position #3 and the pump is turned off. This basic procedure 
is repeated until all samples are taken. A record of all 
valve operations and changes in state of the relays can be 
printed on the Epson's printer or recorded on magnetic tape. 
The system is highly flexible; the sample loops can be filled 
in any desired sequence and at any desired time in the future. 
By repositioning the pump, the sampler can also automatically 
inject samplers into the GC for analysis. 

The multiposition valve with sample collection loops 
connected is easily removed from and reinstalled on the 
electric actuator. Thus, by purchasing more than one multi
position valve for each sampler, the sampler can be reused 
before or during analysis of the previous samples. However, 
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the $375 price of the multiposition valve makes the purchase 
of more than a few valves for each sampler prohibitively 
expensive. The total cost of all major components of a 
sampler with a single multiposition valve, excluding a case to 
house the components (which has not yet been selected), is 
approximately $2000. 

Mixtures of calibration gases containing all six tracer 
gases have been stored in the sample loops connected to a 
multiposition valve for as long as three weeks. Yithin the 
precision of our measurement system (approximately five 
percent) the concentration of each tracer within these sample 
loops has remained constant except in a few instances that we 
attribute to procedural errors. Longer-term tests of tracer 
storage are planned. 

3.3 Tracer Gas Injection System 

To complete our experimental system a subsystem for 
injection of tracer gases is requireg. Ye have designed a 
simple stand-alone automated injection system that is well 
suited for the step-up tracer gas technique. A separate 
injection system will be utilized for each tracer gas. The 
major components are depicted in Figure 5. As shown, a 
peristaltic pump (Cole Parmer Masterflex) draws tracer gas 
from a 100 liter gas storage bag (Calibrated Instruments) and 
pumps this tracer through a length of injection tubing. The 
rotational speed of the peristaltic pump is regulated within 
±1% of the digital set point (according to manufacturers 
specifications) with a variable speed drive (Cole Parmer 
Ismatec No. T-7610- 30). Because several different size 
peristaltic pumps can be mounted on the variable speed drive, 
and two pumps can be mounted simultaneously, the rate of 
tracer gas injection can be varied over a wide range 
(approximately 1 to 1200 cc/min). Starting and stopping of 
the drive is under control of a programmable timer. The 
optional integrating flowmeter placed downstream of the pump 
(Singer Model DTM-115-3), with a manufacturers rated accuracy 
of ±2% and a resolution of 10 cc, can be read before and after 
each experiment to determine the total amount of tracer 
injected during the experiment. The system should be 
calibrated by measuring flow rate versus the digital set point 
on the variable speed drive with a highly accurate flow meter 
(for example, the Mast Development Co. Model 832 electronic 
bubble flowmeter). The cost of all major system components, 
excluding a housing, is approximately $1900. 

The 100 liter volume of tracer in the gas storage bag 
should be sufficient for the majority of experiments and two 
or more bags can be connected together if desired. The bag 
holds sufficient tracer to maintain 100 ppb of tracer in the 
supply air of a large ventilation system (47 m3js or 100,000 
cfm) for a period of six hours with 100% outside air. In more 
typical situations, with smaller ventilation systems and/or 
less than 100% outside air, a 100 liter bag will hold enough 
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tracer 'for more than a single experiment. The· s·even-layer bag 
is fairly rugged but should be protected. by some type of 
enclosure. The bag with enclosure will occupy a comparable 
volume to a large pressurized cylinder of tracer gas, but is 
lighter and thus easier to carry.' The bag is also less 

·hazardous than a pressurized cylinder of tracer gas. 

This tracer injection system, without an integrating flow 
meter or a programmable timer, has been used to inject tracer 
gas in five experiments. During each experiment, the tracer 
injection rate was measured periodically with an electronic 
bubble flow meter. Except for two unexplained high readings 
of flow rate during one experiment, the measurements indicate 
that this system injects tracer at a highly stable rate (i.e., 
2% maximum variation in injection rate). 

r.==itc::==t::J -'V- Tracer Gas 

Pressure Relief Valve 

Integrating 
Flow Meter 

Gas 
Storage 

Bag 

Peristaltic Pump 

Variable Speed 
Drive 

AC Power 
Cord 

XBL 858-9898 

Figure 5. Schematic diagram of tracer gas injection system. 

VALIDATION OF PERFORMANCE 

A tracer gas intercomparison is an important test of any 
multi-tracer system. When a mixture of the tracer gases is 
utilized in the same experiment, the data from each tracer ga~ 
should yield the same nominal air exchange rate, ages of air, 
and ventilation efficiencies. Discrepancies could result from 
such factors as substantial adsorption of one or more of the 
tracers on indoor surfaces, inaccuracies in sampling, loss of 
tracer during storage of samples, and inaccurate analysis of 
tracer concentrations. Highly consistent results from a 
tracer gas intercomparison do not, however, ensure that the 
results are accurate because the same error(s) could occur 
with each tracer. Therefore, the performance of a tracer gas 
system should also be tested in a building with good mixing 
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and a known· air exchange rate. Each type of test has been 
performed with our multi-tracer system and the results are 
described in the remainder of this section. 

To conduct the tests we utilized the following procedure 
in two different buildings. The 100 liter gas storage bag was 
filled with a mixture of the tracers. (Note that in normal 
operation each storage bag would be filled with a single 
tracer.) A step-up experiment was then performed using a 
single injection system to inject the mixture of tracers into 
the building at a controlled rate. The injection rate was 
monitored using a bubble flow meter. After steady-state 
tracer concentrations were achieved, tracer injection was 
stopped and a tracer decay ensued. The stand-alone sampler 
was not used in these experiments; instead the GC was located 
within the building and samples of air were drawn to the GC 
from a single location through a small-diameter copper tube. 
A data point was taken every ten minutes. The GC was 
calibrated prior to each experiment, and prior to the £irst 
experiment we determined that there,were negligible tracer 
losses in the copper sample tubing. Data from the HP 
Integrator was recorded on magnetic tape and processed on a 
mainframe computer after completion of the experiments. 

The experimental procedure was first employed in a two
room test space of a research house (experiment #l) with a 
total internal volume of 69.1 m3 (2400 ft 3

). The two rooms 
were connected by an open door. Indoor surfaces consisted of 
plasterboard and plywood on walls and ceilings, a carpeted 
floor in one room and a vinyl tile floor in the other. A 
variety of furnishings were also placed within the rooms. To 
ensure good mixing, the air within the test space was 
vigorously mixed with five oscillating fans, eight wall
mounted fans, and a large ceiling fan. Tracer gas was 
injected at the back side of two oscillating fans and air 
samples were withdrawn from a location in the open doorway. 
Air was exhausted mechanically through a duct that penetrated 
the ceiling of one room and the flow rate of this exhaust 
airstream was monitored with an orifice plate flowmeter18 • By 
combining the flow rate measurement with a physical 
measurement of test-space volume the actual air exchange rate 
of the test space can be determined with an estimated 
uncertainty of ±5%. 

The second experiment was performed at Building SOE at 
Lawrence Berkeley Laboratory, which is a sin~le-story 
structure with a floor area of 931 m2 (10,000 ft) and an 
estimated volume of 2620 m3 (92,600 ft 3 ). The building is 
furnished in a typical manner for office buildings. Much of 
the building is subdivided into office cubicles with fabric
covered dividers. In addition, a number of more formal 
offices, with walls that extend to the ceiling and closable 
doors, are present around the perimeter of the building. A 
si'ngle constant-volume HVAC system serves the building with 
both supply diffusers and exhaust registers located at ceiling 
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level. An open entry way connects Building SOE to the 
remainder of the Building 50 complex which is served by other 
HVAC.systems. The mixture of tracer gases was injected into 
the outside air duct and samples were drawn into the GC from 
the exhaust air duct. The outside air, return-air, and 
exhaust-air dampers were disconnected from their actuators 
during the experiment so that no automatic modulation of 
damper positions was possible . 

Table 2 gives the local age of air measured in Experiment 
#l at the Research House. Because the concentration of R-12Bl 
exceeded the maximum calibration gas concentration of 100 ppb, 
a local age from the R-12Bl data can only be computed using 
the latter portion of the R-12Bl decay curve. Ideally, the 
data from each tracer gas should yield the same local age of 
air; the step-up and decay procedure should yield the same 
local age; and, assuming we were successful in obtaining good 
mixing during this experiment, all the ages of air calculated 
from tracer gas data should equal the reference measurement of 
age of air (i.e. , the inverse of the nominal air exchange 
rate) made with the orifice plate flow meter. If one excludes 
the results obtained with R-12Bl, the different tracer gases 
yield the same local age of air within ten percent. If the R-
12Bl result is included, the maximum deviation between tracer 

Note: 

Table 2. Local Age of Air from Experiment #l Performed in Yell-Mixed 
Test Space of a Research House. 

+ 

Tracer Gas Tracer Gas 
Step-up Decay 

Tracer A* A 
Gas (mih) (mfn) 

SF 55 64+ 
R-13Bi 53 63+ 

R-115 52 58+ 
R-12 52 60+ 

R-12Bl 69** 
R-114 52 64+ 

AP is the age of air at the measurement point calculated from 
equation 2 or 7 as appropriate. 

Data analysis performed assuming time zero (see Equation 2) 
corresponds to time of first data point after tracer 
injection ceased. 

Data analysis performed assuming time zero (see Equation 2) 
corresponds to time of first data point after R-12Bl 
concentration fell below maximum of calibration range. 

Meaurement of air flow rate and volume of test space yield an age of 
air of 59 minutes with an estimated uncertainty of ±5%. 
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gases is 14 percent. Compared to the decay data, the step-up 
data yields 11 to 21 percent lower ages of air, perhaps 
because of physical adsorption of tracer gases on indoor 
surfaces or systematic errors in our determination of tracer 
gas concentrations. An encouraging result is that the 
reference measurement of age of air, made with the orifice 
plate flow meter, falls between the step-up results and the 
decay results. The maximum deviation from the reference 
measurement is 17 percent (12 percent if the R-12Bl data are 
excluded). 

Table 3 presents the local and mean (spatial
average) ages of air and the corresponding ventilation 
efficiencies based on the tracer gas data of Experiment .#2 
performed in Building SOE. The correspondence of the results 
from four of the tracer gases (R•l3Bl, R-115, R-12, and R-114) 
is quite good, however, the SF

6 
and R-12Bl data yield 

substantially different results. We believe that the dis
crepancies with these two tracer gases may be due, in large 
part, to inaccuracy in our an~lysis of tracer gas 
concentrations. The calibration curves for these two tracers 
were not as smooth as the calibration curves for the other 
four tracers. Improved calibration gas mixtures and 

+ 

Table 3. Ages of Air and Ventilation Efficiencies from Experiment 
#2 Performed in Building 50E. 

Tracer Gas Step-up Tracer Gas Decay 

Tracer A* E + A'* E 
++ A* + A'* E 

++ 
n E n 

Gas (mii;) ( ! ) (min) ( - ) (mfn) ( ~ j (min) ( - ) 

SF 31 1.44 21 2.05 39 1.00 45 0.87 
R-13Bi 36 1.03 33 1.13 39 1.00 42 0.92 

R-115 35 1.01 31 1.14 37 1.00 38 0.98 
R-12 39 0.98 38 0.99 40 1.00 50 0.80 

R-12Bl 47 0.85 50 0.81 47 1.00 82 0.58 
R-114 37 0.97 36 1.00 39 1.00 41 0.95 

AP is the age of air at the measurement point, which was the 
exhaust duct, calculated from Equations 2 or 7 as appro
priate. 

E is the local ventilation efficiency at the measurement 
p~int, calculated from Equation 5. 

A is the mean (i.e., room-average) age of air calculated from 
Equation 1 or 6 as appropriate. · 

++ 
En is the nominal ventilation efficiency calculated from 
Equation 4. 
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increasing the maximum concentration of these two tracers by a 
facto~ of two or three may reduce these discrepancies in the 
future. The mean ages of air and nominal (i.e., spatial
average) ventilation efficiencies vary more widely between 
tracer gases than their local counterparts because the mean 
parameters are more highly affected by the shape of the step
up or decay curves and are, therefore, more difficult to 
measure accurately. The local ages of air and local 
ventilation efficiencies from the step up correspond very well 
with those from the decay for all tracer gases except SF

6
. 

However, the step up yields 13 to 27 percent lower mean ages 
of air and 5 to 22 percent higher nominal ventilation 
efficiencies than the decay, excluding the SF

6 
and R-12Bl data. 

One cannot draw firm conclusions from correspondence between 
results of the step up and the decay because the overall 
airflow pattern and even the nominal air exchange rate may 
have actually changed during the experiment. The step up was 
performed during the day when the building was occupied and 
the decay was performed during the evening and night-time 
hours. In addition, we have no data to confirm that the 
tracers were fully mixed with the air at the start of the 

·decay. A final interesting observation based on Table 3; is 
that the four closely corresponding tracer gases indicate that 
the nominal ventilation efficiency during the experiment was 
within 15 percent of unity. 

The fourth table lists the flow rates of outside air 
and nominal air exchange rates determined from the tracer gas 
data of Experiment #2, and our estimate of the indoor volume. 
If one excludes the SF

6 
and R-12Bl data, the correspondence 

between different tracer gases and between step-up and decay 
is good (i.e., the maximum difference between any two numbers 
is 14 percent). Even the SF 

6 
and R-12Bl results are in 

reasonable agreement with the results of the other tracer 
gases. 

+ 

Table 4. Flow Rate of Outside Air (Q) and Nominal Air Exchange Rates 
(QJV) from Experiment #2 Performed in Building SOE. 

Tracer Gas Step-up Tracer Gas Decay 

Tracer q* Q/V+ q** Q/V++ 
Gas (m3/h) (h-1) (m3 /h) (h -1, 

SF 3580 1. 36 4030 1. 54 
R-13Bi 4250 1.61 4050 1. 54 

R-115 4510 1.72 4240 1.62 
R-12 4160 1.58 3920 1.49 

R-12Bl 3930 1.50 3320 1.27 
R-114 4380 1. 67 4050 1.54 

From Equation 5. 

From Equation 5 and estimate of indoor volume of 2624 m3. 

From Equation 3 and estimate of indoor volume of 2624 m3. 

++ From Equation 3. 
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5. SUMMARY 

A unique multi-tracer experimental system that utilizes 
up to six tracer gases, sulfur hexafluoride and five 
halocarbons, is being developed. This system is intended 
primarily for measurements of air exchange rate, ages of air, 
and ventilation efficiencies in large mechanically-ventilated 
buildings. Tracer gas concentrations are determined using a 
gas chromatograph with an electron capture detector. So that 
tracer-gas concentrations can be monitored at numerous 
locations and with sufficient frequency for transient tracer 
gas techniques, a programmable stand-alone sampler has been 
designed that collects up to 15 small air samples. The 
samples can be stored and analyzed in the laboratory after the 
experiment has been completed. A simple programmable stand
alone tracer gas injection system that injects tracer gas at a 
highly stable rate has also been designed and tested. One 
injection system will be used for each tracer gas and one 
sampler will be employed near each sampling location. 

Two tests of the system, excluding the sampler, have been 
completed. Each test included both a"tracer gas step-up and a 
tracer decay. F.our of the six tracer gases yielded the same 
result (e.g., age of air) within approximately 15 percent. 
These four tracers also yielded an air exchange rate, or age 
of air, that differed by no more than 12 percent from a 
reference measurement made in a well-mixed test space with an 
orifice plate flow meter. · Further work is required to 
increase the accuracy of our measurements with the remaining 
two tracers and to verify system performance in general. 
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