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The work presented is partly sponsored by Royal Norwegian 

Council for Scientific and Industrial Research (NTNF) and is part 

in the project Ventilation Efficiency (Ventilasjonssystemers 

effektivitet). 
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1. lNIBDIJJCilDN 

Ventilation effectiveness is attaining increasing interest. The reason 

for this is twofold. (1) Increasing concerns of energy saving. (2) In

creasing concern of air quality in occupied rooms and work stations. 

Up to 1978 very little work has been done on ' ventilation effective

ness. In the field of thermal comfort, however, great improvements 

are achived the last twenty years and as a result of this the 

ventilation process was mainly regarded from a thermal comfort point 

of view. Ventilation effectiveness was mainly adressed as a matter of 

good mixing, and as a characteristic outcome of this way of thinking 

the ADP-index was developed, Nevins et al. (1978), first of all for 

use in commercial buildings. 

In the field of industrial ventilation a somewhat different approach 

developed. In this field stricter codes for and control of air 

quality led to a more critical study of the ventilation process 

itself. Removing the contaminants where it was produced seemed logi

cal and the methods of local exhaust gained increased application and 

has been improved significantly during the last 20 years. 

In many situations it seemed also logical to look at the zone of 

occupation rather than the whole building and this led in Scandinavia 

to the introduction of direct ventilation methods. In Sweden air 

diffusers for this kind of ventilation has been commercially available 

for quite a few years. The direct ventilation methods were basically 

based on promoting displacement rather than mixing. However, the 

concept of ventilation effectiveness was not systematically applied 

and quantitatively assessed. The argument for using displacement 

ventilation was intuitive rather than scientific, although water model 

techniques were used to a great extent at The Norwegian Institute of 

Technology (Neple, Skaret, 19761 as a tool for optimizing ventilating 
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systems based on visual evaluation methods. 

The time for adressing ventilation effectiveness in a more systematic 

scientific way became mature in Scandinavia during the late seventies 

and since then much knowledge is gained in the field of ventilation 

effectiveness. It is now in the process of becoming a practical 

design and evaluation tool. 
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2. BeLlEM_DE THE STATLJJE_IHE_ARI 

When studying ventilation effectiveness it is appropriate to state 

that the main objective for ventilation is to provide for acceptable 

air quality in the breathing zone of the persons occupying a room. 

There are also other objectives like temperature control and safety 

(fire hazard, smoke control) that all have to comply with the main 

objective. 

The ventilation process obey all laws of fluid- and thermodynamics. 

The law of continuity, simple but fundamentally, is one of them. This 

law in ventilation means simply that equal amounts of air is 

simultaneously entering and leaving the room (incompressible 

continuous steadystate flow). Although simple, this law seems 

nevertheless often to be ignored in practice. If the pressure, 

however, has a cyclic variation, incompressibility can no longer be 

assumed, even if the amplitude is small. A cyclic pressure variation 

with a 15 Pa amplitude and a frequency of 1 Hz creates an effective 

flow rate equivalent to .5 ach if the pressure fluctuation is 

generated outside (ex: wind pressure variations, open window I and 
2 

there is only one opening in the building envelope of size 2,5 cm pr. 
2 

m floor area. If the cyclic pressure variation is generated inside, 

we can call this AC ventilation and the effective ventilation flow 

rate depends on the frequency, pressure amplitude, size of the 

openings,etc. This principle is still not used for ventilation but is 

applied for assessing leakage areas in buildings, (Sherman (1980). 

The basic requirements, regarding the ventilation process, are to 

distribute the air throughout the room in such a way that: 

1. Fresh (clean) air is flowing to the areas where it is needed 

(basically the breathing zone). 

3 
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2. Preventing contaminants from entering the breathing zone. 

3. Contaminants that cannot be kept out of the breathing zone are 

diluted to an acceptable level of concentration. 

One should bear in mind that contaminants emitted to the room, which 

are not absorbed, decomposed or transported by diffusion through the 

boundaries of the room, can only be removed from or transported out of 

the room by the ventilation air. Because the room air is a buffer, 

i.e. accumulates contaminants, there is a certain time lag between the 

generation time and the removal time of the contaminants. In other 

words the contaminants stay or reside in the room for a certain time 

period which may be called the residence time. This residence time is 

strongly dependent on the flow patterns of both contaminants and the 

ventilation air. The interaction between contaminants and the 

ventilating system as described has not been addressed very strongly 

in the past. The basic consideration has been the ventilation rate 

expressed as the air exchange frequency which is the inverse of the 

mean exit age of the ventilation air in the room. As will be shown 

later this age is independent on the flow patterns. There is for 

this reason only a weak relationship between air quality and the air 

exchange frequency except when mixing is ideal and complete. If one, 

as demonstrated in the industrial ventilation, clean room techniques 

etc., consider the ventilation process, the performance is very 

sensitive to type and location of both supply and exhaust devices, 

quite contrary to what is assumed in practice, as the classic 

assumption has been that the location of the exhaust device was of 

minor importance. 

Contaminants are emitted from a variety of sources like persons, 

furniture, building materials and soil, equipment and processes, 

ranging from point sources to almost homogenious source types. The 

sources are either passive or active. Passive sources are defined to 

have neither a momentum flux nor a momentum potential (buoyancy) while 

active sources are defined to have such characteristics. Due to 

limited diffusion rate in practical situations there are always 

concentration gradients in a ventilated space, especially in the 
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proximity of the sources. An even concentration distribution defined 

as complete mixing is therefore not likely to be found in ventilated 

rooms. Heat, either emitted by sources within the room or supplied 

within the ventilation air, also counteracts complete mixing (creates 

thermal stratification). 

The dynamic behavior of a ventilating system has most frequently been 

expressed through the following balance equation: 

-
dC. 

]. . 
~- = C n + m - C n - C.r 
dt s e 1 

( 1 ) 

c = mean concentration of material in room 
i 

c = concentration in exhaust air 
e 

C = concentration in supply air s 
n = air exchange rate V/V . 
v = ventilation air flow rate 

v = room volume 

r = removal rate of contaminants other that by ventilation R/V 

R = total removal rate other than by ventilation 

m = generation rate of contaminants M/V 

M = total generation rate 

Equation 1 can be solved considering: 

m = constant with time 

c = constant or having a known time dependency 
s 

n = constant 
-

C IC = constant = a 
e i 

r = constant 

All these assumptions ignores some details in the transient behaviour 

of a real system. The solution when C = constant is: s 

c n + m 
-(an+r)t) + c . 1 0 ) e - ( an+ r ) t c. s 

( 1 = - e 
]. an + r ]. 

c n + m)/(an + r) = steady-state concentration. s 

( 2) 

We can here see the importance of mixing both for steady state and 

transient situations. a has been defined as the mixing factor ranging 

between zero and one, although there is no physical justification for 
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using one as the upper limit. Equation (21 is the equation used 

measuring air infiltration and ventilation air flow rates in buildings 

using tracer gas. A normal requirement for the choice of tracer gas 

has been r = O. An additional requirement has been to provide for 

mixing in a way that a = 1 which again suggested that the molecular 

weight of tracer gas should not be to far from the air although this 

has no importance once the air and tracer gas are mixed. To simplify 

equation (21 as described involves altering the flow conditions in the 

room in a way that normal conditions no longer exists. To determine n 

the decay procedure has been most widely used but there is now an 

increasing use of the constant concentration procedure determining V 

from H and C Note that then C can be used eliminating the need 
i e 

for mixing. However, this requires that C can be measured, which is 
e 

difficult when exfiltration is dominant.There has been made little use 

of equation (2) for determining ventilation effectiveness, although 

the equation suggests a straight forward procedure determining a from 

measuring the decay slope with and without artificial mixing. A 

necessary prerequisite for this, however, is that a = constant. This 

does not hold during the first period of decay. When a = constant it 

suggests that measurements can be made in whatever points in the room, 

even in the exhaust duct. Contrary to this obvious conclusion, it was 

at a time in the sixties assumed that incomplete mixing could cause 

different dilution and decay rates in stagnant zones compared to not 

stagnant zones. However, this could not be clearly detected (the 

reason for this will be explained in a later paragraph) and tracer gas 

techniques for determining ventilation effectiveness did not for this 

reason experience great enthusiasm. 

It ought to be mentioned that Rydberg (1947) defined ventilation 

effectiveness as the ratio between the concentration in the exhaust, 

C , and the mean concentration in the room C . His definition was 
e i 

based on water tank model tests. Different ventilating principles 

were simulated and the ratio, C IC , was established from the decay 
e i 

of a tracer evenly distributed at time zero. Further Lidwell (19601 

introduced the transfer index (described in a later paragraph) for 

contaminant dilution. Chen, Fan, Whang, and Lee (1969) introduced the 

age distribution concept from Chemical process engineering and 
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developed a theory for evaluating the performance of a common used 

air distribution system. Sinden (19781 introduced the multi-chamber 

theory for air infiltration assessment in multi-room buildings. None 

of the mentioned works obtained much recognition by the HVAC designers 

at the time they were introduced. 

Inspired by the development of displacement ventilation principles in 

industrial ventilation in the seventies and also by experience from 

observing ordinary ventilating systems, multi-compartment theory 

describing the contaminant dispersion in a single room was 

successfully introduced (Sandberg 1981, Skaret and Mathisen 1982, 

Malmstrem and Ahlgren 19811. Dividing the room in two zones, the 

supply air zone and the rest of the room, and solving the mass balance 

equation analytically for two well mixed intercommunicating zones 

increased substantially the understanding of ventilation 

effectiveness. Laboratory tests fitted well to the two-zone analy

tical model. Sandberg (1981, 1983) reintroduced the age distribution 

concept. The new definitions of ventilation effectiveness has been 

used successfully (Sandberg 1982, Freeman et al 1982, Maldonado 1982) 

studying air distribution in multi-room dwellings. Skaret and 

Mathisen (1983) report tests successfully applying displacement flow 

ventilation for office rooms. Their results are in full agreement 

with the predictions made by the two-zone model. Test methods for 

assessing ventilation effectiveness with the use of tracer gas is 

proposed by Sandberg et al. (1982). Sherman (19811 made an extensive 

study on measuring air infiltration encountering the complete formal 

theory for multi room air exchange. The theory was, however, not 

not applied in his study. The main purpose of his work was to esta

blish methods for assessing air infiltration rates using the leakage 

area determined by the AC pressurization method. 

There are made several approaches to calculate the air flow patterns 

in ventilated rooms (Nielsen 1979). Feasible solutions, however, are 

so far worked out only for simple configurations and boundary condi

tions. There seems also to be a necessary condition, so far, that 

some dominant flows have to exist in a room, i.e. boundary layer 

flows, ventilating jets or buoyancy driven jets. Three dimensional 

1 
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turbulence models for general applications do still not exist. 

2.1 Two-Zone Mixing Hodel 

This concept implies simply that the room consists of two zones 

internally well mixed. The exchange of air between the zones varies. 

This exchange is normally expressed through an exchange parameter P 
1 2 

that varies between zero and infinity. P = O means no interzonal 
1 2 

exchange and P = • means a complete mixed space. P is not the 
12 12 

same as the mixing factor a. Assuming for simplicity a nonreactive 

and non absorbent gas and no diffusion through the boundaries the mass 

balance equations takes the following form, fig. 1: 

H1 

H2 

v 
n 

v 
x 

y 

p12 
K 
-
c _, 
c2 

~=i._- Y•Pu.nc 
+ 

y-x+P12 c -
n 2 dt KV K 1 K 

dC 
--2. = 

H 
+ 

p1.2 
nC 

1-x+P -
__ __.1-'-2 n C 

dt (1-K)V ( 1-K) 1 (1-K) 2 

= Production rate of contaminants in zone 

= Production rate of contaminants in zone 2 

= Total room volume 

= VIV Air exchange frequency (nominal) 

= Total ventilation air flow rate 

= Relative air supply rate to zone 

= Relative air exhaust rate from zone 

= Relative air flow rate from zone 1 to zone 2 

= Relative size of zone 

= Hean concentration in zone 

= Hean concentration in zone 2 

( 3) 

These equations can be solved analytically and the solution has a 

transient and a steady state part. 

8 



r 
r 
r 

r 
I 

, . 

l 
L· 

L 
L 

L 
u 

no t no t -s 

c1 = K e 1 + K e 2 + c 
1 2 1 

I 4 I 

no t no t -s 
c =K 1ke 1 + K2 k e 2 + c 

2 1 2 2 2 2 

1 k and 2k 
2 2 

are eigenvectors and o ,o are eigenvalues. 
1 2 

When: 
H 

a = _:_i_ 
10 KV 

y+p y-x+P 
a = - .:.-.::..1L n ; a = 12 

11 K 12 K 
n 

"2 
a20= ( 1-K)V 

___!u_ n 
a21 : ( 1-K) 

1-x+P12 n 

a2 2 = - ( 1-K I 

One gets: 

----------- -----------
o1 = - CI a

11 + a22I + /(a11 - a 12 
+ 4a12a21 ] 

2n 22 

1 ----------- -----------
0 2= - Cla11 + a22I - /(a11 - a 12 

+ 4a12a21 ] 
2n 22 

1 k = 
no

2 - a, , 
2 

a12 

2 k = 
no

2 - a, , 

2 
a12 

-s a
10 

a
22 - azoa12 

c1 = 
a 12a21 - a11a22 

-s a2 Dall - alDa2l 
c = 

2 
a 1 2 a21 - a11 a2 2 

2 AC2 
k - --

2 
Ac 

K1 
- 1 

= Ac, 2 1 
k2' - k2 

AC2 1 
-- - k 

AC 
2 

K = Ac 
1 

2 1 2k _ 1 k 
2 2 

= co 
-s 

AC
1 - c 1 1 

= cO 
-s 

Ac
2 - c 2 2 
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Using more than two zones does not alter the characteristics of the 

solution and the conclusions made. The characteristics of the 

solution are that the decay functions are similar to the one-zone 

decay function only that now two exponential terms are introduced. 

The decay functions indicate the air distribution characteristics and 

also how the system responds to a step change in contaminant 

generation rate. The steady state part accounts for the removal 

effectiveness of the contaminants generated in the room. However, 

10 

if the source is homogenious no such difference exists. It is readily 

seen that the eigen values are strongly dependent both on the 

exchange factor, P , and how supply and exhaust are located with 
1 2 

respect to the zones. Generally the mean concentration is lowest in 

the supply zone. The second eigen value is numerically greater than 

the first one which means that the first term dominates the solution 

after a sufficient elapse of time. The first eigen valule, expressing 

the steady decay rate, accounts also for the mutually orientation of 

supply and exhaust, figure 2. If supply and exhaust is located in the 

same zone there is hart circuiting between supply and exhaust 

resulting in a value of I o
1 

I< 1. If supply and exhaust are located 

r
·n opposite zones there is a displacement type of flow resulting in 

o1 l>1. For this reason the steady slope of the curves express the 

air distribution patterns (performance), i.e. it reveals the degree of 

short circuiting or displacement. o1 is therefore a general air 

distribution effectiveness. It has the same physical meaning as the 

mixing factor a (beacause it is easy to prove that o = C IC for the 
1 e 1 

steady decay period). The mixing factor is therefore also equivalent 

to the Rydberg ventilation effectiveness. However, a has now got a 

physical meaning for numerical values greater than one. It is 

readily seen that increasing a above one greatly enhances the system 

performance, meaning that complete mixing is not an ideal aim for 

ventilation. Air quality is related to the actual concentrations 

and the steady state concentrations are an important part of the 

mass balance equations. A small change in the Rydberg difinition of 

ventilation effectiveness, considering the zone of occupation and also 

steady state conditions, is now appropriate. 
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A steady state ventilation effectiveness can now be defined as the 

ratio between the exhaust air concentration minus the supply air 

concentration and the concentration in the zone of occupation minus 

the supply air concentration. 

s -s c - c e o 
£ = 1 + (5) 
st Cs _ C 

0 s 

Cs = Concentration in the zone of occupation. 
0 

C = Supply air contaminant concentration. 
s 

The contaminants may develop their own flow and distribution patterns 

independent of the general flow pattern, therefore 

0 ' Est< M: shortcircuiting ventilation 

' Est ' 00 : displacement ventilation 

The first statement means that the contaminant flow may be 

shortcircuited to the exhaust at the same time as the general 

ventilation is shortcircuited. In general, however, shortcircuiting 

ventilation decreases steady state ventilation effectiveness compared 

to displacement ventilatio~. 

est # £tr 

0 ' £st< .. 

. 
v 

0 ' £ < 
tr v n 

max 
V = The largest of the zones max 

£tr>1 only if displacement flows exist. 

Tests that can be performed : 

1. Injecting tracer gas to the supply duct at a constant rate and 

mix well before entering the room Conly without in/ex 

filtration). Can be followed by a decay . 

11 
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2. Supply a certain amount of tracer to the room and mix well before 

decay. 

3. Simulating a source with tracer gas - constant injection rate. 

After steady state is reached - turn off source and make a decay. 

n can be determined in the following way. Transient: All the tracer 

initially in the room has to leave through the exhaust duct if there 

is no exfiltration. 

vc~ = 9Tc ltldt 
1 6 e 

9 -s l n = - = c. I c ( t ldt 
V 1 e 

( 6) 

Steady State: All tracer supplied must pass the exhaust duct(A 
if no exfiltration. 

9 = A 

cs 
e 

( 1) 

= 9Csl 
e 

If exfiltration is dominant n has to be determined using an arti

ficially well mixed decay or artificially well mixed steady state 

test. Note that artificially mixing may change the in-/exfiltration. 

Drawbacks using the slope of the curve method to determine ventilation 

effectiveness. 

1. The first eigenvalue does not account for the first part of the 

decay. 

2. There may be difficulties involved in determining the slope of 

the curve. The first eigen value may not be recognized in the 

measurable range of concentrations. 

3. Local variation in effectiveness is not considered. 
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2.2 The Age Distribution Concept 

Ventilation is a process that is similar to the processes encountered 

in chemical reaction engineering. 

flow of material through a vessel. 

Typical this involves a continuous 

In the vessel mixing of, and 

reaction between agents takes place. The residence time for the 

13 

material in the vessel and for the material flowing through it is 

important both for the reaction and the transport of reacted material 

out of the vessel. Dead zones should be avoided etc. In ventilation 

we have the same problems. We are concerned about distributing the 

air to where it is needed and contaminants generated in the space 

should be transported out as quickly as possible. Two criterions for 

that the air is effectively used are that it firstly is distributed to 

where it is needed (the reaction location), i.e. where the occupants 

are breathing and secondly the age of the air in the space is as low 

as possible. Two main criterions for that the ventilation is effec

tive, are firstly that the concentrations of the actual contaminants 

in the zone of occupation are the lowest possible and secondly that 

the age of contaminants in the room is the lowest possible. The 

fulfillment of the air distribution criterions is noe guarantee that 

the contaminant removal criterions are fulfilled as well. 

Looking at the ventilation air, every air molecule that enters 

a ventilated space spend some time there, partly because of the 

accumulation effect of the volume and partly because of the flow 

patterns of the air in the ventilated room. The molecules do not 

spend the same time each in the room, i.e. there is a certain age 

distribution, and there is also a characteristic mean residence time 

for the bulk flow through the room. Intuitively the age of the air in 

the room would be at the lowest when all molecules flow directly from 

supply to exhaust as a beam, shortcircuiting the room. The nature 

of a continuous flow system is, however, so that backflow and eddies 

are created increasing the mean age of the air in the room, and the 

lowest mean internal age occurs when the air flows as a plug through 

the room, i.e. as if the air, like a piston, is filling the total 

cross section. As for the contaminants the situation is more or less 

quite opposite. A shortcircuiting of the contaminant flow into the 



exhaust creates the lowest internal age of the contaminants and the 

lowest average residence time. However, there is a local variation 

in the mean age as a result of the main flow patterns, i.e. there are 

favorable and unfavorable patterns. 

14 

The age distribution analysis needs to differ between the ventilation 

air and the contaminants. For both types of material flow there is 

typically an exit age distribution and an internal age distribution. 

For the internal age distribution it is important to distinguish 

between the average for the room and the local, related to a small 

volume element. Danckwerts (1953, 1959). It will be shown that the 

average internal age distribution can be detected in the exit flow, 

while the local one only can be detected at the actual location. For 

all types of age distribution functions, called A(t), the dimension is 

time-
1

, i.e. A(t) is a frequency distribution. The fraction of ages 

between t and (t+dt) is f(t) = A(t)dt. The cumulative age distri

bution function is the time integral of f(t). This function is de

noted denoted Fltl and may also be called the fraction function. 

t 
F(t) = I A(t) dt 

0 
( 8) 

Obviously F ~ M) = 1, and F(O) = 0, meaning that the material flow con

sists of molecules with ages between zero and infinity referred to the 

time when they entered the room. The mean age is found by multiplying 

f(tl with t and summed over all times. The age is denoted t . .. 
T = I A(t) tdt 

0 
( 9) 

The age may also be called the time constant characterizing the 

response or cycle time for the system. The inverse of the age is a 

frequency and characterize the cycling speed. (Example: air exchange 

frequency expressed as air changes per houri. 

A mass balance will establish the relationship between internal and 

exit age distributions for the bulk flow of material. The steady 

state volumetric flow of material is called V and the steady state 
m 

volume of the material in the system is called V or H (•). At a 
s 

time t elapsed from any reference time (all molecules of material are 
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labelled from this time on, figure 3). The balance sheet is: 

Total injected material : 9 t 
m 

Material still in system : 
t 

V !<A.(t)>dt s 1 

Material left system : 9m !t!t~e(t) dt dt' 

<A.It)> = Internal average age distribution function. 
1 

A (t) = Exit age distribution function 
e 

The balance equation is: 

9 t = v rtA.lt> dt + 9 rtrt~ It> dt dt' 
m s 6 i m 6 6 e 

Differentiating and rearranging yields: 

<A.(t)> 
1 

Differentiating 

'\/ m t = - I 1 - r A ( t I dt) = v 0 e 
s 

once more one obtains: 

dF v 

'\/ m 
v 

s 
11 - F It)) e 

_e=F ' (t) 
dt e 

=A It) = - ~s~ <A'.(t)> 
e 9 1 

m 
v 

s -- = T 
9 t 
m 

Tt = Turnover time for the material 

( 10) 

I 11 I 

( 12 I 

This means that the internal age distribution is a function of the 

cumulative exit age distribution function and the nominal turn over 

time for the material flow, and further, the exit age distribution is 

proportional to the derivative of the internal age distribution. 

Now, the following can be stated with respect to the mean exit age: 

v .. 
Te = b Ae(tlt dt = s b .. <Aj_ (t)>t dt 

9 m 

v s .. .. 
- IC<A.ltl>tl 0 - b <A.It)> dt) 
9 1 1 

= 
m 

v s 
( 1 J) = - : T 

'\/ t 
m 

15 
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The mean exit age is always the turnover time for the actual material 

flow. 

For the ventilation air: V = the room volume = V 
s 

9 = the ventilation air flow = 9 
m 

This means that the turn over time for the ventilation air always is 

V/V = l/n, regardless of the flow pattern : n = the nominal air 

exchange frequency. 

1/n = The nominal turnover time = T 
tn 

For the contaminants V is dependent on the mean steady state 
s 

concentration in the room and is hence a function of the flow pattern, 

quite contrary to the situation for the ventilation air. V = < C > V, 
s i 

< > means space average. 

C is measured in ppm.The mean internal age is for both the ventilation 
i 

air and the contaminants dependent on the shape of the F -curve which 
e 

is a function of the flow pattern, resulting in a mean internal age 

for the ventilation air to be a function of the ventilation air flow 

pattern. The mean internal age of the contaminants is a function 

of the flow pattern for both contaminants flow and the ventilation 

air flow. Generally a flow pattern that makes the mean internal age 

shorter for the ventilation air is also favorable in reducing the 

mean internal age of the contaminants. 

There is no direct relationship between the local mean internal age 

and the mean exit age. The age distribution concept is of no value 

unless the distribution functions can be determinded in an easy way. 

Fortunately this is possible by using tracer gas techniques. The 

tracer gas can either be injected continuously or as a pulse to the 

room itself or to the supply air duct. Generally injection to the 

supply duct labels the ventilation air, and injection to the room 

itself labels the contaminants. The age distribution is determined 

from the transient concentration curves. Three different material 

populations will be considered: 
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1. The total room volume 

2. Small volume elements in the room 

3. The exhaust air flow 

As can be deduced from eq. 10, information regarding 1 and 3 is 

obtained from analyzing the exhaust air flow. 

17 
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3. ASSESSHEtlI-1JE_AGE_DlSTRIBUTIDN AND SY5TEH PERFORHANCE 

The application of the age distribution concept for continuous flow 

systems is among others discussed by Danckwerts (1953, 1959). 

3.1 The ventilation air 

18 

The ventilation air may be labeled by using tracer gas. There is four 

possibilities. 

1. Tracer is injected continuously to the supply air and mixed well 

before entering the room. No artificially mixing in the room. 

2. Tracer is injected as a pulse to the supply air and mixed well 

before entering the room. No artificial mixing in room during 

test. 

3. A certain amount of tracer is injected to the room and is 

initially mixed well. No artificial mixing during test. 

4. Tracer is injected continuously to the room simulating a 

contaminant source. The injection is suddenly stopped after 

steady state concentrations are reached. No artificial mixing 

during test. 

1 and 3 are essentially the same situation only that 3 introduces a 

break down of the flow pattern initially. Only situation 1 is treated 

here. 
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J.1.1 Tracer gas injected to the supplv air 

Zero time is taken when the tracer front passes the outlet plane of 

the air diffuser. The steady state concentration, C. (•), is uniform 
1 

and equal to the supply air concentration C when no infiltration 
s 

takes place. The flow of the tracer gas out of the room is (C (t).9) 
e 

and the steady state volume of tracer gas is V = C. (•IV =CV. The 
s 1 s 

injected flow of tracer gas is 9 = 9 C = 9 C (•). The fraction m s e 
function F (t) is 

e 

F ( t) = 
e 

c (ti 
e --c 

s 
= 

c (t) 
e 
C(•) 

Entering this into equation (10) yields: 

"' <A . (tl> = V 
1 [1 - CCI l ( 14) 

The internal mean age of tracer and hence the ventilation air becomes 

9 
(T.> = V 

1 

c - c ( t) r s c e 
s 

t dt ( 15 I 

<Ti > depends strongly on the shape of the exit concentration curve. 

19 

Now, by studying the Fe-curve some important conclusions about the 

flow pattern can be deduced. 

- v -I <A ( t) > dt = -I ( 1 - F ( t)) dt = 1 
o i V o e 

( 16) 

This . ( ) . "' means that plott1ng Fe t as a funct1on of-y-t. the area between 

this curve and 1 is always 1, fig. 4. This means that if the Fe-curve 

for complete mixing,[1 - .-( 9/V)t] ,is plotted in the same diagram 

the area between the real F -curve and the complete mixed F -curve, 
e e 

before and after the curves crosses, is equal. The size and sign 

of the area differences marked A on the figure may be taken as a flow 

pattern indicator. The sign is positive when the F -curve lies under 

the complete mixed F -curve. e 
The area, A, is called- the segregation 

e 
in chemical engineering. For pure plug flow the F -curve will be a 

e 
vertical line through (9/V)t = 1. The segregation will then be +1/e. 
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It will approach -1 when most of the room is short-circuited by the 

ventilation air. For pure plug flow the internal mean age of the air 

is: 

- I oo 
<t. > = - ! ( 1 - F ( t) l t dt 

i ttn e 

F (tl = 0 when t< tt e n 

F (t) = 1 when t ) tt e n 

- 1 T tn 
( 17) (t . ) : -l t dt = 1/2 Tt 

i Ttn n 

For complete mixing <T.> = tt . 
i n For short - circuiting <t.> ) Tt 

i n 

The range for <ti> is therefor: 1/2 ( (ti> ( .. 

The mean exit age is always ttn = 1/n 

3.1.1.1 Local age distribution 

20 

The tracer and air migrates together and the ratio between tracer and 

ventilation air is always [vm1v]. In a small volume element , AV ,the 

age of tracer and hence ventilation air is between O and t and the 

fraction in relation to the steady state amount is ltAi(t)dt. 

Total amount of tracer is AVC.(•)rtA~(t)dt . The ratio between 
l 6 l 

tracer and other material (air) is: 

AVC.(•)rtA~(t) dt 
l 6 l 

6V 

Hence 

0 
Cj_ltl 

Ai (t) = C. (•) 
l 

=C.(t) 
l 

C'.ltl means the derivative of C.ltl 
l l 

The local mean age of the ventilation air is: 

c: ( t) 
- l 

ti= l C.(•) 
l 

t dt = i• ( 1 - Fi It I I dt 

F.(t) = C.(tl/C.(•I 
l l l 

I 19 I 

I 20 I 

(20al 

This number is by Sandberg (1981) called the local residence time and 
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the inverse of it the local ventilation rate. It is suggested here 

that the local mean age is a more appropriate notation since T only 
i 

represents the average arrival time for the air at the actual point. 

The air "resides longer than the mean age. The shorter the local age 

the more effective the ventilation is. 

3.1.2 Pulse injection 

3.1.2.1 Local distributions 

A necessary condition is that tracer and ventilation air is well 

mixed before entering the room. The tracer and air migrates to

gether. The pulse has a short duration in time say 6t. The 

amount of tracer injected is H. The ratio between the tracer and 

the simultaneously injected ventilation air is H/(V6t) and remains 

the same as it migrates through the room. At any time t the age 

of the tracer and hence the ventilation air is between t and 

0 
(t+6t). The age distribution function is A (t) at an arbitrary 

i 
location. the fraction of injected In a small volume element, 6V, 

A~(t)6t. The amount of tracer is 
l 

material is 

_H_ A~(t) 6t6V 
96t l 

The ratio between tracer and other material is: 

H 
V6t A~(t) 6t6V 

1 

6V = c. ( t) = 
l 

H 

'CJ 

A~(t) 
1 

and concequently the age distribution function is 

0 
A. ( t) = 

l 

Since: 

v 
H 

c. (t) 
l 

f
0

A~(t) dt = 1 

( 21 ) 

M H r c. (t) dt = const. = ~ 
6 l 'ii 

anywhere in the system. Also in the exhaust. Hence the local mean 
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age is found as: 

- -i Ci(t) t dt 9 • i Ci(t)t dt 
( 22) T. = = - ~ C.(t) t dt = 

1 - H 1 b•Ce(t) dt b Ci(t) dt 

3.1.2.2 Hean distribytion 

The fraction of material in the exhaust is A (t)6t. The amount of 
e 

tracer leaving the system during a time interval dt is : 

9 .....tt_ A (t)6t = HA (t) dt 
96t e e 

= c (t)9dt e 

Consequently: 

A ( t) = 
e "' H 

C (t) = F' (t) e e 

F'(t) means the derivative of F (t) e e 

Now, from eq. 1 0: 

9 
<t.> = v 

1 i·11 - Feltllt dt = ~v i·F~ltlt 2dt 

"' =--
2V 

r·ce(t) t 2dt 

b•Ce(t) d t 

-From eq.23 and the fact that b A
9
(t)t dt = Ttn 

3. 1. 3 

T = tn 

r·ce(t)t dt 

6·c
9

<tl dt 

( 23) 

( 24) 

(25) 

22 



r 
/ 

r~ 

,-, 
( 
I -· 

[ 

( 

( 

f 
( 

r 

23 

3.2 The contaminants in the room 

For simplicity it is assumed that the contaminants are labeled by 

means of a tracer gas. In doing this a necessary condition is that 

the tracer and the contaminants migrate together i.e. the tracer is 

injected and mixed with the contaminants in a way that it is passive 

with respect to the contaminant source. 

3.2.1 Continyoys injection of tracer 

3.2.1.1 The whole room 

The flow of tracer is V = C (•IV . The steady state volum of 
m e 

tracer in the system is ( C (oo) ) V. <C ( .. )> 
i i 

is either deter-

mined from a multipoint sampling of the concentration in the room 

or more accurately, determined from measurement of the exhaust con

centration as follows: The difference between injected and exhausted 

amount of tracer is accumulated in the room. According to figure 3 

the accumulation function is: 

H(t) = 'V ft(1 - F (t))dt 
m ti e 

and the total accumulated amount is: 

H(•) = 9 f
00

(1 - F (t))dt m ti e ( 26) 

which integrated by parts yields: 

H(•) = 9 f
00
F"(t)t dt = 9 f .. A (tit dt m ti e m ti e (271 

From eq. 13 the integral is the turnover time for the tracer, T~ , 

leading to: 

H(oo) c 
= 9m Tt = v s 
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Hence 
9 

H(oo) m C 
<C (•)> = ~~ = ~ T 

i v v t 

The fraction function for the tracer, Fe ( t) is C (t)/C 
e e e 

Comparing eq.26 and eq.27 one can write: 

c .. c 
Tt = ! (1 - Fe) dt 

Inserted in eq. 10 the mean internal age becomes: 

-c 
(T . ) 

l 
= ---4- r00 

( 1 - Fe ( t l I t d t = 
Tt 6 e 

, .. (1 - F~(t))t dt 

, .. (1 - F~(t)) dt 

( 28) 

(oo) 

( 29) 

( 30) 

c -c We can from this see that both Tt and <ti> depends on the flow 

patterns. The shorter the mean exit age (turnover time), the lower 

the mean concentration in the room and hence, the better the air 

quality. From eq. (28) we get: 

c <C. (oo) > Tt l ( 31 ) -- = c (•) Ttn e 

The ratio between the turnover time for the contaminants and the 

ventilation air is equal to the ratio between the mean steady state 

concentration in the room and the steady state concentration in the 

exhaust. 

24 

Since <C.(•)> = 
l 

9 
v (ce(tl dt for a decay from steady state one also 

arrives at the following expression for T~ 

Tc - .. Celt) 
t - ! c . - . dt 

e 

C (0) = Steady state concentration in the exhaust when decay e 
starts. 

3.2.1.2 A Point in the room 

Looking at a point in the room the following statements holds true 

(the point is assumed to be surrounded by a small volume element). 

A certain part, dV , of the contaminant (tracer) flow is flowing 
m 

through the volume element at steady state. At the same time a cer-

tain part of the ventilation flow dV is purging the same volume 



\./ 

r 
r· 

{ 

I 

r 
( 

I 

L.." 

element carrying the tracer to the exhaust. The age of the tracer 

flowing through the volume element is between zero and t. At a time, 

t, after the start of the injection the fraction of tracer flow rela-
t 

tive to steady state flow is I A It) dt. The amount of tracer pas
o i 

sing in a time interval dt is: 

dV rtA.(tl dt = dV C.(tl mo 1. l 

Consequently 

A. It l = 
l 

dV 

dV m 

By definition: 

d9 m -- = C.(•) 
d9 l. 

c '.It l 
l. 

132) 

The local mean age of the contaminants is therefore, integrating by 

parts: 

C 
C '.It l c 

- - 1. -ti = b c. (• l t dt = b 11 - Fi It l l dt (33) 
l. 

This local age is generally and principally different from the local 

age of the ventilation air. 

3.2.2 Pulse injection 

3.2.2.1 A point in the room 

The duration of the pulse is 6t. The amount is H. The age of the 

tracer at any point is between t and (t+6t). Through an arbi

trary small volume element a part of the material released during 

the pulse, dH, will pass. Through th• same volume element a cer

tain amount of purging air, dV, will flow. The age distribution 

of the material is A ( t). The fraction of material injected pas-
i 

sing through the volume element during the time interval ,6t,is 

Ai(tl6t and the total amount is dH Ai(t)6t. This amount is 

. .. ,,.. 

25 
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equal to dVC.(t)3t. Consequently: 
l 

d9 
Ai(t) = dH Ci(t) 

dH = d'i/ !•Ci(t)dt 

Hence 

-c 
T . : 

l 

.. b Ci(t)t dt .. b Ci(t) dt 

(34) 

( 35) 

( 36) 

Above expression also holds true for the exhaust; consequently: 

c -T -t 

f 0

ce (t)t dt 

i·celtl dt 
( 37) 

26 

Finally one can regard a continuous flow as a sum of pulses which can 

be expressed as follows: 

d9 C.(t) dt = btd9 dt A.(t) dt 
i m i 

A. ( t) = d9 c: (t) 
l 

d9 l 

m 

d'i/ = d9 C. (oe) m i 

Now, eq. (38) and 35 yield 

d'i/ 
m 

dM" = 

c. ( 00) 
l c 

( r
00 

c. ( t) dt) 1 6 l pu se 

( 38) 

( 39) 

The flow patterns are the same during the pulse test as for the con-

tinuous flow situation: 

d9 
m 

dH = 
9 

m 
H 

Combining eq. (40) and eq. (39) gives: 

( b• c. ( t) dt) 
c. (•) = 'ii l pulse 

l m H 

( 40) 

( 41 ) 

The conclusion is that steady state concentrations can be predicted 

from a pulse respons. The quantity 1r·c. (t) dt/Hl 
1 

is called 
6 l pu se 

the transfer index by Lidwell (1960). 
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3.2.3 Decay from a nonuniform concentration distribution 

A nonuniform concentration distribution occurs after a continuous 

injection of tracer gas to the room. after reaching steady state, 

the contaminant generation stops. This situation can be treated as 

described in section "Continuous injection of tracer". Another 

description is the following: The amount of tracer in the room is 

H(•) (buildup) = H(O) (decay). When injection stops this amount of 

tracer may be considered to have the same age. For practical rea

sons the age at an arbitrary time t later is taken to be between 

t and (t+dt). 

'i/ C (t)dt = H(oolA (tldt 
e e 

A (ti 
e 

- 'i/ - -- c H(oo) e(t) = F. It I 
e 

H(oo) = H(OI = 'i/ r
00c (tldt = V 

0 e s 

The mean exit age of the tracer is 

-c 
(T ) : 

e 
'i/ .. 

H(ao) b Ce(t)tdt = 

OD b Celtlt dt 

f"ce<t> dt 

( 42 I 

(431 

This can be compared with eq. (37). The mean internal age calculated 

using eq. (10) is: 

'i/ -c m OD C 
<Ti) = y---~(1 - Fe(t))t dt = 

s 

Integrating by parts yields: 

-c 
(T.) : 

J. 
VCe(O) _1_r°"F ' (tlt2dt = 

- - 2 6 e 

'i/C ( 0) OD 

e i ( 1 Fe (t) It dt 
e 

c ( 0) 
e 

2 

6°"ce(tlt
2
dt 

ci°"ce(tl dtl
2 

(44 I 

27 

The physical significance of this age is not quite obvious. It can be 

interpreted as the turnover time for the contaminants filling the room 

at steady state, when the contaminant generation stops. HI•) can also 

be regarded as a pulse emition from a source, distributed like the 

concentration distribution at steady state. For a point in the room 

one can use the approach as for eq.36 yielding: 
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00 

-c 6 Ci(t)t dt 
T . : 

l 00 

b Ci(t) dt 
I 45 l 

3.3 Single Room ventilation Effectiyeness 

When defining the effectiveness of ventilation it is important to bear 

in mind that it is the ability to remove the contaminants from the 

zone of occupation that has the primary importance, not the flow of 

ventilation air through the room. In achieving an effective conta

minant removal it is, however, important to state that the flow pat

tern of the ventilation air in the room is of primary importance. 

Generally it is so that (1) the system performance in the zone of 

occupation is proportional to the inverse of the age of the air in 

this zone, and (21 the average system performance is proportional to 

the inverse of the average age of the air in the room. Ventilation 

effectiveness with respect to air quality is highly dependent on the 

interaction between the contaminant sources and the ventilation 

system. In general terms one can state that the shorter the exit age 

of the contaminants in the room the better the air quality. Now, the 

air diffusion system performance is at best if the ventilation air is 

introduced directly to the zone of occupation and flowing 

unidirectionally out of it. This means that plug flow theoretically 

gives the best system performance. The contaminant removal system 

performance is at best when the contaminants flow directly from the 

emitting zone to the exhaust (short circuiting of contaminant flow and 

exhaust air flow). The design of a ventilating system should then aim 

at creating both flow patterns simultaneously. 

Now, the average residence time for the air in the room is different 

from the residence or hold back time for the air flowing through the 

room the turn over time). Therefore the air exchange effectiveness 

may be taken as the ratio between the average turn over time for the 

ventilation air flow and the average residencee 

time for the air in the room. The average residence time for the air 
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in the room is the sum of the average arrival time, <T >, and the ave
i 

rage leaving time (residual life time) . It may be shown(Sandberg and 

Sj•berg 1983) that this sum is 2<t > for a ventilation process. 
i 

For the contaminant system it is appropriate to look at the ratio 

between the turn over time for the ventilation air flow and the turn 

over time for the contaminant flow. This relates the space average 

concentrations for the room to the concentrations in the exhaust air 

(the complete mixing concentration). 

Using the relations described, we will calculate the air exchange per

formance as follows: 

£ = e 

£ = e 

T 
n 

= 
2<1.> 2 

l 

Tln 
t• ( 1 C (tl/Cslt dt 

e e 

( 4 6 I 

The average air exchange effectiveness. 

It is readily seen that the performance will be 507. for a complete 

mixing system. 

The contaminant removal average system performance, or ventilation 

effectiveness, at steady state, can be calculated from eq. (311: 

-C 
£ = 

c , .. , 
e 

<C. ( .. )> -
l. 

~ 
Tt 

£c = Average ventilation effectiveness. 

(47) 

The effectiveness of a complete mixed system is 100%. The objective is 

to have more than 100%, which can be obtained by using the 

displacement principle. 

All expressions are derived from a step up response, were the 

ventilation air is labeled calculating air exchange effectiveness, and 

the contaminants are labeled for the contaminant removal 

effectiveness. However, the theory also holds for the air exchange 

effectiveness if the initial conditions are a space completely mixed 

with tracer gas. Local conditions may be evaluated by multiplying the 

overall performance by the ratio overall/local. 
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A local air quality index may be defined as the ratio between the ex

haust air concentration and the local concentrations: 

AQI = 
c 1-1 

e 
C. l•I 

l 

= 
<C . l•I > 

l -c 
cT-1 e 

l 

local concentrations are now found as: 

c. (•) = 
l 

<C.(oo)> C 
l -

£ 

AQI 
= 

c (•) 
e 
AQI 

(48) 

( 49) 

The overall effectiveness in rooms is found from measurements in the 

exhaust. No measurements in the room are necessary, meaning that 

important information on system performance is achieved without any 

assumption about the flow patterns. 

In addition to assessing the ventilation effectiveness it is 

interesting also to assess the air flow patterns in the room. As 

discussed in previous paragraphs the exit fraction curve can be used 

for this. On the other hand, the first eigen value may also be used 

for this purpose. Measuring the slope of the last part of the decay 

curve in the exhaust the following expression is an air exchange 

performance indicator: 

AEPI = - "1 
n ( 50) 

Values greater than one indicate a displacement flow type ,and values 

lower than one indicate a short circuiting flow type. The advantage 

with this indicator is that it can be detected from a decay from 

whatever initial concentration distribution in the room. 

30 

The Rydberg type of definition of the steady state ventilation effec

tiveness is omitted here. It is felt that the new definition (eq. 47) 

is better mainly because it can readily be determined from the diffe

rent expressions of ages and is referred to a well defined reference 

process. 
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3.4 General comments 

Displacement flow of ventilation air promotes shortcircuiting of con

taminants. However, the contaminant source may be of the active type 

(has its own momentum flux or has a buoyancy) creating its own flow 

pattern,fig.5 . This makes it difficult to predict turnover times for 

the contaminant flow based on age determination for the air in the 

room. 

Local concentrations may vary considerably,leading to that air quality 

can finally be determinated only from measurements of the concentrations 

of all the actual contaminants in the room. However, the more 

distributed, homogenious and passive the sources are, the better the 

correlation is between air quality and average age of the air in the 

room. 

In the following the importance of the theoretical statements are ex

emplified through results from some tests in a 27 m
3 

test chamber. 
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4. LABDBAIDBYJESIS 

4.1 Experimental setup 

. . J J 
Tests were carried out in a 27 m test chamber: 3,45 x 3,45 x 2,3 m . 

There were alltogether 33 sampling points for tracer gas concentra

tions in the room, plus 1 point in each of the supply and exhaust ducts, 

after the fan. Point 1-9 was located 16 cm above floor level, pont 10-

18: 116 cm above floor level and point 19-27: 216 cm above floor 

level. Point 28-33 was located 50 cm from the source, N-S, E-W, U-0. 

N O was used as tracer gas for simulation of the contaminant sources. 
2 

N 0, N and 0 was premixed on bottles to specified source densities 
2 2 2 

and N
2
o concentrations. Certified calibration gases were used for 

continuous calibration of the gas analyser. The gas analyser used was 

of the IR type with an output voltage linearized to gas concentrations. 

The time constant for the analyser was only 2 sec., allowing for taking 

samples each 8 sec .. Further discription of the sampling system is om

itted here. 

The objectives of the tests made were partly to demonstrate the use

fulness of age analyses to assess air quality and describe the flow 

patterns in a ventilated space, and partly to examine how details like 

ventilation schemes, heat sources and types of contaminant sources are 

likely to influence on the contaminant removal effectiveness. Three 

different ventilation schemes were used: 

1. Exhaust only (air supply through leakages). Exhaust was located in 

a corner just below the ceiling . 

-:--~ 
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2. High wall slot (plane jet) supply. Exhaust as 1. 

3. Low velocity floor supply. Exhaust as 1. 

Two types of contaminant sources were simulated: 

1. Line source with higher density than the room air. 

2. Passive point source with neutral density. 

Only tests with point source are reported in this paper. The mechani

cal exhaust air flow was always greater than the mechanical supply air 

flow, in order to make sure that all ventilation air was passing the 

exhaust duct. 

For the tests reported in this paper, the supply air temperature was 

below the room air temperature. Also, the room was kept at a tempera

ture slightly higher than the temperature of the surroundings, creating 

weak downward convective currents along the walls, except for one wall 

that was slightly heated, creating an upward convective current along 

that wall. 

4.2 Resylts 

4.2.1 Jest no. 5. fig.6. 

This is a test with exhaust only, .55 ach., and a neutral point 

source, as indicated. The mean concentration of the 

tracer gas in the room is lower than in the exhaust ,. < ,. • On the 

other hand, 

(T.) 
l 

> ,. 
n 

t n 
the air exchange indicator,1/~ ,indicates shortcircuiting: e 
(air exchange efficiency lower than 40%). The reason for 
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this is that the warm wall transports air to the exhaust. Low concen

trations at the floor indicates much infiltration at low levels. This 

air is caught in the convective currents, also carrying relatively 

large amounts of the contaminant. In the breathing zone, point 10-18, 

the air quality index shows the same air quality as for complete mix

ing, i.e. the breathing zone does not benefit from a low mean concen

tration. On the other hand, the breathing zone is not suffering from 

the shortcircuititing of ventilation air compared to complete mixing. 

In this case the shortcircuiting of ventilation air is compensated for 

by shortcircuiting of contaminants. The gross flow patterns, based on 

the measurements, are indicated in the figure. 

4.2.2 Test no. 15. fiq.7 

Low velocity air supply at floor level, exhaust under the ceiling as 

indicated, 2 ach and a neutral point source. 

Supply air tempetarure was kept lower than the room air temperature. 

<T > ~ 1/A > T . ( £ < 407. for the same reason as for 
i e n e 

test 5. However, the air quality indicator is higher, i.e. the air 

quality in the zone of occupation is better, in spite of a higher 

average concentration in the room). T < T , which means that contami-
t n 

nants are shortcircuited here too. The shortcircuiting of contamina-

nts is not as much pronounced as for test no. 5. The shortcircuiting 

of ventilation air is more than compensated for by the shortcircuiting 

contaminants. The flow patterns are indicated in the figure. 

Usually this type of ventilation scheme exhibits displacement qualities 

for the ventilation air flow. This flow pattern is here destroyed by 

the convective currents along the heated wall. 

' 
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4.2.3 Test no. 21.fig. 8 

High wall slot, high velocity air supply, exhaust as for the other 

tests , neutral point source. Supply air temperature lower than room 

air temperature, 2 ach .. This scheme has the highest turbulence 

intensity. The concentrations are nevertheless rather uneven, and 

rather high at floor level, point 1-9. There is no 

shortcircuiting of contaminants. Tt ~ Tn . On the other hand, the 

ventilation air exhibits shortcircuiting <1.> ~ 1/A > T (e < 40%). 
i e n e 

This is due to the fact that the exhaust air is partly taken from the 

supply region. The convective currents up along the warm wall create a 

secondary zone not communicating with the exhaust. The figure shows 

the flow patterns, based on the tracer gas analyses. 

4.3 Conclusions 

The average air exchange effectiveness alone does not account for the 

air quality in the zone of occupation. The measurements of the 

turnover time for the contaminants improves the information and gives 

qualitatively the right information. Measurements of the actual con

centrations of contaminants give the most accurate information . Air 

exchange effectiveness measurements would have ranged test no. 21 as 

best, turnover time measurements for the contaminant would have ranged 

no. 5 as best, while concentration measurements range no.15 actually 

as no. 1, followed by no. 5, leaving no. 21 to be poorest, quite 

contrary to what the air exchange effectiveness would have predicted. 

The evaluation methods for ventilating systems, theoretical outlined 

in this report, seems to be useful. 
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