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Figures 1g-lm. Results of measurements with various ventilation patterns.
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Abstract

Several air distributon methods were analyzed on an experimental
basis at Flikt's Indcor Climate Center in Stockholm for the purpose of
studying thermal comfort as well £ air qualicy. The tests were conducted
in a typical oEfice module (15 m”) durirbg three cocoling load 2sil:uations:
summer (45 W/m"), spring/autumn (25 W/m") and winter (4 W/m"). Climate
data from the Stockholm area were used in all three cases. Test results
were reported for jet-controlled air distribution with slot air diffusers,
and for thermally controlled air distribution with wall-mocunted as well as
floor-mounted air supply devices.

Introduction

In the most common air distribution principle used to date for
commercial and institutional ventilation, the air flow in the room is
centrolled by air jets from the supply air device. This method is design-
creating a steady Eiféﬁiéiing air stream with high degree of mixing air
flow. This type of air flow is characterized by small pollution and
temperature gradients in the room.

During the past few years, notably in the Nerdic countries, a great
deal of attention has been paid to an air distributior principle in which
the air flow 1s controlled by thermal forces from heat sources in the
room. The principle has therefore been designated thermally controlled air
distribution. In this type of air distribution, undertempered air is
supplied at low velocity and at floor level. The air is conveyed upwards
to the ceiling by natural convection currents emanating from heat sources.
At the ceiling, the air is exhausted. The resulting vertical temperature
stratification provides a relatively stable displacement air flow in the
lower part of the room, while the natural convection currents generate a
mixing air flow in the upper part of the room. The relationship between
the total strength of the heat source and the magnitude of the supply air
flow will determine how far the mixing will peretrate down in the room
and, consequently, the degree of mixing in the occupied zone. Displacement
alr flow is characterized by small spreading of heat and contaminants.

Thermal comfort conditions are stated in terms of temperature level,
temperature gradient and air velocity, while air quality here is expressed
in terms of &ir age and air pollution councentration. The air age indicates
the rate at which room air is replaced with supply air, and thus can be
considered as an Indirekt measure of how quickly pollutants are removed
from the room, provided that the contaminants are produced uniformly
throughout the room from a homogenous source of pollution.
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Experimental Facility and Procedure

The meagurements were made in a tygical office module with a floor
area of 15 m" and & room volume of 40 m~ (Fig. 1). The window 1is triple-
glazed with an intermediate venetian blind. Other surfaces in the room are
well insulacted. Three load cases were selected - summer, spring/autumn and
winter — using Flike's VENTAC computer program for calculation power and
energy requirements in buildings. In new construction today, typical
interior heat loads generally require the supply of cooling to a room
throughout the year. Based on climate data from Stockholm, and loads in
the form of lighting, people and computers (Tzble }), the required cooling
capacity was calculated at 45, 25 and 4 W per m~ of floor area for the
three load situations. Other design data are shown in Table 1.

Table 1. Design data for the three load cases

Loads Cooling
fl.oad Ceiling Desk |Person|[Com- | Win- load Alr flow Temp-diff Temperatures
lcase lights lawp puter| dow 2 2 suppl\ol/exhausl ogm ndow
(W) (W) o) OB RCOBECORCTESIISVERVERS) (&9) [ ]

ia. Summer 290 60 75 100 160 | 685 45 57 3,8 10 25 33
b, " - " " " " “ " 71 e 8 " "
2. Spring/

Autumn 240 60 75 0 0 375 25 39 2,6 8 23 23
3. Wincer 105 10 75 0 |-120 60 4 10 0,87 5 22 15

Test results are shown for one air distribution method providing a
mixing air flow - jet-controlled air distribution with slot diffusers
mounted in the ceiling by the facade wall - and for two methods that
partly produce a displacement air flow - thermally controlled air distri-
bution with low-velocity supply air devices mounted at the lower part of
the corridor wall, and the same distribution method with fleoor air supply
devices. Fig. 1 shows dimensions, positions and furnishings. In all three
air distribution methods, the exhaust air device of the slot air diffuser
type, is mounted in the ceiling by the corridor waal. The supply air
device has been adjusted for an air flow of 3.8 1/s, m~ floor area in the
summer case. The reduction of the air flow to &6 % in the spring/autumn
case, and to 18 % in the winter, simulates a VAV system. The slot diffu-
sers used in test are Flikt's type CTA(A,B) (2 for supply air and 3 for
exhaust air). The low-velocity device is of the type Diff-A (2), while the
floor device is Krantz type BR (9 placed in a square pattern at a disctance
of 1.2 m).

To analyze the thermal comfort provided by the various air distribu-
tion methods, the temperature and air velocity were determined at 50 and
30 measurement points, respectively, ir the room. The test methodology is
described more in detail in ([1].

The air quality was analyzed by determining the air age in 4 measure-
ment points at the workplace and in 6 points at places in the room that
were more thermally neutral [ 1]. The local age of the air (at point p),
which indicates the amount of rime required for the supply air to reach
the point in question, is desigrated T, and was determined with tracer gas
mezsurements. The mearn age of the room air,<T>, which is proportional to
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the time it takes to exchange the air in the room, was determined only

. through measurements in the exhaust air (2]. The air age 1is given in

dimensionless form by normalizing the age with the room's nominal time
constant T = V/q, with V = room volume and q = air flow.

The air quality was also analyzed by determining the contaminant
concentration at equivalent places with a source of pollution in the
vicinity of the workplace (Fig. 1). The ssationary pollutant simulated
cigarette csmoke with a density of 1.14 kg/m™. The local concentration of
the contaminants is stated in dimensionless form by normalizing the
equilibrium concentration (at point p), C (ce), with the corresponding
concentration in the exhaust air, C (ev). 'The normalized age as well as
normalized concentration can very between 0 and oo and is equal to 1, when
total mixing air flow is obtained.

Thermal comfort

For good thermal comfort, the desired air temperature has to be
created without causing excessively high air movements or temperature
gradients in the room. In accordance with 1SO/DIS 7730, vertical tempera-
ture differences below 3 °C between 1.1 and 0.1 m from the floor (head and
ankle level when a person is seated) are required, as well air velocities
in the occupied zone (up to 1.8 m above the floor) of below 0.25 m/s
during the summer, and 0.15 m/s during the winter.

Jet-controlled distributggg.yirh slot diffygggﬁ provided a stable,
circulating air stream with the highest velecities being 0.25 m/s in the
summer, and 0.18 m/s in spring/autumn, at floor level. In contrast, the
circulation air stream was not fully developed in the winter, due to the
VAV function with a sharp reduction in air flow, and air velocities below
0.10 m/s were obtained throughout the room. The temperature gradients in

the room were very small during all three load cases (see Fig. 2).

velocities throughout the room, except at floor level in the vicinity of
the supply air device. With the low-velocity air supply device, the
highest velocities measured 0.1 m above the floor were 0.22 m/s in the
summer, 0.16 m/s in the spring/autumn, and less than 0.10 m/s in the
winter. With the floor air supply devices, the highest air velocities were
obtained in the areas Immediately surrounding the supply inlets. The
highest value, 0.12 m/s, was measured in the summer. In thermally con-
trolled air distribution, the vertical temperature gradient limited the
supplied cooling power. In the summer, the low velocity device produced a
maximum temperature difference of approximately 5 C between 1.1 and 0.1 m
above the floor (Fig. 2), which does not meet ISO standards. The corres-
pending temperature gradient obtained using the floor devices was a few
degrees lower, approximately 3.5 C, since the devices produce some mixing
air flow in the lower part of the room. To reduce the temperature gradient
when low-velocity devices were used, the air flow in the summer was
increased 25 %, and che difference in the supply and exhaust air tempera-
ture decreased to a corresponding extent (Jload case 1b_in Table 1). The
previousl% measured temperature difference of about 5 C was reduced to
about 3.5 C as a result (Fig. 2). In the spring/autumn, slightly lower
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temperature gradients were obtained. The IS0 standard of 30C was managed
with the low-velocity device, while the value with the floor device was
about 1 C lower. In the winter, the temperature gradients with both air
distribution methods were less than 2 C cthroughout the occupied zone,
since the natural convection currents from windows and heat sourceg -
which were large in relation to the small air flow of 0.67 1/s, m" -
caused a mixing effect in the room. Note that the difference in tempera-
ture level prevailing in the room during the various tests had a negli-
gible effect on both the temperature gradient and air velocity.

Air quality

Fig. 3 shows the air quality as the age of the room air at the work-
place normalized by the nominal time constant. As shown in the figure, the
slot air diffusers provided a strong mixing air flow with values for the
normalized age of just above | in the summer and spring/autumn cases,
while a small temperature stratification in the winter (Fig. 2) caused a
slight short-circuiting air flow in the upper part of the room (about
1.5 m above the floor). With both low-velocity and floor supply air
devices, the larger temperature stratification clearly caused a displace-
ment air flow in the lower part of the room (up to about 1.5 meters above
the floor). In this zone the age of the air in the winter was approxima-
tely 25 % lower than in total mixing air flow, and when compared with the
other load cases, was approximately half as large. Note, however, that the
air flow in the summer and spring/autumn cases was respectively 5.7 and
3.9 times as high as in the winter case, why the air exchange rate also
with mixing air flow was substantially higher in these locad situations,
compared with the winter case. The small age differences between the two
thermally controlled air distributicn alternatives can be explained by the
fact that the floor devices provided some mixing effect in the lower part
of the room. In the upper part of the room, even at standing height (1.8 m
above the floor), strong mixing was obtained with normalized age values of
more than 1. The differences concerning the entire room will not be as
large as those in the lower zone, which is directly shown by the compari-
son in Fig. 3 between the mean age for the entire room and the local age
in the lower zone. The uncertainty of the measured values was greatest in
the winter case, since the impact of air leakage during the tests was
greatest when the air flow was low.

The stationary concentration measurements, with the pollution source
in the wvicinity of the workplace, symbolized passive smoking without
dynamic disturbances. As shown in Fig. 4, the convection currents produced
by body heat attracted the pollutant, resulting in high concentrations in
the breathirg zone, as long as the air movements created by the supply air
device did not dominate and remove the pollutant from the workplace. Slot
diffusers were capable of producing a dominating air stream in the summer
and spring/autumn cases, with air velocities of approximately 0.10 m/s at
the workplace, while the convection currant around the body dominated in
the winter, due to the sharp reduction in supply air flow. However, in
this load situation, the concentration in the breathing zone was again
lower with the jet-controlled air distribution method, compared with the
thermally controlled air distribution alternative, which caused very high
concentrations in the breathing zone in all three load situatioms.

3N

Conclusions

Good thermal comfort in accordance with the ISO standards was main-
tained under the circumstances with all three air distribution methods in
both the winter and spring/sutumn cases. However, ir the surmer case, the
150 standard sets the upper limit to cooling power supplied to the room.
The jet-controlled 315 distribution method could supply @ maximum cooling
power of about 45 W/m”, with a difference of 10°C between the supply and
exhaust air temperature, and without causing overly high air velocities.
In contrast, the thermally controlled air distribution methods required a
smaller temperature difference and consequently, a higher air flow, to
supply equally high cooling power without causing an excessively high
vertical temperature gradient in the room. With low-velocity devices, the
difference between the supply and exhaust air temperature has to be kept
bglou 7°C approximately, while the floor devices permit a difference of
9°Cs

The air quality, ir terms cf the air excharnge rate, was very good
with all three air distribution methods in both the summer ,and spring/
autumn cases, due to the high air flows of 5.7 and 3.8 1/s, m . In winter
with the air flow of 0.67 1/s, m" the differences in air age were too
small to ascribe better air quality to the thermally centrolled air
distribution methods, especially since the concept is only an indirect
measure of room air cleanliness. The simulation of passive sucking at the
workplace showed that convection currents around a seated person have the
ability to attract smoke, resulting in very high concentrations in the
breathing zone when the thermally contrelled methods were used. A higher
concentration in the breathing zone was also caused by the jet-controlled
method in the winter case.

In summary, it may be stated that thermal comfort in an office room
is affected considerably by the air distribution technique, while the air
quality is primarily determined by the magnitude of the air flow.
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Abstract

The two purposes of a building ventilation system are (1) to remove indoor
contaminants and (2) to provide thermal comfort. Ventilation effectiveness is
measured using tracer gas techniques and age distribution theory to compare the

¥ Towevesoni i 5. Connguarae. 2™ actual delivery rates of outside air at specific locations to those projected for the
3 B s devicn 3 Comtarmiant source (01 m above the deck and case of perfect mixing. ADPI is a thermal comfort parameter which compares the
Siicompies S g ine venlcal mersirement e atthe effective draft temperature as determined by dry bulb temperatures and  air
speeds to acceptability criteria established by ASHRAE. Three different =

Fig 1 Threa diflerent air distribution methods were tested 1n an experimental oflice module. Air was supphied

10 the room through siot difusers, low-velocity devices and lloor devices. supply/return configurations were evaluated for a recirculating constant volume
system in a steady heating mode under standard conditions for an office space,
: = Ventilation effectiveness ranged from 0.57 to 0.76 at points in the occupied zone.
L / /7 f//ﬂ ADP] measurements ranged from 81 to 94 %. Short circuiting of supply air to the

o AW & return air inlet was evident in tests of each configuration. More research is
a‘;ff required to characterize the performance of existing systems and develop more
s E effective ventilation strategies.
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Fig 2 Mosimum verical winpeiature grachent for tha (hree i dhsaulion meihods 1y idicsias exhausi o (emperatore Ventilation systems in the United States are designed to recirculate air at rates
of 4 to 10 air changes per hour in order to satisfy internal cooling loads and
Summer (1, 0201 Sprng/avwumn by, - 623 1) Wantes (1, 4 31101 provide acceptable thermal comfort. The flow rate of outside air required to

ypom wl S ey, remove indoor contaminants is often set at recommended minimums as a result of
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o8s energy considerations. These recommendations follow from tests and calculations !
wer which are based on perfect mixing of indoor contaminants and outside air. The |
recommended minimum flow rate of outside air for an office space ranges from
25 10 10 Vs - person (1) which for an occupant density of 7 occupants/100 m?>
translates into ~ 0.2 to 0.8 air changes per hour or between 5 and 25 % of the totul HL
air circulation rate. While this relatively high rate of air circulation to outside air f
R SR L R e e L B flow suggests that the delivered outside air should be well mixed with the indoor !
2 Narmalibed sgsai, Mo air the few tests conducted to date (3,4,5) indicate that the actual delivery rates of

b 3 Normaiued age of ow st the wrbl . 1, /1, and Iha namiared mean age (or the antre wom + | </1p outside air to points in the occupied zone may be substantially less than those

projected assuming perfect mixing. The effectivness of a ventilation system to

e ; deliver outside air to the occupied zone of a building is effected by a number of

i T A F | variables including the configuration of the supply/return air circuits, the rates r
| i ! of air circulation and outside air flow, the mode of operation (e.g. cooling,
heating), and the presence of interior partitions. In this paper we compare
measurements of ventilation effectiveness and thermal comfort for three
supply/return configurations of a recirculating constant volume system in a
steady heating mode under recommended minimum ventilation rates for an office
space (1).
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