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VENTILATION EFFECTIVENESS - PAST AND FUTURE 

Eystein R¢dahl 
The Norwegian Institute of Technology, Trondheim, Norway 

Abstract 

During the last decade methods for evaluating the ventilation processes 
are being developed. The studies have for one thing unveiled the advanta­
ges of dispiacement ventilation. In fact displacement ventilation is not a 
new invention, and the results are in accordance with qualitatively based 
statements made hundred years ago. People at that time came to the right 
conclusions mainly by observing that warmed air rises and cooled air sinks 
in the surrounding air . The development during the last decade represent an 
important step forward. 

By increased use of computers in the future studies of ventilation pro­
cesses additional improvements of ventilation systems are to be expected. 

1. The ventilation history is very long 

Vitruvius, the famous roman architect, discussed ventilation of buil­
dings two thousands years ago. Accordingly, one can imagine that people a 
long time have been concerned about efficient use of the ventilation air. 
However, the scientific approach to efficient ventilation belongs roughly 
speaking to the last 100 year. 

With regard to discussing methods for characterizing the effectiveness 
of ventilation principles in retrospect and prospect, which is the purpose 
of this paper, it is natural to limit the discussion to this century. 

2. Indoor air quality standards were developed 100 years ago 

Pettenkofer had at the end of the last century developed the co -crite­
ria (0.7\ CO ). Hygenists in industrialized countries were very co~cerned 
about the he~lth concequences of poor air quality in schools, dwellings, 
hospitals, barracks, theathers, etc., and CO -concentrations were measured 
in buildings in many countries and compared ~ith Pettenkofers criteria. 

Human beings produce also heat in addition to CO , and as illustrated by 
Shaw, the air temperature rise along a person was ai&o used as a criteria 
to determine the demand for ventilation air (about 2 C was regarded as 
acceptable). 

The hygienists got by their field studies a very good insight into the 
world of realities. Some of thea developed technical solutions for impro­
ving the ventilation process. One of those hygienists was Heymann in 
Stockholm . 
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With regard to effectiveness he observed that the air due to cold window 
and outside wall surfaces and warm surfaces of the tile stove was very well 
mixed . Heymann was, however, aware of the fact that ventilation by dilu­
tion is not the optimum ventilation principle . He used a cup of water with 
some dye as an illustration . By eliminating the dye by steady dilution he 
needed more water compared with emptiing the whole cup and filling it up 
with fresh water . 

In short one may say . that permissable limits of respirable impurities to 
keep up health conditions were developed . However, little attention was 
paid to physical laws of ventilation to ensure the fulfilment of the hygie­
nists criteria. The demand for improved technical education was obvious, 
and in this connection it is interesting to notice that the first HVAC­
institu tion on uni versity level ~as establ ished in Berlin about 100 years 
ago. 

J. SO veai:s discussion about the location of supply and exhaust openings 

Due to uncomplete quantitive physical knowledge about the ventilation 
processes, the years up to the second world war were filled with discus­
sion about how to conduct air in ventilated rooms. 

One school was supporting the idea that air should be supplied in the 
lower parts and exhausted from the upper parts of the room. The other 
school represented supporters of conducting the air in the opposite direc­
tion. 

Shaw emphasized the demand for improved insight in physical laws to 
reduce the ventilation problem from mere qualitative suggestions to a 
numerical relationship. 

According 
convection. 
Air from our 
such that we 

to Shaw, the dominating law in a ventilated room is the law of 
Warmed air rises and cooled air sinks in the surrounding air. 
lungs and the heat loss from the body ensure a rising air flow 
breath fresh air. 

Accordingly, warmed air should be supplied from above and cooled air 
from below. 

To secure efficient ventilation Rietschel's thoughts went along similar 
tracks as Shaw's, and he concluded that fresh air should be supplied at 
floor level with low velocity (0.3 m/s) and with a few degree below room 
air temperature and exhausted from the top of the room. 

Obviously, separate heating was needed to take care of transmission 
losses. 

The lecture hall at Rietschel's institution at University of Berlin was 
provided with a ventilation system according to that principle with good 
result. 

Rietschel had pupils in many countries . The ventilation of the assembly 
hall at the Norwegian Institute of Technology finished in 1910 was based o~ 
the same principle. 
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Air may carry both heat and contaminants, and already at a very early 
stage air was used both for heating and ventilation. The supply air openings 
seemed in general to be located in the upper parts of the room and exhaust 
air openings at floor level. 

However, by reduced heat load the supply of fresh air too had to be re­
duced wnich resulted in reduced air quality. Accordingly separate systems 
for ventilation and heating beeing seemingly in general recommended. 

An English hygienist, living 150 years ago, expressed that heat is more 
important to the human frame than fresh air, and that one can not expect 
ventilation where food, clothing and fuel is in short supply . 

Concern about air quality and energy consumption is thus not restricted 
to our time. 

Heymann who was very concerned about the hygiene in dwellings, discussed 
the conduction of the air both with regard to air quality and energy con­
sumption. He emphasized that concerning contaainations owing to people and 
gas lighting, the exhaust should be located at ceiling level . 

His observations unveiled that cold outside surfaces and warm stove sur­
faces resulted in a strong air circulation such that the C0

2 
concentration 

was quite uniform in the room . 

On the other hand there was a considerable temperature dif ferance bet­
ween air at ceiling and floor height, and Heymann concluded that due to 
energy saving air should be the exhausted from floor level. However, buil­
ding constructed in the early parts of this century had exhaust openings 
located both in the upper and the lower part of the room, one for summer 
use and one fo r winter use . 

The objections concerning air supply at floor level were transport of 
dust up into the breathing zone, and problems of finding sufficient space 
for the supply openings. 

In the US Halls of Senate and Congress the ventilation principles was 
changed from upwards to downwards air supply when they discovered that the 
exhaust terminals in the ceiling were covered with a layer which according 
to the allegations consisted of dust and dried spitt and tobaccosauce. 

According to the experience the air velocity should not exceed 0.3 m/s 
b~ suppliing air .at floor lev71: The temperature diGferen~e betwee~ room 
air and supply air should additionly be less than 3 C. Evidently, it could 
be difficult to locate the substantial supply openings which such inlet 
conditions may lead to. 

Higher air velocities and greater temperature-differences are possible 
when air is supplied in the upper part of the room. The location problem 
is, additionally, usually easier to solve and thus, it is regarded easier 
to handle great cooling loads that way. 

since the quantitative base for evaluating the systems was not (or. in­
sufficient) developed it changed in a way like fashion which of the opi­
nions about how to conduct air through the room was predominant. 
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4. The first attempts to auanti.fy th ff . - - e e ectiveness 

Heymann was aware of the fact th 
efficient, and he concluded that ·.at ventilation principles are not equal 
cient than dilution ventilation. displacement ventilation was more effi-

R ietschel and many with him observed h b .. 
l evel with l •>W vel.icities and ~ ' th t tat Y supplung the air at floor 
tempera ure contaminants both f~om p:~p~~atu~e a fe".' de~ree~ below room 
".'ay were carried out of the room . Riet~chean gas l1g~ting in a? _ effi~.ient 
l n the upper part of th 1 cnaracter1zed suppl11n9 air in 
h · e room as ·a fashion• and 0 d 

l at principle .in room with gaslightin d . ppose . s~rongly using 
e~haust from gas - chandeliers was recom!ea~ ds~ok1ng: Add1t1onally , local 
t1on of heat and particulate and gase " n .e t o~h w~th regard to el.imina-

ous con am1nat1on . 

About th.e second world war Yaglou i'n US and 
th ff Rydberg in Swede t d' d e e ectiveness of ventilation principles . n s u ie 

Rydberg used water models for his studi · 
tiveness was expressed at the rat · b" es, and the ventilation effec-
water discharge and the average coio ettwete? th7 colour concentration in the 

ncen ra ion in the model. 

Mathematically the effectiveness was expressed . in this way: 

c 
([: > 

c 
E 

v <C > 

ventilation effectiveness 

concentration in exhaust ope~ing 

average room air concentration 

. Th~ ventilation effectiveness is obviously equal to 1 when 
<.omp lt. Lely mixed by :;hort-circuiting the supply air is poorly ~~~l~!~d ~s 

c 
(I ) ( 1 

v 

~ If lhe exhaust OPPning is placed close to the 
.he ventilation effectivenes~ is greater than 

1
. source of contamination 

. _ThP . rel at ionship.,bdween supply of contaminants (V ) 
<'l°l°e<:t1v<'ness (<f » ) accept bl. . . · . » m , ventilation 
(<C >) d th v ' . .a e c.onc.entration in t.he room air 

i ' an e supply air (VJ demand may be expressed this way: 

v 
m 

c 
<E: ><C ) 

v i. 
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Evidently the air supply demand and thus the cost of the system and the 
energy consumption decreace as the effectiveness improves. 

As mentioned before air may carry both heat and pollutants, and a venti­
lation system may be used both for ventilation, cooling and heating. 

The objective may thus be to provide the room both with acceptable air 
quality and thermal climate . Accordingly, parameters r.elated to thermal 
climate are also used to characterize the ventilation system. 

5. Providing acceptable thetmal climate dominated the post war periode 

A characteristic feature of the post war architectual design was greater 
glazed areas, lighter building construction, and reduced room heights. At 
the same the time lighting level was increased and more heat emitting 
equipment was taken into use. 

Providing acceptable thermal comfort became the predominant objective, 
and uniform thermal climate throughout the zone of occupancy was required. 
Obviously, that requirement was best met by complete mixing, and the Ame­
ricans seemed to design their ventilation systems accordingly. 

US is the leading country in the field of air conditioning, and the US­
systems were copied around the world. The American way of thinking thus 
influenced the development in other countries considerably. 

Fresh air for some people is draught for other people. A critical aspect 
of ventilation is draught, and draughts criterias were taken into use for 
evaluating ventilation systems. 

Rydberg developed in the 60'thies design guidelines for supply air ter­
minals. Basis for the development, along with fluid dynamics for jets was 
Rydberg/Houghtons draught criteria - the effective draught temperature: 

e ( B - B ) - 8 (w - 0. 15 l o C 
x 0 x 

local temperature 0 c 
average roomtemperature 0 c 
local air velocity m/s 

Nevins and Miller used the same criteria as basis for their air diffu­
sion performance index (ADP!). 

According to Rydberg/Houghton 20% or less of a population would be dis­
satisfied due to draught if: 

As upper limit for the air velocity Nevin and Miller used w 0.35 m/s . 
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ADPI is defined as the relationship between the number of measuring 
points with results within the comfort zone defined above and the total 
number of measuring points. 

The ADPI is always less than 1 and ADPI represents a kind of efficiency . 

In 1970 Fanger presented an operativ method for the evaluation of ther­
mal climate, and new terms like predicted mean vote (PMV) percentage dis­
satisfied people (PDP) were introduced. 

Fangers index such as other thermal comfort indices give the highest 
score for a uniform climate, and accord i. ngly one may conclude that complete 
mixing is the ideal ventilation process. But, is it really so with regard 
to the air quality? 

During the postwar periode seemingly people did not bother about air 
quality. The time made, however, a new turn and operative methods for 
characterizing the efficiency of the ventilation processes with regard to 
air quality were obviously needed in addition to the thermal climate. 

6. Evaluation of the ventilatio~rocesses by the air exchange efficiency 
and the ventilation effectiveness 

During the last decade the ventilation processes have been studied by 
Scandinavian scientists, first of all by Sandberg and SkAret. The main 
results of their studies were firstly that they unveiled that effective­
ness/efficiency could be expressed by time-constants which easily could be 
determined by tracergas-measurements. Secondly, the introduction of the 
two-zone model made it possible to analyse ventilation processes in fairly 
simple, but reasonable accurate way. Thirdly, their studies and analyses 
resulted in development of displacement ventilation systems not only for 
assembly halls, industrial buildings etc., but also for ordinary buil­
dings such as offices. In that way the development represent a renaissance 
of displacement ventilation and a confirmation of qualitative validations 
and practical conclusions by Rietschel, Shaw and many others. 

By considering some simple flow situations it is possible to explain the 
main ideas quite easily. 

First of all we want a ventilation system that provide every part of the 
room with fresh air. We want to eliminate stagnant zones where pollutants 
may be locked in. 

By letting the air flow uniformly through the room (plug flow) one get 
the most efficient air change. Plug flow is thus used as a reference flow . 

We then study a hypotetical situation where the room velum is devided 
into small volume elements. Each of these elements are provided with a lo­
cal source of contamination by entering the room. 

If there is no exchange of pollutants between the elements it is easy to 
see that the concentration in each element is proportional to the time it 
has spent in the room (the age of the element). 
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The transit time which is independent of the flow principles is: 

v 

T 
n 

v 

v 

room air volume m3 

In stationary conditions the concentration in the exhaust opening will 
always be proportional to the transit-time for the room. 

By plugflow the average concentration or the average age is then: 

T 
n 

2 

In the general case the average age will be: (Ti) 

The air exchange efficiency is defined as the relationship between the 
average age for the ideal flow and the average age for the real flow 
through the room. 

By using tracergas the time-constants T and <1. > are quite 
easily determined as responses of unit fungtions . FBr common ventilation 
principles the air exchange efficiency will be: 

Plug flow 

Displacement ventilation 0 . 5 < <na> < 1 

Complete mixing <na > O. 5 

Short-circuiting 0.5 

So far we have used the contamination as a tracer. The next step is to 
consider it as it really is. 

Rydberg defined the ventilation effectiveness as the ratio between the 
concentration in the exhaust opening and the average room concentration. 

In the hypothetical situation with plug flow the ventilation effecti­
veness will thus be: 
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T 
n 

Tn/2 

We then_ change the hy~othetical situation a bit. The volum elements are 
provided with contamination sources but nothing happens before we turn all 
gources on at o~ce. The concentration measured in the exhaust opening will 
then increase linearly from 0 to the stationary value c during the 
time l . - E 

n 

The transit time for the contamination will in this case be: 

T 
n 

2 

In the general case the ventilation effectiveness is: 

By comptete mixi~g << c> = 1 and by shortcircuiting-stagnation 
zone - <<v > ~ 1. With tKe source of contamination in the exhaust 
opening (Ev > ~ ~ . 

E~idently the transit-time for the contamination should be as short as 
possible. That means that we should strive for low average room air concen­
trations and shortcircuiting of the contaminants. 

In real rooms the conditions may be quite complicated. There may be warm 
surfaces~ ~nd cold surfa7es, and the heat sources may be unevenly distribu­
ted. Additionally, heat is transfered both by convection and radiation 
Th~re may ~e jet flows, and the sources of pollutants may be unevenly dis­
tnbu~e.d w~th reqa~d both t o space and time. However, this rather complica­
ted situation may l~ ?e~eral be simulated by a two zone-model with reason­
able g?qd ~e~ult: Oi vidtnq the room into two zones represents a consider­
able s1mplif1cat1on of the problem . Within each zone the air is regarded as 
completely mixed, and between each zone there may be a certain air exchange . 

. With both ~he ~upply and exhaust terminal located in the upper zone and 
wit~ evenly dist7ibuted contamination sources in the room, it is necessary 
to i~prove the_ air exchan~e between the upper and lower zone, as best as 
~ossi?le, for. instant by increased impact of jets. The best possible result 
in this case is complete mixing, and therefore: 

<Ec><1 
v 

By displacement ventilation all the ventilation air is passing from one 
zone t? the other. In this case additional mixing between the zones will 
deteoriate the result. Complete mixing is in this case the worst situation 
Thus: · 
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Contaminants released by human beings, office machines etc., are warmer 
than the surrounding air. The contaminated air ascends upwards into the 
upper zone and may in fact be regarded as produced there. In such cases the 
effectiveness will be improved significantly . Obviously, displacement ven· 
tilation has certain advantages, and during the lasl decade the system is 
taken into use in offices, restaurants, hospitals etc . in the Scandinavian 
countries. 

A Norwegian text book on ventilation and heating from 1886 states that 
there ought to be one system for heatin9 and one for ventilation. By using 
displacements ventilation we are back to that situation again. 

Since the air has to be supplied with a few degrees below the room tem­
perature, a separate heating system is needed. 

Displacement ventilation has also unveiled the advantages of appliing 
separate systems for each of the three functions ventilation, cooling, and 
heating. 

Displacement ventilation is well suited for variable air volume flow. It 
represents a considerable cooling effect. In office buildings with high 
cooling load the additional cooling capacity is covered with cooling panels 
in the ceiling with good result. 

7. Smoke control, demand controlled ventilation and minimum ventilation 
rates. 

Among other aspects of ventilating systems, smoke control, demand con­
trolled ventilation and minimum ventilation rates have also to be consi­
dered here. 

Fire starts very often as smouldering fire. The smoke rises direct to 
the ceiling"by displacement ventilation, and thus the fire is detected 
sooner then by dilution ventilation. 

Usually the death caused by fire is due to smoke. For nursing homes, 
hospitals, hotels etc., a few minutes earlier detection may mean death or 
life for the occupants. Additionally, the displacements ventilation keeps a 
zone along the floor free from smoke for a certain time such that people 
lying on the floor easier survive or easier are rescued by the fire bri­
gade. 

CO -controlled ventilation is today regarded as an cost-effective mea­
sure for energy conservation. However, studies on sites unveil that the 
result to a large extend depend upon the ventilation effectiveness. 

When the fresh air is short cicuiting the room, the CO -concentration in 
the exhaust duct is lower than in the zone of occupancy. 2 

Obviously, it is possible to save quite a lot of energy. But the 
quality of the air breathed by the occupants is below the acceptable level . 

To ensure that the air quality in the zone of occupancy is on the safe 
side of the quality measured in the exhaust duct, displacement ventilation 
should be used. 
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The term 'Minimum Ventilation Rates' are questionable, in particular by 
displacement ventilation. 

Plumes rising from people, lighting etc . are entrained by air from the 
surrounding . Above a certain height the supply air is not sufficient to 
feed the plumes, and the plume then start feeding itself by recirculation. 
Obviously, the room should be provided with a rate of supply air such that 
the zone of the reciculation is above the breathing zone. 

The demand for supply air has thus to be adjusted to the particular 
case . 

Recirculating of air in the ventilation system is not to be recommended, 
and heat recovery is a natural part to make the system both energy and cost 
effective. 

8 . Summary 

During the last decade scientists in many countries, in particular in 
Scandinavia, have been concerned about efficient ventilation, and methods 
for evaluating the ventilation prosesses are developed. The Scandinavian 
approach is characterized by the use of time-constants and by use of two 
zone models . The time constants are easily determined by tracergas. 

The studies unveiled for one thing the advantages of displacement ven­
tilation, and as a result displacement ventilation is used in industrial 
buildings, assembly halls, restaurants, hospitals, offices etc. In Scandi­
navia today the advantage of displacement ventilation by smoke control and 
C0

2
-controlled ventilation is emphasized too. 

The results confirm statements made already by the end of the last cen­
tury by Rietschel in Germany, Shaw in England, Heymann in Sweden etc. 

They came to the right conclusions by applying, mainly qualitatively, 
the law of convection which is the dominating law of ventilated rooms. It 
simply learn that warmed air rises and cooled air sinks in the surroun­
dings air. 

The development in the last decade represent an important step forward . 
The future lies first of all in the application of computers, which scien­
tists are already using for analyses of air distribution, air temperature, 
concentrations of pollutants, air velocities etc. in ventilated rooms and 
buildings. 

It is also easy to see a future combination of computer programs simu­
lating the ventilation processes with programs simulating the outdoor cli­
mate the building construction and the thermal environmental systems such 
that both the indoor air quality, the thermal indoor climate, the energy 
consumptions etc. may be analyzed on a yearly basis. 
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AIRBORNE BACTERIA AND THE INDOOR CLIMATE 

P. Julian L . Dennis 
Public Health Labor atory Service, 

Centre for Appl i ed Microbiology and Research 
Parton Down, Salisbury, Wiltshire, England 

Abstract 

Since the 1940's there has been an increase in the awareness and 
appreciation of the importance of airborne infection. The importance of 
particle size ( <5 µn) and the concept of droplet nuclei which remain 
suspended in air for considerable periods have been seen as important 
determinants of infecti vi ty. The appearance of humidifier fever caused 
by thermophilic actinomycetes and amoebae and th.e recognition of 
Legionnaires ' disease has lead to an appreciation of the microbiological 
dangers posed to individuals in modern buildings. These microorganisms 
like the legionellaceae are aquatic in nature and are able t o colonise 
building water services probably gaining access via the public water 
supply. Proliferat-ion of these organisms ,_,ithin building wa:ter systems, 
humidifiers and air condi tionin.g equiµnent is associated with inadequate 
maintenance or i nfrequent usage. These factors provide the ideal 
conditions for settlement and growt.h of organisms in water handling 
equipment . The surviva o f these organisms or their toxins in aerosols 
produced by .... ter handling equiµnent c-,an lead lo the establishment of 
disease in susceptible i ndiv iduals who inhail them. 

Introduction 

As building technology has advanced toget-her with improvements in 
standards of living, the ability to control the indoor climate in new 
buildings has become a necessity. These advances, however, have thrown 
up unforeseen problems. The colonisation of cooling towers by 
microorganisms has lead to impainnents in their heat rejection abilities. 
This in turn has caused the develoµnent of the modern industry of water 
treatment using chemicals to inhibit the growth of these "fouling" 
organisms. 

The storage of water within buildings to provide water for showers, baths 
and general washing is now coo11Kmplace. Often regarded as potable, t-his 
stored water may be subject to deterioriation in chemical and 
bacteriological quality and hence is not potable. The degree of microbial 
growth in treated water systems depends on water temperature, pH, redox 
potential, the residence time of the waler within the system, t-he 
concentration and persistence of any residual disinfectant, t-he type of 
water treatment process applied, the availability of organic or inorganic 
substrates and the presence of sediments or corrosive products. c•i 


