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1. INTRODUCTION 

The heating of air for ventilation represents a considerable 
amount of the energy consumption in a building. Gradually as 
the most profitable energy savings measures are implemented 
(heat recovery, time control, reduction in the quantity of 
air etc.), it will become difficult to find investments which 
give acceptable returns. One measure which has not been used 
to date is ensuring that the supply of fresh air is never 
larger than necessary. 

Ventilation plants are usually dimensioned in accordance with 
the maximum number of people the building is designed for, 
and no means of adjustment to variations in human loads, 
levels of activity and infiltration. 

It is obvious that considerable amounts of energy can be 
saved if rather than aiming at maintaining a constant supply 
of fresh air, the air quality is held within stated limits in 
the zone of occupancy. 

In buildings where the most dominant source of pollution 
comes from the occupants, C02 can be used as an indicator of 
the air quality. 

This report will consider the potential savings of 
controlling the amount of fresh air based on the measured 
values of C02 in the zone of occupancy. Some of the practical 
problems encountered with the implementation of this control 
strategy are discussed. 
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2. surntARY 

Yaglou's investigations of body odour have provided the basis 
for the dimensioning of ventilation plants for almost 50 
years. Yaglou found among other things that C02 was useless 
as an indicator of body odour and that the intensity of odour 
was associated with the spacial volume as well as the supply 
of fresh air per person. 

More recent work by Professor Fanger at the Technical 
University of Denmark has been unable to confirm Yaglou's 
findings. The Danish conclusions have in fact shown that the 
C02 content in the air in a room can provide a good 
indication of the body odour. 

SINTEF's/HVAC section has registered the development of the 
C02 concentration in various buildings operating under normal 
conditions so as to determine the potential savings offered 
by C02-controlled ventilation. 

The registrations have been used in a mathematical model 
which has calculated the amount of energy that can be saved 
anually by opting for COz control. Results indicate that 
energy consumption can be reduced by upto 48% by this means 
of control. 

This assumes that the ventilation in the building is complete 
mixed, and that the source of pollution is homogeneous, (see 
Appendix A for an explanation of terminology). 

The calculations show that 
comes in buildings where 
components already. 

the greatest 
there are no 

energy reduction 
energy savings 

Ventilation by demand has been tested in a university 
auditorium at the Norwegian Institue of Technology (NTH). The 
auditorium had space for 500. The amount of fresh air 
supplied was reduced by upto 80%, this did not produce 
measurable changes in the "level of pollution" and the 
development over time. 

A more detailed investigation of the flow conditions in the 
room revealed considerable short-circuiting between the 
supply and the outlet. The extent of this is dependent on the 
load, i.e., that the number of people in the room and the 
external temperature influence the flow conditions. 

The conclusion of these experiments is that if this type of 
control is to succeed, specific conditions must be stipulated 
for the flow pattern in a room, i.e., the air exchange and 
ventilation efficiency must be as high as possible. 
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3. BACltGROUND 

Ventilation in occupied rooms (offices, hospitals, schools, 
meeting rooms etc.) is closely connected to demands for 
comfort and well-being. 

Ventilation has two objectives: 
internal climate, whilst removing 
odours. 

maintaining the thermic 
pollution and troublesome 

In 1986, C.P. Yaglou /1/ conducted a series of experiments to 
determine criteria for dimensioning the necessary supply of 
fresh air for occupied rooms. 

The experiments were based on the fact that body odour was 
the greatest source of pollution in occupied rooms. Personnel 
loads and the supply of fresh air were varied within a test 
room, and inspectors were led in for brief visits to evaluate 
the level of odour. The results were expressed as the 
connection between unpleasant odour, fresh air supply per 
person and spacial volume. 

It was important for objectivity that the "Judges" themselves 
were not exposed to the odour prior to conducting the odour 
test, since extended exposure of the organs of smell to 
odours will reduce sensitivity. 

4,0 very strong 

if 3,0 strong 
•o-l 

B 
.;j 

~ 2,0 m:x:lerate 

1.0 weak 

4 5 6 7 8 9 10 15 20 30 40 50 60 

1\iroW1t of fresh air m3/h i;er person 

1. 17 m3/person 2. 7.5 m3/person 3. 4 m3/person 

Fig. 3.1 Amount of fresh air related to the level 
of odour 
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Figure 3.1 shows the 
the level of ot\dour, 
the room volume. 

relationship that Yaglou 
the necessary amount of 

found between 
fresh air and 

The figure clearly indicates that the room volume also had an 
influence on the intensity of odour. 

Yaglou also measured the COz concentration in the 
the test room, but did not find any relationship 
level of odour and the COz concentration. This 
due to variations in bodily cleanliness. 

outlet from 
between the 

seems to be 

Fig. 3.2 shows Yaglou's registrations of COz and body odour. 

4.0 very strong 
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• • • 
II • • 

- • • • 
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·rroderate 2.0 ._ • .. " .. I .. ,. . ... ,. - -.. " .. 
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400 1200 2000 2800 3600 4400 

Fig. 3.2 Relation between C02 and body odour 

A third observation made by Yaglou was that body odour was 
extremely\lnstable and disappeared after of a few minutes. 

The results of Yaglou's work have been used to determine the 
necessary amount of ventilation right upto the present. 

At the beginning of the 1980s, P.O. Fanger and B. Berg-Munch 
/Ref. 2/ at the Technical University of Denmark started 
experiments to confirm Yaglou's conclusions. 

These experiments were carried out in two identical auditoria 
at the university whilst normal lectures were in progress. 

A total of 200 experiments were completed and the amount of 
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fresh air per person varied from 0.4 26 l/s, the room 
volume varied between 4 - 21 m3/person and the temperature of 
the surroundings varied from 17 - 260C. 

These experiments enabled a relationship to be established 
between the C02 concentration and the percentage of 
dissatisfied "judges" (Fig. 3.3) 

95 

90 

BO 
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40 

20 

10 

5 

STE.ADY STATE VENI'ILATION RATE 

JO 20 10 e 6 4 J lis per~on 

0.03 0.05 0.10 0 .15 0 20 0.25'1. 

CARBOO DIOXIDE 

Fig. 3.3 Percentage dissatisfied as a function of 
the C02 concentration. 

The figure indicates that there seems to be a very clear 
relationship between the C02 concentration and the odour 
level (% dissatisfied). The C02 concentration can 
consequently be used as an indicator of the level of 
pollution caused by bodily odour when the activity and 
temperature are known. 

Fanger/Munch found no relationship between the room volume 
per person and the level of odour under stationary 
ventilation conditions. They also proved that body odour was 
fairly stable. Consequently, Fanger/Munch's investigations 
were unable to confirm any of Yaglou's theories. 
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4. HUftAN PRODUCTION OF C02 

Living cells require oxygen to maintain the combustion 
process, whilst this combustion produces carbon dioxide (C02) 
as a waste product. 

The respiratory system's task is to ensure that the oxygen in 
the air is exchanged with the COz in the blood. 

The relationship between the oxygen uptake and the C02 
secretion is given by the following equation: 

Tq = (Oz uptake) I (COz secretion) = 0.8 - 0.9 (l/s] 

The "intensity" of the combustion is again dependent on the 
bodily activity. A lot of bodily activity requires more 
oxygen than restricted amounts of activity. 

Table 4.1 states the relation between activity and oxygen 
uptake. The table relates to the 20 - 30 age group and is in 
mean values /Ref. 3/. 

Table 4.1 Oxygen uptake as a function of 
activity 

Activity 

Rest 
Light work 
Moderate work 
Heavy work 
Ball game 

Oxygen uptake 
l/min 

< 0.3 
< 0.5 

0.5 - 1.0 
1.0 1.5 
3.0 - 4.5 

Numerous factors apart from the workload itself all influence 
bodily activity. These include emotional factors, work 
position, the surrounding temperature and the size of the 
muscle group that is activated. All these should be taken 
into consideration when Table 4.1 is studied. 

For activities of a "non-sporting" variety, there seems to be 
a linear relationship between pulmonary ventilation and 
oxygen uptake (Fig. 4.1), Ref. /3/. This means that the COz 
concentration in expired air is is almost constant (4 - 4.5%) 
in this area. 
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Table 4.2 states some relevant values for COz concentration 
associated with the ventilation of buildings. 

Table 4.2 Various values for COz concentration 

Work hygene limit, Norway 
Limit for general ventilation, USA 
Recommended level, various European 
countries 
Maximum limit, Japan 
Level which gives 20~ dissatisfied 
(P.O. Fanger) 
External air 

5000 ppm 
2500 ppm 

1000-1600 ppm 
1000 ppm 

1000 ppm 
300- 400 ppm 
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S. ftATHEKATICAL ftODELLING OF THE VENTILATION PROCESS 

In a ventilated room with people, the COz concentration over 
time builds up and eventually reaches equilibrium if the load 
is stationary and the air circulation is constant. 

This process can be expressed mathematically by the following 
equation: 

P + V * Cu = VR * dCr/dt + V * Cr (1) 

p COz production from humans 
VR Room volume 
Cu COz concentration in external air 
Cr C02 concentration in room air 
v Ventilation 

The equation assumes that there 
air in the room, and that the 
throughout all parts of the room. 

is 
C02 

complete circulation of 
is immediately spread 

Integrating the equation, we get: 

V = P/(Cr - Cu)*(l-eV/VR*t) ( 2) 

If t progesses towards infinity in this expression, we will 
have stationary conditions, i.e., the necessary supply of 
fresh air (V) to maintain a "pollution level" is: 

V = P/(Cr - Cu) ( 3 ) 

If there is not complete circulation of air in the room, the 
modelling is more complex. 

One method Ref. /4/ is based on dividing the room into two 
zones. A primary zone where the supply of fresh air is in 
progress and the mixing is good, and a secondary one which 
covers the rest of the room. The secondary zone is the result 
of the natural limitations of including the whole room in the 
circulation process, which can be caused by convection forces 
or the size of the room. The degree of linkage between the 
zones is characterized by a linkage factor. This factor 
states the amount of air that can be exchanged between the 
zones. The mathematical solution of these equations is given 
in Ref. /4/. 
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SINTEF carried 
buildings to get 

out a series of measurements in different 
an indication of the "pollution levels". 

A gas detector was connected to a micro-computer to measure 
the COz concentration in the outlet air from various 
buildings over a period of l - 3 weeks. 

Some of these results are given in this section. 

It is clear from the graphs that there is a large spread in 
the "pollution level", this is because of the considerable 
variation in the amount of fresh air supplied per person, as 
well as the substantial variation in the room value per 
person. 

The building regulations place the following demands on the 
supply of fresh air in different types of buildings. 

Offices: 5 m3 /h.m2 
Classrooms: 7 " " 
Gymnastic halls: 10 " " 
Assembly halls: 10 " " 

These figures are based on an assumed maximal load of the 
premises, and do not allow for the individual premises having 
extensive variations in human loads and activities during the 
course of a day. 

As Eq. ( l) indicates, a large room volume per person will 
mean that sudden changes in the C02 production does not give 
equivalent sudden changes in the source of pollution. In 
other words, there is a damping of the transient. 

Figs. 6.7 and 6.8 respectively show examples of large and 
small room volumes per person. 

In the same way; high rates of circulation will more quickly 
result in stationary conditions in the room, compared to 
rooms with low air circulation. This is exemplified in Figs. 
6.1 and 6.2. 

If Fig. 6.1 is 
not all types 
ventilation. 

compared with Fig. 6.10 it 
of premises are suitable 

Offices with a fairly 
reasonably stable "level 
6. 4). 

constant human 
of pollution" 

becomes 
for COz 

clear that 
controlled 

load will 
(see Figs. 

have a 
6.3 and 

The same small variation in the "level of pollution" will be 
found in premises with a large room volume per person. 
Premises which may be suited for this type of control are: 
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cinemas, gymnastic halls, sports halls, auditoria, meeting 
and assembly rooms etc. 
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Ventilation 

Heating 
Heat recovery 
Amount of air 
Room volume 
Human load 

Inlet air through ceiling diffusers. 
Extraction through ceiling outlets. 
Space heaters 
Beat exchanger 
33000 m3/h 
15000 m3 (approx.) 
100 staff + 100 students 

Fig. 5.4 C02 cycle - TEAB officQ building, Trondheim 
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30000 m3 (approx.) 
430 people 
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Ventilation 

Heat recovery 
Amount of air 
Room volume 
Human load 

Warm air system with inlet air tlirouqh 

ceiling diffusers. Extraction throuqh 
outlet grates in tho walls. 
Recirculated air 
2 >< 30000 m3/h 
15000 m3 (approx.) 
0 - 2000 people 
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Fig. 5.8 C02 cycle - Rosanborghallen (sports building) 

Ventilation 

Heat recovery 
Amount of air 
Room volume 
Human load 

Warm air system with inlet air through 
ceiling diffusers. Extraction through 
outlet grates in the walls. 
Recirculated air . 
4 >< 9000 m3/h 
5000 m3 (approx.) 
Variable 
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7. POTENTIAL ENERGY SAVINGS BY C02 CONTROLLED VENTILATION 

The object of this control is to obtain a constant, 
acceptable level of pollution in the zone of occupation. This 
is the opposite of traditional ventilation where the amount 
of fresh air is constant and the level of pollution varied 
with the human load. 

In this report, no decision is reached about whether such a 
means of control is practicable in the buildings/premises 
mentioned. 

The financial aspects of any possible rebuilding is not con
sidered either, since our prime objective is to determine the 
potential energy savings. 

The following calculations of energy savings potential 
assumes a pattern of use for the particular building which 
repeats itself from week to week. The exception to this is 
the cinemas where the size of the audience was registerted 
both during the period of measurement and for several 
previous years. 

The measurement data which has been collected is used as 
initial data in an energy-savings model which can calculate 
the energy consumption throughout the year. 

First, the annual energy consumption under current operating 
conditions is calculated. These results are compared with the 
registered consumption of oil and electricity in order to 
calibrate the model, if necessary. Then the annual 
consumption is calculated following the introduction of COz 
control. The maximun reduction in fresh air is calculated 
from the measured COz concentration in the external air and 
the outlet air, as well as the C02 concentration required in 
the occupation zone. If cooling is required, the control is 
overridden so the amount of fresh air required is determined 
by the maximum room temperature requirements. 

It is also assumed that the ventilation efficiency is 1.0, 
i.e., the ventilation is compete mixed in the premises 
mentioned. 

Figs. 7.1, 7.2 and 7.3 all indicate that the savings 
potential varies from building to building. This is connected 
with the human load and the ventilation concept selected. 

In general, the more heat that is recovered from the outlet 
air by heat recovery, heat pumps and recirculation, the less 
there is to be gained from COz controlled ventilation. 

On the other hand, it is possible in many cases that COz 
control can replace traditional heat recovery. 
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8. EXPERIMENTS WITH C02 CONTROL OF AUDITORIUM Fl AT THE 
NORVEGIAN INSTITUTE OF TECHNOLOGY (NTH) 
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In the spring of 1984, the ventilation system in auditorium 
Fl in the Physics Department at NTH was rebuilt so that 
experimental experience could be gained with ventilation by 
demand using COz control. 

Fig. 8.1 sketches the principle of the ventilation unit. 
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Fig. 8.1 Ventilation of auditorium Fl at NTH 

Seating capacity 
Measured fresh air 
Spatial volume: 

500 
17 000 m3/h 

3000 m3 

Arvid Grindal a researcher from Stafa, assisted SINTEF with 
the experiments for 3 months. 

Traditional automatic equipment from Stafa was used for 
control purposes. 

The C02 gas detector was 
equipment which was developed 
for these experiments. The 
detail in Appendix B. 

Prior to the experiments, 
auditorium was measured at 

however a dedicated item of 
by Simrad Optronix specifically 
detector is described in more 

the C02 
different 

concentration in 
points (see Fig. 

the 
8. l ) 
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over a five day period (Monday - Friday). 

The registered values are show in Fig. 8.2. The number of 
people in the auditorium is indicated in the timetable for 
Fl, included here as Appendix C. 

It can be seen from curves that 
between the COz concentration in 
different measurement points. 

there 
the 

is no 
outlet 

The significance of this will be discussed later. 

coincidence 
air and the 
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8.1 Results 

The practical control 
period (approx.). In 
subjective assessment 
was given by a jury of 
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experiments were run over a 3 week 
parallel with these experiments, a 
of the odour level in the auditorium 

10 judges. 

Fig. 8.3 shows the results of these assessments of the air 
quality. 

No of 

persons 

7 

6 

5 

4 

3 

2 

7 

6 

5 

4 

3 

2 

B 

7 

6 

5 

4 

3 

2 

ODOUR 

2 3 4 5 

AIR 

2 3 4 5 

AIR QUALITY 

2 

) 

> 

1: No odour 

2: Slight odour 

3: Strong odour 

4: Very strong odour 

5: Overpowering odour 

1 : Extremely fresh air 

2: Fresh air 

3: Neutral air 

4: Slightly heavy air 

5: Heavy air 

1 : Acceptable 

2: Not acceptable 

Fig. 8.3 Assessments of the air quality in auditorium Fl, 
Wednesday 21 March 1986, at 0845. 



These assessments were made on ~ednesday 

0845. The associated C02 concentrations 
8.4, where the air seems to be evaluated 
and one found the odour overpowering. 
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21 March 1986, at 
are given in Fig. 

as slightly heavy, 

The results indicate that 75% of the panel of judges found 
the air quality acceptable. Here it should be mentioned that 
the panel of judges made their assessments from the back of 
the room. Random samples taken elsewhere in the auditorium 
seemed to indicate considerably poorer air quality. 

Fig. 8.4 presents examples of the COz control . 

TIME 

50 

50 

20 

10 

Fig. 8.4 COz control - auditorium Fl, Wednesday 24 March 
1984 

The maximum COz concentration allowed in 
these experiments was set at 700 ppm. In 
controller was monitored by a temperature 
it became too warm in the room. 

the outlet during 
addition, the C02 
regulator in case 
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As the 
amount 
expect 
costs. 

recirculation diagram shows, there was a significant 
of recirculated air used that day, which one would 
would lead to an equivalent reduction in heating 

On the other hand, it is disturbing 
day does not differ much in shape or 
registrations made with equivalent 
recirculated air (see Fig. 8.2 c) 

that the COz cycle that 
absolute level from the 
loads, but without any 

This seemed to indicate that this means of control was not 
particularly advantageous. 

The "phenomenon" was 
experimental period, no 
at that time. 

also continuous throughout the 
reasonable explanation was apparent 

8.2 Discussion of results 

We subsequently tried to investigate why the auditorium could 
not be controlled as expected. The point of departure was the 
concentration measurements made prior to the control 
experiments onsidered the turnover time for pollution and the 
ventilation efficiency of the auditorium. 

Fig. 8.5 shows how the COz 
outlet develops when the room 

1 

concentration measured 
is subjected to a load. 

------~-------
A1<c:o> ~"" 

TD1E 

Fig. 8.5 The COz concentration cycle 

in the 



26 

Here the background concentration in the external air has 
been deducted and the result divided by the concentration in 
the room given stationary conditions, so that the ordinate in 
the diagram is non-dimensional. 

The mean age of the pollution •t can be calculated from the 
expression: 

•t = f <l - Fe(t))dt = A1(00) 

0 

The ventilation efficiency calculated as <Ev> is given by: 

, where •v = VR/V 

VR: Space volume (3 000 m3) 

V : Supply of fresh air (17 000 m3/h) 

Our problem is that during the course of a lecture (or double 
lecture) stationary conditions are not reached in the 
auditorium. We are consequently obliged to "predict" the 
concentration cycle somewhere between tm and t 00 • (see Fig. 
7 • 5 ) . 

The cycle can be described by the following expression: 

where, C(t) 
Coo 
l/~ 

is the concentration at time t 
is the concentration given staionary conditions 
is the turnover time for the pollution. 

In this expression, 
concentration cycle 
can be calculated 
equations. 

C00 and ~ are unknowns, whilst the 
C(t) and t are partially known. C~ and ~ 

using regression analysis for nonlinear 

Figures 8.6, 8.7 and 8.8 present such calculations for three 
different load situations 180 people, 120 people and 50 
people present. The results of the calculated turnover time 
and efficiency are given in Table 8.1. 
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Table 8.1 Calculated values for turnover and efficiency 

Load, people Turnover time I Ventilation I 
efficiency 

i: t ( m i n ) <Ev> 

50 14 0.56 
120 24 0.46 
180 27 0.40 

In a room with complete mixing <Ev> = 1.0. This means that 
there is a good deal of short-circuiting between the inlet 
and outlet air, furthermore, the degree of shortcircuiting is 
dependent on the load. 

This is also confirmed by the local COz measurements in the 
auditorium (Fig. 7.2, back, front and ceiling). It is clear 
from these that there is an inhomogeneous concentration in 
the auditorium, and the lowest COz concentration is 
registered in the outlet. 

Fig. 8.9 is a sketch of what the air currents in auditorium 
Fl probably look like. 

Fig. 8.9 Current situation in auditorium Fl. 
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9. CONCLUSION 

The experiments described show that the current flow in a 
room must be determined if one is to achieve satisfactory 
control of the COz concentration in the zone of occupancy. 

The efficiency of both the air exchange and the ventilation 
should be as high as possible. 

The ventilation efficiency should also be constant if control 
is based on sensors located in the outlet. 

Sensors in a room must be located so that they detect the 
level of COz in the area where pollution control is taught. 



• 

10. REFERENCES 

/1/ Ventilation requirements 
ASHRAE Journal 1936 

/2/ Ventilation strategies for the 
control of body odour 

/3/ Textbook of work physiology 
McGraw-Hill, 1970 

/4/ Ventilasjonsteknikk 
Lecture notes, Division of 
HVAC, NTH, Trondheim, 1986 

30 

Yaglou, Riley, Coggins 

Berge-Munch, Fanger 

P. Astrand, K. Rodahl 

E. SkAret 



31 

APPENDIX A: RELEVANT DEFINITIONS 

Air exchange efficiency 

The efficiency of air exchange is the time an air stream 
requires to pass through an area in relation to the time it 
takes for the total amount of air in a room to be replaced. 
Qualitatively, the efficiency provides information about 
whether there is a tendency towards displacement current or 
even stagnation. The pollution source does not influence this 
efficiency unless the pollution source introduces kinetic 
energy into the room. 

Ea = ~n/[2*<~>] 

<~> - Mean age of all air in the room 

~n = V/V 

V - Volume of the room 

V - Volume of ventilation airstream 

Complete mixing will give an efficiency of 0.5. Piston flow 
will produce an efficiency of 1.0. In other words, all the 
air in the room as a mean is changed half as quickly with 
full mixing as in one with piston current. Another way to put 
this is to say that the air in a room with full mixing is 
twice as old on average as in a room with ideal displacement 
ventilation. 

Ventilation efficiency 

This shows the relationship between the exchange time for a 
ventilation airstream through a room and the exchange time 
for the pollution stream out of the room. This relationship 
is identical with the relationship between the concentration 
of pollution in the outlet and the mean concentration in the 
room. 

<Ev> = ~n/~t 

~t - Transit time for the pollution stream 

In a room with complete mixing, this efficiency will be 1.0. 
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APPENDIX B: C02 GAS DETECTOR 

Fig. B.l illustrates the COz Gas Detector developed by Simrad 
Optronics A/S for use in the experiments described in this 
report. 

Fig. B.1 COz Gas Detector 

The detector works by absorbing infrared radiation, 
gas is allowed to flow between a source of infrared 
and a detector. The COz gas will absorb the 
radiation so that the measured intensity will vary 
to the gas concentration. 

i.e., the 
radiation 
infrared 
according 

To determine whether there is coating on the optics, a light 
is radiated out which cannot be absorbed by the COz. If the 
strength of this light is weakened, there will be automatic 
correction for the transparency of the lenses. 

Fig. 8.2 shows the calibration curve for the detector, whilst 
Fig. 8.3 shows how the detector reacts when there is a leap 
in the concentration. 

-
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APPENDIX C: Tl"ETABLE FOR AUDITORIUM Fl 

Time Monday 

0815 Maths 
( 120) 

0915 Maths 
( 12 0) 

1015 Physics 
(100) 

1115 Physics 
( 100) 

1215 Physics 
( 0) 

1315 Physics 
( 0) 

1415 

1515 Ind.Mang. 
(62) 

1615 Ind.Mang. 
(62) 

Tuesday Wednesday 

Ind.Mang. Comp.Sc. 
(185) (500) 

Ind.Mang. 
(185) 

Physics 
( 5 0) 

Physics 
(50) 

Physics 
(10 3) 

Ind.Mang. 
(225) 

Physics 
(106) 

Ind.Mang. 
(276) 

Physics 
(90) 

Physics 
( 90) 

Thursday 

Physics 
(l 00) 

Physics 
(100) 

Ind.Mang. 
(250) 

Ind.Mang. 
(250) 

34 

Friday 

Ind.Mang. 
( 5 0) 

Ind.Mang. 
(50) 

Maths. 
(100) 

Maths. 
(100) 

Comp.Sc. 
( 1 8 2 ) 

Physics 
( 0 ) 

Physics 
( 0 ) 


