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Technical Note 

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 intercell 
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 

ventilation rate in cell x (air changes per hour (ac h-1)) 
Amount of air flowing from cell x to outside (m3 h-1) 
Amount of air flow from outside to cell x (m3 h- 1) 
Airflow from cell x to cell y (m3 h-1) 

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

1 Introduction 

The measurement and analysis of ventilation rates and inter­
nal airflows between connected cells of buildings have 
received considerable attention in recent years<1· Z) . 

The multiple tracer gas technique developed at UMIST 
to measure air movements between spaces is well 
documented<3, 4). 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<5l. Unlike existing techniques which rely on pair$ of 
tracer gas concentration/time points, the following tecl:t­
nique uses all data points collected during an experiment. 
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2 Analysis of two-directional airflows between three 
connected cells using a simplifi.ed analytical solution 

The concentration of tracer gas A in cell 2 at time t, C A2• is 
given by 

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 l, 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 Al at time t is given by 
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2
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Equation (2) has been rounded to the first six terms. 

The concentration of tracer gas A in cell 3 at time t, C A3, is 
given by 
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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<6l. 
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 
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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 > 20min. 

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<5• 6). 

Briefly, the system consists of an AI505 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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TIME C MINUTES J 1, 2 and 3 
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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 tFacer gas 
concentration measurements obtained with this system<5). 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 roof space 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 

Table 1 Summary of three-cell site measurements 

Test Cell (I) Cell (2) Cell (3) Q12 Q11 

Electron 
capture 
detect er 

Chart 
recorder 

Amplifier 

Figure 3 Measuring system 

its growth downstairs and in the roofspace. Figure 6 shows 
the decay of BCF in the roof space. 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 3 h- 1• Airflows from upstairs 
to downstairs were in the range 160-300 m 3 h- 1, with a 
one-directional airflow between house and roofspace of 28-
40 m 3 h- 1• 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 hereC6). 

5 Conclusions 

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

Q13 Q31 Q13 Q32 Comments 
no. Vent. rate Vent. rate Vent. rate (m3 h-1) (m3 h-1) (m3 h-1) (m3 h-1) (m3 h- 1) (m3 h- 1) 

(ac h- 1) (ac h- 1) (ac h- 1) 

0.8 ± 0.1 0.5 ± 0.03 5 ± 0.65 120 ± 18 160 ± 21 0 0 35 ± 4 0 Windows shut; 
all doors open 

2 1.6 ± 0.18 0.67 ± 0.01 4.8 ± 0.28 10 ± 10 170 ± 27 0 0 18 ± 6 0 Kitchen fan on 
3 1.8 ± 0.09 0.85 ± 0.09 2.9 ± 0.15 15 ± 5 l15 ± 12 0 0 15 ± 1 0 Kitchen fan on 
4 0.9 ± 0.04 0.35 ± 0.02 3.6 ± 0.16 310 ± 42 220 ± 25 0 0 42 ± 6 0 Kitchen fan off 
5 2.2 ± 0.18 0.75 ± 0.1 5.2 ± 0.45 175 ± 25 221 ± 10 0 0 30 ± 10 0 Kitchen fan off; 

kitchen window open 
6 0.62 ± 0.07 0.86 ± 0.1 8.8 ± 1.5 220 ± 21 306 .± 40 0 0 45 ± 15 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 period, 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 l. This technique 
is cur rently 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 I, if tracer gas A is released in cell I 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 I. Let us define t :== 0 (seconds) 
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21 24 27 30 
Figure 4 Freon 114 released 
downstairs 

21 24 27 30 Figure 5 Freon 12 released 
upstairs 

as the time when initial IDlXlng is complete: the con­
centrations of tracer gas A in cells 1, 2 and 3 are given by 
CoAl> CoAZ and C0A3 respectively. Now the rate at which 
tracer gas A is entering cell 1 is given by Qz1CA2 + Q32CA3 
and the rate at which it is leaving by S 1C AI (S 1 = 
Q 10 + Q 13 + Q 12): hence, the rate of decrease of volume of 
tracer gas A in cell I at time t is given by 

dCA1 -vi Cit= s,cAI - Qz1CA2 - Q31CA3 (Al) 

Similarly, the rate of decrease of volume of tracer A in cell 
2 is given by 

dCA2 
-Vi Cit= S2CA2 - Q12CA1 - Q32CA3 (A2) 

where S2 = Qzo + Qz3 + Qz1 
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BCF released in roofspace 

and in cell 3: 

dCA3 
-V3 (it= S3CA3 - Q13CA1 - Qi3CAi 

10 12 
Time(min) 

(A3) 

whereS3 = Q3o + Q31 + Q32. SinceN1 = S 11V1, Ni= Si/Vi 
and N3 = S3/V3, substituting for Nh Ni andN3 in equations 
Al, A2 and A3 and rearranging we obtain 

dC Al + N c - Qi1 c + Q31 c (A4) 
dt I Al - Vi A2 Vi A3 

dCA2 Q1i Q32 
dt + NiCA2 = v;-CAI + Vi CA3 (AS) 

(A6) 

Equations A4, AS and A6 are first-order differential 
equations which can be solved using an integrating factor. 
The integrating factor for equation A4 is exp(N1t): 

CA1 exp(N1t) = J QziCA2 exp(N1t) dt 
V1 

(A7) 

Using exp(N2t) as the integrating factor for equation (AS): 

C (N ) f Q12CA1 
A2 exp 2t = -v;- exp(N2t) dt 

f Q13CA3 + -v;- exp(N 2t) dt + B (AS) 

and using exp(N3t) as the integrating factor for equation 
(A6): 

C (N ) f Q13CA1 
A3 exp 3t = ---exp(N3t) dt 

V2 

f Qz3CA2 + ---v;- exp(N3t) + D 
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(A9) 

Airflow between connected cells 

For equation A7 to be solved, the variation with time of C A2 

and CA3 must be known or approximated. If it is assumed 
that, initially, no recirculation of tracer gas A occurs (i.e. 
Q21 = 0 and Q31 = 0) then, from Dick's equationsC8), C A2 is 
given by 

Q12CoA1 
CA2 = C0A2 exp(-Nit) + V

3
(N

3 
_Ni) 

x (exp(-N1t) - exp(-Nit)) (AlO) 

and C A3 is given by 

Q13CoA1 
CA3 = CoA3 exp(-N3t) + V3(N3 - Ni) 

x (exp(-N1t) - exp(-N3t)) 

Substituting for C A2 and C A3 in (A7) and solving: 

Qi1CoA2 
CA1 = CoA1 exp(-N1t) + Vi(Ni _Ni) 

x (exp(-Nit) - exp(-N1t)) 
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3
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Similarly, equation (AS) can be solved by substituting for 
CA1 from equation Al2 and CA3 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 
elsewhereC4l. 

If the concentrations of tracer gas A are monitored in 
cells 1, 2 and 3, then CAI• CAl, CA3, t, Vi, Vz, V3 are known, 
leaving N,, Nz, N3, Q12, Q13, Q32• Q23• Qw Q31• CoAt• CoA2 
and C0A3 as unknowns. By using the following curve fitting 
technique on sets of experimental values of CAI• CA2, CA3 
and t, 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 t < 20 min. Consequently equations 1, 2 and 
3 (given in Section 2) for C(t) can be simplified to: 

Considering Gas A in Cell 1: 

- Qz1CoA2 
CA1 = CoA1Cl -AN1) + Vi 

x ( exp(-N2t)- exp(-N!t)) + Q31CoA3 

NI -N2 V1 

x ( exp(-N3t) - exp(-N[t)) 
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Gas A in Cell 2: 

CA2 = CoA2Cl - BN2) + Q12CoA1 
V2 

x ( exp(-N!t) - exp(-N].t)) Q32C0A3 

N' -N' + V 2 1 2 

x (exp(-N ) t) - exp(-N i z)) 
Ni -N3 

Gas A in Cell 3: 

where 

x (exp(-Njc) - exp(-N3 t)) Q23C0A2 
N 3 - N/ + V3 

x ( exp(-N].t) - exp(-N3t)) 
N3 -N]. 

c(r) = r=k C(t) dt/ot)._tk 
t=O 

(1 -DN3) is a Maclaurin expansion of exp(-N3t) 

N 3 t2 N 3 2t3 N 3 3t4 N 3 4t5 

D= -t+T!-31+41-51 
N;,N].,N3 are 'first order' estimates of N 1, N 2 and N 3, 

found from taking In C(t), time t for CA1, C82 and Cc3 data 
points. 

The three equations given by tracer gas A are solved 
(Al4) together with the three equations given by tracer gas Band 

a further three given by tracer gas C. Using numerical 
iteration techniques, values for the unknown airflows and 
air change rates are calculated. 

(AlS) 

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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