JCl-75a

LBL-16155
.

<
Lawrence Berkeley Laboratory
UNIVERSITY OF CALIFORNIA F?E'?f_;«’.“vgy

r SER‘(F‘I [

ENERGY & ENVIRONMENT = "
DIVISION “PL 21 1983

. .L‘fBF?ARY AND
Cy IENTS SECTION

To be presented at the 1983 ASHRAE Annual Meeting,
Washington, DC, June 26-30, 1983

VENTILATION EFFECTIVENESS - A GUIDE TO
EFFICIENT VENTILATION

E. Skaaret and H.M. Mathisen 7 :';,'.> YN
May 1983 - For Refe{rénce '

Not to be taken from this room

)

ENERGY
AND ENVIRONMENT
DIVISION

Prepared for the U.S. Department of Energy under Contract DE-AC03-765F00098

eg/9]—1d]



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



To be presented at the LBL- 16155
1983 ASHRAE Annual Meeting, EEB-Vent 83-9
June 26-30, Washington, D.C.

: VENTILATION EFFECTIVENESS - A GUIDE TO EFFICIENT VENTILATION

Eimund Skaaret* and Hans Martin MathisenT

Building Ventilation and Indoor Air Quality Program
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

May 1983

This work was partially supported by the Assistant Secretary for Conser-
vation and Renewable Energy of the U.S. Department of Energy under con-
tract no. DE-AC03-76SF00098.

*Eimund Skaaret, Associate Professor, Norwegian Institute of Technology,
Division of Heating and Ventilating, Trondheim, Norway, and presently a
visiting researcher at Lawrence Berkeley Laboratory, Energy and Environ-
ment Division, University of California, Berkeley.

THans Martin Mathisen, Research Engineer, SINTEF, Division of Energy
Technology and Fluid Dynamics, Trondheim, Norway.



e’

ABSTRACT

A two—-zone mixing model is used to describe the concept(s) of and to
define the effectiveness of ventilation. Multiroom aspects and pro-
cedures for measuring ventilation effectiveness are dealt with,

The simple two zone model, experimentally verified by laboratory
tests, predicts generally high effectiveness for ventilating systems
using the displacement principle, taking advantage of stratification.
Tests_ using this principle in an office room for one to three persons
(28 m“, 2.8 m ceiling height), are reviewed.

Stratification was secured by supplying the ventilation air with a
temperature always lower than the air temperature in the zone of occupa-
tion. Necessary heating of the room was provided for by using panel
heaters wunder the windows; the air supply was located at the opposite
wall. :

For winter conditions, the stratification was weak and also more or
less impaired by the convective air circulation created by the panel
heaters. However, the system behaved as a displacement flow type sys-
tem.

For summer conditions, efficiency was usually higher than for winter
conditions but was dependent on how the surplus heat entered the room.
The lowest efficiencies occurred when the only heat sources were persons
and solar-heated floors. The required supply-air temperature for cool-
ing is higher when using the described principle instead of complete
mixing.

Ventilation efficiencies were higher for this ventilation design
than complete mixing efficiencies in all tests.

Keywords: ventilation effectiveness, displacement ventilation, modeling,

tracer gas, air quality, measurement, contamination, dispersion.
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INTRODUCTION

The primary aims for ventilation are to remove pollution generated in an occupied space and to
supply fresh (clean) air in order to maintain air quality in agreement with applied standards,
which normally means to eliminate any health risk related to air quality in the zone of occupa=-
tion. In addition, ventilation is also needed for eliminating fire hazards and building damage
resulting from flammable gases, humidity, and corrosive gases.

Requirements are often expressed as air-exchange rates for the different rooms. Unfor-
tunately, this 1is not satisfactory for assigning air quality for the zone of occupation. Since
there i{s a tendency to decrease air-exchange rates for the purpose of saving energy and reducing
the cost of heating and ventilating, we are now approaching the safety limits for air quality,
and the effectiveness of the ventilating system becomes very important.

The ventilation process is a complicated flow problem. However, the concepts of ventilation
efficiency, or ventilation effectiveness, can be used as a guide for designing more efficient
ventilating systems with respect to both energy usage and air quality. This paper describes
these concepts and wuses them to discuss appropriate research work carried out in Norway and
Sweden., The term ventilation effectiveness is used in-this paper rather than ventilation effi-
ciency. It 1is thought that this is more meaningful and is in full agreement with the notation
used in Scandinavia.

VENTILATION EFFECTIVENESS

The equation for conservation of mass for a single room can be written as follows:

R ° [ ; (_ ) '] g o] ( )
V, — = Q = T. - C v o+ E. 1
R dt (& E R T

.

where

Spatial mean concentration (mass/unit volume)
Concentration of contamination in the exhausted air

o b

CS = Concentration of contamination in the supply air

E. = Elimination rate by removal mechanism j

QJ = Contamination production rate (mass/unit time)

Vi = Flow rate through exhaust device i (equal amount
of air is to be supplied)

VR = Total room volume

t = Time

The left-hand side of the equation represents the concentration change if contaminant generation
and removal are not in balance. The conditions for the zone of occupation do not enter directly
into this equation but are proportional to either or Cé. However, the constant of propor-
tionality differ between systems because of different flow patterns and turbulence level. The
conditions are largely influenced by the thermal conditions of the ventilating system and the
room and also the occupational characteristics and the characteristics of the pollution sources.
As can be seen it is not possible to control the air quality by controlling the mass balance
parameters as inlet/outlet conditions and ventilation airflow rate. In other words, 1t is not
possible to design for air quality by using the general mass balance equation.

A better approach 1s to develop relations between the conditions for the zone of occupation
and the parameters in the mass balance equation. It is appropriate to call these relations per-
formance parameters or efficiencies. If the elimination rate is subtracted from the production
rate, one may, for the steady state situation, write the mass balance equation as follows:

. m
Q - Z éj ’ (2)
S L2 S complete mixing flow _rate
cm Ccm - CS .

where

Ccm = complete mixing concentration

= volumetric mean concentration for the exhausted air



Without going into details 1t is interesting, at this point, to state that. ventilation airflow
rates can be decreased by using three different approaches.

1. Reduce contaminant generation.

2. Increase local elimination.

3. Increase concentration differences between supply and exhaust.

The first two approaches are obvious and the practical implications are also obvious. The third
one seems to oppose air quality. The concept of ventilation efficiency will show that this is

not the case. If the concentration in the zone of occupation, CO’ is measured an apparent air-
flow rate for the room can be calculated.

¥ = j=1 (3)

V, = Apparent ventilation air flow rate (m3/s)

Now, the ventilation effectiveness can be defined as the ratio between Va and ch.

va Ccm - CS Ccm B CO
6, = o= o -1+ = )
st Yoo % - S % = S

CCm is equal to the mean exhaust air concentration, ti, and is not a direct measure of the air
quality. Through the ventilation effectiveness the concentration in the zone of occupation
(i.e. the air quality) can be determined. Designing systems having C__ > CO is efficienti: This
means that increased concentration difference between supply and exhaust does ndt necessarily
impair air quality. It also means that aiming at complete mixing is not the best guide to effi-
cient ventilation., These conclusions are arrived at in a rather simple and obvious way without

having any theoretical flow model for the room.

To expand this concept a two-zone single~room mixing model is introduced (figure 1). This
model 1is chosen not only because it is simple but also because practical experience has-indi-
cated that ventilated rooms tend to behave like this., The two zones are the supply zone and the
rest of the room, For simplicity, the supply—air concentration is taken to be zero and the net
production rate, Qn' is introduced.

- - m -
Qn = (Q - EEj)
3
d-cl én y + 512 (y - x) + BIZ (5)
T Tk vVv. "X nt, + K nC,
T, ( Bys L= x+ B,

2. (1 -9 n - T2
ac (1-kgv+1-k“c1 T =% nC,
where

" = Mean concentration in zone 1
29 = Mean concentration in zone 2
k- = Ratio of volume of zone 1l to total volume
v = Total room volume
¢ = Relative production rate 1in zone 1
Qn = Total net production rate of contaminants
512 = Interzonal mixing parameter
n = Nominal air-exchange rate (¥/V)

x = Relative supply airflow rate for zone 1
y = Relative exhaust airflow rate for zone 1l

Each zone is assumed to be well-mixed. These equations can be rewritten:
dC1

-~ = a  + a . C

6
dt 10 11 < (6)
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The steady-state solution is obtained by letting the time derivatives become zero. The
state solution 1is:

T . —210%22 7 %20%12
b33 7 31%,

= . 220%11 ~ %10%21
31281 T 311222

The steady-state ventilation effectiveness, letting zone 2 be the zone of occupation, is:

Ul ook P12%21 T %1% _ %
2 "% %0 | ()
a g 11 21
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New information is obtained by solving the equations when a1 = 3y = 0 in Eq. 6 ,i.e.,
for the step response.

A A
- 1 2
Cl - Kle + Kze
A A
1 1 2 2
té =K - kze + KZ- kze
A--l-(a +a)+l(a —a)+lbaa'
1 2 11 22 2\*“11 22 12721
A, = 1 (a + a,,) - =lta a )2 + 4a ;Aj
2 2 11 22 2 11 22 12721
3 Ap - o2y
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12
2 Ay -y
k2 = a
12

steady-

D

(8)

solving

1€))

Al and Az are the eigen values. See Sinden (1978) or Rektorys (1969) for the complete solution.

a and a,, are negative and IAII << IAZI, which means that the decay curves have the same time-
constant after a sufficient time, approximately 3'(1/A2). The characteristics of the decay

shown in figure 2, are:

1. The system is controlled by the longest time-constant, 1/),, indicating that the
curves become parallel using a semilog graph where the time scale 1s linear.

decay



2. The slope of the decay curves during the stablized decay period,
t > 3(1/)2),is less than for a complete mixed decay if supply and exhaust are located in the
same zone (short-circuiting). The slope 1s steeper if supply and exhaust are located in oppo-
site zones (displacement). :

3. The concentration is lowest in the supply zone.

The slope of the parallel ccrves, Al’ omitting the sign, is an apparent air exchange rate,
characterizing the whole room, not specifically the zone of occupation. The ratio - Al/n is a
transient ventilation effectiveness, 6,_, and indicates, first of .all, the existence of short~
circuiting. The influence on air quality depends on whether the zone of occupation is in the
supply zone or not, Since this effectiveness index is not dependent on the source, it is not a
good air quality indicator. However, if the short-circuiting takes place outside the zone of
occupation, the index is proportional to the steady-state ventilation effectiveness and further,
as a time~constant indicator, it tells how fast the zone can be emptied of contaminants if the
generation stops, compared to complete mixing.

The areas under the curves are a measure of the exposures. These can be used for assigning
ventilation effectiveness as shown by Sandberg (1981). 1If the room is completely mixed at zero
time, the ratic between the initial concentration and the area under the concentration curve
measured at an arbitrary point 1s a local air exchange rate because, inverted, it gives the
local residence time for the contaminants and also the air at that point. ‘A similar time-
constant can be calculated from the following expression (Sandberg 1981, 1982): using a pulse
injection.

@
JCt)tde
1.0
o Lo}
" Jc(erae
o

Comparing this local air exchange rate with the nominal rate gives all information about the

dilution process at this specific location. The local transient ventilation effectiveness is,
for this reason, calculated as €°c = n%n. However, this effectiveness index is not a complete
air quality indicator, because ft does not depend on any type of contamination source, except
one. It coincides with the steady-state ventilation effectiveness for a homogeneous source.
The three effectiveness expressions, GS , Gtr' and €° describe together the ventilating system
in a room very well, Theoretical calcufations based on the two zone model can be used to
develop a design guideline for ventilating systems., However, the model does not reflect details
for concentrated sources, but the qualitative result is correct.

Scandinavian research work has verified the validity of the two_zone model (Sandberg 1981,
1982; Skaaret and Mathisen 1981; Mathisen and Skaaret 1981; Malmstrom and Ahlgren 1981).

Figures 3 and 4 show calculations of expected effectiveness as a function of the mixing parame~
ter for four different schemes of ventilation. In these figures, B;, expresses the interzonal
mixing intensity, which indicates complete separation when B , = 0 ané complete mixing when B 2
= . It is readily seen that interzonal circulation (mixing) has to be at least 15 times t%e
nominal ventilation airflow rate in order to characterize the space as completely mixed. ]
expresses the ratio between the production rate of contamirants in the upper zone and the total
production rate. One can see from the graphs that the short-circuiting types of systems require
intense circulation in order to achieve proper ventilation effectiveness. The effectiveness
decreases sharply when the mixing parameter falls below 4 for the ceiling type of short circuit-
ing schemes., These types of systems are, unfortunately, widely used. The most interesting
feature to see 1is the very good performance of a vertical-up displacement type of system. The
curve denoted ¢ = ] indicates promising results. In practice this can be achieved if contam-
inant sources and ventilating system can be matched in a way that a plug flow type of contam—
inant flow {8 obtained from zone 2 to zone 1. Experience from industry indicates that this is
possible when there are point sources present that emit contaminants that have a density lower
than the room air. It 1s realistic here to achieve values for pl lower than 1. Pure plug
flow is difficult to achieve in practice, however. The only way to create this is to supply air
through a porous floor and exhaust it through a porous ceiling and have a rather high airflow
rate (displacement velocity higher than 0.25 m/s), which for a room height of 2.5 m gives 360
air changes per hour. When utilizing thermal stratification, i.e., supplying air with a tempera-
ture not higher than the temperature in the zone of occupation and with low veloctty, practical
experience shows that the displacement flow thus created has properties close to plug flow. As
pointed out, the two zone model 1s verified through laboratory tests and experience 1in
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industrial ventilation., The displacement ventilation principle is, apart from in industry, also
used in concert halls, theaters, sporting halls, and office type spaces with good results.

For some room types, especially large rooms, more than two zones are developed. However,
the predictions resulting from the two zone models are still valid. Short-circuiting is defined
in the same way, but displacement should be defined as exhaust from the zone that 1is farthest
away from the supply zone.

Ventilation of office rooms equipped with a vertical-up displacement system has not been
investigated earlier. Research work 1in Norway during the last year has been devoted to this
type of system,

ASPECTS OF MEASURING VENTILATION EFFECTIVENESS

Single-Room Building or Sealed Rooms.

Steady-state ventilation effectiveness can be measured by measuring the concentrations of
the actual contaminants at significant locations in the zone of occupation and in all exhaust
ducts, together with measuring the airflow rates. Total airflow rates are determined by carry-
ing out a completely mixed decay preferably using a tracer gas. The complete mixed concentra-
tion is determined either by calculating an air flow-weighted average concentration for the
exhaust airflows or, if in/exfiltration is a significant part of the total ventilation, at cer—
tain intervals to artificially mix the air in the premises without influencing infiltration,
disturbing neither the sources nor the elimination devices and measure the new steady state con-
centration, which will occur after a time period of 3 nominal time constants.

Contaminant sources can also be simulated by using an appropriate tracer gas, which
disperses similarly to the actual contaminants.

Using a tracer gas is an appropriate procedure for measuring transient effectiveness, Local
and overall effectiveness are determined from the same tests by starting with a well-mixed room
or using a pulse injection technique. Note that it 1is not necessary to start with a well-mixed
room for determining the slope of the curves. The nominal air-exchange rate is determined from
a well-mixed decay as previously stated.

Multiroom Buildings

For multiroom buildings it is necessary to differentiate between single-room effectiveness
and distribution effectiveness. The communication between the rooms has to enter into the mass
balance equation, which for each room takes the following form:

. dE; r o . r . - .
Vige |Gt (ST - 5T Y] - T g (10)
J:O j=1
where
Qn = Net generation rate
i = room i
r = number of rooms in the building
o = outside

The number of rooms communicating with room i is normally less than r. Maldonado (1982) denotes
the expression within the square brackets as the net zonal generation rate. The local ventila-
tion airflow rate or better, the local time constant, is determined from the area under the
curve method, starting from a well-mixed building. This method takes into account the fact that
the air {s used before entering another room. The slope of the curve method involves the same
procedure, The distribution index is determined by comparing the local air-exchange rate (time-
constant) with the nominal rate (time-constant) measured by using a total building well-mixed
decay. Single-room effectiveness can be determined by comparing with a well-mixed decay within
each room but not between rooms. The amount of outside air to each room and the flow between
the rooms can be determined by solving the complete mass balance equations from the tracer gas
decay (Sinden 1978). The flow of outside air to each room may be determined by using a steady-
state tracer gas method keeping the concentrations in each room constant and equal and measuring .
the generation rate for each room (Freman, Gale, and Sandberg 1982). The decay method will be
more successful having one specific tracer gas for each room and measuring the simultaneous
decay for each tracer gas. The transient effectiveness can now be determined from the area
under the curve method and the calculated exchange rates of outdoor air, Steady-state effec-
tiveness are more difficult to determine. However, measuring the concentrations of actual



contaminants as described for the single room is the most accurate procedure. It is also possi-
ble to use a room-by-room tracer—-gas procedure. In addition an exposure index can be determined
by using a room-by-room pulse supply and measuring the response for each room. The ratios
between each area and the area for the reference (supply) room is a relative exposure index
(Sandberg 1981; Maldonado 1982), which can be used to account for contaminant generation in
other rooms. This pulse technique can also be used to calculate local time constants by the
integration procedure. Each contaminant source can be simulated simultaneously in each room
using tracer-gas and having the correct relative strengths. It is, of course, necessary to dif-
ferentiate between the different contaminants,

Details regarding instrumentation will be omitted here, except to point out that the choice
of tracer gas is dependent on many considerations, such as molecular weight, toxicity , flamma-
bility, absorbity, instrument cost, etc. For large rooms, it seems also to be necessary to use
tracer gases that can be detected at low concentrations to limit the amount of tracer gas
needed.

DISPLACEMENT VENTILATION VERTICAL-UP FOR SMALL OFFICE ROOMS

A characteristic feature of this type of ventilating system is that air is supplied with a velo-
city complying with the normal theoretical comfort range. The turbulence intensity is kept as
low as possible in order to promote displacement flow. The ventilation air is not used for
heating, consequently, separate heating systems are required. All types of convective and radi-
ant heating can be used, but radiant heating seems to be the most appropriate.

Tests have been carried out in a room approximately 78 m3 with a floor area of 28 m? (figure
5). Air was supplied through an ad justable opening in the short wall opposite the window wall.
Supply velocity was below 10 cm/s. Both size and geometry of the supply opening were varied as
well as supply airflow rate and temperature,  Air was exhausted under the ceiling at the same
side of the room as the supply device. The room was heated by electric convective heaters under
the windows. The windows were simulated by water-cooled panels. Initial tests revealed that in
order to avoid cold draft along the floor coming down behind the convectors, it was necessary to
have a window sill to deflect the cold draft into the convective air currents above the heaters.
Persons in the room were simulated by heated cylinders having a surface area and heat output
equivalent to a sedentary average adult person. The contaminations from the persons were simu-
lated by using N,O as a tracer gas. Ventilation effectiveness was measured by measuring the
concentration of this tracer gas with an IR analyzer. Air temperatures and air velocities were
also measured, Data were collected and processed by using a microprocessor-based data-logging
system. Other heat sources simulated were lighting and solar radiation. Solar heat input was
simulated by using an electric heated film, covering parts of the floor, simulating direct inso-
lation through the windows.” In addition, the windows were kept at a temperature that accounted
for the absorption of solar radiation. There was no furniture in the room; the data acquisition
system did not allow for that. Several tests were.carried out simulating winter and summer con-
ditions,

Winter Conditions

There was no cooling 1oad. The transmission loss was covered by the internal heat loads and
the heaters. The supply air temperature was kept slightly below the temperature in the zone of
occupation. The resultant temperature increase for the air through the room was approximately 1
K, which means that the thermal stratification was not pronounced. The resultant effectiveness,
measured 1.6 m above the floor level, are shown in table 1.

TABLE 1
Alr exch. rate (h-l) 1 2 3
€. = Con/Cs 1.15| 1.3 | 1.9
Gtr = -)\/n 1,10 1.25 1.8
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These tests show that there are at least two circulation zones in the room, in spite of the
small temperature differences, and also that a displacement flow type exists. Note that etr is
not dependent on the source characteristics. 1Tt is obvious that this system performs better
than conventional systems in spite of the circulation generated by the heaters, the persons, and
the convection currents along the room surfaces.

Summer Conditions.

The effectiveness of removing heat load is now of additional interest. The conservation
equation for mass is also valid for heat, because the dispersion of heat in air is identical to
the dispersion of mass when conditions are turbulent, For this reason the effectiveness expres-
sions developed for mass transport can be used, using temperatures instead of concentrations (in
reality it is (pCpT) that replaces the concentrations, but (pCp) may be considered constant for
the temperature range in question), The calculated effectiveness are called temperature effec—
tiveness. In reality it is ventilation effectiveness with respect to energy. The steady-state
temperature effectiveness cannot be expected to be equal to the concentration effectiveness
because of the different source and removal characteristics (heat is, e.g. absorbed, transmit-
ted, or emitted by the surrounding surfaces.) Transient temperature effectiveness was not meas=-
ured.

Figures 6 to 9 show some of the tests carried out. As one can see the results vary with the
heat source configurations, which is logical, because they have a significant influence on the
turbulence structure and intensity. Solar heat load alone causes the lowest effectiveness. The
reason for this 1is probably the generation of strong convection currents in the middle of the
room causing rather good mixing. However, increasing the airflow rate increases the effective-
ness. The lowest transient ventilation effectiveness 4is 1.2, which clearly indicates the
existence of a displacement type of flow patterns for the room with two or more =zones, The
steady state ventilation effectiveness ranges between ! and 15 in the zone of occupation. The
steady-state temperature effectiveness in the zone of occupation ranges between 1.15 and 1.5
indicating that cooling energy can be saved using this principle. Another feature is that the
supply air temperature will be higher than for conventional systems, indicating that free cool~
ing can be used at higher outdoor air temperatures. Finally, mechanical cooling ratings are
lowered and COPs for the machinery are increased.

Discussion

The system 1is not optimized through these tests. A better matching of supply air location
and diffuser geometry to the heat and contamination sources might improve the efficiencies. The
main information from the tests is that the displacement principle described, is working in a
normal office room. The comfort implications need also to be mentioned. All results show tem-
perature differences from floor level to 1.5 m above floor level less than 2 K which indicates
that comfort conditions are not violated.

CONCLUSIONS

A two-zone mathematical model for studying contamination dispersal in a room is described. From
this wmodel, concepts and definitions of ventilation effectiveness are derived., Steady-state
ventilation effectiveness is defined as the ratio between the complete mixing concentration and
the actual concentration in the zone of occupation. Overall transient effectiveness is defined
as the ratio between the nominal time-constant and the longest actual time-constant for the
room. Local ventilation effectiveness is defined as the ratio between the nominal time-constant
and the local time-constant,

Using these definitions and the theoretical two-zone model, it is shown that the vertical-up
displacement ventilation principle is more efficient than the complete mixing principle.

Tests carried out in a 78 m3 test room show that the vertical-up displacement principle is
practical and performs as predicted by the theoretical model. Steady-state ventilation effec-
tiveness ranged between 1 and 15, and transient overall effectiveness . between 1.2 and 3.0.
Vertical temperature gradients in the zone of occupation were within the thermal comfort limits
i.e., less than 2 K.
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Figure 1. Two-zone mixing model with no external recirculation. Each
zone has good mixing.
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Figure 2. Decay characteristics for a two-zone mixing model.
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"Figure 6. Measured concentration and temperature effectiveness in the
test room. , Upper scale shows relative concentration (tem-
perature) prbfiles. Lower scale shows effectiveness pro-
files. Excess heat given off by persons. 2 ach.
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Figure 7. Measured temperature and concentration effectiveness.
Scales are the same as Figure 6. Excess heat given off by
lighting and persons. 2 ach.
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are the same as Figure 6. Excess heat caused by insolation
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Figure 9. Measured temperature and concentration effectiveness.
Excess heat from solar radiation and persons. 4 ach.
Scales are the same as Figure 6.
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