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ABSTRACT 

In order to improve the indoor air quality 
in a room and to save energy, the air move
ment and contamination distributions in the 
room with ventilation have been studied 
experimentally and numerically. The experi
ment is carried out in a full-scale climate 
room with different air supply systems, heat 
gains from the venetian blinds and ventilation 
rates. The measurements concern room air
flow patterns and air temperature, velocity 
and contamination concentration fields, etc. 
The airflow computer program PHOENICS 
and the cooling load program ACCURACY 
have been applied for the numerical simula
tions. PHOENICS solves the conservation 
equations of air mass, momentum, energy, 
concentration, kinetic energy and dissipation 
rate of kinetic energy. ACCURACY, which 
considers the influence of room air tempera
ture distributions, is employed for the deter
mination of cooling load, wall surface tem
peratures and convective heat transfer on 
room enclosure surfaces. These are the bound
ary conditions required by PHOENICS. 

The agreements between the computations 
and the measure men ts are good. The ven tila
tion efficiency and temperature efficiency 
which are used for evaluation of indoor air 
quality and energy consumption are reported 
for each case. Additional application of these 
computations to annual energy analysis is also 
discussed. 

Key words: Indoor air quality, air distribu
tion, energy conservation, ventilation, mea
surement, computation. 
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INTRODUCTION 

Since the energy crisis of the 1970s, the 
insulation of buildings has been improved to 
reduce heat loss in winter, heat gain in sum
mer and infiltration. As a consequence, the 
air-conditioning load in the buildings is 
smaller, and therefore, the ventilation re
quired has been reduced. However, the reduc
tion of the ventilation rate causes an increase 
of the concentration of indoor air contami
nants. This is one of the reasons that the 
problem of indoor air quality in office build
ings has received much attention from venti
lation engineers over the past few years. Many 
contributions concerning indoor air quality 
have been presented [1 - 3], and one of the 
practical control methods presently used is by 
space air distribution [ 1]. 

Due to the decrease of mechanical ventila
tion, the airflow in office buildings has changed 
from a forced into a mixed convection. Buoy
ancy becomes one of the dominant factors 
of indoor airflow. In most cases, there is a 
temperature gradient in a room. If the out
lets of a room are at different heights, the air 
extracted is of different temperatures. Be
cause air-conditioning load and inlet air tem
perature are related, a high location of the 
outlets requires a smaller amount of supply 
air in the cooling period. If the inlet air is 
supplied directly into the occupied zone, the 
average room air tern perature can be higher 
and this will reduce the cooling load. There
fore, the inlet and outlet locations of a room 
have a large influence on building energy 
consumption. 

Our aim is to study airflow, con~aminant 
concentration distributions and temperature 
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fields in a room in order to find reliable meth
ods both to control the pollutant dispersion 
and to use energy more efficiently. This re
search is carried out by experimental and 
numerical methods. Three different kinds of 
air terminal devices which can be located at 
different positions under different kinds of 
heat gain from the venetian blinds and under 
various ventilation rates are used for the 
investigation. 

The second aim of this research is to assess 
the agreement between measurements and 
computations with an airflow program and a 
cooling load program. 

EXPERIMENTAL SETUP 

The experiments were carried out in a full
scale climate room which is 5.6 m long, 3.0 m 
wide and 3.2 m high. In this room, four kinds 
of ventilation systems were used as shown in 
Fig. 1. 
- System 1: an inlet air diffuser 68 cm high 
and 50 cm wide was located on the floor 
near the rear wall. Two outlets were in the 
rear wall near the ceiling. A table 175 cm 
long, 145 cm wide and 85 cm high was placed 
near the window. 
- System 2: the air diffuser was installed on 
the floor near the window and there were two 
outlets in the rear wall near the ceiling. In this 
system, the table cannot be placed near the 

SYSTEM 1 

SYSTEM 3 
Fig. 1. The ventilation systems of the climate room. 
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window otherwise the inlet air is confined 
under the table. 
- System 3: two vertical jets were installed 
on the floor near the window. The inlet size 
for both of them was 100 cm long and 1 cm 
wide. Two outlets were in the rear wall near 
the ceiling. The table was located near the 
window. 
- System 4: two horizontal jets in the upper 
part of the rear wall were used. The inlet size 
of each was 25 cm long and 2 cm high. Two 
outlets were in the rear wall near the floor. 

The venetian blinds near the window can 
be electrically heated uniformly in order to 
simulate solar radiation. The floor surface 
temperature of the space above the room was 
controlled to be the same as that of the room 
and the ceiling temperature of the space below 
to be the same as that of the room. The total 
heat exchange through the side walls and the 
rear wall was controlled to be zero. The air 
temperature outside the window was set at 
23 °C. The sensor for the control of the room 
air temperature was placed in the middle of 
the occupied zone (x = 2.8 m, y = 1.5 m and 
z = 0.9 m). The set point of the sensor was 
23 °C. In order to simulate a contaminant, a 
constant helium source combined with 25 W 
of heat was introduced at the point x = 3. 7 m, 
y = 0.7 m and z = 1.1 m. The constant flow of 
helium, 0.5% of the total ventilation rate, is 
supplied for a period of one hour. 
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The measurements concern airflow pat
terns, air temperature, velocity and helium 
concentration fields, enclosure surface tem
peratures, inlet mass flow, and inlet and out
let air temperatures. The airflow patterns are 
observed by using smoke. The velocities are 
measured through hot-wire anemometers and 
the temperatures by thermocouples, all of 
them connected to a data logger. The anemo
meters and thermocouples are positioned in 
the middle section of the room (y = 1.5 m) as 
shown in Figs. 2(A) and 2(B). The helium 
concentration is measured by a portable gas 
monitor and its sampling tubes are placed in 
the positions y = 0.7 mas shown in Fig. 2(C). 

THEORETICAL BASIS 

Brief description of the computer program 
PHOENJCS 

The computer program PHOENICS is an air
flow program developed by Rosten and 
Spalding [ 4], etc. It is used for the calcula
tions of the distributions of room air velocity, 
temperature and helium concentration. The 
computation method involves the solution, 
in finite-domain form, of three-dimensional 
equations for the conservation of mass, mo
mentum, energy, concentration, turbulence 
energy and dissipation rate of kinetic energy, 
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with wall function expressions for solid 
boundary conditions. The governing equa
tions can be expressed in a single form: 

ctiv(p v¢ - r <t> grad¢) 

convection + diffusion 

= SBuoyancy + s</> 
= buoyancy source + other sources 

where ¢ stands for any one of the following: 
1, u, v, w, k, e, H and C. When ¢ = 1, the 
equation changes into the continuity equa
tion. A complete description of the theoret
ical basis can be found in refs. 4 - 6. The wall 
function used here has been modified by the 
authors in order to obtain better agreement 
on heat exchange through enclosure surfaces 
between computations and measurements. 

Brief description of the computer program 
ACCURACY 

In order to determine the boundary condi
tions for the airflow program PHOENICS, 
such as wall surface temperatures, inlet air 
temperatures, etc., the cooling load program 
ACCURACY is used [7]. ACCURACY is the 
acronym of A Cooling-load Code Using Room 
Air Currents (the final Y is added for eupho
ny). It is based on the room energy balance 
equation method and can consider the influ
ence of room air temperature dist:r;ibution. It 
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Fig. 2. Measuring positions. (A) Anemometers in the section y = 1.5 m; (B) thermocouples in the section y = 
1.5 m; (C) concentration sampling points in the section y = 0.7 m. 
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can also be applied for the determination of 
transient behaviour of concentration from 
the airflow patterns. 

The main difference between the program 
ACCURACY and other cooling-load programs 
based on the room energy balance equations 
is that the former considers transient tempera
ture differences between the air near the 
inside surfaces of an enclosure and the middle 
point of the room as shown in Fig. 3(A). 
These temperature differences can be obtained 
from the temperature distributions which are 
updated hourly from an airflow computer 
program, such as PHOENICS. However, it is 
too expensive to get time-dependent airflow 
and temperature distributions of a room from 
the airflow computer program based on the 
k-e turbulence model. This is due to the 
properties of the fluid and turbulence-govern
ing equations as well as the numerical method 
which requires a large amount of grid num
bers to give a good prediction. If a few typical 
airflow patterns of the room are precalculated 
and stored in a disk, hourly room air temper
ature distributions can be determined from 
the corresponding airflow pattern as shown 
in Fig. 3(B). This is possible because when 
the boundary conditions vary in a certain 
range, the airflow in a room changes very 
little and temperature fields have a large 
change. The latter method of calculations is 
much cheaper, and therefore, it is employed 
in ACCURACY for the determination of air
conditioning load and room air temperature 
distributions. A more detailed description of 
the computer program ACCURACY is given 
in ref. 7. 

ACCURACY calculates the radiative heat 
exchange between the room enclosure sur
faces, the transient heat conduction into 
those surfaces and determines the enclosure 
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Fig. 3. Program ACCURACY uses airflow patterns. 
(A) Temperature differences are considered in the 
program; (B) the temperature differences are calcu
lated from airflow patterns. 

surface temperatures and air-conditioning 
loads. The convective heat exchange between 
the venetian blinds and the room air can be 
calculated in the cooling load program ACCU
RACY and is inserted in the airflow program 
PHOENICS as a thermal source near the 
window. 

The transient behaviour of concentration 
can also be determined in ACCURACY from 
the airflow field precalculated, because direct 
determination from PHOENICS is too ex
pensive. 

RESULTS 

In this Section, the experimental and com
putational results of room airflow, tempera
ture and contamination distributions will be 
reported in three groups: 

(1) different ventilating systems; 
(2) different ventilation rates; 
( 3) different heat gains from the venetian 

blinds. 
In order to evaluate objectively the effects 

of ventilation and its influence on indoor air 
quality and energy saving, two technical 
terms, ventilation efficiency ( 1Jv) and temper
ature efficiency (1JT ), are introduced. They 
are defined as: 

and 

1JT = 
Toccu - T;n 

where Coccu is the air contaminant concen
tration in an occupied zone, and T occu is the 
air temp.erature in an occupied zone. In this 
paper, Coccu is the air contaminant concen
tration at the point x = 2.2 m, y = 0.7 m and 
z = 1.6 m and T occu is the air temperature at 
the point x = 2.2 m, y = 1.5 m and z = 1.6 m 
because the measurements presented are 
carried out only at a few points. It is not pos
sible to obtain a precise average value of the 
zone of occupation from the measurements. 

When room air is perfectly mixed, 1Jv = 1 
and 1JT = 1. For well-organized room air velo
city distributions, 1Jv and 1JT have values 
higher than one in cooling situations. 



Different ventilating systems 
In this group, the mechanical ventilation 

rate was controlled at five air changes per 
hour (ach) (0.075 m 3/s) for all the four sys
tems. The heat introduced on the venetian 
blinds was 600 W for systems 1 and 2, and 
950 W for systems 3 and 4. The higher the 
heat on the venetian blinds, the lower the 
inlet air temperature required. Therefore, the 
600 W heat was chosen for systems 1 and 2 to 
prevent the inlet air from causing draughts in 
the occupied zone because it was supplied 
directly into the lower part of the room 
through the air diffuser. However, for sys
tems 3 and 4, where the inlet jets were used 
to supply air outside the occupied zone, the 
induction by the jets increased the inlet air 
temperature and made it possible to use a 
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lower inlet air temperature. This is the reason 
that the heat on the venetian blinds was con
trolled at 950 W for these two systems. 

The airflow, temperature and helium con
centration distributions acquired from the 
computations and measurements of system 1 
are shown in Fig. 4. The temperature effi
ciency and the ventilation efficiency are given 
in Table 1. The agreement between the com
putations and the measurements is good al
though there are some discrepancies in the 
temperature and concentration fields. The 
difference between the computations and 
the measurements in most cases occurs in the 
place where the variation in gradient is large. 
This means that a slight difference in the 
measuring location can cause a significant 
error. From Table 1, it can be calculated that 
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Fig. 4. Computed and measured results for system 1. (A) Airflow pattern observed by using smoke in the section 
y = 1.5 m; (B) measured air velocities (m/s) in the section y = 1.5 m; (C) computed air velocity distribution in the 
section y = 1.5 m; (D) computed and measured temperature field in the section y = 1.5 m (°C); (E) computed and 
measured concentration field in the section y = 0.7 m (%). 
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TABLE 1 

Measured and computed ventilation and temperature efficiencies with different ventilation systems* 

Systems Heat on 
venetian 
blinds 
(W) 

1 (meas.) 600 
1 (comp.) 600 
2 (meas.) 600 
2 (comp.) 600 
3 (meas.) 950 
3 (comp.) 950 
4 (meas.) 950 
4 (comp.) 950 

*Ventilation rate is 5 ach. 

19 .7 
19.1 
19.3 
18.7 
15.2 
14.9 
12.5 
12.6 

Tout Toccu 
(°C) (oC) 

25.0 23.2 
25 .0 23.4 
25.0 23.2 
24.8 23 .2 
24.9 22.9 
24.9 22.9 
22.8 22.9 
22.9 22.9 

the heat extracted from the room was smaller 
than the heat supplied on the venetian blinds 
because a part of the heat was transferred 
outside of the window. Figure 4 indicates 
that the inlet discharges the fresh air horizon
tally across the floor and that the air velocity 
near the ceiling is large due to the buoyancy 
effect from the hot venetian blinds. In the 
remaining part of the room, there is a large 
stagnant zone and the ventilation efficiency 
in this case is high (refer to Table 1). The 
reason for this is that the buoyancy effect of 
the 25 Wheat source causes the helium to rise 
immediately upwards to the ceiling. As a 
result, the helium concentration near the 
ceiling is very high and it is removed directly 
through the outlets. This phenomenon is 
explained by the computed velocity and tem
perature fields in the section y = 0.7 m which 
is shown in Fig. 5. The concentration distri
butions in the sections y = 0.7 m (where the 
helium is introduced), y = 1.5 m and y = 
2.3 m are shown in Fig. 6. The required inlet 

TIT Temp. Cin Cout Coccu T/v 
grad. (%) (%) (%) 
(°C/m) 

1.51 1.20 0 .0 0 .51 0.38 1.34 
1.37 1 .53 0.0 0.50 0.41 1.22 
1.46 1.53 0.0 0.50 0.40 1.25 
1.36 1.33 0.0 0.51 0.40 1.02 
1.26 1.41 0 .0 0.52 0.11 4.73 
1.25 1.32 0.0 0 .52 0.13 4.00 
0.99 -0.07 0.0 0.50 0.78 0.64 
1.00 0.04 

air temperature of simulation shown in Table 
1 is lower than that of the measurements. 
The possible reason for this is that the mea
surements are not carried out under a real 
steady situation or it could be due to the dis
crepancies caused by the computation. Be
cause the ceiling and the floor of the room 
are of heavy concrete of which the heat capa
city is very large, a very long time is needed 
to reach steady conditions. If it is in a dy
namic period, the heat transferred into the 
ceiling is larger than that obtained from the 
floor, and therefore, the measured inlet air 
temperature is lower. 

As can be seen from the results above, the 
airflow in the room is very complex and a huL
wire probe can be used only for measurements 
near the inlets, where the velocity is relative 
high. The measurement of air velocity below 
0.05 m/s with the hot-wire anemometers is 
very difficult because of the calibration of the 
probes and the impact of the free convection 
on the heat transfer from the probes . 

, . . 

I 
. : I 

, I 
'I 
' I 
. 1 

.__-e- --

I I 

. .. 
• • • • • • - - - - - • • 11 

~~~-~~~~:::~~~~:~ 

A 

~d 
Contour Key 

a : 21.0 
b : 22 .o 
c : 23 .0 
d : 24 .0 

~ e :25.0 
~ f '26.0 

- b----- -----J· g : 27 .0 

cxa--
B 

Fig. 5. Computed results of system 1 in the section y = 0.7 m (A) Air velocity distribution (m/s); (B) temperature 
field (°C). 
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Fig. 6. Computed and measured concentration distributions in different sections for system 1. (A) Computation 
and measurement in the section y = 0.7 m (%); (B) computation in the section y = 1.5 m (%); (C) computation in 
the section y = 2.3 m (%). 

In system 2, the numerical and experimen
tal results which are presented in Fig. 7 show 
two large eddies in the room. One is formed 
by the air discharge from the inlet air diffuser 
and the other from the buoyancy produced 
by the hot window. The measured results 
indicate that both the hot air near the ceiling 
and the cold air near the floor can reach to 
the rear wall so that the two eddies are larger 
than those of computations. The temperature 
efficiency, temperature gradient and ventila
tion efficiency of this system are almost the 
same as those of system 1. Although the fresh 
air keeps the lower part of the room very 
clean, the concentration at standing level 
(z = 1.6 m) is nearly the same as that in the 
upper part of the room. For this reason, sys
tem 1 is better for acquiring good air quality. 

The measured and simulated field results of 
system 3 are shown in Fig. 8. The air velocity 
presented in the Figure is that in the section 
y = 0.7 m in which the helium is introduced. 
However, the temperature and concentration 
fields shown in the Figure are those in the 
middle section of the room where the mea
sured results are available. The induction by 
the inlet air increases the inlet air tempera
ture and will not cause a draught after it falls 
back into the occupied zone of the room. The 
ventilation efficiency is very high as shown in 
Table 1 and in Fig. 8, although such a system 

is not very commonly used for cooling. How
ever, the airflow pattern of this system is 
very sensitive to the inlet air temperature, 
inlet dimensions and ventilation rate. If the 
ventilation rate, for instance, is 7 ach, the 
ventilation efficiency can drop to 0. 79 because 
the inlet air brings the contaminant directly 
into the occupied zone. If the opening of the 
inlet is too large or, in other words, the inlet 
air velocity is too low, the cold air will drop 
down directly to the occupied zone and has 
no induction effect. This will cause a draught. 

System 4 is a very common one. Due to its 
outlets on the lower part of the room, the 
system is very bad both for saving energy and 
obtaining good indoor air quality in summer. 
This can be explained from the ventilation 
efficiency and temperature efficiency shown 
in Table 1. The room air mixture is very good, 
therefore the air temperature gradient is very 
small (see Table 1 and Fig. 9). The computed 
concentration distribution is not available. 
The calculated air velocity fields and temper
ature distributions in the section of inlet 
located and in the middle section are present
ed in Fig. 9. The simulated room air tempera
tures in the section y = 1.5 mostly are larger 
than 22.0 °C and smaller than 23.0 °C so that 
no contour for 22.0 °C can be drawn in the 
Figure. They are in good agreement with the 
measured ones. 
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Fig. 7. Computed and measured results for system 2. (A) Airflow pattern observed by using smoke in the section 
y = 1.5 m; (B) measured air velocities (m/s) in the section y = 1.5 m; (C) computed air velocity distribution in the 
section y = 1.5 m; (D) computed and measured temperature field in the section y = 1.5 m (°C); (E) computed 
and measured concentration field in the section y = 0.7 m (%). 

Among these four systems, system 1 seems 
the best one both for saving energy and ob
taining good indoor air quality in cooling situ
ations. For system 2, a table placed in the 
µiiddle near the window is not suitable even 
with a distance of 1.0 m to the window. When 
the table is placed in this position, the air 
temperature under the table is less than 20 °C. 
This is not permitted. Although system 3 
presents the best ventilation effect, it is too 
sensitive to the inlet air temperature, ventila
tion rate and inlet geometry. This will cause 
difficulties in control. The airflow pattern of 
the system is more complicated and is not 
easily observed by using smoke. System 4 is 
not good either for energy saving or better 
air quality in summer. The situations discussed 
here are concerned with a dominant heat 

gain from the window. If inner heat sources 
in a room are dominant, the results can be 
different. More research on this subject will 
be done in the future. 

Different ventilation rates 
System 1 was used to study the influence 

of ventilation rate on the ventilation efficien
cy and temperature efficiency. The heat intro
duced on the venetian blinds for this group 
was fixed at 600 W. The study concerned the 
airflow, temperature fields and helium con
centration distributions when mechanical 
ventilation rates were controlled at 3 ach, 
5 ach and 7 ach. 

The computed results presented in Table 2 
implied that the larger the ventilation rate, 
the higher the temperature efficiency and the 
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Fig. 8. Computed and measured results for system 3. (A) Computed air velocity distribution in the section y = 
0.7 m; (B) computed and measured temperature field in the section y = 1.5 m (°C); (C) computed and measured 
concentration field in the section y = 1.5 m (% ). 
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Fig. 9. Computed and measured results for system 4. (A) Computed air velocity distribution in the section y = 
0.75 m (through the inlet); (B) computed air velocity distribution in the section y = 1.5 m; (C) computed temper
ature field in the section y = 0.75 m (°C); (D) computed and measured temperature field in the section y = 1.5 m 
(°C). 

ventilation efficiency and the smaller the tem
perature gradient. When room ventilation rate 
increases, the required inlet air temperature 
increases in cooling situations. According to 

the definition of temperature efficiency, both 
Tout - Tin and Toccu - Tin become smaller. 
However, the change rate of Toccu - Tin is 
much larger, therefore flT is higher. But this 
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TABLE 2 

Measured and computed ventilation and temperature efficiencies for system 1 with different ventilation rates* 

Ventilation Tin Tout 
rates (°C) (°C) 
(ach) 

3 (meas.) 16.0 25.6 
3 (comp.) 16.0 25.8 
5 (meas.) 19.7 25.0 
5 (comp.) 19.1 25.0 
7 (meas.) 20.8 24.8 
7 (comp.) 20.7 24.9 

*Heat on the venetian blinds is 600 W. 

Toccu 
(°C) 

23.8 
23.5 
23.2 
23.4 
22.9 
23.4 

1/T 

1.23 
1.31 
1.51 
1.37 
1.90 
1.56 

does not mean that it saves energy, since the 
energy consumption of a building also de
pends on the ventilation rate. 

As shown in Fig. 10, the buoyancy influ
ence in the upper part of the room is the same 
under these three ventilation rates because 
the heat gain from the venetian blinds is the 
same. However, the mechanical ventilation 
controls air distribution in the lower part of 
the room. The higher the ventilation rate, the 
more fresh air is injected into the occupied 
zone. Therefore, the concentration of conta
minant in the zone of occupation is lower so 
that 'flv is higher. This can be seen from the 
concentration fields and the numerical air 
velocity distributions illustrated in Fig. 10. 

Although measured results of velocity dis
tributions are not presented in Fig. 10, they 
are the same as the computed ones. 

The transient behaviour of the helium con
centration of this group is presented in Fig. 
11. The smaller the ventilation rate, the more 
difficult it is to remove the helium which was 
used as contaminant. 

Different heat gains from the venetian blinds 
In this group, the mechanical ventilation 

rate was fixed at 7 ach for system 1. The ven
tilation rate was higher than that used in 
practice because the major concern was to 
study the influence of heat gain. If a too 
small amount of heat was used, it would be 
very difficult to overcome the influence from 
other disturbances. In addition, the larger the 
amount of heat used, the higher the ventila
tion rate required to maintain comfort in the 
zone of occupation. The study concerned the 
air velocity, temperature and concentration of 
helium distributions when heating amounts of 

Temp. Cin 
grad. (%) 
(°C/m) 

1.68 0.0 
1.67 0.0 
1.20 0.0 
1.53 0.0 
1.23 0.0 
1.27 0.0 

Cout 
(%) 

0.50 
0.49 
0.51 
0.50 
0.50 
0.48 

Coccu 
(%) 

0.39 
0.44 
0.38 
0.41 
0.32 
0.28 

1/v 

1.28 
1.11 
1.34 
1.22 
1.56 
1.71 

300 W, 600 W and 950 W were applied to the 
ventilation blinds. 

The computed and measured air tempera
ture, concentration fields, and calculated air
flow patterns are shown in Fig. 12. The mea
sured velocities present the same results. The 
temperature efficiency and the ventilation 
efficiency are presented in Table 3. If the 
heat gain from the venetian blinds is larger, 
the required inlet air temperature is lower 
and the air movement in the upper part of 
the room is stronger. The stronger air move
ment forms a larger eddy. The inlet air, which 
is of lower temperature, stays in a thin layer 
on the floor and induces a certain amount of 
air from the room (see Fig. 12). Due to these 
two reasons, the mixture in the room is better. 
As seen in the results, the concentration of 
contaminant in the occupied zone increases 
so that 'flv is smaller. 

According to the results presented in Table 
3, the influence of the heat gain from the 
ventilation blinds on temperature efficiency 
is small. 

DISCUSSIONS AND FURTHER REMARKS 

The computations using the airflow com
puter program PHOENICS are very expen
sive. In the situations discussed above, the 
CPU time on an IBM 3083 JXl computer is 
about 80 minutes for one case if the calcula
tion is started with uniform initial field values 
and a total grid number of 18 X 18 X 23. 
When the computation uses the field results 
as initial values from a similar case, about 
20 minutes CPU time is required. Neverthe
less, it is still too expensive. 
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TABLE 3 

Measured and computed ventilation and temperature efficiencies for system 1 with different heat gains from the 
venetian blinds* 

Heat on the 
venetian 
blinds 
(W) 

300 (meas.) 
300 (comp.) 
600 (meas.) 
600 (comp.) 
950 (meas.) 
950 (comp.) 

21.3 
21.7 
20.8 
20.7 
19.6 
19.4 

*Ventilation rate is 7 ach. 

Tout Toccu 
(°C) (oC) 

24.1 23.6 1.22 
24.0 22.7 2.30 
24.8 22.9 1.90 
24.9 23.4 1.56 
27.1 23.8 1.79 
26.9 23.7 1.74 

As it can be seen from the above results, 
the required inlet air temperatures, between 
two different systems but with the same heat 
gain and ventilation rate such as systems 1 
and 4, are so large that this has to be consid
ered in the energy analysis of the building. 
Normal cooling load programs which assume 
room air temperature to be uniform are not 
suitable for the energy analysis because they 
will present the same results such as inlet and 
outlet air temperature, air-conditioning load 
for all kinds of systems. Using the cooling 
load program ACCURACY, Chen and van der 
Kooi [7] have demonstrated the differences 
among a number of approximated methods 
used for considering the influence of room air 
temperature distributions on air-conditioning 
load and inlet air temperature required. These 
methods are: 

(1) using fixed room air temperature gra
dients; 

Temp. 
grad. 
(°C/m) 

0.68 
0.67 
1.23 
1.27 
1.72 
1.67 

0.0 
0.0 
0.0 
0.0 
0.0 

Gout 
(%) 

0.53 
0.50 
0.48 
0.50 
0.49 

Coccu 'T/v 
(%) 

0.30 1.76 
0.32 1.56 
0.28 1.71 
0.38 1.32 
0.37 1.32 

(2) assuming the room air temperature 
gradients are proportional to the cooling load; 

(3) obtaining the room air temperature dis
tributions from the room airflow patterns 
which are determined from several specific 
cases. 

The third method gave the best results on 
the calculations of air-conditioning load and 
inlet air temperature required, as well as pro
viding detailed hourly information on room 
airflow distributions, air temperature and 
contaminant concentration fields. The airflow 
patterns used were precalculated from the 
airflow program PHOENICS. The costs to 
determine the field results from ACCURACY 
are much cheaper than those calculated di
rectly from PHOENICS especially when a 
transient problem is involved. In an hourly 
simulation for a one-month period, only four 
minutes CPU time was needed for ACCU
RACY. The cost of the computations for 
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Fig. 12. Computed and measured results for system 1 with different heat gain from the venetian blinds and with ventilation rate 7 ach. For (A), (B), and (C), 
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obtaining the precalculated airflow patterns 
was excluded. Of course, the method used in 
ACCURACY was an approximated one, but 
nevertheless, it is precise enough for engineer
ing purposes. However, ACCURACY is costly 
for the applications of annual hourly cooling 
load computations. 

From the airflow computations for system 
1 as discussed above, it is sufficient to use the 
airflow patterns which are calculated based on 
ventilation rates of 3, 5, 7 ach and heat gains 
of 300, 600, 950 W to approximate indoor 
air velocity distributions of the system for 
all cooling situations. The air temperature 
gradient of the room of the system (.::lT) can 
be written as the function of the air-condi
tioning load (Q) and the ventilation rate 
(Vent), etc. 

LlT = f(Q, Vent) 

In an additional subroutine of the program 
ACCURACY, this function can be deter
mined from the precalculated airflow patterns 
and control strategy. Different air-condition
ing systems, such as fixed inlet air tempera
ture system, fixed inlet airflow system, vari
able air volume system and their combina
tions, etc., can be easily handled. The result 
is as precise as that calculated by the third 
method. The cost is the same as that of the 
second method (2.5 times more expensive 
than the normal uniform temperature method 
because iteration is required in some steps). 
This cost is about 20 times cheaper than the 
third methods. Though, this method will not 
present hourly air temperature distribution 
and contaminant concentration field. 

CONCLUSIONS 

The following paragraphs provide a sum
mary of the more important conclusions 
which may be extracted from the present 
work: 

(1) Most of the computations presented in 
this paper are in good agreement with the 
measured results. A few discrepancies were 
found. 

(2) The temperature and ventilation effi
ciencies of systems 1 and 2 are very high. 
They seem to be the best ones both for saving 
energy and obtaining good air quality in cool
ing situations. However, system 2 is not as 

good as system 1. System 3 presents higher 
ventilation efficiency but is not easy to con
trol. System 4 is a representative of common
ly used systems where room air is perfectly 
mixed. Its temperature and ventilation effi
ciencies are very low. 

(3) According to the results of system 1, 
the higher the ventilation rate, the larger the 
temperature efficiency and the ventilation 
efficiency and the smaller the temperature 
gradient. In addition, the energy consumption 
also depends on the ventilation rate. Obvious
ly, it is easier to remove the contaminant in 
the case with a high ventilation rate. 

( 4) The larger the amount of heat intro
duced on the venetian blinds for system 1, the 
lower the ventilation efficiency and the larger 
the temperature gradient. Its influence on 
temperature efficiency is small. 

(5) If room heat gain and ventilation rate 
are the same, the required inlet air tempera
ture of the four systems is different. In cooling 
situations, the supplied inlet air temperature 
of systems 1 and 2 can be higher than that of 
system 4. This has to be considered in build
ing energy analysis. The computer program 
ACCURACY can be employed for this pur
pose. A new calculating method is suggested. 

It should be pointed out that the major 
results and conclusions of this paper are ten
tative. For example, ventilation efficiencies 
might be highly sensitive to the location of 
pollutant sources and the rate of heat genera
tion at the sources or to physical characteris
tics of the room and its furnishing. Further 
research on the sensitivities seems to be 
necessary. 

LIST OF SYMBOLS 

c 

H 
k 
Q 

concentration (m3 helium/m3 air) 
(%) 
inlet air contaminant concentration 
(m3 helium/m3 air)(%) 
air contaminant concentration in 
occupied zone; in this paper it is the 
air contaminant concentration at the 
point x = 2.2 m, y = 0.7 m and z = 
1.6 m (m3 helium/m3 air) (%) 
outlet air contaminant concentration 
(m3 helium/m3 air)(%) 
specific enthalpy (J/kg) 
kinetic energy of turbulence (J/kg) 
air-conditioning load (W) 



s<P 

I Tout .. 
u 

v 
Vent 
v 

w 

r 
€ 

1'/T 
1'/v 
p 

source term of general fluid prop
erty(-) 
temperature (°C) 
inlet air temperature (°C) 
air temperature in occupied zone; in 
this paper it is the air temperature at 
the point x = 2.2 m, y = 1.5 m and 
z = 1.6 m (°C) 
outlet air temperature (°C) 
velocity component in X-direction 
(m/s) 
flow velocity (m/s) 
ventilation rate of a room (ach) 
velocity component in Y-direction 
(m/s) 
velocity component in Z-direction 
(m/s) 
diffusive coefficient (N s/m2

) 

dissipation rate of turbulence energy 
(J/kg s) 
temperature efficiency(-) 
ventilation efficiency (-) 
air density (kg/m3

) 
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