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Summary The multiple tracer gas technique developed at UMIST has been improved so that
interconnecting airflows and cell air change rates can be calculated in up to three connected cells
of a building. This paper describes the mathematical analysis required to calculate interceil
airflows from site measurements of tracer gas concentrations varying with time. Several results of
three-cell ventilation and air movement studies in a dwelling are given, thus illustrating the

usefulness of the measurement and analysis technique described.
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List of symbols

N, ventilation rate in cell x (air changes per hour (ac h™1))

0Q., Amount of air flowing from cell x to outside (m* h™!)

Q.. Amount of air flow from outside to cell x (m*h™!)

Q,, Airflow from cell x to cell y (m*h™")

C,s. Concentration of tracer gas A in cell x (ppm)

Coax Concentration of tracer gas A in cell x at time t =0
(ppm)

t Time (h)

1 Introduction

The measurement and analysis of ventilation rates and intex-
nal airflows between connected cells of buildings have
received considerable attention in recent years: 2,

The multiple tracer gas technique developed at UMIST
to measure air movements between spaces is well
documented® ¥. This paper is concerned with the analysis
and measurement of two-directional airflows between three
connected cells. The method of analysing two-directional
airflows between two connected cells has been given else-
where®. Unlike existing techniques which rely on pairs of
tracer gas concentration/time points, the following tech-
nique uses all data points collected during an experiment.

2 Analysis of two-directional airflows between three
connected cells using a simplified analytical solution

The conservation of mass of tracer gas equations describing
the variations in tracer gas concentrations between three
connected cells are derived in the Appendix.

Referring to Figure 1 using three different tracer gases,
where tracer gas A is released in cell 1, tracer gas B is released
in cell 2 and tracer gas C is released in cell 3, the concentration
of tracer gas A in cell 1, C,, at time ¢ is given by
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Figure 1  Airflows between three connected cells
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The concentration of tracer gas A in cell 2 at time ¢, Cp,, is
given by
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" (exp(—N 1) — exp(—N,t)

Nz i Nl
exp(—=N,1) — CXP(—Nat))
+ N, =N, )

Equation (2) has been rounded to the first six terms.

The concentration of tracer gas A in cell 3 at time ¢, C,;, is
given by

Q13Coa1
Cas; = Copsexp(—=Njt) + e
A3 0a3 €xp(—N31) Vil = Ny
X (exp(—N 1) — exp(—N;b)
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Equation 3 has been rounded to the first seven terms. The
full solutions to equations 2 and 3 are given elsewhere®,
The same derivation can be applied to tracer gas B, released
in cell 2 and tracer gas C, released in cell 3 at the same time.

Figure 2 shows the shape of equations 1, 2 and 3.
Comparison is made with the conservation of mass of tracer

Cay:CELL(I
EQNCID

\
Ca2:CELLC2) EQNCA2) x\
4 f—

CONCENTRATION ( PPM)
(2]

gas equations for known airflows and initial tracer gas con-
centrations (see Appendix).

The solution technique given in the Appendix relies on
the assumption of good mixing between air and tracer gas
in each cell. It further relies on the effects of recirculation
of tracer gas between connected cells being time dependent.

For a typical three-cell case, recirculation of tracer gas
between cells may cause errors in calculated airflows for time
¢t > 20 min.

If recirculation of tracer gas becomes significant, then
it is reflected when comparison is made with the time vari-
ations of tracer gas concentrations described by equations 1
to 3 inclusive and the conservation of mass of tracer gas
equations in the Appendix.

3 Experimental

The multiple tracer gas measuring technique used to measure
the concentrations of three Freon tracer gases has been fully
described elsewhere® ©,

Briefly, the system consists of an AI5S05 portable gas
chromatograph, fitted with two gas chromatographic sep-
aration columns of identical packing and length, attached in
parallel to one gas chromatograph unit fitted with an electron
capture detector.

Sampling valves are arranged so that air/tracer gas
samples passing through each column can be passed alter-
nately to the electron capture detector. A rapid sampling
rate is achieved by virtue of the fact that the ‘dead time’
associated with waiting for a sample to pass through a single
column is eliminated.

For three cell measurements, three Freon tracer gases
are used: Freon 12, Freon 114 and BCF (Bromochloro-
difluoromethane).

The sampling interval is currently 30 s for three tracer
gases. The minimum number of tracer gas concentration/
time points collected is 10 points per cell per test. The
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minimum time needed to obtain sufficient data points is
20 min (includes 5 min tracer gas mixing time).

A schematic diagram of the measuring system is shown
in Figure 3. Validation of the technique under controlled
laboratory conditions suggests errors between = 20% on air-
flow rates and air change rates calculated from teacer gas
concentration measurements obtained with this system®. It
should be noted that the test conditions used were made
artificially severe in order to see if the mathematical analysis
would fail. Under more realistic site conditions, it is anti-
cipated that the magnitude of errors would be substantially
less, probably of the order of +10-12%.

4 Results and discussion

Table 1 shows a typical selection of results for a variety of
test conditions within a single dwelling. The six results in
Table 1 show the flow of air between the upstairs, downstairs
and roofspace of the dwelling. Freon 114 was released down-
stairs, Freon 12 upstairs and BCF in the roof space. Figure
4 shows the decay of Freon 114 downstairs and its growth
upstairs; Figure 5 shows the decay of Freon 12 upstairs and

Chart
recorder

|
I
L

Figure 3  Measuring system

its growth downstairs and in the roofspace. Figure 6 shows
the decay of BCF in the roofspace. The analysis of this data
was made using the curve fitting technique described in the
Appendix.

For the house studied downstairs to upstairs airflows
were approximately 110-220 m? h~!. Airflows from upstairs
to downstairs were in the range 160-300m3h~!, with a
one-directional airflow between house and roofspace of 28—
40 m3 h~!. Switching a kitchen extract fan on reduces ground
floor to first floor airflows by approximately 85%, the one-
directional airflow between house and roofspace also being
reduced by about 50%.

The measurement and analysis of airflows and ven-
tilation rates between three connected cells where all six
intercell airflows are non-zero values have been carried out
using the techniques described here®.

5 Conclusions

The simplified analytical solution of tracer gas concentration
data presented here enables estimates of air change rates

Table 1 Summary of three-cell site measurements

Test  Cell (1) Cell (2) Cell (3) Oy On Qi Oy Oxn 03 Comments

no.  Vent. rate Vent. rate Vent. rate m*h™) @hY) @bYH @hY) @h!Y) @m*h?)

(ach™) (ac h™) (ach™)

1 0.8 =0.1 0.5 +£0.03 5 =+0.65 1200+ 18 160x21 O 0 35+ 4 0 Windows shut;
all doors open

2 1.6 +£0.18 0.67 £0.01 4.8 +0.28 1010 17027 0 0 18+ 6 0 Kitchen fan on

3 1.8 009 0.85*0.09 29=0.15 155 11512 0 0 15*1 0 Kitchen fan on

4 09 004 035=*002 3.6=x0.16 31042 220x25 O 0 42+ 6 0 Kitchen fan off

5 2.2 =018 0.75 £ 0.1 5.2 = 0.45 175 +25 22110 O 0 3010 0 Kitchen fan off;
kitchen window open

6 0.62 = 0.07 0.86 = 0.1 88 1.5 220 = 21 30640 O 0 4515 0 All windows shut;

kitchen fan on
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and intercell airflows to be calculated directly from site
measurements in a short time penod typically 20 min, thus
enabling errors due to variations in external wind conditions
to be minimised. The usefulness of this technique for meas-
uring air movements in buildings has been illustrated by the
site measurements summarised in Table 1. This technique
is currently being used to study intercell airflows and ven-
tilation rates in a variety of domestic and industrial premises.

Appendix: Analysis of two-directional airflows between
three connected cells

Considering Figure 1, if tracer gas A is released in cell 1 and
allowed to mix with the air, some of it will be carried to cell
2 and cell 3, where it will also mix with the air, after which
some may be returned to cell 1. Let us define ¢ = 0 (seconds)

94

as the time when initial mixing is complete: the con-
centrations of tracer gas A in cells 1, 2 and 3 are given by
Coa> Coaz and Cyps respectwely Now the rate at which
tracer gas A is entering cell 1 is given by Q,,Ca; + Q3,Cas
and the rate at which it is leaving by S,Cy (S =
Q) + Oi3 + Oy,): hence, the rate of decrease of volume of
tracer gas A in cell 1 at time 7 is given by

QSICAS

Similarly, the rate of decrease of volume of tracer A in cell

2 is given by

dCy;
dt

= 05Ca; — (AD)

—VZ - SZCAZ - QlZCAl -

Oz + Oy + Oy

Q32cA3 (Az)

where S, =
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Figure 6  BCF released in roofspace
and in cell 3:
dC
-V, L8 S3Ca3 — Q13Ca1 — 023Ca; (A3)

de

WhefeS; = ng + Q31 + ng. SinCeNl = SI/VI’ Nz b Sz/Vz
and N; = §;/V;, substituting for N, N, and N, in equations
Al, A2 and A3 and rearranging we obtain

dC 0] Q
~a TNCu=7Cn+ T Cu (A%)
dC Q 0
TN = Cn+ Cns (&3)
dc Q Q0

4+ NiCs = 7‘: Car + 7123—3 Cu (A6)

Equations A4, A5 and A6 are first-order differential
equations which can be solved using an integrating factor.
The integrating factor for equation A4 is exp(N,?):

C
Carexp(Nyt) = f Qz‘l, A2 exp(N o) dt
1
C
+ f Q3",  exp(Ny0) dt + A (A7)
1

Using exp(N,t) as the integrating factor for equation (A5):

C
CrrexpVit) = | ol
2

Al exp(N,) dt

C
+ f 2:Cs exp(N,t) dt + B (A8)
2

V

alx;d using exp(N;t) as the integrating factor for equation
(A6):

QlSCAl

Chasexp(N3t) = J' v exp(Nst) de
2
C
+ f QZ;‘, A2 exp(Nst) + D (A9)
3
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For equation A7 to be solved, the variation with time of Cj,
and C,; must be known or approximated. If it is assumed
that, initially, no recirculation of tracer gas A occurs (i.e.
0, = 0 and Q5 = 0) then, from Dick’s equations®, C,, is
given by

012Coa1
Vi(N3 — Ny)

X (exp(—=Nt) — exp(—=N1))
and C,; is given by

CAZ = COAZ exp(—Nzt) +

(A10)

013C0a1
V3iN; = N))

X (exp(—N,t) — exp(—Njt))
Substituting for C,, and C,; in (A7) and solving:

021C0;
ViN: = Np

X (exp(—N,t) — exp(—N,2))

031Coas L _ .
+ N (€N = exp(-Ny0)
+ 021912C0a1 (exp(—N 2t) — exp(—Nt)
ViV,(N, — Ny N;-N,

+ texp( —Nlt))

Cas = Coas exp(—Njt) +

(All)

Ca1 = Coar exp(—Ny1) +

+ 031013Coa; (CXP(‘Nsl)-CxP(—le)

ViVs(N; - N)) N; =N,
+texp(—N,t)> (A12)

Similarly, equation (A8) can be solved by substituting for
C,, from equation Al2 and C,; from equation All.

The same derivation can be applied to tracer gas B
released in cell 2, and to tracer gas C released in cell 3 at the
same time.

The derivation of these equations is given in full
elsewhere®.

If the concentrations of tracer gas A are monitored in
cells 1, 2 and 3, then CAI’ CA;;, CAg, i V[, Vz, V3 are known,
leaving N, N>, N3, Q25 Qi35 Q325 Q235 Q215 Q315 Coars Coaz
and Cys3 as unknowns. By using the following curve fitting
technique on sets of experimental values of Cy;, Cay, Cas
and ¢, these unknowns can be calculated.

The technique discussed here assumes the effects of
recirculation of tracer gas between connected cells is time
dependent, the contribution of recirculated tracer gas being
small for time ¢ < 20 min. Consequently equations 1, 2 and
3 (given in Section 2) for C(¢) can be simplified to:

Considering Gas A in Cell 1:

= G
Ca1 = Coal(1 — ANy + QZIV a2
1
(exp(—N 2t) — exp(—N it)) 031Coas
X +
Ni{—-N; Vi
exp(—Njt) — exp(—N{t))
Al3
< Ni - N B
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Gas A in Cell 2:

QIICOAI

Caz = Cpax(1 — BN,) + %
2

. (CXP(—NU) 5 CXP(_NEO) o 03:C0a3
N; —Nj V)

exp(—Nit) — exp(—Ngt))
X ( N, =N (Al4)
Gas A in Cell 3:
0,:C
Cas = Coas(1 = DNy) + =222
3
(EXP("N 11) — exp(—N 31)) 0,:Coa2
X 4 =20
N; - N; Vi
exp(—Nt) — exp(—Ngt))
. ( N; - N} (A15)

where

() = f 0 dtfore,
t=0

The integral is evaluated using numerical integration of site
C(t) data points.

(1 — AN)) is a Maclaurin series expansion of exp(—N,¢):

Ni# Ni%¥ Np* Ni*

A=ttt " s

(1 — BN,) is a Maclaurin expansion of exp(—N,t):

Nrtz lets 1344 14,5
Bo 42t _Ni N Ny
2! 3! 4! 5!
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(1 — DN,) is a Maclaurin expansion of exp(—N3t)
Ni# N N3 Ni%p
20 3 T a s
1,Nj, N} are ‘first order’ estimates of N;, N, and N3,

found from taking In C(¢), time ¢ for C,,, Cp, and C; data
points.

D=—-t+

The three equations given by tracer gas A are solved
together with the three equations given by tracer gas B and
a further three given by tracer gas C. Using numerical
iteration techniques, values for the unknown airflows and
air change rates are calculated.

The calculated values of intercell flows and cell air
change rates can be used in equations Al, A2 and A3 to
enable comparison between theoretical curve shapes and site
data points.
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