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ABSTRACT

Tracer gas techniques are becoming widely used to measure the ventilation rates in build-
ings. As more detailed information is required for both energy and indoor air quality pur-
poses, researchers are turning to complex, multizone tracer strategies. Both single gas
and multiple gas techniques are being utilized, but only multigas are capable of uniquely
determining the entire matrix of air flows. In any of these measurement techniques, the
determination of the precision of the result is critical for understanding its significance.
This report derives expressions for determining the uncertainties in the air flows from the
measured data. Examples indicate that real-time techniques are more precise than
integrated techniques and that multigas techniques are more precise than single-gas tech-
niques.

Keywords: Ventilation, Infiltration, Tracer Gas, Multizone Measurement Techniques,
Error Analysis, Uncertainty
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2 Uncertainty of Air Flow Calculations

INTRODUCTION

Tracer gasses are used for a wide range of diagnostic techniques including leak detec-
tion[1,2] and atmospheric tracing[3]. One application which has had a resurgence in the
last decade is the use of tracer gasses to measure ventilation (i.e., air flow) in buildings[4].
Ventilation is an important process in buildings because of its impact on both energy
requirements and indoor air quality—both of which are topics of concern to society.
Measurement of the tracer gas combined with conservation laws allows a quantitative
determination of the tracer transport mechanism (i.e., a measurement of the air flow).

The vast majority of the ventilation measurements made to date have involved a
single-tracer gas deployed in a single zone. This technique has proven very useful for
building which may treated as a single zone (e.g., houses) and for more complex buildings
in which there are isolatable sub-sections. However, as the need to understand more com-
plex buildings has grown, tracer techniques that are able to treat multiple zones have
been developed[5]. Multizone techniques recognize that not only does air flow between the
outside and the test space, but there are air flows between different parts (i.e., zones) of
the test space and, in the complete case, they are able to measure these flows.

As in any experimental techniques, there are uncertainties associated with the funda-
mental measurements and these errors propagate to become uncertainties in the determi-
nation of air flows. Some work on the error analysis of the single zone problem has been
done. For example, Heidt[6] has demonstrated that optimal precision in tracer decay
measurement is on the order of the inverse air-change rate (i.e., the turn-over time); and
D’Ottavio[7] has shown a decrease in precision when a two-zone building is treated as a
single zone.

Because of the highly coupled nature of multizone air flows, the uncertainties of the
calculated air flows are, in general, correlated. Little work on the multizone error
analysis exists. This report derives the error propagation expressions and presents the
results for the common types of measurement techniques.

BACKGROUND

To describe multizone air flows, a matrix form of the continuity equation can be
used. For every zone of the system there will be a row in both the concentration and
source-strength matrices. For every unique tracer there will be a column in those
matrices. If there are N zones, the volume* and air low matrices will be square matrices
of order N. If there are as many tracer species as there are zones, the problem is called
complete and there will be an exact answer; we shall focus our attention on the complete
problem and therefore assume that all of the matrices are square. Thus, in matrix nota-

* For most practical purposes the volume matrix can be assumed diagonal with the individual zone volumes as the entries.
If, however, there is short circuiling of the tracer source from one zone to another, this process can manifest itself as an off-
diagonal volume element. We shall not, therefore, assume diagonality. Note also that the sum of each column must be
equal to the physical volume of the zone.
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Using Tracer Gas Measurements 3

tion the continuity equation can be seen as follows:

Vié+QcCc=S. (1.1)
or, using explicitly indices
N . .
2 (Vijcjk + Qx’jcjk] =5; (1.2)
J=l
To reiterate, C',-]-, C;j, and S;; all represent the respective value of the jth tracer gas in

the ¢th zone.

The interpretation of the air flow matrix requires a bit more explanation. The diago-
nal elements, @;; represent the total flow into or out of that zone from all sources (includ-
ing outside) and should have a positive sign. The off-diagonal elements represent the
flows between zones and should have a negative sign; specifically, —-Q,-j is flow from the
Jth zone to the :th zone. Since the flow from the jth zone to the ¢th zone can be
different from the flow from the ith zone to the jth zone, this matrix need not be sym-
metric.

It is often useful to calculate the air flow into or out of a particular zone to the
environment (i.e., outside), which must be positive. From the previous definitions these
flows can be calculated by summing the appropriate column or row respectively:

N
I; = g'Q.'j >0 (2:2)

The total infiltration for the structure is the sum of all the individual elements.
N N N N
Q=232Q;=}15=)E; (3)
tm] jm] ==l J=1

Given all of the physicality constraints the air flow matrix must be positive definite
and well conditioned in any non-trivial case.

CALCULATION OF UNCERTAINTY

Depending on the experimental conditions, there are a variety of ways of solving the
complete problem. Virtually all of them are subsets of the general case of inverting the
continuity equation:

Q= [s -V.¢ }c—l (4.1)
or, equivalently, using the matrix indices explicitly:
N v,
Qi; = ;Z,: Sik — IZ?VHCII: Ci; (4.2)

In all of the following analysis it is assumed that the concentration matrix is generally
invertible (i.e., has non-zero determinant). Physically, this requires that the information
of any one of the /N tracer gasses be independent from all of the other tracer-gas informa-
tion.

LBL-25415



4 Uncertainty of Air Flow Calculations

To the extent that there is uncertainty in the measured data, there will be an uncer-
tainty in the calculated air flows. Since each element of the air flow matrix is calculated
from some combination of the same measured data elements, the errors air flows will, in
general, be correlated—indicating that care must be taken in the calculation of the uncer-
tainties.

If variations in the measured data are small, then all of the error information is con-
tained in the covariance matrix. The covariance matrix of a calculated quantity is the
sum of the covariance matrix of the data weighted by the dependency of the calculated
quantity on the data. If, for example, we have a set of quantities, Y;, which depend on a
set of measured data, z,,, the covariance of calculated values is defined as follows:

9Y; 8Y;
Oy v, =
n¥e = Lo g g, o

The simple error in any one term in the square root of the appropriate diagonal element
of the matrix. (This definition will be generally applied.)

oy, =0vy,y, (6)

(5)

If the data elements are themselves independent all of the cross terms drop out and the
covariance simplifies:

dY; Y

Z,
~ Oz,, Oz,, "

Oy.Y, =

(7)

In our case the calculated quantities are in themselves matrices which depend on the
the tracer source strength, the tracer concentration, and the time rate of change of that
concentration. The source strength and concentration are physically independent and,
therefore, their errors can be assumed to be uncorrelated. As long as the errors in the
concentration do not have an explicit time dependence, the errors in the time rate of
change of the concentration are also uncorrelated. The expression for the covariance of
the air flows can be written as follows:

To. 0, = ZN‘E' aQij aQi’j’ 0% aQij aQi’j’o_g 8Q3] 6Qi’j’0_2 (8)
i@y T mn ; ' bmn Crnn
! 7 aSmn asmn aC‘Y’lﬂ acmn 8Cmn aCmn

mes]l nas]

The variances of the data will of course depend on the instrumentation and analysis
technique used and hence cannot be simplified further. The partial derivatives depend
only on the physics and therefore can be simplified using the defining relation for the air
flows. The dependence of air flow on the source strength is as follows:

0Q;; N' :

—5-5'_-- = 1‘2116{": 6nk C’/cj (9-1)
aQi ]
5 = 8im Ci) 92)

Similarly the dependence of air flow on the time change of concentration can be calcu-
lated:
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Using Tracer Gas Measurements 5

0Q;;
9Cnn

=—Vin 017}
(10)
The partial derivative with respect to the concentration presents a slightly more
difficult problem because it includes the derivative of the inverse concentration matrix:

GQ,] N N 80,:]1
— 3|8y = VO
£ g ik ,f.\? W[50 (11)
We can use the fact that (for any non-singular concentration matrix),
o PCAN [F iy | P
) 50 2 Ca Ci|lCi7 =0 (12)
Y=l mn {{=l
to derive:
acyt
I -1 =1
=_Ck Cri (13)
OCpp ™o

Using this expression and our defining relation for the air flows we get the following
expression for the derivative: '

aQi ]
I ——_0. -}
acmn - Qsm an (14)
Putting all of these expressions together, the formula for the covariance becomes
N
O-Qx'j' Q-’J’ = E [C;Jl C;Jll) a.i‘i/;n . (15)
=] .

where we have defined the covariance of the data of zone 7 with zone 1’ for tracer gas n as

follows: .
N .
O iln = Z [5z'm6i’m0.29,,.. + Vim Vi’ma%m + Qim Qi’mo%m] (16)
mm=]
It should be noted that this variance of the data represents the uncertainty of the con-
tinuity of tracer gas n in zone ¢ caused by the uncertainty in the measured quantities. If
a statistical fitting process is used to find the solution to the continuity equation, this
variance can be used to weight the deviations. A more detailed discussion is beyond the

scope of this report and will be the topic of a future report.

The errors in the individual matrix elements of the air flow are the diagonal elements
of the covariance matrix; »
9 N )
— -1 2
%= & (3] o (17)
na= .

When looking for correlations between the errors of different quantities, it is often
more useful to deal with the correlation rather than covariance matrix. The correlation
matrix can be calculated from the covariance matrix as follows:

O-QI']': Q|’]'

rQ" Q’ , =
SR 1F;
O-Qij'UQ|’1'

(18)

LBL-25415



6 Uncertainty of Air Flow Calculations

Uncertainty of Infiltration and Exfiltration

The elements of the air flow matrix are the flow between zones and the total flow to
all zones including outside. Since a sum of these elements must be taken in order to get
the flow between a zone and outside, the covariances must be considered in calculating
the uncertainty associated with the infiltration and exfiltration:

N N
OF,E/~ 2? g" Qi Qe (19.1)
N 11 N N
UE,-,E,I= 2 [an an’]ZZO-t‘,i’;n (19.2)
nm=] vam] ']
N -1 -1 N 2 2 2
OF,E;~ 2 [an an’]Z [0..‘9,,,,, + Vi 0.26',,,,l +E, 020,,.,.] (19.3)
nm] mm]
Similarly, we can calculate the infiltration uncertainty:
N N
o= 2290,0, (20.1)
J=l j'=i
N | N 1
o, = Z chj O;in (20.2)
nm]l | jml

To the extent that the sums over ¢ and 7 in the above expressions cause cancellation
of errors, the variances above will be reduced. Unless the zones are completely uncoupled
(i.e., have no air flow to other zones), there will be some reduction. However, as the
exfiltration expressions contain some errors which are already independent, there will be
more reduction for the infiltration variances.

Similarly, the variance in total infiltration is the sum of the elements of the covari-
ance matrix:
R N N N N
0~Q0 = Zl"Z:Z: _’EIOIQI'}:QI')’ (21.1)

o= S| Sil| 5 (ot + va b+ B o) o1

naa] | jm] ms]

SIMPLIFICATIONS

The preceding equations are quite general and depend only on the fact that the errors
physical measurements are uncorrelated. However, in many real experiments more is
known about the physical conditions and the size of certain terms. (Computationally, use’
of these simplifications is really only justified if the number of zones is sufficiently large
that the cost of inversion of an Nz/V' matrix is prohibitive.) In this section we: treat two
of the more common special cases which lead to some simplification in the error analysis
and allow more insight into the uncertainties.

- LBL-25415



Using Tracer Gas Measurements 7

Independent.Tracer Errors
In many experimental situations, the uncertainty in the data will not strongly depend
on the explicit type of tracer gas; in such a case the continuity errors are independent of

tracer gas:
1 M

Oiila >0y = 2 i,in (22)

n-l

Thus the sum over n and m in eq. 16 can be sepa.ra.ted, and the correlation matrix can be
expressed as follows:

TQi;Quy = T1,1, TEE, (23)
where the infiltration and exfiltration correlation matrices are given by the following
expressions for the exfiltration:

.sf'v[o-lo-lJ

nas]

Te,E, =
by 24
o (24
2 [Cnf ]2
na] u-l
and the infiltration correlation:-
0',-',-/
T, =" (25)
0"' 0','/

As can be verified by direct substitution, these quantities are the correlation matrices of
the infiltration and exfiltration, in the limit of tracer-invariant errors:

Tl L Z:Z: E,E; 7Q, TQ, (26.1)
= J=
Og,E, = TE,E, 2 27'1,,1, Q, %0, (26.2)

tm] -]

This separation has the interesting property that the instrumental factors (i.e., the
data errors) are separated from the conditioning of the concentration matrix.

Weak Error Coupling

In many experimental strategies currently in use, the bulk of the uncertainty comes
from the diagonal elements of eq. 17 (i.e., when ¢=1’). This weak error coupling is only
violated if the errors in the concentration (cf. the source strength and concentration time
change) are the dominant uncertainty and the air flow matrix has significant off-diagonal
elements. -

In the weak coupling limit the infiltration correlations become the identity matrix:

rr1e = i (27)

the data errors become diagonal:
U:’,i’;n - 61':"0-? : (28)

LBL-25415



8 Uncertainty of Air Flow Calculations

and the covariance matrix becomes block diagonal:

N
~ 2 -1 =1
00:,Qer =~ b 07 3 [Onj an’] (29)
ne=}
In this limit the errors on the exfiltration become uncorrelated and the uncertainty in
these flows simplifies to the simple result one would have predicted assuming indepen-
dence of errors:

o, = 510%, (30

Note that no such simplification occurs for the infiltration air flows and that the
correlations must be maintained to get proper estimates of uncertainty:
N N
0-[{111’ = 6i£l§£rEj:Ej'0-Qs’j: Ql'j’ (31)
but (unlike the exfiltration flows) the infiltration flows are uncorrelated and thus may be
treated as independent.

EXPERIMENTAL TECHNIQUES

Most of the experimental techniques currently in use have some common features.
For example, short-circuiting is usually ignored and the volume matrix is assumed to be
known and diagonal. Also, for practical purposes, the source-strength matrix is usually
diagonal as well. The techniques, further, tend to fall into one of two categories which we
will designate by real-time measurement and integrated measurement.

Real-Time Measurement

In the real-time techniques, typified by our MultiTracer Measurement System
(MTMS) currently under development, and Princeton University’s Constant Concentra-
tion Tracer Gas (CCTG) system([8], the concentration of tracer gas in each zone is meas-
ured in a period short compared to its time rate of change and the source strength is
actively controlled by some real-time control algorithm. Thus, the errors in the estima-
tion of the source strength and concentration time change will be dominated by mixing;*
and the independent-tracer-error assumption is likely to be valid. Furthermore, the
analysis is usually done over a period of time containing many individual concentration
measurements and the contribution to the errors from the uncertainty in the concentra-
tion will be small. Thus, the weak-error-coupling assumption is also likely to be valid.

* The issue of mixing is really an issue of accuracy not precision and thus a detailed discussion is beyond the scope of this
report. For our current purposes we will treat the mixing as though it were a random error—part of our measurement un-
certainty.

LBL-25415 -
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Using Tracer Gas Measurements 9

Integrated Techniques

In the integrated techniques, typified by the Brookhaven PerFluorocarbon Tracer
(PFT) technique[9], a constant emission source is used over a period of time long com-
pared to the the time rate of change of the concentration. A continuous sampling method
is used to generate an average concentration which is then used to calculate the air flows.
(The C term is ignored.) If the time period is sufficiently long, the C error will be small
and mixing will not be a significant factor in estimation of the random error. The other
errors will be determined by the precision of the source strength and concentration.
Thus, in general, neither of the simplifications need to apply, but the covariance of the
data should be calculated explicitly to determine it.

EXAMPLE EXPERIMENTS

The most common techniques currently in use are typified by the MTMS, CCTG, and
PFT systems. We have selected datasets from each to demonstrate the error analysis
technique. The examples selected are all three-zone, continuous injection tests. Only
detail necessary to understand the example is repeated herein. :

As an example of a real-time complete multizone system, we have extracted data
from our MTMS development system used on a zone-heated single-family house. The
errors in the individual concentration measurements are in the 2-5% range and the errors
in the individual flows are in the 1-4% range. This dataset was analyzed using a half-
hour time constant and represents one (half-hour) period from out of a larger dataset.
Table 1 contains the results of the analysis for both air flow and uncertainty.

TABLE 1: Example Uncertainties from MTMS Dataset
Q,‘j:f:O'Q” 1 2 3 Qutside
1 50#11 -0%17 -41425 949
2 -1+1 8345 -724+5 941
3 -243 -83+56 159+53 74£15
Qutside 46411 0458 46459 92418

Physically, the off-diagonal elements must be non-positive, but this fact is not built into
the error analysis and therefore, some uncertainties appear to allow values in an unphysi-
cal range. '

To see how the various flows couple and to see if any of our simplifications would be
justified, we calculate the (symmetric) correlation matrix as shown in Table 2.

The correlation matrix clearly shows the block diagonal behavior expected for the weak
coupling limit. A posteriori we can conclude that this dataset meets both simplifications.
Furthermore, it is also apparent that zones two and three are strongly (anti)correlated.

LBL-25415



10 Uncertainty of Air Flow Calculations

TABLE 2: Correlation Matrix for MTMS Dataset
[TQ; 5 Qe ,"]

1 1 1 1 2 2 3 3 3

7 1 2 3 1 2 3 1 2 3
1 1 1.00 .23 =52 .00 -.00 -.00 -.00 .00 .00
1 2 .23 1.00 -.90 -.00 .00 -.00 .00 -.00 .00
1 3 -.52 -.90 1.00 -.00 -.00 .00 .00 .00 -.00
2 1 .00 -.00 -.00 1.00 -.07 -.11 -.00 .00 .00
2 2 -.00 .00 -.00 -.07 1.00 -.94 .00 -.00 .00
2 3 -.00 -.00 .00 -.11 -.94 1.00 .00 .00 -.00
3 1 -.00 .00 .00 -.00 .00 .00 1.00 -.09 -.07
3 2 .00 -.00 .00 .00 -.00 .00 -.09 1.00 -.94
3 3 .00 .00 -.00 .00 .00 -.00 -.07 -.94 1.00

Incomplete Systems: Single Tracer Gas; Constant Concentration

The analysis herein has considered the complete problem in which there are exactly
as many tracers as zones. In many circumstances, it is possible to extract useful informa-
tion when there are more zones than tracers. :

We will consider the one such system currently in use, the multizone constant concen-
tration system using a single tracer gas [8]. If a single tracer gas is so controlled as to
have the same concentration in every zone, the infiltration (from outside) to that zone can
be calculated even though the other air flow elements cannot:

1 o
=<7 5 (32)

Our error analysis equations for the infiltration can be used to estimate the uncertainty of
these infiltrations: v

mm|

2 o N o,
0% + Vi + )] Qﬁna"cm] (33)

ot =r
Cr

Since the technique assumes constant concentration, we can break up the data uncer-
tainties into the mean deviation from the target concentration and the variance around
it:

L 2 , ;22 2.2 | 27 2

3 [0“5‘ + Ifoe, + Viog + FLog| (34)
where the second term represents the error from not keeping the average concentration at
target, and the last term is the error due to cross flows in which:

&8I = [ff Q,%n] - [ZN' QimT (35)

Pl £

mes] mes}

represents the variance of the individual flow elements around the infiltration and we
have assumed that variance to be independent of zone. The error in the time rate of
change of the concentration can be approximated by the variance in the concentration

LBL-25415



Using Tracer Gas Measurements 11

and the time used to analyze the data:

O
0. ¢ (36)

' A tanalysz’s

This uncertainty expression still contains the (unknown) values of the air flows. Thus
to make any kind of error analysis, some reasonable bounds on these values must be made
based on a priori knowledge of the experimental conditions. Clearly this technique will
work best when the zone-to-zone air flows are small or when the concentration can be
tightly controlled around its target value.

Bohac [8 p178] and, indevendently, Kvisgaard[10] report that the error for their con-
stant concentration systems is approximately 5%. However, their calculations were based
only on the first two terms in eq. 34, and thus will always tend to underestimate the
uncertainty of the calculated air flows. While the third term may be reduced by increas-
ing the analysis time, the last term may still represent significant error.

Since this error equation cannot be resolved without independently knowing the inter-
zonal flows, we will use the air flows from the previous dataset and the measurement
uncertainties from the description of the CCTG to estimate the uncertainties in the flow.
The reported standard deviation of the concentration ranges from 0-15% of target; we
will use 5% as a representative value. The comparison follows in Table 3:

TABLE 3: Single Gas; MultiZone Error [m3/hr]
Uncertainty _
Zone  Infiltration | CCTG 5% CCTGoo Actual CCTG | MTMS
1 9 <1 2 12 9
2 9 <1 5 7 1
3 74 4 8 15 15

The "CCTG 5%" column represents the value error estimate using only that reported in
[8]. the "CCTG 00" column represents the error including the 61 term, but not the C
term (as would be appropriate for a long analysis time) and the "Actual CCTG" column
contains the error analysis that should be compared with the previous MTMS analysis
(repeated in last column).

The actual errors for the two methods come out on the same order of magnitude,
which is not surprising, since the data errors in the two methods are similar. It should be
noted, however, that these errors are an order of magnitude larger than would be calcu-
lated by the methods in [8] because those methods do not take into account the errors
associated with the variance of the concentrations.

PFT Method

An error analysis of the PFT method was done by D’Ottavio[l11] in which the
matrices were augmented with an additional row and column to account for the outside
and then a matrix error propagation method that assumed small, normally distributed
errors was used to find the uncertainties in the flows.

LBL-25415



12 Uncertainty of Air Flow Calculations

The D’Ottavio method left one issue undiscussed. The equation used in the analysis
assumed steady state and thus ignored the contribution of the C term. This assumption
is reasonable for long periods of time, but can cause some additional uncertainty in the
result. The error analysis should contain the C error term, having a value on the order of
the average concentration divided by the length of the experiment. Only if the associated
error term is small compared to the other error terms is its neglect warranted. For
sufficiently long experiments, this will undoubtedly be the case; but a careful error
analysis should include the term. Thus, the D’Ottavio uncertainties will tend to be low.

We have used the method presented herein to compute the uncertainties from the
values in the D’Ottavio paper, and display them in Table 4.

TABLE 4: Example Air Flows and Uncertainties for PFT Dataset [m3/hr]
Q; 799, 1 2 3 Outside
1 667+£107 -314464 15425 368161
2 -132443 454452 -2124:33 1104£33
3. 1745 -2316 293+43 254437
Outside 518492 118469 97442 733459

In this example Q3 is physically disallowed—although there is overlap in the allowable
range. Such results are an artifact of the analysis method used and represent a potential
bias, which is not accounted for in our uncertainty analysis.

We have used our formulae to calculate the total correlation matrix for this dataset.
Contained in Table 5, it again allows us to determine the correlations between errors and
the validity of any simplifying assumptions.

TABLE 5: Correlation Matrix for PFT Dataset
[rQlj) Ql’j']

) 1 1 1 2 2 2 3 3 3

7 1 2 3 1 2 3 1 2 3
1 1 1.00 -.84 17 -.48 21 -.03 -.21 .10 -.00
1 2 -.84 1.00 -.55 42 -.28 11 .19 -.15 .00
1 3 17 -.55 1.00 -.09 18 -.28 -.07 .08 .04
2 1 -.48 42 -.09 1.00 -.65 .23 -.24 .10 .02
2 2 A1 -.28 .18 -.55 1.00 -.67 .09 -.10 .03
2 3 -.03 11 -.28 .23 -.67 1.00 .23 .33 -.49
3 1 -.21 .19 -.07 -.24 .09 .23 1.00 -.17 -.48
3 2 .10 -.15 .08 .10 -.10 .33 =17 1.00 -.63
3 3 -.00 .00 .04 .02 .03 -.49 -.48 -.63 1.00

This matrix tends towards a block diagonal matrix. The sums of the off-diagonal ele-
ments (e.g., 2,1; 1,1) are too large for the weak coupling limit fo apply in this cir-
cumstance. Nevertheless, between these two tables, the value and error associated with
any combination of air flows can be calculated.

LBL-25415



Using Tracer Gas Measurements 13

Intercomparison

We can use the last dataset to make a theoretical intercomparison of the uncertain-
ties of the three techniques. We use the three infiltration flows: the PFT data is copied
from the table above; for the other two it is assumed that there was a system of the kind
described above running during the month and that an average infiltration was calculated
for that period (i.e., all three methods have been corrected to the time period used in the
PFT example). Thus for the two real time cases the purely random error will be greatly
reduced by the large number of measured data points. The results are shown in Table 6.

TABLE 6: Comparison of Uncertainties for Three Techniques [m3/h]
' Uncertainty
Zone Infiltration PFT oloyiel MTMS
1 368 61 33 4
2 110 33 25 1
3 254 37 8 3
Total 8% 5% 1%

The "Total" row displays the percentage error of the total infiltration for the building.

DISCUSSION

We have presented a detailed error analysis for use with multizone tracer gas analysis
techniques, which yields estimates for the uncertainty of the calculated air flows from
errors in the measurements of tracer gas data. Our analysis assumes that the underlying
model used in the analysis is simply that of the multizone continuity equation.

There are several potential biases possible in such tracer techniques. Most of these
biases are associated with mixing problems and the adequacy of the zonal model. To
some extent poor mixing can be compensated for by increasing the uncertainties in the
data to account for the facts that the injected flow is not instantaneously mixed and that
the measured concentration may be noisier than the actual zonal average. Such tech-
niques, however, can only be used on the margin; very poor mixing can easily result in the
breakdown of the assumptions of the zonal model. In such cases a more complex model
must be developed for both the interpretation of the data and its associated error
analysis.

The examples used herein all use continuous injection. Many researchers use decay
techniques for multizone buildings using both single gas[12] and multigas[13-15] variants.
Because of the special kinds of assumptions often made, and because of the unique biases
which can affect this analysis technique, a comparison of uncertainties is beyond the scope
of this report.

There are other types of bias that occur which are not included in this analysis. For
example, using long-term averaged data can cause a bias in the estimation of the average
air flows(16]. Such bias is not included in this error analysis. Other types of errors may
be associated with different measurement strategies[17|. Bias and linearity in the meas-
urement equipment is also not accounted for explicitly in our derivation, nor is the effect
of time lags[18]. Errors associated with exogenous variables (e.g., source strength
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14 Uncertainty of Air Flow Calculations

dependence on temperature) are also not considered. Similarly, the analysis herein has
assumed that the uncertainty of the input data is independent of its value; thus any such
non-linearities that exist will not be reflected in our uncertainties.

The examples we have used serve to show that for a given environment the real-time
systems (e.g., MTMS) will probably be more precise than the integrated systems (e.g.,
PFT). (The incomplete, real-time systems such as the CCTG fall in between for those
quantities that they calculate.) Such a result is not surprising, because the real-time sys-
tems take orders of magnitude more data (in the example used) than do the integrated
systems.

Precision alone should not, however, be used to indict a particular type of system.
Each kind of system may have different practical advantages—as well as different biases
and precision—and hence, different applications. The trade off between different accura-
cies, precisions, and practical advantages-will be up to the user to determine. This report
has derived the relationships necessary to calculate the uncertainties of the air flows from
the data.
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16 Uncertainty of Air Flow Calculations

NOMENCLATURE

C Instantaneous tracer gas concentration [-]

C Multizone tracer gas concentration matrix [-]
Cr Target concentration (for constant concentration) |-]
E Exfiltration from a zone to outside [m3/h]

N Number of zones [-]

N Number of tracer gasses [-]

I Infiltration to a zone from outside [m3/h]

Q Ventilation [m3/h] |
Q Ventilation matrix [m3/h]

S Instantaneous source strength of tracer gas [m3/h]
S Multizone tracer source strength matrix [m3/h]

t Time [h]

Vv Volume [m3]

A% Zone volume matrix [m3]

6’]

Kronecker delta function (equals unity if i=j, otherwise is zero)

X QOverbar: The time average of the instantaneous quantity X
T2y Correlation coefficient between variables z and y [-]
o2 Variance of variable [x2]
Oy Covariance of variables £ and y [xy]
O itn Covariance of zonal data errors for gas n [m6/h2]
1, 5,L,m indices indicating zone {1 - - - ]
k,n indices indicating tracer gas [1 - - - V']
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