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SYNOPSIS 

This paper describes a preliminary investigation of the va l id i ty  of 
a means o f  calculat ing the  vent i la t ion r a t e  of a large enclosure 
from experimental data. 

It was assumed t h a t  the a i r  i n  the  enclosure is not perfect ly  mixed. 
The measurement method selected was t racer  gas concentration decay. 
The calculat ion of ven t i l a t ion  r a t e  was performed by "least  
squaresn f i t t i n g  of a model t o  the  observed t r ace r  gas 
concentrations . 
Simulations of t r ace r  gas concentration decay measuremnts were 
performed wi th  varying i n i t i a l  d i s t r ibu t ion  of t racer  gas. The 
vent i la t ion r a t e  was then calculated from the simulated 
concentration data. 

Conclusions a re  drawn concerning the accuracy of such calculat ions  
and general s t ra tegy for meauring ven t i l a t ion  ra tes  using t racer  
gases* 
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The measurement of ven t i l a t ion  rates i n  small enclosures using 
t racer  gas is a w e l l  understood and proven technique of vent i la t ion 
research. The use of t r ace r  gases f o r  measurement of ven t i l a t ion  
r a t e s  and a i r  movements i n  large enclosures and multi-cell 
buildings, t yp i ca l  of f ac to r i e s  and o f f i ce  buildings, is not ye t  a t  
the same stage o f  development. 

A paper presented y the  present author a t  the  4th A i r  I n f i l t r a t i o n  P Centre Conference described work aimed a t  measuring vent i la t ion 
r a t e s  i n  l a rge  enclosures f o r  t he  purpose of estimating vent i la t ion 
energy loss.  The work was not intended t o  study in t e rna l  a i r  
movements o r  t h e i r  implications f o r  a i r  qual i ty .  

An instrument system was described which consisted of infra-red gas 
analysers f o r  the  measurement of n i t rous  oxide concentrations, 
sampling valves and automatic control  and da ta  recording equipment. 
The fundamentals of a method f o r  calculat ing ven t i l a t ion  r a t e s  from 
measured data  were described and a programme f o r  val idat ion of the  
measurement and analysis methods proposed. 

This paper repor t s  the  r e s u l t s  o f  calculat ing ven t i l a t ion  r a t e s  
from simulated t r a c e r  gas concentration h i s t o r i e s  and compares the 
calculated ven t i l a t ion  r a t e s  with those aqsumed f o r  the  simulation. 

2 SIMULATION AND VENTILATION RATE CALCULATION METHODS 

2,1 Simulation Model 

The model used f o r  the  generation of simulated t r a c e r  gas 
concentration data is shown i n  f igure  I ,  The model consis ts  of qine 
zones, which may represent pa r t s  of a large enclosure o r  cells of a 
multi-cell  building. It is assumed t h a t  each zone is well  mixed. 
The volumes of t he  zones and the  a i r  flow r a t e s  between them are  
shown i n  f igure  1. Tfnese zone volumes and a i r  flow r a t e s  were 
selected s o  a s  t o  give a pat tern  of t r ace r  gas concenkration decay 
s imilar  t o  pa t te rns  which have been found i n  pract ice  , 

The simulation of the  t r a c e r  gas concentration h i s t o r i e s  was 
performed by calculat ing,  f o r  each zone i n  turn,  the  net  gain o r  
l o s s  of t r ace r  gas over a shor t  period of time assuming t h a t  the 
concentrations i n  a l l  zones a r e  constant. The new concentrations 
i n  the  various zones were then calculated from the  adjusted 
quant i t i es  of t r ace r  gas. 

The i n i t i a l  t r ace r  gas concentrations assumed a re  given i n  t ab le  1. 
The concentration i n  the  outs ide  a i r  is taken t o  be zero a t  a l l  
times, 

The r e s u l t s  of the simulations a r e  shorn i n  f igures  2, 3 and 4 .  



2.2 Venti lat ion Rate Calculation Method 

2 This method is adapted from that described by Penman and Rashid . 
The general  equation governing the  tracer gas concentrations 
within the  space is: 

Rate of supply of gas - Rate of removal of gas 
= Rate of change of quanti ty of gas i n  t he  space 

The e a s i e s t  ven t i l a t ion  rate measurement method t o  use is the 
concentration decay method, i n  which: 

Rate of supply of gas  = 0 
The rate of  removal of gas from the  space is simply t he  sum of the 
a i r  flow r a t e s  from each zone t o  the  outside,  each multiplied by its 
appropriate t r ace r  gas concentration: 

The r a t e  of change of the quanti ty of t r ace r  gas i n  the  space is the 
sum of t he  volumes of the  zones each multiplied by the  appropriate 
r a t e  of change of  t racer  gas concentration: 

I f  t h i s  equation is integrated t he  e f fec t  of random f luctuat ions  i n  
C w i l l  be reduced without the  need f o r  f i t t i n g  curves t o  the  data, 
1Etegrating from time to t o  t l  the  following is obtained: 



In  t h i s  equation Q a r e  unknown (assumed eonstant) ,  Cn a re  
measured and Vn a r e  &%imated. 

In  order t o  form N d i f f e r en t  equations which can be solved t o  find 
the  N unknowns Q1, Q2 . . . . . QN, equation (1) can be integrated over 
N time in te rva l s ,  I f  the  time in te rva l s  a r e  selected t o  be 
successive, then i n  t he  l a t e r  s tages  of a concentration decay 
measurement independent equations w i l l  not be obtained, the  (x  + 
11th equation being simply a multiple of the  xth. This is because 
the  concentration decay i n  any zone tends t o  t he  form 

where An and B a r e  constants fo r  zone n. The N equations were 
therefore  forme8 by integrat ing equation (1) from the beginning of 
the experiment t o  N d i f fe ren t  values of time. 

The N equations can be represented i n  matrix form as:  

where : 

C - - Cn d t  
m,* 

Experimental e r r o r s  w i l l  mean t h a t  an exact  solution of these 
equations is not possible. The equations can be solved i n  a l e a s t  
squares sense by minimising the  length of t he  res idual  vector r , 
where : 

Routines a r e  avai lable  i n  the  NAG computer program l i b r a ry  t o  
perform t h i s  operation without the  constra int  derived from physical 
considerations tha t :  

f o r  a l l  n, NAG l i b r a ry  rout ines  were used f o r  the  calculat ions  fo r  
the sake o f  convenience and i n  order t o  see how frequently negative 
values of Q were generaled. I n  a p r ac t i ca l  case the  presence of 
large negatf$e values of QnO might suggest poor accuracy. 



3 RESULTS OF CALCULATIONS 

Table 1 g ives  t h e  i n i t i a l  t r a c e r  gas concentrat ions assumed f o r  t h e  
ca lcu la t ions .  Tables 2, 3 and 4 give t h e  ca lcula ted  e x f i l t r a t i o n  
r a t e s  from each zone compared wi th  t h e  e x f i l t r a t i o n  rates used i n  
t h e  simulat ion f o r  experiments 1,  2 and 3 respect ive ly .  For each 
experiment t h e  e x f i l t r a t i o n  r a t e s  were ca lcu la ted  four times, using 
data  from 9, 4.59 1.8 and 0.9 hours of t h e  experiment respect ive ly .  
These t i m e s  should be compared with t h e  r ec ip roca l  of t h e  modelfs 
v e n t i l a t i o n  r a t e  i,e. 1.25 hours. 

Three e r r o r s  have been ca lcula ted .  The percentage e r r o r  i n  each 
zone e x f i l t r a t i o n  rate was ca lcu la ted  as: 

Qno 

The percentage e r r o r  i n  t h e  t o t a l  e x f i l t r a t i o n  r a t e  w a s  ca lcula ted  
a s  : 

' Qno 

The percentage t o t a l  squared e r r o r  was calcuated as: 

Examination of t h e  t a b l e s  suggests  a number of conclusions. 

F i r s t l y ,  t h e  t o t a l  e x f i l t r a t i o n  r a t e  was genera l ly  ca lcu la ted  with 
an accuracy s u f f i c i e n t f o r  p r a c t i c a l  purposes, only 2 cases  out  of 
12 being worse than - 25%. A s  it is t h e  t o t a l  e x f i l t r a t i o n  
( v e n t i l a t i o n )  r a t e  which is mainly of i n t e r e s t  f o r  energy 
conservation purposes these  r e s u l t s  can be regarded a s  encouraging. 
It may be thought t h a t  these  e r r o r s  a r e  r a t h e r  l a r g e  considering 
t h a t  t h e  ca lcu la t ions  were performed using simulated d a t a ,  but it  
must be remembered t h a t  t h e  equations used by the  c a l c u l a t i o n s  were 
not f u l l y  independent. The two cases o f  unsa t i s fac to ry  accuracy 
occured i n  the  9-hour ca lcu la t ion  i n  Experiment 1 and t h e  0.9 hour 
ca lcu la t ion  i n  Experiment 2. I n  t h e  former case t h e  l o s s  o f  
accuracy could be expected t o  r e s u l t  from the  combination of  
uniform i n i t i a l  t r a c e r  d i s t rubu t ion  and long ca lcu la t ion  period 
leading t o  t h e  exponential  concentra t ion  decays mentioned i n  
s e c t i o n  2.2 The l a t t e r  r e s u l t  is s u r p r i s i n g  considering t h e  
s i m i l a r i t y  of t h e  p lo t t ed  t r a c e r  concentrat ions f o r  experiments 2 
and 3. 

Secondly, t h e  presence of negative ca lcu la ted  flow r a t e s  did not 
i n d i c a t e  poor accuracy e i t h e r  of t h e  t o t a l  v e n t i l a t i o n  r a t e  o r  of 
the  individual  flow r a t e s ,  a s  quant i f ied  by t h e  e r r o r  terms a t  the  



bottom sf the tables .  There seems therefore t o  be no advantage i n  
using an unrestrained solut ion,  whereas it has the disadvantage 
t h a t  negative flow r a t e s  have no physical meaning. 

Thirdly, the  individual zone ex f i l t r a t i on  r a t e s  were generally 
predicted with ra ther  poor accuracy. 

Fourthly, provided unreasonably short  measurement periods were 
avoided (0.9 hour calculat ion of Experiment 2) ,  uniform i n i t i a l  
d i s t r ibu t ion  of the  t racer  gas did  not improve the accuracy of the 
calculations.  This means t h a t  i n  a space where poor mixing e x i s t s  
natural ly ,  the  t racer  gas can be released a t  a known site o r  s i t e s  
and provided t h a t  these partake i n  the  general  a i r  c i rcu la t ion  i n  
the  space then usef'ul experimental da ta  should be obtained. 
A r t i f i c i a l  mixing w i l l  not be required. 

4 DISCUSSION AND CONCLUSIONS 

It is not d i f f i c u l t  t o  produce good mixing i n  pract ice  i n  small 
rooms by the  use of o s c i l l a t i n g  fans, indeed good mixing often 
occurs natural ly ,  Thus the  representation i n  the  model presented 
here of  each zone a s  well  mixed can accord w e l l  with r e a l i t y  when 
the  zones represent the  rooms of a multi-cell  bu i ld inq ,  :q, 9. large 
enclosure, however, good mixing does not always occur The 
divis ion of a l a rge  enclosure i n t o  a number of well-mixed zones 
cons t i tu tes  an approximation t o  the  r e a l  s i t ua t i on  of a 
continuously varying concentration f i e l d  . I f  a larger  number of 
zones is used i n  the model be t t e r  approximation t o  r e a l i t y  is 
at ta ined,  but the  complexity of the analysis  increases and the 
number of measurement points required i n  an ac tua l  experiment a l so  
increases i f  the concentrations i n  a l l  zones a r e  t o  be measured. It 
is t h i s  l a t t e r ,  p rac t ica l ,  constra int  which is the  most severe. 

If the i n i t i a l  d i s t r ibu t ion  of t racer  gas is not uniform then the 
t racer  gas  concentrations a t  the  various sampling points  vary 
rapidly bo$h i n  time and space during the  ear ly  par t  of a 
measurement . The assumption of well-mixed zones may thus 
introduce considerable inaccuracy i n t o  t he  measurement of the  
quanti ty o f  t r ace r  gas i n  the  space, t h i s  being the  key var iable  i n  
the  subsequent analysis.  

In measuring ven t i l a t ion  r a t e s  using t r a c e r  gas we can therefore 
iden t i fy  two s i tua t ions .  In the  first s i tua t ion ,  good mixing 
through the  whole building o r  good mixing of every zone i n  the  
building occurs natural ly  o r  can be arranged by the investigator.  
In  t h i s  case t r ace r  gas experimental techniqes and s ingle  o r  multi- 
zone calculat ion methods can be applied with confidence. In the  
second s i t ua t i on ,  good mixing- does not occur and can not be 
arranged. It is intended t h a t  a future paper w i l l  dea l  with the  
approximate representation of a continuous t r ace r  gas concentration 
f i e l d  . 
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Zone 

1 

2 

3 

4 

5 

6 

7 

8 

9 

TABLE 1 

Initial tracer gas distributions for simulations 

Exper b e n t  1 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

Exper h e n  t 2 

0 

0 

0 

0 

0 

0 

1000 

0 

0 

Units o f  concentration are arbitrary, 



TABLE 2 

Assumed and ca lcula ted  e x f i l t r a t i o n  rates, Experiment 1 

Zone 

Actual 9 hour ca lcn  4.5 hour calcn 1.8 hour ca lcn  0.9 hour oalcn 

m3/h Calc Error  Calc Error Calc Error Calc Error 
3 m /h % m3/h % m 3 /h % m /h % 3 

Tota l s  7200 10141 +4 1 9023 +25 6717 - 7 7034 -2 

% t o t a l  squared e r r o r s  52 6 5 30 4 1 



TABLE 3 

Assumed and calculated exfiltration rates,  Experiment 2 

Actual 9 hour calcn 4,5 hour c a l m  1.8 hour calcn 0,9 hour calcn 

Zone m3/h Calc Error Calc Error Calc Error Calc Error 

m3/h 5 n3/h I m 3 /h 5 m3/h I 

- -- -- - - 

Totals 7200 6624 -8 8158 + 13 7025 -2 5 169 -28 

% tota l  squared errors 7 9 24 9 13 
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