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Synopsis 

The common way to determine air infiltration, exfiltration and interzonal flows from tracer gas 
measurements in multizoned buildings is to rely upon the standard single or multizone model, 
Vi(t) = Qc(t)+p(t) . Here c, p are zonal tracer concentrations and injections, t is time and V, Q 
are the sought volumes and flows. This model may work well provided that all zones are 
sufficiently well mixed and all flows really are constant during the measurements. The latter can 
be doubtful in naturally ventilated buildings, especially as the measurements may require several 
hours. 

This paper discusses one single question: What could be gained if the flows of the model are 
allowed to vary in time?, i.e. we will consider a (bilinear) model: V i ( t )  = Q(t) c(t) + p(t) . The 
variation of Q(t) will, however, be restricted to be piecewise linear. This extension will 
complicate the identification procedure, i.e. the computations, somewhat. On the other hand it 
does not alter the tracer gas measurements needed. The idea is rather to pick out more 
information from the standard tracer gas measurements. 

To test the extended model, single-tracer gas measurements have been carried out in a natural 
ventilated row house. Some basic concepts are introduced with one and two zone models and the 
house is modelled with a nine zones model. As intended, the extended model matches the 
measurements better. However, as demonstrated in the paper, this does not guarantee that the 
model found actually is better. 

List of Symbols 

c(t) tracer gas concentration vector, n by 1 4 flow 

i ( t )  time derivatives of c(t) 4 mean flow 

n number of zones ~ ( t )  flow matrix, n by n 

nb number of breakpoints -1 t time 

~ ( t )  tracer gas injection vector, n by 1 V diagonal volume matrix, n by n 

1 Introduction 

This paper deals with the task how to determine multizone models of a building from tracer gas 
measurements. A multizone model describes the air flows within the rooms of a building and 
between a building and the outdoors. Once known, these models can be used e.g. to simulate the 
spreading of an contaminant and to calculate air quality indices as ventilation efficiency and air 
change efficiency. 

The basic equations representing tracer gas concentrations and air flows in multizone buildings 
have been derived by a number of authors, for example Roulet and Vandaele (1991,Chap.3). 
Here follows a compact summary of the notation and concepts needed. 

The standard multizone model 

A multizone model consists of n zones and an outside (index o) with infinite volume and a constant back- 
ground concentration, c,. It is no restriction to set c, = 0 and consider all concentrations to be above the 
true background concentration. The zones are indexed by i (and 11, which range from 1 to n. A single zone 
model can be considered as a multizone model with n = 1. 



The zones have volumes, vi. All zones (i) may be connected tolfrom other zones ( j ) ,  and tolfrom the out- 
side (0)  by one-way air flows. These flows are denoted by qji, qij, q,,, qi,, respectively, (i.e. flow is directed 
to first index from second index. On the assumption of uniform air density and immediate and perfect 
mixing in the zones, the conservation off masses of air and tracer gas leads to the following equation ( e.g. 
Roulet and Vandaele (1991, eq. 2.39) 

V y t )  = Qc(t)+p(t) (1) 

where V is a diagonal n by n volume matrix of all zone volumes vi , Q is a n by n flow matrix where the off 
diagonal values are the flows qe ,  i # j , and the diagonal qii equal the negative values of the total inflows 

(= total outflows) from each zone i. Furthermore, the row sums of -Q equals the inflows from the outside 
n 

to each zone i, i.e. - C Q.. = , and the column sums of -0 equals the outflows from each zone j to the 
z j  4io 

j=l 
n 

outside, i.e. - xQq = qOj . 
i=l 

To have a meaningful physical interpretation there are some requirements of the V and Q matrices: all 
volumes vi and flows qij, q,, q,, must be positive or zero. More stringent, it is natural to require all the total 
inloutflows -qii and the volumes vi to be positive. Otherwise, the corresponding zone@) can be excluded 
from the model. 

In order to identify the V and Q matrices from a tracer gas measurement a method described in Hedin 
(1994) is used. This is a single tracer gas method. Numerically, it is an iterative method with a derivative 
(or integral) approximation based on the so far found model and a constrained least square parameter 
estimation. This ensure the found model to be physically meaningful, according to the requirements just 
mentioned. The method can also handle sequential sampling in a proper way. To summarise - in the 
absence of measurement noise etc. - this method is able to find the V and Q matrices without error despite 
the approximation of C(t) and sequential sampling. 0 

Two important assumtisns above are constant flows (at least during the measurements) and 
perfect mixing of the zones. In many cases, especially when all internal doors are closed and a 
small mixing fan is used in each zone, the multizone model works fine and is able to give a good 
explanation of the tracer gas measurements. On the other hand, with internal doors left open or 
without mixing fans the assumptions of instantaneous and perfect mixing can not be fulfilled and 
the model fails to describe the measurements. 

But even with good mixing in each zone, the model can fail. This happens if the flows are not 
constant, but vary in time. In a tight, mechanically ventilated building the assumption of constant 
flows can be good. It can also be reasonable in a building with mechanical extract ventilation, as 
the extract flows and the total supply flow are quite stable. Due to the internal negative pressure, 
the distribution of supply flows may be reasonably stable too. But, in a naturally ventilated 
building, both air flow rates and distribution of supply and extract flows may vary in time. This 
is because the air flows depend on external forces as inside-outside temperature difference and 
wind speed, i.e. quantities that are supposed to vary in time. Consequently, the assumption of a 
constant flow matrix can be very doubtful in a naturally ventilated building. This shortage is the 
motive of introducing a varying flow in this paper. 

2 A Single Zone Test 

At this point, a single (n = 1) zone example can be illustrative. The measurement is taken from a 
bedroom in a naturally ventilated row house (the house and experiment will be described in a 
subsequent section), see Figure 1. It is obvious from the figure, that a constant flow and volume 
can not describe the changing slope of this experiment. 



t Jhl t 
Figure 1. Measured tracer gas concentration (0) in Figure 2 A piecewise varying function q(t), 

bedroom No 1 with the window slightly opened. (nb = 4). (Right hand y-axis used for flows 
Tracer injection indicated on top. Two differ- throughout this paper) 
ent slopes nl, n2 marked with thin lines. 

Therefore, let us introduce nb+l breakpoints in time: tO,tl, ..., tnb and then allow q(t) to be 
piecewise linear between these points, see Figure 2. Here nb = O  means the common case with 
q(t) constant. Now, if nb > 0 the model does not longer consist of a single v, and q, but of v, and 

qp,qi,...,q;b. The identification procedure will be somewhat more complicated, but hopefully 

this model1 can describe the measurements better. 

Figure 3 shows model and measurements for nb = 0,1,2,4 and the more extreme nb=32. In this 
test it seems profitable to allow q, to vary in time. It is reasonable to believe that the new models 
describes the true variation of q(t) better than the constant (nb = 0) model does. 

Up to a certain limit nb can be increased and better and better models will be, see Table 1.But at 
the same time the identified q(t) will be more and more prone to errors, as fewer and likely less 
informative data are used for each identified value. Moreover, occasional odd measurement 
values (due to random measurement errors or incomplete mixing) will have a larger influence. 
Of course, there is also an upper limit on nb that depends on the number of data. This is due to 
the fact that to solve an equation there are always needed as many equations as unknowns. 
Unfortunately, the mean value of q(t) (denoted 4 )  is not supposed to converge to a true mean 
value when nb increases. 

3 The bilinear model 

Before continuing to discuss the used multizone model we will return to the basic mass balance 
equations with a non-constant flow matrix Q(t): 

v y t )  = Q(t)c(t)+ ~ ( t )  (2) 

While the ordinary mass balance (1) is a linear equation, this equation is only linear as long as 
Q(t) is constant or as long as c(t) is constant, otherwise it is non-linear. This type of equations 
are called bilinear, Mohler(1973). 

I A remark is what it would be more general to also allow a non-constant volume v(t). This can indeed be 
done, but since there is no appropriate physical interpretation of a non-constant volume, this is avoided. 
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Figure 3. Measurements (o), model (-) and identi- 
fied flow q(t) (...) in the right hand scale for nb = 
0,1,2,4,32. 

0 1 2 3 4 5 
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Table 1 Some criterions for the identified models 
with nb = 0,1,2,4,8,16,32. Vl0,, is the rms-value 
of the minimum loss function, emUd is the rms- 
value of the model error, cmd(t) - ~ ( t ) .  

One common method to determine a general function Q(t) goes through the method of Volterra 
series. However, this solutions includes a lot of mathematics and seems to be too difficult, at 
least at this first try. A more convenient method to introduce a non-constant Q(t) may be to 
restrict oneself to a piecewise linear variation of Q(t), as was exemplified in Figure 2. Of cause 
this is a restriction compared with a general function. Yet, if many breakpoints are used, it is 
possible to mimic rather complicated behaviour. 

One important point is that the driving forces (due to wind and temperature differences) can also 
be described by a piecewise linear function. Another important characteristic of the piecewise 

linear choice is that if e.g. both Qk and  comply with the linear constraints imposed on the 

solution, then will also the linear interpolation 9 Qk + (1 - 9 )  Q' , 0 i 9 i 1 comply with these 
constraints. 



A first order example 

To get a feeling for what a variable q(t) means we shall look on a simulation of a single zone system: 

"1 L(t) = -41(t)c(t)+ ~ ( t )  (3) 
where 

1 1 + 0.2t (flow increasing in time 0 I t I 5) 

vl = 1 and ql = 1 (constant flow) (4) 

1 - 0.2t (flow decreasing in time 0 I t 1 5) 

Figure 4a shows a step up and Figure 4b shows a step down with these three flows. It is obvious from the 
figures that a varying flow can introduce a great deal of flexibility in modelling. Thus it should be possible 
to model the measurements more accurately. a 

t t 
Figure 4a. Simulated tracer gas concentration during Figure 4b. Simulated tracer gas concentration during 

a step up (i.e. p(t) = 1, c(0) =O). a step down (i.e. p(t) = 0, c(0) =I). 

Another first order example (poor mixing) 

However, it is important to notice that this flexibility could also be a serious disadvantage. The following 
example is designed to emphasise that fact. Suppose that a room has a poor mixing and behaves like a two- 
zone space, see Figure 5, with the mixing flow q,, as low as 1. Anyway it is modelled by a single zone 
model and q(t) is (erroneously, or at least unnecessarily) allowed to be non-constant. The following results 
come out for nb = 0,1,2,4 , see Table 2. ( Notice that if the correct model structure is used (i.e. n = 2) then 
there will be no error at all.) 

Figure 5 (to the left) 
True and used model for a simulated case. 

Table 2 Identified results from simulated model then an 
erroneous model structure is used. 

AS seen, even if nb >O gives a more accurate model (smaller V,(,,), the identified volume and flows are 
inferior to the nb = 0 solution (which in fact is quite good, despite the bad mixing). As poor mixing is 
common in tracer gas measurements, this result should discourage the use of varying flow, unless this 
really is needed. 0 

n nb VI,,~~ v1 4P 4f 4: 4: 414 4 ,. 
h l ( t  ) used model 

0 62.0 10.0 1.04 1.04 
V I  = ? 1 56.5 10.9 0.92 1.07 1 .OO 

2 52.0 11.0 0.92 0.97 2.40 1.32 
1 4 45.6 12.2 0.60 1.02 0.93 1.97 0.03 1.06 
Vqp) = ? 



A second order example (turning wind - varying flow) 

Next, we show a simple example then it indeed is necessary to use a varying flow. Consider the flow 
system in Figure 6. Notice that the flow turns around from going to the left at t = 0 ,  to going to the right at 
t = 1. Thus a constant model can only represent the mean flows. The results then nb=O are shown in Table 
3. Even if the model (not shown) does not match the simulation too bad, the identified mean flows are 29 - 
92% in error. On the other hand, the piecewise model with nb = 1 will identify the flows and volumes 
without any error, as it is designed to do. 0 

a = l - t  Table 3. Identified results then nb=O. 
b = t  
( O l t l l )  5.3 0  

= ( 0 4.2) 

Figure 6. Simulated two zone model. 

4 The Studied Row House 

The studied building is a two-storied row house with basement, see the plan in Figure 7. The 
ground floor has living-room, kitchen, laundry and hall, upstairs there are three bedrooms, bath- 
room and hall, and in the basement there are living-room, two storerooms and a hall. 

Heating is provided by a radiator system for waterborne heat. The house is naturally ventilated 
with inlet vents in the storerooms and laundry and outlet vents in the laundry, toilet, upstairs hall 
and bathroom. The bedrooms have no vents and the air change of the bedrooms are known to be 
poor. Therefore the windows are always slightly opened during the night in the bedrooms and 
the basement living-room, which is also used as a bedroom. 

The three floors are connected by stairs. In this way the three halls and stair-ways compose a 
large open volume. S w h  a space is known to be difficult to describe. It does not behave as a 
single zone since the mixing is too poor. A three zone description may be possible, but there are 
not three distinct zones, and further, the interzonal flows may be large and hence the concentra- 
tion will be almost equal in the three zones. As a consequence, the measurements will not be 
informative enough to give good parameter estimations. The three zone description have been 
tried in this paper. 

5 Tracer Gas Measurements and a Nine Zone Model 

Single-tracer gas measurements were carried out under two conditions: with closed or slightly 
opened windows in bedrooms and the basement living-room. Internal doors were kept closed and 
small mixing fans (10 W) were used in each zone. The house was fully furnished, but nobody 
was at home during the measurement. 

The tracer gas equipment used can only handle up to nine zones. Due to this limitation, the house 
was divided into the following nine zones: (on upper floor) three bedrooms, bathroom and hall 
(on ground floor) living-room, kitchen, and hall, (in basement) hall only. The following specific 
assumptions (i)-(iv) are believed to be true and are necessary to make the nine zone model valid: 



basement ground floor first floor 
( W.W. = Walk-In Wardrobe ) 

. -. ---.- 

Figure 7 Plan of the row house. Location of vents indicated by grey arrows. 

(i) The air flows between the basement hall and the rest of the basement are supposed to be directed 
(almost) only into the hall. To check this point, smoke was released near the doorways before the meas- 
urements. This means that only the total supply air rate into the basement hall (but not the distribution of 
supply air from the different rooms in the basement) can be determined. (ii) The laundry next to the 
kitchen, are supposed only to receive air flow from the kitchen and it was excluded from the model. Thus, 
the exfiltration of the kitchen will include the air flow from the kitchen to the laundry. (iii) Similar condi- 
tions applies to the toilet next to the ground floor hall, i.e. flow directed from hall to toilet only. (iv) The 
walk-in wardrobes on the upper floor have no vents and the doors were closed. They were supposed to 
have an air exchange with the nearby rooms, small enough to be neglected by this model. (I1 

There is only space for some few results from the identification with the nine zone model in this 
paper. In Figure 8 we show the tracer gas measurements and an simulation with the identified 
model. The actual values of volumes and mean flow rates are inserted into the plan in Figure 9. 

basement ground floor first floor 

Figure 9 Identified volumes in m3 and mean air flow rates in 11s. 



Tracer gas concentration: Bedroom 1 
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Figure 8. Measured tracer gas concentrations (0) and simulated model (-) for a nine zone model of the row 
house. Windows in bedrooms slightly opened. nb= 3. 



Another tracer gas measurement carried out some days later with different wind conditions 
shows about the same flow rates, but different supply paths (i.e. larger infiltration in bedroom 3 
on north side and smaller in bedroom 1 and 2 on the south side of the house). A third tracer gas 
measurement, now with all windows closed, shows considerably smaller air change rates in the 
bedrooms. The air change rates in the bedrooms decrease from about fairly good 0.5 - 1 h-' then 
the windows were slightly opened to about a tenth of these values. The air change rates in the 
bedrooms with closed windows thus proved to be unacceptable low. 

Some attempts have been done to relate the variation of identified air flow rates with measure- 
ment of outdoor temperature and wind. These attempts have so far not been successful. One 
problem seems to be that the models have no 'reason' to keep the variations of q(t) small, even 
then the profit is minor. Possibly, this can be corrected, if an extra 'penalty' on the variance of 
q(t) is included in the identification routine. 

6 Summary 

An extension to the traditional description of a flow system with a multizone model: 
VC(t) = Qc(t)+p(t), was tested. The constant flow matrix Q was exchanged by a non-constant 
flow matrix Q(t), which may vary piecewise linear in time. The new model was applied to tracer 
gas measurements carried out in a natural ventilated row house. 

A single zone model was used to describe one bedroom and a nine zone model to describe the 
main part of the house. As expected, the new model have smaller loss function and matches the 
measurements better than the constant model does. 

It has been demonstrated by simple simulated examples that the model will use a varying Q(t) 
not only to describe a varying air flow as intended. But it will also use it to mimic the effects of 
poor mixing and measurement noise seen in the tracer gas concentrations. This may introduce a 
false variation of air flows in the model. It was not possible to relate the identified air flow rates 
with climatic data of wind and outdoor temperature (measured at a site 2 km from the studied 
row house). 
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