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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft International
Standards adopted by the technical committees are circulated to the member bodies for voting.
Publication as an International Standard requires approval by at least 75 % of the member bodies
casting a vote.

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights.

ISO 12569 was prepared by Technical Committee ISO/TC 163, Thermal performance and energy use in the
built environment, Subcommittee SC 1, Test and measurement methods.

This second edition cancels and replaces the first edition (ISO 12569:2000), which has been
technically revised.
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Introduction

The aim of ventilation is to maintain a proper hygienic status of the room by introducing outdoor air into
a room, diluting contaminants, heat, moisture or odour generated in the room, and evacuating them.
In terms of energy savings, it is also important to keep the ventilation at the required rate, in order to
reduce heat loss and heat gain under air conditioning as much as possible. Measurement of airflow rates
is often necessary, for example to check if the performance of a ventilation system is as intended, to
assess the source strength of contaminants, to ensure that contaminants are properly eliminated, etc.
The methods described here can be used to measure the ventilation rate or the specific airflow rate.

™ ICN 7N19D ATl w3
Copyright International Organization for Standardization '('lghtS reserved \

Provided by IHS under license with ISO Licensee=University of Alberta/5966844001, User=sharabiani, shahramfs
No reproduction or networking permitted without license from IHS Not for Resale, 12/02/2013 04:59:33 MST



Copyright International Organization for Standardization
Provided by IHS under license with ISO Licensee=University of Alberta/5966844001, User=sharabiani, shahramfs
No reproduction or networking permitted without license from IHS Not for Resale, 12/02/2013 04:59:33 MST



INTERNATIONAL STANDARD ISO 12569:2012(E)

Thermal performance of buildings and materials —
Determination of specific airflow rate in buildings —
Tracer gas dilution method

1 Scope

This International Standard establishes an engineering standard by which to obtain the ventilation
rate/specific airflow rate, using a tracer gas in a building space, which is considered to be of a single zone.

The measurement method is valid in spaces where the combined conditions concerning the uniformity
of tracer gas concentration, measurement of the exhaust gas concentration, effective mixed zone and/or
fluctuation of ventilation are satisfied.

This International Standard provides three measurement methods using a tracer gas: (1) concentration
decay method, (2) continuous dose method, and (3) constant concentration method.

NOTE Specific measurement conditions are given in Table 1.

2 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

21

single zone

%4

space where the ventilation rate/specific airflow rate is measured and which only exchanges air
with the outside

NOTE1 Measured in cubic metres.

NOTE 2 Conditions needed for measurement are different for each measurement method, and details are
given in Clause 4.

2.2
effective mixed zone

Vemz
space within a single zone, excluding sealed furniture or storage space, in which tracer gas supplied to

the zone is regarded as uniformly distributed
NOTE1  Measured in cubic metres.

NOTE 2  Forced mixing of air in the zone is often needed to keep uniform tracer gas concentration.

2.3
ventilation rate

Qv

total volume of air passing through the zone to the outdoor air per unit of time
NOTE Measured in m3/s or m3/h.

2.4

specific airflow rate

N

ratio of the Qv to the volume of the effective mixed zone, per second or per hour
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2.5
building envelope
boundary or barrier separating the interior volume of a building from the outside environment

2.6
tracer gas
gas that can be mixed with air and measured in very small concentration in order to study airflow rate

NOTE The tracer gas volume is defined as the value of exhaust temperature converted into density. When the
room air is mixed well, the room temperature approximately matches the exhaust temperature.

2.7

concentration decay method

method by which the specificairflow rate is obtained from the decaying curve of concentration observed
after the end of the injection of tracer gas.

2.8

continuous dose method

method by which the ventilation rate is obtained from the concentration resulting from continuous
generation or injection of the tracer gas

29

constant concentration method

method by which the ventilation rate is obtained from the injection rate of tracer gas dosed for constant
concentration in the space

3 Measurement method and its selection

3.1 General

One of the three measurement methods concentration decay method, continuous dose method and
constant concentration method, is used to measure the ventilation rate/specific airflow rate. Selection
of a measurement method and data processing depends on a building structure, ventilation system and
measurement instrument employed. The concentration decay method has a limited measurement time
of up to several hours while the continuous dose and constant concentration methods can provide a
longer measurement time up to several weeks. The guideline of selection of the method and what is
measured by the method is listed in Table 1.

In order to improve the accuracy of measuring the ventilation rate/specific airflow rate, it is sometimes
necessary to devise measures that approximate prerequisite conditions demanded of measurement
methods. In particular, if a measurement method were used that requires uniformity of concentration
in the effective mixed zone, it would be preferable to forcibly mix the internal air. In general, forced
mixing of internal air has little effect on ventilation rate/specific airflow rate, but there is a risk that
forced mixing affects the measured ventilation rate if natural ventilation due to temperature differences
predominates and the temperature within the room is distributed significantly, or if airflow emitted
from a fan for the purpose of mixing air directly impinges on the leakage areas in buildings. In such
instances, a mixing system needs to be improved or it would be recommended to select a measurement
method that could ensure uniformity of concentration without mixing.

In Table 1, specifications for the various applications are described as follows:

— “Room concentration can be maintained uniform at initial stage only” means making the
concentration in the effective mixed zone uniform by a method such as forced mixing when
supplying a tracer gas into the zone, but allowing the concentration to be distributed in principle
with the measurement.

— [Ifitis specified that “room concentration can be maintained uniform at all times”, continuous forced
mixing of air in the effective mixed zone is preferable. However, if the constant concentration method
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is used, and if concentration is controlled by injecting the tracer gas at several places and air is
sampled at several locations, it is possible to assume that concentration is uniform without mixing.

“Average exhaust concentration can be measured” may either mean instances in which concentration in
an effective mixed zone is made uniform using mixing, or instances whereby the pressure inside azone is
keptlower than the outside when using the exhaust ventilation system, or the leakage area is extremely
low so the exfiltration rate may be ignored, and exhaust pathways may be specified beforehand.

When using measurement methods that require the “known volume of an effective mixed zone”,
the volume of the effective mixed zone can be estimated using room dimensions. However, when
using the corresponding average inverse concentration method and average concentration method,
if a sufficiently long time is taken to evaluate the ventilation rate, high accuracy for estimating the
volume of an effective mixed zone is not needed.

Measurement methods that can be applied in instances where “fluctuation in ventilation rate can
be ignored”, are designed on the assumption that the ventilation rate/specific airflow rate over time
does not change.

Table 1 — Method, application and measured quantities

Application and measured quantities
Application What is measured
Room Room Average Known Fluctuation |Ventilation |Flexibility
Method concentra- |concen-tra- |exhaust volume of in ventila- rate or spe- |to transient
tioncanbe |tioncanbe |concen-tra- |effective tion rate can |cific airflow |ventilation
maintained |maintained |tioncanbe |mixedzone |beignored |rate rate
uniformat |uniformat |measured
initial stage |all times
only
Concentra- | 2-point Specific ai
: pecific air-
tion decay |decay o flow rate A
method method
Multi-
point o o Specific air-
decay flow rate
method
Step-
down
exhaust o o o Specific air-
concen- flow rate
tration
method
Pulse Ventilation
o o
method rate
NOTE Inaddition to the measurement methods above, there is an intermittent dose method that allows the measurement
the volume of an effective mixed zone and ventilation rate at the same time. For measurement of ventilation rate among the
other measurements, if volume of an effective mixed zone is known, the ventilation rate can be obtained by multiplying the
volume of the effective mixed zone by the specific airflow rate, and then converting to ventilation rate. The measurement
methods marked with “A” in the “flexibility to transient ventilation rate” column can apply, in principle, to the case where
changes in ventilation rate/specific airflow rate cannot be ignored, however, because the measurement is based on time-
mean ventilation rate/specific airflow rate, it indicates that it does not meet the measurement of transient ventilation
rate/specific airflow rate. The constant concentration methods marked with “0” indicate it meets measurement of transient
ventilation rate if the dose of the tracer gas responds accurately to the transient ventilation rate with internal concentration
maintained at a constant level.
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Table 1 (continued)

Copyright Intérnational Organization for Standardization
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Application and measured quantities
Application What is measured
Room Room Average Known Fluctuation |Ventilation |Flexibility
Method concentra- |concen-tra- |exhaust volume of in ventila- rate or spe- |[to transient
tion canbe |tioncanbe |concen-tra- |effective tion rate can |cific airflow |ventilation
maintained |maintained |tioncanbe |mixedzone |beignored |rate rate
uniformat |uniformat |measured
initial stage |[all times
only
Continu- |Aver-
ous dose |age of
method inverse o o Ventilation A
concen- rate
tration
method
Average
concen- o o ° Ventilation
tration rate
method
Station-
ary Ventilation
concen- o o
: rate
tration
method
Constant concentra- o Ventilation °
tion method rate
NOTE Inaddition to the measurement methods above, there is an intermittent dose method that allows the measurement
the volume of an effective mixed zone and ventilation rate at the same time. For measurement of ventilation rate among the
other measurements, if volume of an effective mixed zone is known, the ventilation rate can be obtained by multiplying the
volume of the effective mixed zone by the specific airflow rate, and then converting to ventilation rate. The measurement
methods marked with “A” in the “flexibility to transient ventilation rate” column can apply, in principle, to the case where
changes in ventilation rate/specific airflow rate cannot be ignored, however, because the measurement is based on time-
mean ventilation rate/specific airflow rate, it indicates that it does not meet the measurement of transient ventilation
rate/specific airflow rate. The constant concentration methods marked with “0” indicate it meets measurement of transient
ventilation rate if the dose of the tracer gas responds accurately to the transient ventilation rate with internal concentration
maintained at a constant level.

3.2 Concentration decay method

3.2.1 General

At the start of measurement, the tracer gas is supplied in the zone to be measured, and ventilation
rate/specific airflow rate is evaluated based on the concentration decay data obtained. In case of
the forced mixing for uniform distribution or if the average exhaust concentration can be measured,
the measurement point can be limited to one. The amount of tracer gas needed is very small for one
measurement, and it is not required to accurately measure the amount of injected gas except for the
pulse method.

The basic equation that can be commonly applied to the methods is as follows:

AV ()
— - -C(O)ev(t) (m3/h or m3/s)
t

(M

where
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t is time, hours or seconds;

Veas(t)  is total volume of tracer gasin azone at time “t” (= [fly C(x,t)dV) (m®);

X is location in a zone;

C(x, t) isconcentration at “t”, “x” in a zone (m3/m3);
Qv(t)  isventilation rate at “t” (m3/h);

Cg(t)  isaverage exhaust concentration at “t” (m3/m3).

NOTE Formula (1) assumes that indoor-outdoor air density difference, mostly resulting from temperature
difference can be neglected.

3.2.2 2-point decay method

With the concentration in an effective mixed zone continuously made uniform, the time-mean air charge
rate is calculated from the measurement start point to the end point. It is not necessary for the specific
airflow rate to be constant during measuring.

The following equation is established from the above conditions.
Vgas ()= Vemz 'C(t)

€L (0)=C(0) (2)

where

C(t) is concentration in an effective mixed zone (uniform distribution) at t (m3/m3);

Vemz is volume of an effective mixed zone (no time changes are assumed) [=[[fy C(x,t)dV / CE(t)]
(m3).

Formula (1) and Formula (2) provide Formula (3) to give Formula (4).

dc Qlt
J'tz :7'[152 ( )dt (3)
t1 C(t) t1 Vemz
- 1 Cleq
N = —logeﬁ (4)
t2=e1 < C(e2)
where
t is time (t1: Measurement start point, t2: Measurement end point) (h);

(o)

_ 1
N is time-mean specific airflow rate (=——*2—24r) (1/h).
t27¢t1 1 Vemz

Based on the measured concentration data of two different time points, the time-mean specific airflow
rateis calculated for that period. During the measurement period the concentration in the effective mixed
zone must be uniformly maintained. It is necessary for the accurate measuring of specific airflow rate
that the difference in concentration between the measurement start point and end point be sufficiently
greater than the concentration measurement error.

PR S
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3.2.3 Multipoint decay method

Specific airflow rate is calculated when the concentration distribution in an effective mixed zone is
maintained uniform and the ventilation rate does not fluctuate over time.

Formula (5) is obtained when the ventilation rate in Formula (3) is made constant and the equation
is transformed.

logec(t)=logec(n)""(t‘tl) (5)

where N is specific airflow rate (h).

Specific airflow rate is calculated by applying the measured data of concentration using the least square
method to a straight line shown in Formula (5). The precondition that specific airflow rate does not
fluctuate over time is confirmed when log.C(t) is plotted against t and there is a linear relationship.
Lack of a linear relationship indicates that ventilation rate is not constant, so the specific airflow rate
obtained using this method is not the time-mean specific airflow rate. In this instance the 2-point decay
method should be applied.

3.2.4 Step-down exhaust concentration method

The specific airflow rate is calculated when the average exhaust concentration is measurable, the
distribution of the concentration in an effective mixed zone at the measurement start point is uniform,
and the ventilation rate does not fluctuate over time. It can also be applied when the concentration
is distributed after the start of measuring. Simultaneous measurement with the mean age of air
distribution is possible.

When time is integrated up to oo by making constant the ventilation rate in Formula (1), Formula (6) is
obtained

[* dVgaS(t)=QVIOO CE(t)dt 6)
t1 t1

If the concentration in an effective mixed zone is made uniform at the measurement start point, the result is
Vgas(fl) “Vemz’ C(tl)

and after sufficient time has elapsed the result is
Vgas (oo) =0
which provides Formula (7).
c
N = & (7)
* d
It1 CE (t) t

Thatis, the reciprocal value to the mean local age of air in the exhaust outlet becomes the specific airflow
rate in the room. In the event of multiple exhaust outlets, the average exhaust concentration weighted
depending on the exhaust airflow rate at each exhaust outlet is used.

NOTE Refer to Annex F if the difference between the exhaust temperature and room temperature cannot be
ignored.

3.2.5 Pulse method

Theventilationrateis calculated when the average exhaust concentration is measurable and the ventilation
rate does not fluctuate over time. The tracer gas volume supplied at the measurement start point needs to
be accurately evaluated, but the concentration distribution in a zone does not need to be uniform.
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In this instance, in Formula (6), Vgas(t1) is already known, and after sufficient time has elapsed, the resultis
Vgas (oo) =0
which provides Formula (8).

Vgas(tl) 8
I:CE(t)dt ®)

where Vgas (t) istracer gas volume (=supplied tracer gas volume) retained in the room at the measurement
start time t1 (m3).

o=

NOTE For the tracer gas volume, a value of exhaust temperature converted into density is used.
3.3 Continuous dose method

3.3.1 General

With the tracer gas being supplied continuously in the zone, the ventilation rate is measured by the
amount of the dosage and concentration measurement data. If a measurement method that requires
uniformly distributed concentration throughout the effective mixed zone with the tracer gas supplied is
used, it normally requires multiple concentration monitoring points to verify the uniform distribution
of the concentration. The amount of the tracer gas supplied increases as the measurement time
extends, however, the method can be applied to measurement that extends for a long time. The passive
measurement that uses carbon dioxide generated by exhalation of residents as the tracer gas, is also one
of the continuous concentration methods.

The basic equation that can be commonly applied to the methods is as follows:

dVgas (£)

= m(t) - Cg (£)Qu(t) 9)
dt

where m(t) is dosage of tracer gas at “t” (m3/h).

3.3.2 Average inverse concentration method

The time-mean specific airflow rate is calculated from the start to the end of measuring, where the
concentration distribution in an effective mixed zone is maintained uniform. It is not necessary for the
ventilationratetobe constantduringmeasuring, buttheinstantaneous concentrationduringmeasurement,
the instantaneous dosage of tracer gas, and the volume of the effective mixed zone are required.

The following equation is established based on the assumed conditions.

vis(e) - vems ()

(10)
CE(L‘) =C (t)
where
C@®) is concentration in an effective mixed zone (uniform distribution) at t (m3/m3);
Vemz is volume of an effective mixed zone (m3).
Formula (9) and Formula (10) provide Formula (11), which gives Formula (12).
dc m\t
Vemzftzjtz()dtItZQv(t)dt (11)
refe) ()
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— c
QV|:E:|+ Vems loge (tl) (12)
c] rmer cc(e2)
where
t is time (t1: Measurement start point, t2: Measurement end point) (h);
_ 1

v istime-mean specific airflow rate (=

12v(¢)ary (m3/h);
t2-t1 t1

H L) o,

cl t2e1tl C(t)

(m/c) isin general different to (;z/E) . When the tracer gas dose during measuring is constant and is m,

(m/c) is replaced by m(1/c¢). When there is sufficient measuring time, the effect of the second term on
the right side in Formula (12) is diminished, so in such circumstance this method may be applied also to
instances where sufficient accuracy is not obtained for estimation of the volume of the effective mixed
zone. Immediately after the start of tracer gas dosing, the concentration is generally small, which tends
to have a strong effect of delaying the response to the concentration measurement system including the
sampling system, and causing errors in the measured concentration value, so at this point data must not
be used for calculating the ventilation rate.

3.3.3 Average concentration method

The ventilation rate that does not fluctuate over time when the concentration distribution in an effective
mixed zone has been made constantly uniform is calculated. When there is sufficient measuring time,
calculation is possible using only the time-mean tracer gas dose and time-mean concentration during
the measuring.

Once Formula (10) is supposed for Formula (9), integration in the measuring time provides Formula (13).

Ittlzc(t)Q(t)dt=J§12m(t)dt—vemzjttlzdc (13)

If Qv(f) = Q, without the ventilation rate changing over time, Formula (14) is obtained.

Q=£— Vemz C(tZ):C(tl) (14)
C

t27t1 C

where

12m(&)de (m3/h);

t2-¢1 t1

m=
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C=

12¢(¢)ae (m3/m3).

t2-¢1 t1

When there is sufficient measuring time, the effect of the second term in Formula (14) is relatively minor
and can be ignored. However, in the event that the ventilation rate changes over time, if the mean value
theorem in Formula (13) were applied, Formula (15) would be obtained.

QV(§)=%— Vemz |:C(t2):c(t1):|' L <E<ty (15)

t27t1 c

The ventilation rate obtained in Formula (15) provides the ventilation rate at a time during measuring,
but it does not end up as the time-mean ventilation rate. The ventilation rate obtained from Formula (15)
is suitable in cases where the purpose is to simulate generation of the contaminating substance in the
room using tracer gas dosing, and estimate the time-mean concentration to which the inhabitant is
exposed. Therefore, when it is possible to measure the instantaneous concentration and instantaneous
dosage of tracer gas for the purpose of measuring the mean ventilation rate, the inverse concentration
method should be used.

3.3.4 Stationary concentration method

The ventilation rate is calculated when the ventilation rate does not fluctuate over time, under conditions
in which the average exhaust concentration is measurable. It can also be applied when concentration in
a zone is distributed.

Formula (16)is obtained when astationary stateisreached and there are notemporal changesin Formula (9).

o (16)
Cg
where
m is tracer gas dose (m3/h);

Cg is average exhaust concentration (m3/ms3);

That is, the ventilation rate is obtained by dividing the constant concentration by the tracer gas dose.

3.4 Constant concentration method

* In order to make the concentration in an effective zone regularly constant at targeted value, the tracer
- gas dose should be controlled and the ventilation rate evaluated from the dosage of tracer gas. Even when
- the internal air is not uniformly mixed, by establishing multiple tracer gas dose points and measuring
© points, it is possible to make the concentration distribution uniform. Special equipment is necessary to
- control the tracer gas dose.

The basic equation to be applied is as follows (background concentration has been set at 0 for ease of

i understanding).
47 gas )
gas
0= :m(t)_ctargetQ(t) (17)
dt
where
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Crarget  is target concentration for constant concentration method (m3/m3);
Qv(t)  isventilation rate at time t (m3/h);
m(t) is tracer gas dose at time t (m3/h);

Accordingly, ventilation rate is calculated using the following equation,

o(t)- m(t)

Ctarget

(18)

3.5 Type of tracer gas

Six types of tracer gas as listed in Table 2 are used to measure the ventilation rate in a zone.

Table 2 — Types of tracer gas

: . _— Sulfur hexafluor-| Perfluoro Nitrogen mon-
b
TYpe of gas Helium 2 Carbon dioxide ide c carbon d Ethylene ¢ oxide f
i CF4(PFC-14)
(;heml:celll He €Oy b SFg ¢ CyHy N20
symbo C2Fe(PFC-16)
; Infra- Infrared Infrared gas
Measurement red gas nirare absorption Infrared gas
: GC-TCD GC-ECD |gasabsorp-| GC GC-ECD ;
method absorp- . & FID absorption
‘ . tion
: tion & GC
Example of
lower limit 300 x10-6 | 1x10-6 | 70 x 10-6 0,001 x 10-6 — 0,1 x10-6 0,1 x10-6
detection
Permissible — 5000 x 106 1000 x 10-6 — — 25x 1076
concentration
Relative den- Example,
sity against 0,138 1,545 5,302 PFC-14: 3,06 0,974 1,53
air [-] PFC-16: 4,80
Global warm- Example,
ing potential — 1 23900 PFC-14: 6 500 — 310
(GWP) PFC-16: 9 200

NOTE 1 In addition to those gases above, nitrogen, carbon monoxide, ethane, methane, isobutene, cyclobutanoctofluoride,
Bromomethanetrifluoride, dichlorodifluoridemethane, and dichlorotetrafluoridemethane can be also used as tracer gas.

NOTE 2 The GC in the table indicates general Gas Chromatography, the GC-TCD is the gas chromatography using Thermal
Conductivity Detector and GC-ECD using Electron Capture Detector.

NOTE 3 The Global Warming Potential is defined as relative green house effect potential per weight against carbon dioxide.
NOTE 4 Infrared gas absorption includes both TS (transmission spectroscopy) and PAS (photoacoustic spectroscopy).
a  Helium is chemically stable.

b CO; is dissolved in water and can be adsorbed with building materials or furniture, and is not suited for precise
measurement. However, if the measurement does notrequire critical accuracy, COz is often used. CO generated by occupants
or any other internal source shall be taken into account. If this CO; emission rate is not known, this tracer cannot be used.

¢ SFehasalarge global warming potential and should not be used in alarge amount. SF¢ is an inactive gas. If it is heated to
500 °C it generates toxic gases. Therefore, it should not be used in a space where a fan heater is used and SF¢ flows through
the heat source.

d  PFC has alarge Global Warming Potential and should not be used in large amounts.
e Ethylene is flammable and should be handled with a great care.

f N0 has a large Global Warming Potential and should not be used in large amounts. N0 is dissolved in water, and
reacts with aluminium. It ignites at a high temperature. Great care must be exercised not to use it over its permissible
concentration as it affects health.
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3.6 Measurement apparatus

3.6.1 General

ISO 12569:2012(E)

Measurement instruments required are listed in Table 3 in accordance with the group of measurement
methods listed in Table 1. Each apparatus is defined as a means of dosing and distributing the tracer gas,
collecting air samples, serving as an analyser to measure gas concentration, and other measurement devices.

Table 3 — Group of measurement methods and measurement instruments

Measurement instrument
Measurement method Tracer gas Tracer gas Tracer gas Tracer gas Other equip-
Lo concentration
generator distributor collector . ment
instrument
Cylinder and |Blower for Manual Gas concentra- |Reader or
. valve with flow | mixture suction and tion detector or |recorder
2-point decay
meter a bag made of gas concentra-
method L )
polyvinylidene |tion analyzer
fluoride
Cylinder and |Blower for Teflon tube Concentration 2-point decay
Lo valve with flow | mixture or and gas suc- analyser method
Concen- Multi-point decay a . . :
( hod meter pipe for dis- |tion pump
tration decay metho tribution and
method duct mesh
Step-down method |Cylinderand |Blower for Teflon tube Concentration Recorder and
at exhaust concen- |valve with flow | mixture f and gas suc- analyser PC
tration meter 2 tion pump
Container of Notrequired |Teflon tube Gas concentra- Recorder and
Pulse method known vol- and gas suc- tion analyser PC
ume ¢ tion pump
Average of inverse |Precision flow |Blower for Teflon tube Concentration Recorder and
concentration meter system |mixture and gas suc- analyser pPC
method and cylinder b tion pump
a.Active |Precision flow |Blower for Teflon tube Concentration Recorder and
Average |method |metersystem |mixture and gassuc-  |analyser PC
Continuous | concen- and cylinder b tion pump
dose method | tration |}, pys. Specificgen-  |N.A. Specific sam- |Concentration  |N.A.
method |gjye erator (doser) d pler g analyser
method
. Precision flow |[Notrequired |Teflon tube Concentration Recorder and
Stationary concen-
. meter system and gas suc- analyser pPC
tration method ; .
and cylinder tion pump
Cylinder with |Blower for Teflon tube Concentration Process con-
Constant concentration method |feedback mixture and gas suc- analyser troller
control € tion pump
a Including a float type flow meter.
b Including valve with accurate orifice flow meter or electronic mass-flow controller. Generally, the cylinder should have a
pressure of 1 MPa, and capacity of 10 1to 15 I and a weight of between 5 kg and 10 kg.
¢ Ex: graduated syringe or mass flow meter with timing controller.
d Including aluminium tube of finger size for dosing carbon hydride by evaporating it gradually.
e Doser of compressed tracer gas, having a combination of a flow meter and feedback control system for concentration in
the zone.
f Mixing is needed only at the initial stage of the measurement.
& Activated carbon tubes adsorb evaporated carbon hydride.
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3.6.2 Tracer gas dosing device

3.6.2.1 General

The dosing rate must be accurately measured. Table 3 outlines the combinations, but a suitable volume
should be chosen in accordance with each test method in Table 1 and the tracer gas used in Table 2.
When the gas flow rate is measured, the temperature is simultaneously measured for the gas mass flow
rate estimation. A valve with a heater attached should be prepared to prevent cooling and freezing at the
valve in case a large volume of carbon dioxide etc. is emitted.

The following measures are needed for promoting a uniform mixing.

3.6.2.2 Fan for mixing

Fans for properly mixing inside a testing zone are needed. However, this is not desirable when
temperature layers exist in the zone that would affect the ventilation rate and specific airflow rate.

3.6.2.3 Synchronous emission of tracer gas

Pipingand ductsystem etc. for distribution/emission by branched piping when multiple outlets are prepared.
3.6.3 Tracer gas sampling apparatus

3.6.3.1 Materials for sampling apparatus

Materials used for the tracer gas sampling system, which are mainly piping and tubes, shall be non-
absorbent, non-reactive, and non-diffusive to the tracer gas in use. Glass, copper, and stainless steel etc.
arepreferable. Metal foilissuitable for flexible containers. Other permissible materialsare polypropylene,
polyethylene, and polyamide. Fluorine-coated tubing, so-called Teflon tubing, is often used. Depending
on the tracer gas, materials to avoid include soft plastics. Tubes (especially plastic tubes) used once for
injecting the pure tracer should never be used for air sampling.

3.6.3.2 Portable sampler

This includes gas tight syringes, flexible bottles, and sample packs having the capacity of at least three
times the minimum air concentration sample in the gas analyser. The portable sampler must have been
made airtight so that the sample air is not diluted or does not become contaminated.

3.6.3.3 Sampling network for on-site analysis

Thetubenetworkcomprises manifold for directingmultiple sample pipesto the gasanalyser,achangeover
switch, and a pump that leads to the analyser, but normally it is integrated and programmed so that the
sample air is suctioned at determined time intervals, and directly connected to the gas analyser.

3.6.4 Gas analyser

The gas analyser must be suitable for the tracer gas and supposed concentrations. The analyser must
also be strictly calibrated and kept within a measuring error of + 5 %. If there is a concern about analyser
drift, the analyser should be calibrated at the beginning and end of the test. The advantage of a gas
analyser is the possibility of measuring continuous real time indoor contaminants, e.g. CO2, TVOC, CO,
Formaldehyde.
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4 Procedure

4.1 Building preparations

The measurement method in this International Standard deals with the single zone ventilation
measurement. In case the zone needs uniform concentration with multiple rooms, all internal doors
in the rooms may be open and an appropriate mixing device may used, in order to achieve the uniform
concentration in the rooms.

If measuring were to be performed on a single room within the building, even if internal doors and doors
leading to an adjacent room were intentionally sealed so that there may be no leakage from an adjacent
room, in many instances air would pass into an adjacent room via leakage areas in the ceiling so it may
be difficult to limit it to just the target room.

4.2 Ancillary measurements

In addition to the zone subject to ventilation measurement, the air temperature of adjacent rooms
connected by openings, cracks,ductsand pitsismeasured and recorded. Dataon external air temperature,
wind speed, and wind direction are collected using the nearest meteorological observation station or
portable weather observation apparatus. The building ventilation system operating condition and the
size of envelope openings are measured. If the measurement method requires the volume of Vemz, the
dimensions of the zone must be measured.

4.3 Concentration decay method

4.3.1 Calculation of 2-point and multi-point methods

In 4.3.1.1 and 4.3.1.2 the calculation of the 2-point and multi-point method are described.

4.3.1.1 2-point decay method

With the measurement of room concentration at two points, the average specific airflow rate on a time
basis is given from Formula (19).

Mot og, L1 (1/h)
(19)
where
N is mean time specific airflow rate (1/h or 1/s);

C(t1) is room concentration at “t1” (m3/m3);
C(t2) is room concentration at “t2” (m3/m3);
t1 is start point of measurement (h);

t2 is end point of measurement (h).

4.3.1.2 Multi-point concentration decay method

The multiple-point concentration decay method can be used when the gas concentration decay process fg
can be measured multiple times at intervals ranging from several minutes to around one hour. The least -
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square method is applied to the gas concentration when at least three points are measured, and the
predicted value for the specific airflow rate (N) is calculated using the following equation.

np np np
Zt]- -.Z logeC(tj)—np~_Z jloge C(t)

t
=1 =1 =1
RN, j j . (20)
np np
np~ Zt] —(Zt]]
j=1 j=1
where
N is the estimated specific airflow rate;
tj is the j-th elapsed time from the decay process starting t1 = 0;
C(t) is the measured gas concentration at time (tj);
np is the total number of measured elapsed time points (np is > 3).

By using period T, where multiple measured elapsed points can be obtained, and ny, the total number
of measured elapsed time points, the measurement errors that cause an estimated error in the specific
airflow rate N can be minimized. This can be realized if we take the product NTy, from the curve shown
in Annex E, where Ty, is an optimum period realizing minimized error of N.

4.3.2 Procedure of 2-point and multi-point methods

In each method, the decaying process of gas concentration is measured after the initial concentration is
high in the zone being measured, with the following steps:

Step 1: Mix the tracer gas after it is dosed or released and distributed, and check the uniformity of
concentration in the space with obtained samples of initial condition.

Step 2: Obtain first sample data of decaying samples.

Step 3: Obtain second sample data of the decaying process for 2-point method. At least one additional
sample is required for multi-point method.

Step 4: Obtain the last sample of the decaying process to check the uniformity of concentration in the zone.

This test method is outlined in Figure 1. To make the initial concentration at step 1 that is close to the
upper measurable limit of the gas concentration analyser, a sufficient and necessary amount of tracer
gas is supplied into the zone. The tracer gas within the zone is then mixed. To confirm uniformity of the
initial concentration, samples of air are taken from at least two points (three in total) away from the
centre, in addition to the centre of the zone, and the sampling time is recorded. Air from the centre is
then sampled two times and the sampling times are recorded.

The exhaust air from the measuring system must be placed to outside in order to avoid recirculation.
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Figure 1 — Overview of tracer gas decay method

4.3.3 Calculation of step-down exhaust concentration method and pulse method

In 4.3.3.1 and 4.3.3.2 the calculation of the step-down exhaust concentration method and the pulse

method is described

: 4.3.3.1 Step-down exhaust concentration method

The specific airflow rate is calculated from Formula (21) from the uniform distributed concentration of
point at start of measuring and the exhaust ventilation concentration data.

c(t1)

) J;; Cg (t)dt

CE(tz)

a

f:iCE(t)dt ~ IﬁfCE(t)dt +

tog € (¢) =108 (e2)-a(t~r2)

where
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N is specific airflow rate (1/h);
Ceg(t)  is exhaust concentration at “t” (m3/m3);

C(t1) is the uniform distributed concentration at start point (m3/m3);

t1 is start time of measuring (h);
ty is the end time of measurement (h);
a the estimated value related concentration decaying after ¢ (1/h).

To calculate the right denominator in Formula (21), the changes in concentration among the measurement
time points is approximated by linear fit. Practically it is difficult to conduct measuring until the exhaust
ventilation concentration has sufficiently lowered. Therefore, Formula (21) may be approximated by
Formula (22). The estimated coefficient a of concentration decay is calculated by Formula (23) using the
interpolation of semi-log curve fitting with the measured data that decays stably and linearly along time axis.

4.3.3.2 Pulse method

The ventilation rate is calculated from Formula (24) from the tracer gas volume dosed initially to the
room and the exhaust ventilation concentration data.

Vgas(t 1)

Q=——"""— 24
I:’ CE(t)dt (24)

where
t is time (h);
t1 is point at start of measuring (h);
Qv is ventilation rate (m3/h);

Vgas(t1) is tracer gas volume supplied to room at start of measuring (m3/h);

Ceg(t)  isexhaust ventilation concentration (m3/m3).

To calculate the denominator in Formula (24), the changes in concentration among the measured points
are approximated using linear fit. When it is difficult to conduct measuring until the exhaust ventilation
concentration has sufficiently lowered, and the changes in concentration after time ¢, are regarded to
be approximated in Formula (22) as per the step-down method at exhaust concentration method, then
the denominator in Formula (24) may be calculated from Formula (23).

4.3.4 Procedure of the step-down exhaust concentration method and pulse method

For the step-down discharge method, after the initial concentration is increased high, measure
the decaying process of concentration continuously for a long time until the concentration becomes
almost the same as the atmosphere. For the pulse method, just before the gas is dosed into the zone
in a transient time, start measuring the accurate amount of injected gas, increased concentration by
dosing, and discharged amount of the gas over the decaying process continuously for a long time until
the concentration is deemed to be the same as atmosphere. Each method requires continuous time
integration of the change in concentration. In the event that discrete gas concentration can only be
measured, the time interval of the measurement must be good enough, e.g. one minute.

Both of these are restricted in application to zones with mechanical exhaust equipment, so for measuring
ventilation, the exhaust concentration needs to be measured continuously over a long period. Figures 2
and 3 outline the measuring methods. Conditions in which the ventilation rate does not change over a
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long period of time are also needed. If there are multiple exhaust outlets, the airflow weighted mean
exhaust concentration for these must be calculated. Airflow at each outlet is unknown, so to enable
measurement of this airflow weighted mean exhaust concentration, it is sometimes possible to measure
the concentration after a mixing point where these multiple exhaust outlets have merged into one
exhaust duct.

These measurement methods require uniformity of room concentration at the initial stage. Here,
instancesin whichthe mean exhaustconcentrationis measurable without makingthe room concentration
uniform are those in which mechanical ventilation is performed using an exhaust fan, and the internal
room pressure becomes negative in relation to the pressure outside. Thus leakages may be ignored, or
instances in which the mechanical exhaust volume is known beforehand are to be considerably greater
than the exfiltration rate, and the effect of the leakage may be ignored.

However, caution should be exercised if artificial mixing is not performed. For example, if the exhaust
outlet is in the upper part of the zone and the external air supply is in the lower part, causing a near
displacement flow effect, the decay of the exhaust concentration may initially be slow and then become
rapid from when the gas in the zone is replaced by fresh outside air. Therefore, major errors can occur
if the decay from the initial effective period to thereafter is estimated without measuring the gas
concentration over a sufficiently long period.
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sufficiently attenuated.

5  check of uniformity of initial gas concentration ¢ Inthe case of displacement ventilation, the decay

distribution curve may suddenly change.
6  other exhaust must not exist d  After confirmation of uniformity of room

concentration distribution.

7  Airflow weighted mean discharge concentration
must be measured

Figure 2 — Overview of step-down exhaust concentration method
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4  Gas concentration measuring instrument a  Inthe displacement ventilation, the concentration
decay may rapidly change.
5 Can be applied only for mechanical exhaust b Along time is needed.
6  Other exhaust must not exist ¢ Known quantity of gas is instantaneously released.

7  Airflow weighted mean exhaust concentration must

be measured

Figure 3 — Overview of pulse method

Even if, as per Figure 4, a short circuit flow occurs from the supply inlet to the exhaust outlet, a long
enough measuring period must be exercised in order to provide whole characteristics of the decay
curve. Because there is a risk this may lead to errors, namely because under actual conditions whereby
the zone targeted for measuring has become a place of stagnant ventilation, leading to delays in the
attenuation of exhaust concentration, and forcing the measurements to be cut off in a limited time,
errors occur because attenuation thereafter is approximated using extrapolation, and also the zone is

easily affected by disturbance fluctuations.
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5 Short circuit

Figure 4 — Measuring error by short circuit flow

4.4 Continuous dose methods

4.4.1 Calculation of average of inverse concentration method

Through this method the average ventilation rate is obtained from the following equation, applying the
volume of tracer gas dose from the start to the end of measurement, uniformly distributed room air
concentration and effective mixing zone volume.

_ m

Qv=| — |+
where

&1

62

o

emz
t

%4 C(tq1)
log

is the time at which measurement starts (h);
is the time at which measurement ends (h);

is the mean time ventilation rate(m3/h);

m ml mk mn
—|=|—+.+—+...+—|/n
¢ €1 Cx Cn .

)

is the number of measurements;
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Vefc is the effective mixing zone volume (m3);
Cx is the k¢n measurement of room concentration (m3/h);
mg is the k¢ volume of tracer gas dose (m3/m3);

C(t1) is the room concentration at “t1” (m3/h);
C(t2) is the room concentration at “t” (m3/h).

Data from immediately after the start of tracer gas dosing must not be used. The acquisition of data
must start from immediately after tracer gas dosing, and then the time-mean specific airflow rate in
which t1 changed calculated in trial bases, and the results of calculation of ventilation rate adopted from
the time they had stabilized.

4.4.2 Procedure of average of inverse concentration method

In this method, the tracer gas is supplied usually at a constant flow rate keeping uniform distribution
in the zone while measuring the concentration of the gas in the zone. After gas concentration being
stabilized, the mean time ventilation rate is obtained by the integrated ratio of tracer gas supply rate
against gas concentration between the 2-points.

Therefore, it is preferable to measure both tracer gas supply rate and gas concentration continuously,
however, when the measurement is carried out in discrete times, time intervals must be about one
minute to minimize time differential error.

In order to verify transient ventilation rate over time, at least two ranges should be measured.

Figure 5 outlines this test method. So that the completion of the gas concentration elevation process can
be confirmed, and because of gas concentration changes and the necessity of the integral value of a tracer
gas supply rate, an apparatus is needed to enable continuous measuring and recording. Furthermore, a
spatial multi-point measuring apparatus would be preferable for also confirming the uniformity of gas
concentration in the zone. Typically, 30 min are appropriate for measurement intervals.

The tracer gas flow rate must be set so that errors are within 2 % of the target concentration, and so that
concentration is within a detectable range for the gas analyser. The gas concentration within the zone
should be mixed so that the gas concentration variation within the zone is less than 10 %.
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5 mixing fan b Recommended.
6  fluctuation in ventilation can be allowed

Figure 5 — Overview of average of inverse concentration method

4.4.3 Calculation of average concentration method

The ventilation rate is calculated by inserting into Formula (26) the mean concentration from the
measurement start point to the end point and instantaneous concentration at start and end point.

m c(gn)-C
QV:$7 Vefc (tz)_ (tl) (26)
C t27t1 c
where
t1 is the measurement start point (h);
t2 is the measurement end point (h);
Qv is the ventilation rate (m3/h);
_ . — Foot o et
o is the mean tracer gas supply rate (m -m mk mnj (m3/h);
n
- - +...+ +...+
c is the time-mean room concentration (C _a Ck C“j (m3/m3);
n
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n is the number of concentration measurements;
Vemz is the effective mixing zone volume (m3);

C(t1) is the room concentration at t1 (m3/m3);

C(t2) is the room concentration at t (m3/m3);

Ck is the k¢, room concentration measured (m3/m3);
my is the tracer gas supply rate at k (m3/h).

When using the average concentration method according to the passive method including the PFT
method, C(t1) and C(t2) cannot be measured, so evaluation of the order should be performed for the
right side of Formula (27) so that the second term on the right side of Formula (29) may be ignored. To
meet this demand, a sufficiently long mean time is used or the measurement start time is set after room
concentration is stabilized.

C
tz—t1>>=VefC
m

t -ty >>M-V (27)

2
m

In this instance, Formula (28) is used to calculate the ventilation rate.

Qy = (28)

NN

where
t1 is the measurement start point (h);
t2 is the measurement end point (h);

Qv  isthe ventilation rate (m3/h);

- +...+ +...+
is the mean tracer gas supply rate | m= "1 mk "n | (m3/h);
m g pply
n

i i i - +o.t0, bt
c is the time-mean room concentration [C -4 Ck C“j (m3/m3);
n

4.4.4 Procedure of average concentration method

Follows the procedure as the average concentration method (Figure 6). While the average of inverse
concentration method bases ((m/c) m/C = average of (gas supply flow rate)/(gas concentration) in the

Formula (12), the average concentration method relies on (;/2) (m/C) as seen from Formula (14), and

averaging of gas supply rate and room concentration is made separately.
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Figure 6 — Overview of average concentration method

4.4.5 Calculation of stationary concentration method

With the tracer gas supplied steadily to the room, this method is used to obtain the ventilation rate
by using Formula (29), applied with the average exhaust concentration obtained after the room
concentration has become stationary. If the exhaust concentration is measured several times, the
average is applied to the equation.

oo (29)

Qv  isthe ventilation rate (m3/h);
m is the tracer gas supply rate (m3/h);

Cg isthe stationary exhaust concentration (m3/m3).

4.4.6 Procedure of stationary concentration method

This method only applies to a zone where a mechanical ventilation system is installed. The tracer gas
is supplied at a constant flow rate into the zone with the flow rate being measured. When a stationary
state has reached, the gas supply rate and stationary exhaust concentration are measured.
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An outline is shown in Figure 7. In order to measure stationary exhaust concentration accurately, the
exhaust concentration must be measured continuously over the long term. Conditions are also needed to
ensure that the ventilation rate does not change during this period. If there are multiple exhaust outlets,
such airflow weighted mean exhaust concentrations must be measured. Although the airflow at each
exhaust outlet is not known, it is possible to measure this airflow weighted mean exhaust concentration
by setting the measurement point at a position downstream from a mixing point at which these multiple
exhaust outlets have merged into one exhaust duct.

With this measurement method the room concentration does not need to be uniform. This method
can be applied if the measured exhaust concentration represents more than 90 % of exhaust air
concentration leaving from the zone. This situation is realized when exhaust only ventilation system or
balanced ventilation system with larger airflow rate setting for exhaust fan is installed so that the room
is kept negative pressure in relation to that of outside, or the zone is sufficiently airtight for negligible
exfiltration flow rate to the outside.

Y
AC T — Y1

A
\
4
o

-5 ‘ .
AR g
X
Y2
A‘ Q) 3 4
(]
1
X
Key
1 tracer gas X elapsed time
2 dataacquisition, gas dose/air collection control Y1 concentration
3 gas supply apparatus Y2 gas supply
4 gas concentration measuring instrument a  transition state and not to be used
5 negligibly small exfiltration flow rate b can be used
6 airflow weighted mean exhaust concentration must

be measured

Figure 7 — Overview of stationary concentration method

4.5 Constant concentration method

4.5.1 Calculation of constant concentration method

This method is used to obtain the transient ventilation rate using the following equation applied with the
amount of tracer gas dose and uniformly distributed concentration, which is controlled at a constant value.
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If the concentration in the zone consisting of spaces in building is kept at the same concentration, this
method allows the determination of a combined airflow rate from multiple spaces that comprise the
entire building.

Qu(t)=— (30)

Refer to previous equations for the meaning of the symbols.

In order to calculate accurately the instantaneous ventilation rate it is necessary for the room

. . R . |4 dc
concentration to be constantly kept in the vicinity of the target concentration thus —€—. 2 Q(t)

dt

Ctarget
Formula (31) is used when the time-mean specific airflow rate is required.

- m
Q== (31)
c
where
Py is the time-mean specific airflow rate (m3/h);
m:(m1+...+mk+...+mn)/n (m3/h);
C:(C1+...+Ck+...+cn)/n (m3/m3);
n is the number of concentration and tracer gas dose [ - |;

ck  isthe k¢, room concentration measured (m3/h);

my  is the kg, tracer gas dose measured (m3/h).

4.5.2 Procedure of constant concentration method

Generally, the amount of the tracer gasis controlled for injection to a zone consisting of two or more spaces
in such a way that the concentration at each space becomes constant and uniformly distributed, and the
amount of gas dosed is measured. The tracer gas is mixed to keep the concentration uniform so that the
distribution in each zone does not become more than 10 %. The difference between zones should not be
more than 5 %. The amount of air flowing from outside directly to a zone without passing through the
connecting zone(s) can be obtained by the amount of gas supplied and constant concentration measured.

Figure 8 outlines this test method. It is important that the measured concentration value that can be used
for calculating the ventilation rate must be virtually the target concentration and stable. In other words,
a measured value transitional to this state must not be used. It is also necessary to continue measuring
up until it can be confirmed that these concentrations become constant. When temporal discrete
measurement is performed, it is necessary to conduct measurements every several minutes in each space.

When the constant concentration method is used for long-term measurements, the measurement period
is broken down into short time periods, e.g. 30 min, and the results analysed for each of those short
periods so that the trend over time of changing air change rate (or airflow rate) with weather or other
parameters may be assessed.

When the gas concentration as a controlled variable and the gas dose flow rate as the operating variable
are used for a feedback process, a control algorithm is needed to minimize deviations from the target
concentration. To make the concentration constant, an adaptive control or proportional/integral/
differential control may also be used.
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Figure 8 — Overview of constant concentration method

5 Accuracy

Based on the concentration of the tracer gas, the accuracy of the ventilation rate/specific airflow rate
obtained from the equations in this clause are subject to the following factors:

— Dose procedure of the tracer gas and concentration distribution in a zone;

— Tracer gas sampling method and its storage method;

— Measurement instrument of the tracer gas concentration;

— Variation of wind, outdoor temperature, and the schedule of the HVAC system.

Errors occurring due to the above factors can be largely attributed to, a) errors in concentration
measurement, and, b) errors in non-uniform concentration distribution due to inadequate mixing of
tracer gas. The effect of errors in concentration measurement on the resulting ventilation rate/specific
airflow rate differ depending on the measurement method However, if the standard deviation of the
concentration error is known, the error in the ventilation rate/specific airflow rate could be estimated
using the error propagation rule. It is also possible to conduct analysis on the confidence interval. Annex
A shows the method for calculating the confidence interval for several measurement methods.
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5.1 Tracer gas dose procedure and room concentration distribution

According to the measurement method shown in Table 1, the room concentration distribution caused
by the tracer gas dose method and the airflow characteristics may provide errors in the estimated
ventilation rate. In cases of the pulse method and continuous dose method, an error in tracer gas dose
has a direct effect on ventilation rate so it is important to control the accuracy. Refer to Clause 4 for the
effects of room concentration distribution on estimated ventilation rate.

5.2 Tracer gas sampling and storage method

Inappropriate positioning of the tracer gas sampling points can have a major effect on the concentration
in a zone and the ventilation exhaust. Caution should also be exercised because concentration errors can
sometimes occur due to adsorption depending on the collecting piping material and gas type and used
concentration. Refer to 4.5 concerning collecting piping materials.

5.3 Tracer gas concentration measuring instruments

5.3.1 General

[tis extremely importantto control the accuracy of the tracer gas analyser for performing highly accurate
concentration measurements. The tracer gas analyser should be determined based on attributes such as
its resolution, accuracy, and drift, and in view of the relationship with the tracer gas concentration used.
To maintain its accuracy it must also be calibrated when appropriate. The following discusses accuracy
control of the tracer gas analyser.

5.3.2 Resolution

The minimum tracer gas concentration to be used should be decided based on the resolution of the
tracer gas analyser. The minimum concentration to be used should be at least 20 times the resolution.

5.3.3 Tracer gas analyser drift

A tracer gas densitometer with minimal drift should be selected for long-term measuring. If there is a
concern about the effects of drift, the standard gas (calibrated standard gas for which the concentration
is known) concentration should be measured at any time and the measured data corrected. However,
when the error rate of the read value exceeds 5 % of the standard gas, the measured value must not be
corrected but the measuring instrument (zero and span adjustment) should be calibrated instead of
correcting the measured value.

5.3.4 Accuracy of tracer gas analyser

It would be preferable to select a tracer gas analyser so that the difference in gas analyser output
concentration and standard gas concentration when measuring the calibrated standard gas was no
more than 5 % for the concentration of the used range.

5.3.5 Calibration of tracer gas analyser

The tracer gas analyser should be calibrated at least at two concentrations (2 types: zero gas and span
gas) within the expected range of concentrations to be measured. If the analyser does not have the linear
response or its response is not known, more than three concentrations are necessary for the calibration.
Calibration should ideally be performed before conducting a series of measurements. When the constant
concentration method is employed, calibration must be performed before and after measuring, and when
other measuring methods are employed, calibration should also be performed after the completion of
measuring if there is a concern about the effects of drift. The standard gas concentration is measured
and the value checked to confirm the absence of a large drift. If drift is observed, the drift during the
measuring should be estimated and the measured concentration corrected. However, if the error caused
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by drift exceeds 5 %, the preference would be to not perform correction but conduct measuring again
after calibrating the analyser.

5.3.6 Standard gas concentration

The concentration of the standard gas used for calibration must be + 3 % of the indicated concentration
at a probability of 95 %.

As outlined, it is vital that concentration measuring should be highly accurate in order to measure
ventilation rate with a high degree of accuracy. However, in view of the nature of error propagation,
caution should be exercised to ensure highly accurate measuring, by investigating beforehand
appropriate measuring conditions such as measurement time period and volume of gas generating rate.

5.4 Changes in outside wind and outside air temperature and schedule of air condi-
tioning system

It is possible that the changes in ventilation rate may occur in response to changes in outside wind
speed, outdoor air temperature, room temperature, and the schedule of the air conditioning system in
the zone targeted. Corresponding to how ventilation is determined primarily by driving force (wind
temperature difference between zones, and mechanical equipment), the ventilation rate changes may
change differently. Even in mechanically ventilated rooms, depending on the type of air conditioning
system, such as when it is a variable air volume system, it may also be affected by outside wind speed.
Before measuring, ventilation rate variability should be investigated and if changes are anticipated, a
measuring method that permits ventilation rate changes should be selected (see Table 1).

6 Testreport

6.1 General
The report must include the following information:

a) Information about specific conditions where measurements were made, particularly focusing on
building structure and its envelope;

b) Information about ventilation, the air conditioning system and openings for ventilation;
c) Description that the measurement was made as per the specifications set forth;
d) Measurement method and instruments employed;

e) Data collected and results of measurement;

f) Date of measurement.

The following shows examples of the content in the report for each of the above items.

6.2 All details necessary to identify the simulation tested

a) Use, dimensions, construction of walls, windows, doors, roof, foundation, overall heights of the
enclosure and other important envelope features (including representative photographs);

b) Building information: name, address;

c) Site description: site plan sketch of structures, roads, terrain, major obstructions to wind flow,
orientation of the enclosure, and the location of the meteorological station;

d) Zone description: a plan and section sketch of the zone, volume of zone.

6.3 Details of heating and ventilation systems
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a) Heating, ventilation and air conditioning system: the type, capacity, and mode of ventilation;
b) Mechanical ventilation: the type, number, capacity, and locations of fans;

c) Natural ventilation: the type, dimensions, number and locations of doors, windows, openings,
chimney flues, and other natural ventilation openings;

d) The type, number, size and location of exterior air inlet and outlet openings;

e) Leakage sites: any obvious sites or those that have been determined by such means as infrared
thermography or infiltrometry.

6.4 Test conditions and apparatus
a) Purpose of the test;
b) Test method: concentration decay, continuous dose, or constant concentration;

c) Distribution of tracer gas: the type of gas, method of injection, volume of initial injection, injection
locations, initial concentration, metering or volume measurement system, injection rate, target
concentration, and method of distribution;

d) Sampling of tracer gas: location of sampling sites, method of spatial testing, sampling interval,
initial sampling time, method of sampling, and method of testing from dilution or contamination in
the zone and sampling system;

e) Gas analyser: type of analyser and the date, method, and results of its calibration;

f) Data acquisition and control: the format for obtaining and recording date; for the constant
concentration test method, report the type of equipment and algorithm used to control the process;

g) Ancillary measurements: the method used for obtaining indoor and outdoor temperatures,
wind speed and direction, and other meteorological observations; height and location of wind
measurements; and means used for measuring other phenomena, such as door or damper positions.

6.5 Collected data and results
a) Récord of tracer gas injection: the time, place, and amount;

b) Récord of tracer gas concentration: the time, location, and concentration of specimens obtained for
thefollowing tests: contamination, uniformity of concentration, equilibrium, and specific airflow;

c) Célculation of specific airflow: the type of calculation, time period for calculation, calculation of N
or Qv from concentration and injection data;

NOTE When calculating the uncertainty, see Annex A.

d) Ancillary information: wind speed and direction, indoor and outdoor temperatures.

6.6 Date of the test

Test period with indoor and outdoor environmental conditions at start and finish.
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Annex A
(normative)

Confidence intervals

A.1 General

This annex discusses the confidence levels and confidence intervals for the specific airflow rate
determined by the multi-point decay method, which is a type of concentration decay method, the
ventilation rate determined by the average concentration method, which is a type of continuous dose
method, and the ventilation rate determined by the constant concentration method.

The accuracy of the ventilation rate obtained as a result is expressed using statistical procedures, i.e.
ventilation rates are expressed within a range with a probability. The range is called the confidence
interval and the probability is called the confidence level.

A.2 Multi-point decay method

The concentration resulting from ventilation may change with time, and the regression method is
applied to analyse to what extent this can be explained by changes in time in the multi-point decay
method. Using the following procedure, the level of confidence for the specific airflow rate N given as a
constantvalue is expressed statistically. Details on the regression method are given in the literature [2].

The regression method applies each measured time t;j as an independent variable, and concentration C
as an induced variable, resulting in the specific airflow rate N calculated from the regression coefficient
for the independent variable ¢;.

The predicted standard error Ey for the regression coefficient corresponding to the specific airflow rate N
isthen calculated. The standard erroris the square root of the variance of the mean of the values calculated
* (sample mean), i.e. it is the standard deviation of the sample mean and shows the mean variance.

© Assumingerrorsintheregression equationarenormally distributed, the standard error of the regression
- coefficient corresponding to the specific airflow rate N is found from Formula (A.1).

Ey = —F—— (A1)
(o)
t: -t
i1
k ~\2
, 'Z(Yi—Yi)
PP — (A.2)
k-2
where

Y; is the measured value of InCj;

Yi is the estimated value of InCj;

ti is the measurement time for each sample, in seconds or hours;
t is the average value of the measurement times, in seconds or hours;
k is the number of samples.
Copyright International Orgg’?izz\t(;o?fo?Qt;ngardiz:ti:)L '('ightS reserved 3 1

Provided by IHS under license with ISO Licensee=University of Alberta/5966844001, User=sharabiani, shahramfs
No reproduction or networking permitted without license from IHS Not for Resale, 12/02/2013 04:59:33 MST



ISO 12569:2012(E)

sisavalue adjusted by the degree of freedom k - 2 of the error in the regression equation for a population
of measured sample, that is, the concentration error, when it is assumed to be normally distributed.

The variance in concentration for the population is not known beforehand, so it is substituted for that
in which the variance in the measured values for the concentration, that is, the sample is divided by the
degree of freedom k - 2. Two is subtracted because two degrees of freedom were used to calculate the
two regression coefficients.

The confidence limit Fy for the specific airflow rate N for a level of confidence of 100(1 - a) against the
k units of the sample group is expressed as Formula (A.3) using a t-distribution table because the level
of freedom of EN is k — 2.

Here, the t-distribution table is used because the sample size is not that large and Ey is not a value
directly calculated from the measured value.

Fy@=N+Ey t(k-21-a) (A.3)
where
t is the value obtained from a t-distribution table;

1-a is the confidence level of N;

k is the number of samples.

Table A.1 — t-distribution table

Freedom level “

0,1 0,05 0,025 0,01 0,005
1 3,078 6,314 12,706 31,821 63,657
2 1,886 2,920 4,303 6,965 9,925
3 1,638 2,353 3,182 4,541 5,841
4 1,533 2,132 2,776 3,747 4,604
5 1,476 2,015 2,571 3,365 4,032
6 1,440 1,943 2,447 3,143 3,707
7 1,415 1,895 2,365 2,998 3,499
8 1,397 1,860 2,306 2,896 3,355
9 1,383 1,833 2,262 2,821 3,250
10 1,372 1,812 2,228 2,764 3,169
15 1,341 1,753 2,131 2,602 2,947
20 1,325 1,725 2 2,086 2,528 2,845

A.3 Average concentration method

The following procedure shows the statistical level of confidence in the calculated constant value for
ventilation rate for sufficiently long measuring time. The predicted variance for concentration C is
determined using Formula (A.4) as the estimate of the population variance, i.e. the unbiased variance.
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Here, the second item in the numerator on the right is organized in the form of a fraction in which mean

1k
— ¥ ¢; hasbeen altered.

ki=1
Kk , [k T
kx el T

SZ _ i=1 i=1 (A4-)

k(k-1)

The confidence level is, for example, « = 0,05 and 1 - @ = 0,95. By t-distribution, the upper and lower
limits of C in relation to the mean of Cin t(k - 1, 1 — @) are calculated using Formulae (A.5) and (A.6).

Cyp=C+t(k-1,1-0) — (A.5)

Clow =C—t(k-1,1-a) ks - (A.6)
where

c is the time-averaged value of the concentration, in m3/m3;

l1-«a is the confidence level of ¢ .

If the equilibrium tracer gas concentration is known and it is assumed the variance for tracer gas dose
m, can be ignored, then the values corresponding to Q, can be found using Formulae (A.5) and (A.6).

m
Quup =—— (A7)
Cup
m
Qv,low = (A'8)
Clow

A.4 Constant concentration test method

~ This procedure has built-in indicators of bias and precision when performing calculations. Ctarget is
- sought, so this value may be compared with C to calculate bias. The precision of C may be estimated by
calculating the estimate of variance using Formula (A.4).

Confidence levels at @ and 1 - a is 0,05 and 0,95, for example. Because the sample size is in general not
that large, the mean value of € and the upper and lower limits for Cin t (k- 1, 1 - a) should be calculated
using Formulae (A.5) and (A.6), using t-distribution where the level of freedom is k - 1.

Analysis of the confidence interval for Qy is performed in accordance with the algorithm that relates
C(t) to m(t).
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B.

Annex B
(normative)

Method to estimate ventilation rate Qy and effective mixed zone
volume Vepz simultaneously [34]

1 General

This method is named the intermittent dose method but is sometimes called a system identification
method from the mathematical point of view. In this method, the ventilation rate and effective mixed
zone volume are estimated by the least square method from the measured values of tracer gas dose
changes and gas concentration changes. The following explains under the condition that the ventilation
flow rate Qy and effective mixed zone volume Ve are constant in certain periods.

B.

a)

b)

d)

f)

2A
Copyright International Organization for Standardization

2 Advantages and disadvantages of the intermittent dose method

Two parameters, ventilation rate and effective mixed zone volume, can be simultaneously estimated.
When using amethod employing an assumed effective mixed zone volume to estimate the ventilation
rate, if the assumed value is completely wrong, then the ventilation rate may also be completely off
the mark. The intermittent method therefore avoids this risk.

Universality: this method can be expanded easily to suit not only a single room model but also
a multiple room one. By consistency of theory, the software used is the same thereby saving
considerable resources.

This is a statistical method so it is robust to the ill effects of different types of error and the method
can berationally used to evaluate errors in estimated results. The principle relies on the least square
method so it is robust to probable errors in value. The actual cause of the error is controlled by a
difference between the actual phenomenon and the mathematical model as shown in Figure B.1,
but this is also expressed as a residual error in the equation. The present method uses multiple
regression analysis and a similar residual error analysis procedure, thereby enabling a proper
evaluation by such error cause.

It is possible to also follow changes over time in ventilation rate etc. and to determine differences
between the actual phenomenon and the model. A measuring period over several hours is required
for obtaining an estimate for the ventilation rate etc., but shifting this period gradually would
enable the determination of the changes over time in the same way as when the moving average is
calculated. If there is a large difference between the estimated effective mixed zone volume and the
geometrical room capacity, then it could be assumed that problems have arisen, such as insufficient
gas mixing and rapid time changes in the ventilation rate.

Comparatively elaborate equipment is required for gas supply control and concentration
measurements. Equipment is required for gas intermittent dose and supply flow measuring, and
continuous concentration measuring.

Comparatively intricate measured data analysis is required. Measured data analysis that works out
simultaneous equations and inverse matrices is required.
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B.3 Basic equation model

The basic equation model arises from the following equation reproduced from Formula (9). The exhaust
concentration Cg in this equation is generally unclear due to exfiltration, etc. Assuming the mean
concentration C of the target zone is Cg = C, Formula (B.1) is established.

dVg (¢
%() = m(t) -Cg (t)QV (t) (Reproduced from Formula (9) in the present text)
dc

Ve~ =0y (co-c)+m (B.1)
where

Co is the tracer gas concentration in the outside air;

Vefc is the effective mixed zone volume;

Qv is the ventilation rate;

m is the tracer gas dose.

B.4 Formulation of multiple regression analysis

Formulation should be conducted to enable the use of an existing multiple regression analysis program.
Assuming the Vermz and Qy parameters are not known and the tracer gas dose m is known, the tracer gas
dose is moved to the left, and the unknown member for calculation is moved to the right.

dc
_mZ_Vefc';'*'QV'(CO_C) (BZ)

The regression equation in the multiple regression analysis corresponding to this is described by a
commonly used symbol. With the so-called target variable defined as y and the two explained variables
expressed as x1 and xp, the regression coefficients related to these are defined as a; and az. Normally,
the constant member ag introduced may be regarded as 0.

y:al~xl+a2~x2 (B.3)

The above Formulae (B.2) and (B.3) are compared. -m corresponds to y, ~Vemz corresponds to ag, and Qy
corresponds to ay. -dc/dt corresponds to the explained variable x1, but (Co - C) corresponds to x2. In the

multiple regression analysis, it is necessary to obtain many of the explained variables and the target
variable sets that correspond to them as measured or observed values under various conditions.

B.5 Method of calculating multiple regression model variables

Obtaining many explained variables in the multiple regression model and their corresponding target
variable sets can be achieved by continuous measuring over a long period along the time axis. This long
period T is divided by the At short time interval, and the explained variables and corresponding target
variable sets are created from each At interval. In order to obtain explained variables with big changes
and their corresponding target variables, the tracer gas dose is changed to create a change in the gas
concentration.
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However, using a derivative term with each passing moment, a negative influence is apt to occur as
a result of errors in the measuring instruments and minute changes, so an integrated form is used.
Formula (B.2) is integrated from temporal spatial (k - 1)At to At to obtain Formula (B.4).

_J'kAt

(k-1
The integral of the first item in the right member is an increment of the concentration from (k - 1)At to
kAt. The integrals of the other two items calculate the area within the interval of At. About one minute
is used for At in a large number of measurements. Most of the time the temporal changes during this
period may approximate a linear interpolation. In contrast, it is necessary to work out the time gaps to

the extent that errors are not exacerbated even with linear interpolation. The approximate integrals
from linear interpolation in each item in Formula (B.4) are defined by smy, pCk, and sCk.

_ kae  9€ kAt
) 1 = Ve () =l +QVI(k—1)At(C0 ~C)dt (B.4)

s My :I(I‘kAfl)Atmdt;%-{m(kAt)erI:(k—l)At]} (B.S)
b Ck =I(kkAf1)Atdc:C(kAt)—C[(k—l)At:' (B.6)
s Cic = [5A ) pp (€ —Chde = %[co(km) ~Ckar) | (B7)
[ cotk-1at |-c[k -]
From this, Formula (B.4) can be re-written into the following equation.
_smkzvefc'(_bck)+Q'(ka) (B.8)

If this Formula (B.8) is compared to the multiple regression equation of Formula (B.3), the method
for calculating each variable in order to apply the existing multiple regression analysis program
becomes evident.

B.6 Method using an existing multiple regression analysis calculation program

For Formula (B.8) mentioned above, if a combination of n units of measured data from temporal spatial
k =1 to ntis obtained and arranged in a matrix row, the following equation results.

'_sml T (-p€1) (sC1

—gMy “pC2) (sC2

—sm3 “bC3) \sC3 v
. = . . .| Yemz (B_g)
. . . Qy

“sMnt (_ant)' (ant)

By notation in a normal multiple regression analysis, this equation is expressed as follows:
Y=X-A (B.10)

Here, the content of A in particular is t [Vemz, Qy]. Also, the working equation of parameter A becomes
the following:

A=[Z§C}=(tx-x)_1.(tx‘y) (B.11)

A special calculation program does not need to be created for this calculation and error analysis because
the existing multiple regression analysis program is performed. However, it is necessary to prepare
each variable calculated by Formulae (B.5) to (B.7) using a spread sheet, for example. Also, as shown

24 _ .
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in Figure B.2, accuracy can be estimated using equation residual analysis that is calculated using
Formula (B.1) from the estimated Ve and Qy.

Y1 &

\

Key
X elapsed time
Y1 concentration

f'j\ f'j\
Y2 gas infusion flow rate

a  The areas of the original rectangle and approximated trapezium are the same.

Figure B.1 — Time interval segmentation for obtaining multiple regression analysis variables
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Key
X  elapsed time
Y concentration

1 residual error

Figure B.2 — Gas concentration changes and their residual errors

© ISO 2012 - All rights reserved

Licensee=University of Alberta/5966844001, User=sharabiani, shahramfs
Not for Resale, 12/02/2013 04:59:33 MST

2Q
Copyright International Organization for Standardization
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS



ISO 12569:2012(E)

Annex C
(informative)

Considerations when measuring the ventilation rate of large spaces

When the ventilation rate of large spaces is measured using the step down method, it is important
to make the concentration within the space uniform from the start. The following are some effective
methods to make concentration uniform:

a) Conduct the step up method beforehand;

b) Distribute gas when only the recirculation air is circulated without intake of outdoor air;
c) Distribute the gas when the air conditioner is operated;

d) Distribute gas when the floor heater is operated;

e) Distribute a suitable amount of the gas from as many places as possible;

f) Establish as many ancillary fans as possible to circulate the gas.
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Annex D
(informative)

Effects of internal and external temperature difference,
temperature change, and outside air concentration change during
the measurement period

D.1 When temperature and tracer gas concentration in a single zone are homoge-
neous

Temperature and tracer gas concentration in a single zone can be maintained homogeneous by the use
of mixing fans, then the following Formula (D.1) for the conservation of the mass of tracer gas is applied.

NOTE Temperature in a zone is homogeneous, so the exhaust temperature is equal to the temperature in the zone.

d (¢ t 0t t

;( piKVemz)= pm+ poKoQoi = PikQig (D1)
where

toi is the density of tracer gas in the zone, (kg/m3);

too is the density of tracer gas in the outside air, (kg/m3);

t is the density of tracer gas during tracer gas injection, (kg/m3);

K is the volume concentration of tracer gas in the zone, (m3/m3);

Ko is the volume concentration of tracer gas at outside air, (m3/m3);

%n’ is the tracer gas dose, (m3/h);

QOi is the ventilation rate from the outside to the zone, (m3/h);

Qio is the ventilation rate from the zone to the outside, (m3/h);

Formula (D.1) can be replaced by Formula (D.2) using ideal gas law for the tracer gas.

d| kv m  KogQp: KQ;
_[ esz=_+ 0~x0i 7¥i0 (D.Z)
de| T T T T,

where

Tj is the temperature in the zone, in Kelvin [K];
To  isthe outside temperature, in Kelvin [K];

T is the tracer gas supply temperature, in Kelvin [K].

AN — i
Copyright International Organization for Standardization ©1S0 2012 - All FlghtS reserved

Provided by IHS under license with ISO Licensee=University of Alberta/5966844001, User=sharabiani, shahramfs
No reproduction or networking permitted without license from IHS Not for Resale, 12/02/2013 04:59:33 MST



ISO 12569:2012(E)

The left hand side of Formula (D.2) can be expanded and results in Formula (D.3).

T, dt 2 at

i(m/emz] 1 dKVer;  KVem, dj
1 i

el T

The conservation equation of air mass of the zone is shown in Formula (D.4).

d
;(pivemz ) =p,oQoi ~ PiCio

where
Di is the density of air in the zone, (kg/m3);

po isair density of air in the outside air, (kg/m3).

Using again ideal gas law assumption, Formula (D.4) can be replaced by Formula (D.5).

41 Vemz | CQoi Qio
atl T Ty T,

1 1

The left hand side of Formula (D.5) can be expanded and results in Formula (D.6).

i Vemz =_Vemzdi
de\ T Tiz dt

1

Combining Formulae (D.5) and (D.6), Formula (D.7) is obtained.

T; v dT;
1 emz 1
Q10 Z_QOI RIS L)

Formula (D.8) is obtained using Formulae (D.2), (D.3), and (D.7).

dK T

T.
. i

Vemz = m_(K_KO) Qoi
dt T T,

Suppose m, Q, C and dC are defined in Formulae (D.9), (D.10), (D.11) and (D.12).

C=K-Kg
dc = dK
Then, Formula (D.8) can be expressed as (D.13):

dc
—=m-CQ

emz
dt

(D.3)

(D.4)

(D.5)

(D.6)

(D.7)

(D.8)

(D.9)

(D.10)

(D.11)

(D.12)

(D.13)

Formula (D.9) represents the zone temperature equivalent for the volume dose of tracer gas, and
Formula (D.10) represents the zone temperature equivalent for the ventilation rate from the outside to
the zone. Formula (D.13) corresponds to the main body in Formulae (9) and (17), and is equivalent to

Formula (1) if m = 0.
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Therefore, if temperature and tracer gas concentration in the zone are homogeneous, the ventilation
rate measurement method for this condition can be applied using the above conversions, even when
the temperature in the zone and the outside are changed during the period of measurement. The
measured ventilation rate is the value in Formula (D.10) or the specific airflow rate based on the value
in Formula (D.10).

The set up of Formula (D.12) is required to apply measurement methods, so the change of tracer gas
concentration of outside air during the measurement period may need to be sufficiently low in respect
of the change of tracer concentration in the zone.

D.2 When temperature and tracer gas concentration in a single zone are not ho-
mogeneous

The following shows the equation for the conservation of the mass of tracer gas when concentration and
temperature in a zone are not homogenous.

d
;(Mgas)= tpm’+tpOKOQOi_tpeKeQiO (D.14)

where
Mgas is the mass of the tracer gas in the zone,(kg);
Pe is the density of the tracer gas in the exhaust air, (kg/m3);

Ke is the volume concentration of tracer gas in the exhaust air, (m3/m3).

Formula (D.14) can be replaced by Formula (D.15) using ideal gas law assumption.

1 d m' KoQoi KeQig

JEE— ¥ =+ _
(¥425)
peTe dt T T, T,

(D.15)
where T is the absolute temperature of the exhaust air, in Kelvin [K].

If the temperature in the zone does not change during the measurement period, the equation for the
conservation of mass of the room air is shown by Formula (D.16).

0=p0Qoi ~ PeQio (D.16)

Using ideal gas assumption, Formula (D.16) can be replaced by Formula (D.17).

_%i Yo (D.17)

Ty Te

If Formula (D.17) is substituted to Formula (D.15), Formula (D.18) is obtained.

M
i(ﬁJzT_em._(Ke_KO)T_eQm (D.18)
T Ty

Suppose m, Q and Cg are defined in Formulae (D.19), (D.20), and (D.21).

m=-Sm' (D.lg)

T
Q=—%0Qp; (D.20)
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Cp=Kq K (D.21)

Then, Formula (D.18) can be expressed as Formula (D.22).

M
i( gas J_m_CEQ (D.22)

e\ pe

The partin parentheses on the left side in Formula (D.22) is the volume of the tracer gas converted to the
exhaust density. Formula (D.19) represents the exhaust air temperature equivalent of tracer gas volume
dose, and Formula (D.20) is the temperature in the zone equivalent of ventilation rate from the outside
to the zone. If such conversions are performed, Formula (D.22) corresponds to Formulae (9) and (17),
and if m = 0, Formula (1).

Therefore, even if the temperature and concentration in the zone are not uniform, the ventilation rate
measurement method for this condition can be applied if the temperature in the zone does not change
over the period of measurement. The measured ventilation rate is the value in Formula (D.20) or the
specific airflow rate based on the value in Formula (D.20).

It should be noted that the measured specific airflow rate using Formula (7) may not be the specific
airflow rate converted into the exhaust temperature if the difference between the mean temperature of
the zone and the temperature of the exhaust air T cannot be neglected. In such case, the specific airflow
rate at mean temperature in the zone is measured.

As for the change in outside tracer gas concentration, Formula (D.21) may need to be as small as can
be ignored once sufficient time has elapsed if the step-down exhaust concentration method and pulse
method are used.
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Annex E
(informative)

Estimation error minimizing method in 2-point and multi-point
decay method

E.1 General

The specific airflow rate estimation error based on 2-point and multi-point decay method is not only
dependent on the concentration measurement error, but also largely on the ventilation rate change in
multi-point decay method, uneven concentrations within the zone and interaction with adjacent zones,
i.e. the inappropriateness of the actual assumptions of the model itself. However, if the concentration
measurement error alone is considered, the error propagation equation arising from the error variance
and the specific airflow rate error can be defined.

By deducing the equation minimizing the specific airflow rate error, a curve representing the relation
between the specific airflow rate, optimum decay time and the number of measurement points can be
obtained. The optimum decay time is decided by referring to the curve.

AA — i
Copyright International Organization for Standardization ©1S0 2012 - All FlghtS reserved

Provided by IHS under license with ISO Licensee=University of Alberta/5966844001, User=sharabiani, shahramfs
No reproduction or networking permitted without license from IHS Not for Resale, 12/02/2013 04:59:33 MST



ISO 12569:2012(E)

E.2 Estimations of the specific airflow rate using the least squares method

The analytical solution from the concentration decay test process in the specific airflow rate
measurements [2] uses the following equation under the constant airflow condition, taking the initial
time t1 = 0 and the time elapsed as t;.

logeC(tj):—N-t]-+{logeC(t1)+N-t1} (E.1)

Where N is the estimated specific airflow rate, while C(¢;) indicates the measured gas concentration at
time tj. The equation error ¢j is defined by the following equation. As in the next equation, yj, Zj and a
represent the matrix notation to resolve the least squares solution.

ej=log, C(t]-)f[fN-tj +(logg C(t1)+ N -t )J

-N
=yi‘[ti 1:|'[logeC(t1)+N~t1:| (E.2)

=y]-—Z]--a

Vector a, which includes the N and the logarithm of initial concentration, is calculated by the least
squares using the following equation. Here, np is the number of measured elapsed points, when the value
of j is 1 represents the initial concentration and ny is more than two.

np o, mp | ! [np
-1 . . i, .
mp np ]_Ejlt] j§1t] ]Elt] log¢ C(t5) £3
S (s R B O R Al il 1 mp (E.3)
= =1 >t np 3 log, C(t)
= .
=1 =1

Calculation results on above equation gives the estimated specific airflow rate.

np np np
Elt]- ~§1loge6[tj)—np~§1t]~-logeC(t]~)
N~ = (E.4)

2
np np
np - > t" - t]-
=1 =1

In many cases, tj is measured at interval At then ¢tj is equal to (j - 1)4¢, and in this case, above equation
can be rewritten relatively simple form. Here, T is defined as the complete decay period (np - 1)At.

12 np ("p *1) j-1
N = s ~(j-1)floge € (E.5)
= 2 n, -1
np (np + 1)T j=1 p
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E.3 Decay period to minimize the effects of concentration measurement errors

Gas concentration measurement error variance o2 is specific to the equipment used and so can be
estimated more often than not. The equation of the propagation of measurement error variance to the
estimated specific airflow rate variance o2y is as follows.

2
a2 2] .
=1 ac(e))
Taking the differential of Formula (E.5) by C(t), the following equation is obtained.
oN 12 np -1 1
_ (v )_(j_l) L (E7)
oc(t;) (np —1)np (np +1)At 2 ;)

The following equation is derived as this section assumes that there is no change in the structure of
the decay model.

C(t})=C(t;) exp (U_l)]N-T] (E.8)
np—l

Formula (E.6) becomes the following equation when using Formulae (E.7) and (E.8).

2 2
. (n, -1) .
. 2 oc .nzp{"p _U_l)}exp{zu 1)N~T} (E9)

2 2 .2 2 . _
np”(np +1)°-T7-C(eq)" 1 2 np—1)

The objective of this section is to minimize the estimated error variance for the specific airflow rate
with respect to decay period T. The differential of ;0,2 by Tis equated to 0 and next function is deduced.

2 2 .2 2
OmOoN 2-0(-12 np | (np -1) 2(j-1)
R 7 3 5|z —(j-1); expy————NT
oT ny"(np +1°T7C(eq)" | =1 2 (n, -1)

(E.10)
np (j (np, -1 ? 2(j-1
YA VA I o NPT WY €k el O P
1 -1 | 2 (np-1)
This equation results in the following nonlinear equation for NT.
( 1) ?
n n, — i —
sy 2422 il epd 20D by
j=1 2 (np -1)
(E11)

2
. ( -1) .
.rg—[] D) —np —-(j-1)p exp —2(] D) NT =0
1, -1) | 2 (np-1)

This nonlinear equation for NT changes with the number of measured elapsed time points np.
Subsequently, the optimum value for NT was determined beginning with two points up to approximately
100 points. The Newton method is used to solve the nonlinear equation, and as a result, the differential
function for NT was used.
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If the correctional value 6NT is added to the assumed NT and the achieved the solution, the first term
approximated Taylor series expansion is described as next equation. This becomes the recursive
equation to approach the solution.

f(NT +S5NT) = f(NT) + FNT) .ONT =0 (E.12)
ONT

The initial value is only slightly larger than 1. The curve obtained for the optimum value of NTy, is shown
in Figure E.1.

Y /
1,26

1,24

1,22

1,2

1,18

1,16 I

1,14 f
f
.

1,12

| | | | | -
20 40 60 80 100 120
X

1,1

Key
X  Total number of data points (np)
Y  Error minimizing constant (N-Tp,)

Figure E.1 — Relationship between error minimizing constant N-T,, and total number of
measured points

When using only two points, representing the initial and the final concentrations in particular, the
optimum decay time Ty, that minimizes the estimation error is the following value from the specific
airflow rate N and the product NTy,

(NTp )ppp =1,10885755288.... (E.13)

The following procedure outlines how to use Figure E.1 to determine the optimum decay time.
— Assumes the optimum decay time Ty, by estimating the specific airflow rate and setting n, = 2.
— Measurements are carried out for 1,5 times the set optimum decay time Ty, for safety reasons.

— The optimum decay time Ty, is determined using the previously set specific airflow rate N. From the
measured concentration data during this period, Formulae (E.4) or (E.5) are used to estimate the
following specific airflow rate N.

— If the difference between estimated and previously set specific airflow rate falls below 5 % of the
estimated specific airflow rate, the obtained results can be considered acceptable. If the difference
is any greater than 5 %, the set specific airflow rate must be replaced with the estimated specific
airflow rate and repeated from step 3 again. If acceptable results are not obtained after repeating
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several times, the measurements mustbe taken again asitcan be deemed that one of the assumptions
of the model is largely inappropriate.
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Annex F
(informative)

Propagation of error analysis

NOTE This annex contains a summary of propagation of errors formulae that pertain to the 2-point decay
method, average of inverse concentration method and constant concentration method.

F1 2-point decay method

For nonsteady-state conditions, the variance s,zv of N should be calculated using Formula (F.1):

2 2
2 1 SC(tp)  SC(t1)
S = + (F.l)
(t2-t1) ¢(e,)° c(tr)
where

C(t1) is the specimen concentration at time t1;
C(t2) is the specimen concentration at time ¢p;
t1 is the time of the first sampling, in seconds or hours;

t2 is the time of the last sampling, in seconds or hours.
For the multi-point decay method, use Formula (A.3).

F.2 Average of inverse concentration method

The error expression is:

2 2 2 2
o _sm stl2, o (F.2)
2 2 22 2 2 ’
Qp  m € (2-t1) ey
where
) var(1/¢) var(1/¢)
a’ = == > (F.3)
|:SC (E/C)CIV:| SC
1 t _ 2
var(f) = ——— [ 2[ £~ F] ae (F4)
(t2-t1)
and
C is the spatially averaged tracer gas concentration;
c is the time-averaged tracer gas concentration divided by the spatially averaged tracer gas
concentration at any given time;
f is a variable used to demonstrate the function Var(f).
For the constant ventilation rate, Formulae (A.7) and (A.8) should be used.
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F.3 Constant concentration method

In general the error expression is:

2 2 2 2
s 2

W _im a2+Q—V22 (F.5)
oyt m" 2 (tz—tl) Qy

where

5 var(1/¢) Vary,, (1/¢)

a’ = == > (F.6)
r N
[sc (C/c)twtav} c
1 ty 42
Varg,, (f)=———; [£&)-F] m(e)de (E.7)
t
m(tz,t1)=jt12 m(t)dt (F.8)
and
c is the spatially averaged tracer gas concentration;
c/c is the time-averaged tracer gas concentration divided by the spatially averaged tracer
gas concentration at any given time;
f is a variable used to demonstrate the function Var(f);
m(to,t1) is the volume of the tracer gas injected between times t1 and t;
twt indicates variables weighted according to tracer gas dose.
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