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Synopsis 

To ensure indoor air quality an efficient ventilation system should provide fresh air in those 
parts of a room where it is required. To assess whether the ventilation system fblfils the main 
objective, different definitions of local ventilation efficiency (the local mean age of air, the 
local ventilation rate, the local purging flow rate and the local air exchange rate) are reported 
in literature. Tracer gas techniques (step up method, step down method and pulse method) 
and CFD-models are mostly used in research to identify the 3-D distribution of these 
ventilation parameters in a ventilated air space. 
In our laboratory the 'local volumetric concentration of fresh air flow rate' [m3/s.m3] was 
introduced as a new ventilation parameter. A total amount of 90 step up experiments was 
performed in a laboratory test installation with a volume of 9 m3 [3x2x 1.5mI to model the 
3-D distribution of this ventilation parameter in relation to different values of the ventilation 
rate (120-300 m3/h) and the heat supply (0-400 Watt) as control inputs. In the main part of 
the paper some results are given of the modelled 3-D distribution of the 'volumetric 
concentration of fresh air flow rate' in the test installation. This distribution of fresh air flow 
rate is assessed in relation to the air flow pattern which is visualised by smoke experiments 
and quantified by image analysis and the Archimedes number. 

List of symbols 

v 
Q 
Qin 

total ventilation rate through the test room [m3/h] 
heat supplied by the heating element positioned just beneath the air inlet [Watt] 
internal heat production in the test room [Watt] 
heat losses through the walls [Watt] 
temperature of the incoming air in the test room [OC] 
temperature in the 'well mixed zone' ["C] 
part of the total ventilation rate entering the 'well mixed zone' [m3/s] 
volume of the 'well mixed zone' [m3] 
volumetric concentration of fresh air flow rate in the 'well mixed zone' [rn3/s.m3] 
corrected Archimedes number [-I 



1. Introduction 

The main objective of a ventilation system is to provide fresh air in those parts of a room 
where it is required. To assess whether the ventilation system hlfils the main objective, 
different definitions of local ventilation efficiency are reported in literature [1,2]. The most 
important are the local mean age of air [s], the local ventilation rate [Ils], the local purging 
flow rate [m3/s] and the local air exchange rate [lls]. Different techniques have been 
developed to identifl the 3-D distribution of these ventilation parameters in a ventilated air 
space. Among these techniques tracer gas experiments (step-up method, step-down method 
and pulse method) are used in most cases. CFD-models are also used, but these models still 
have many technical and fundamental problems (immense computational power, validation 
problem, . . .) as reported in [3]. 

2. Objectives 

In our laboratory the 'local volumetric concentration of fresh air flow rate' [m3/s.m3] was 
introduced as a new ventilation parameter [4]. The main objective of this paper is to show 
that the modelled 3-D distribution of the 'local volumetric concentration of fresh air flow 
rate' can be assessed in relation to the measured and quantified air flow pattern in the test 
installation. 

3. Method 

In a laboratory test installation with a volume of 9 m3 [3 x2x 1.5ml 90 step up experiments 
were performed to model the 3-D distribution of this ventilation parameter in relation to 
different values of the ventilation rate (120-300 m3lh) and the heat supply (0-400 Watt) as 
control inputs [5]. 

3.1. Test installation 

The laboratory test installation is presented in figure 1. .It is a ventilated room (L=3m, 
W=1.5m and H=2m) with two control inputs: the ventilation rate V (120-300 m3lh) 
bringing cold air with temperature To=l 1 OC in the test room and the heat Q (0-400 Watt) 
supplied by the heating element (13 in figure 1) positioned just beneath the air inlet. These 
control inputs determine the position of the incoming air jet in the ventilated room [6]. 
The other inputs in the test room are the internal heat production Qin (300 Watt) 
simulating the occupants and the wall losses Qwall which are minimised because of a 
second envelope surrounding the test installation. The test room is furthermore provided 
with 36 sensors positioned in a 3-D grid to measure the spatial and time related 
distribution of temperature. The sensor configuration is shown in figure 2. A more 
detailed description of the test installation is given in [5]. 



3.2. Definition of the 'local volumetric concentration of fresh air flow rate' 

According to what has been shown in literature [4,7,8,9] and has been measured in the 
laboratory test installation [6], the air in the ventilated test room is considered to be not 
perfectly mixed in which there is a 3-D air flow pattern and related gradients in 
temperature. Although the air in the test room is not perfectly mixed, it is always possible 
to consider a 3-D well mixed zone around a local sensor position in which there is a 
better mixing and an acceptable gradient of temperature. The acceptable gradient of 
temperature in the well mixed zone is defined by the application (O.l°C for a micro-ship 
oven, 2°C for a greenhouse, 3OC for a livestock building,...). In the test room we 
fbrthermore consider an air flow pattern which brings only the part Vc [m3/s] of the total 
ventilation rate V to the considered well mixed zone. Since the volume Volc [m3] of the 
well mixed zone is unknown, the 'local volumetric concentration of fresh air flow rate' is 
considered as the local ventilation parameter in the well mixed zone and is defined as 
vc=Vc/Volc [m3/s.m3]. A graphical representation of this concept is shown in figure 3. It 
will be illustrated in section 4 that the 'local volumetric concentration of fresh air flow 
rate vc [m3/s.m3]' in a well mixed zone is varying as a fbnction of the ventilation rate V 
[m3/h] and the heat supply Q [Watt] as control inputs and the corresponding air flow 
pattern. The 'local volumetric concentration of fresh air flow rate vc [m3/s.m3I1 can 
therefore be considered as a usefbl local ventilation parameter. 

3.3. Identification procedure 

1. To identie the 'local volumetric concentration of fresh air flow rate vc [m3/s.m3]' in 
the considered well mixed zone in relation to the ventilation rate V [m3/h] and the heat 
supply Q [Watt], 90 step up experiments were performed in the test installation. 
During these experiments the ventilation rate V was varied step wise from 80 m3/h 
(900 sec.) to 120, 140, 160, 180, 200, 220, 240, 260, 280 or 300 m3/h (2700 sec.), 
resulting in an exponential decay of temperature in the considered well mixed zone. 
The control heat supply Q was set to 0 or 400 Watt. During each experiment the 
exponential decay of temperature was measured with a time step of 1 second using the 
local sensor in the considered well mixed zone. In the tables 1 and 2 an overview is 
given of the 90 performed step up experiments. In figure 4 one of the step up 
experiments together with the measured decay of temperature in sensor [431] is 
presented as an example. The position of this sensor can be found in figure 2. 

2. Using the monitored values of temperature in the considered well mixed zone during a 
step up experiment, it becomes possible to identifjr the 'local volumetric concentration 
of fresh air flow rate vc [m3/s.m3It in the well mixed zone corresponding to the 
ventilation rate V [m3/h] after the step and the applied heat supply Q [Watt]. 
Therefore, equation (1) can be used [lo]: 



in which: vc = local volumetric concentration of fresh air flow rate [m3/s.m3] 
Ti(t) = measured temperature in the well mixed zone at time t ["C] 
Ti1 = temperature in the well mixed zone at time step 900, just before 

the step on the ventilation rate ["C] 
Ti2 = temperature in the well mixed zone at time step 3600 at the end 

of the experiment when steady-state is achieved ["C] 

As an example, equation (1) is applied to the measured temperature decay in sensor 
[43 11 as presented in figure 4. The equation returns for this particular experiment a vc- 
value of 0.0102 m3/s.m3. This means that the 'local volumetric concentration of fresh 
air flow rate' in the well mixed zone around sensor [43 11 is 0.0102 m3/s.m3 when the 
ventilation rate V in the test room is 160 m3/h and there is no control heat supply Q. 

3. By applying equation ( I )  to the 90 performed step up experiments in the test room, the 
'local volumetric concentration of fresh air flow rate vc [m3/s.m3It in the considered 
well mixed zone can be identified in relation to the different values of the ventilation 
rate V (120, 140, 160, 180, 200, 220, 240, 260, 280 and 300 m3/h) and the control 
heat supply Q (0 and 400 Watt). In figure 5 an example is given of the identified 
relationship between the 'local volumetric concentration of fresh air flow rate v i  in the 
well mixed zone around sensor [431] and the two control inputs V and Q. The 90 
points on the figure represent the 90 performed step up experiments. The fitting curve 
is a second order polynomial. 

4. The identification procedure has been used to identifL the vc/V,Q-relationships for the 
36 sensor positions in the test installation. These relationships are given in [5]. From 
these relationships the 3-D distribution of the 'local volumetric concentration of fresh 
air flow rate' can be determined, and this for different values of the ventilation rate V 
(120-300 m3/h) and the heat supply Q (0-400 Watt) as control inputs. It will be shown 
in the next section that this 3-D distribution of fresh air flow rate can be related to the 
air flow pattern in the test room. 

4. Results 

It was hypothesized in the previous section that the 3-D distribution of the 'local volumetric 
concentration of fresh air flow rate vc [m3/s.m3]' can be related to the air flow pattern in the 
ventilated test room. To test this hypothesis the air flow pattern is first visualised and 



quantified for different values of the ventilation rate and the control heat supply. Alter that, 
the 3-D distribution of fresh air flow rate is related to the air flow pattern. 

4.1. Visualisation and quantification of the air flow pattern 

To visualise the air flow pattern TiClq-smoke is injected in the incoming air and the air 
flow pattern is filmed with a camera. The position of the air flow pattern is thereafter 
quantified by calculating the co-ordinates of the centreline of the air flow pattern [6]. The 
position of the air flow pattern can also be quantified by calculating the corresponding 
Archimedes number Arc [1 11. According to Randall and Battams [l 11 three categories of 
air flow patterns can be distinguished as a hnction of the Archimedes number Arc: a 
horizontal air flow pattern (Arc<30), an unstable air flow pattern (30<Arc<75) and a 
falling air flow pattern (75<Arc). These categories of air flow patterns can also be 
generated in the laboratory test installation. 
Nine experiments were performed in the test room to visualise and quantifl the air flow 
pattern for different values of the ventilation rate V [m3/h] and the heat supply Q watt]. 
An overview of these experiments is given in table 3. Some of the results are presented in 
the figures 6 and 7. In figure 6 the centreline of the incoming air jet is visualised for 
ventilation rates of 88, 158, 249 and 308 m3/h. The corresponding Archimedes numbers 
are also calculated and presented in this figure. It can be seen from this figure that the 
three categories of air flow patterns are generated in the test room and that the above 
criterium of Randall and Battams is confirmed. In figure 7 the 2-D centreline of the 
incoming air jet is visualised for a control heat supply Q of 0 and 400 Watt. 

4.2. Physical interpretation of the v,N,Q-relationships 

In general it can be concluded from the figures 6 and 7 that a higher ventilation rate or 
control heat supply results in an upward deflection of the air flow pattern. This influence 
of the ventilation rate and the control heat supply on the position of the air flow pattern is 
reflected in the vc/V,Q-relationships of the 36 sensor positions in the test room. The 
vclV,Q-relationship of sensor position [431] is interpreted here as an example. This 
relationship is given in figure 5. The position of sensor [43 11 can be found in the figures 
2, 6 and 7. It can be seen from the vc/V,Q-relationship in figure 5 that a higher ventilation 
rate V [m3/h] yields a higher vc-value in the well mixed zone around sensor [43 11. This 
can be explained, because a higher ventilation rate brings more fresh air in the whole 
ventilated room and results in an upward deflection of the air flow pattern so that more 
fresh air moves towards the considered well mixed zone around sensor [43 11. It can also 
be seen that a heat supply Q of 400 Watt yields a higher vc-value in the well mixed zone 
around the considered sensor. This is again due to the air flow pattern which is found 
upward because of the heat supply Q. 



4.3. Physical interpretation of the 3-D distribution of the %volumetric concentration 
of fresh air flow rate vc' 

From the 36 identified vcN,Q-relationships in the test installation the 3-D distribution of 
the 'local volumetric concentration of fresh air flow rate vc [m3/s.m3]' can be determined 
by linear interpolation, and this for different values of the ventilation rate (120-300 m3/h) 
and the heat supply (0-400 Watt). In figure 8 the distribution of the 'local volumetric 
concentration of fresh air flow rate vc [m3/s.m3]' is visualised in the front and the rear 
plane of sensors when the ventilation rate V is 180 m3lh and the heat supply Q is 
400 Watt. From these figures it can be seen that most of the fresh air flows in the upper 
regions of the test installation. This is due to the air flow pattern which is found upward 
because of the buoyancy force on the air jet caused by the control heat supply Q. 

5. Conclusions 

The 'local volumetric concentration of fresh air flow rate vc [m3/s.m3]' has been introduced 
as a new ventilation parameter. A total amount of 90 step up experiments was performed in 
a laboratory test installation [3 x2x 1.5mI to model the 3-D distribution of this ventilation 
parameter in relation to different values of the ventilation rate (120-300 m3/h) and the heat 
supply (0-400 Watt) as control inputs. From the results it can be confirmed that the 3-D 
distribution of the 'volumetric concentration of fresh air flow rate' can be assessed in relation 
to the air flow pattern which has been visualised by smoke experiments and quantified by 
image analysis and the Archimedes number Arc. 
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1. Minicomputer (monitor, floppy disc, to store and visualise the measured data). 2. Parallel-interface for digital and 
analogue signals. 3. Scan- and measurement unit. 4. Minicomputer (to control and measure the produced air flow rate). 
5. Stepmotor to control the position of the cone, used as diaphragm. 6. Cone, used as diaphragm, to produce the desired 
air flow rate. 7. Centrihgal fan, to generate a ventilating rate. 8. Cooling installation to control the inlet temperature. 9. 
Differential pressure transducer to measure pressure difference between the test chamber and the envelope. 10. Control- 
and measurement unit of the cooling installation. 11. Control- and measurement unit of the heating element. 12. Air 
inlet (slot inlet). 13. Heating element. 14. Three dimensional grid of temperature and humidity sensors. 15. Aluminium 
semi conductor heat sinks to provide internal heat production. 16. Undeep water reservoir with a streamer containing hot 
water to generate the internal moisture production. 17. Unit to control and measure the amount of water supplied to the 
undeep water reservoir. 18. Water pump. 19. Water supply reservoir. 20. Power supplies for internal heat production. 
21. Pressure difference measurement used to control the outlet fan. 

Figure 1: Schematic representation of the laboratory test installation (L=3m, W=1.5m, H=2m). 

X FRONT VIEW 

Figure 2: Sensor configuration in the test installation 



Figure 3: Graphical representation of the concept: the 'local volumetric concentration of 
fresh air flow rate vc=Vc/Vol~ 

bme [sec] time [sec] 

Figure 4 : The ventilation rate V [m3/h] during a step up experiment. The heat supply Q is 
set to 0 Watt (left). The measured decay of temperature in sensor [43 11 during 
the step up experiment (right). 



Figure 5: The vc/V,Q-relationship for sensor position [43 11. 
('+' = 400 Watt, lo' = 0 Watt) 
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Figure 6: The centreline of the incoming air jet for different ventilation 
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rates and corresponding Archimedes numbers: 
(1) V=88 m3/h, Arc=393, falling air flow pattern 
(2) V=158 m3/h, Arc=l 11, falling air flow pattern 
(3) V=244 m3/h, Arc=42, unstable air flow pattern 
(4) V=308 m3/h, Arc=24, horizontal air flow pattern 

air flow rate [m3/h] 



V=148 m3lh with heat supply~Q=400 Watt and without heat 
supply Q. 
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distance from ~nlet [m] distance from inlet [m] 

Figure 8: The distribution of the 'volumetric concentration flow of fresh air vc [m3/s.m3]' in 
the front plane of sensors (leR figure) and the rear plane of sensors (right figure) 
for a ventilation rate V of 180 m3lh and a control heat supply Q of 400 Watt. The 
lines represent iso-v, the '0' represent the 18 sensors in a plane. 



me22 1 Ota 
me05 1 1 ta 
me161 lta 
me05 10tb 
me13 l0ta 

me26 lOta 62.67 179.84 0 12.03 
me091 lta 57.07 180.01 0 12.13 
me191 ltb 64.59 182.41 0 11.67 

me22 10tb 
me05 1 1 tb 
me161 ltb 
me06 10ta 
me13 lOtb 

59.27 
62.34 
71.47 
59.83 
59.11 
60.26 
62.52 
66.82 
57.03 
61.24 

me2810ta 
me101 lta 

136.57 
117.06 
119.87 
136.65 
134.92 

57.97 1 223.25 1 0  1 12.10 
58.23 1 222.14 1 0  1 12.15 1 

me20 1 1 tb 
me07 1 Otb 
mel410tc 

136.43 
114.12 
139.34 
157.20 
156.44 

me29 10ta 
me101 ltb 

0 
0 
0 
0 
0 

67.1 1 
54.72 
58.59 
56.76 1 243.76 1 0  1 12.14 
53.47 1 243.25 1 0  1 12.32 

me22 11ta 
me08 10ta 
me15 lOta 
me29 10tb 

1 1.83 
11.99 
11.67 
1 1.77 
11.35 

0 
0 
0 
0 
0 

me101 ltc 
me22 1 1 tb 
me08 lOtb 

11.97 
12.22 
11.89 
11.80 
11.52 

226.00 
243.51 
244.40 

70.15 
59.86 
61.12 
56.52 

me1 11 lta 
me22 1 1 tc 
me08 10tc 
mel5lOtc 

Table 1: 50 step up experiments with variable ventilation rate (Q=0 Watt) 

59.44 
67.92 
54.83 

me29 10td 
mel l l l tb  
me23 1 1ta 

0 
0 
0 

245.45 
264.63 
267.41 
265.4 1 

66.83 
66.82 
55.71 
51 22 

11.96 
12.39 
1 1.79 

267.14 
266.25 
285.92 

62.75 
58.92 
51.22 

0 
0 
0 
0 

287.76 
287.18 
307.28 
308.91 

11.85 
12.03 
12.00 
12.40 

0 
0 
0 

308.70 
308.82 
308.91 

12.08 
12.04 
12.36 

0 
0 
0 
0 

12.18 
12.21 
12.50 
12.26 

0 
0 
0 

12.70 
12.30 
1 1.79 



Table 2: 40 step up experiments with variable ventilation rate (Q=400 Watt) 



Table 3: Overview of the experiments to visualise and quantify the air flow pattern 

smoke 13 
smoke 14 
smoke 15 
smoke 16 

286 
308 
101 
101 

0 
0 
0 

500 

11.51 
11.52 
10.9 
10.9 

29 
24 
298 

TiCh 
Tic14 
TiClA 
Ti& 




