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Abstract 

This paper presents the two-dimensional numerical simulation results of the ventilation rates, indoor 
airflow fields and temperature distributions in an office room with open windows and auxiliary cooling 
devices. The standard k-e turbulence model is used for flow pattern and temperature predictions. Possible 
comfort problems are analyzed in terms of the percentage of dissatisfied (PD) people due to draught, 
as well as vertical temperature difference. The simulation results show that open windows can give a 
high ventilation rate due to the stack effect alone, and that good thermal comfort can be achieved when 
the outdoor temperature is moderate. However, thermal comfort analysis in terms of vertical temperature 
stratification and the PD value shows that discomfort can arise due to draughts near the floor and the 
too-large vertical temperature gradient in the occupied zone when the outdoor temperature is too low, 
and that a cooling radiator located below the window presents the same problems. The results also 
indicate that a lightly cooled ceiling makes the air temperature more uniform in the room. It is also 
shown that both of the cooling systems, when combined with open windows, can have a good ~nergy 
efficiency. 
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1. Introduction 

Since a large proportion of people in modem 
society spend most of their time indoors, the indoor 
air quality in residences, offices and other indoor 
non-industrial environments has been an issue of 
increasing concern [1 ]. Indoor pollutants are nor
mally at higher concentrations than their outdoor 
counterparts. Therefore, ventilation is needed to 
remove the contaminants and odours from the indoor 
environments. On the other hand, ventilation may 
cost energy during heating or cooling seasons. The 
potential of energy saving in ventilation therefore 
comprises a reduction of the amount of ventilation 
air supplied and the adoption of the best strategy 
for supplying this quantity of air in order to achieve 
maximum ventilation performance in the occupied 
zone without the discomfort of draughts or the 
creation of zones where the minimum ventilation 
rate is not achieved. To realize this goal, one of 
the major design strategies that should be considered 
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is to control the flow patterns of the supplied air 
[2]. For mechanical ventilation, for example, this 
can be done by appropriately locating the positions 
of the air supply and exhaust in a room [3-7]. 

In contrast, the airflow route in a room with 
natural ventilation is difficult to control since natural 
ventilation is subject to the vagaries of weather. 
Wmd speed and direction, and the temperature 
difference will not only affect the rate of fresh air 
supply but will also determine whether any opening 
will act as an inlet or outlet for the air space, and 
hence the path the air takes within the building [7]. 
To reduce the variations due to weather, a possible 
way is to maximize the buoyancy effect and minimize 
the wind effect [ 8]. This can be done by maximizing 
the height' between the purpose-provided openings. 
To ensure that the individual rooms have adequate 
ventilation, it is possible to provide dual upper and 
lower vent openings on the same floor. Such a 
window configuration is an important component 
in a passive indoor climate system developed by 
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Paassen { 91. Year-round simulation by Lute and 
Paassen [ 10] has shown that reasonable indoor 
temperatures for thermal comfort can be maintained 
for the moderate Dutch climate with this system, 
but that mechanical cooling will be needed for a 
wanner climate, higher internal heat or light building 
structures. 

However, for fully understanding the indoor ther
mal-comfort aspects of natural ventilation, as well 
as the possible energy savings in the seasons when 
the outdoor air can be used for free cooling, the 
airflow patterns and temperature distributions within 
the ventilated room need to be fully investigated. 
Also, combining indoor cooling systems such as 
cooling radiators with open-window ventilation to 
improve indoor thermal comfort needs estimation 
of the energy performances concerned. The most
widely-used one-point model for calculation of nat
ural ventilation rate is obviously not adequate for 
these purposes. Fu1ther investigations may need 
full-scale 'in situ measurements of the detailed flow 
parameters. On the other hand, the development 
of computational fluid dynamics has enable us to 
perform 'numerical experiments' about airflow de
tails { 6, 11, 12 ]. Thetefore, numerical simulations 
of several typical open-window situations were con
ducted prior to full-scale in situ measurements. In 
this paper, details of these preliminary simulations 
are reported. 

2. Case set-up 

The simulation research was conducted for an 
office room as illustrated in Fig. l(a), 4.5 m long, 
2. 7 m high and 4 m wide. The facade has a glazing 
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area of almost the whole width and a height of 
1.5 m. The lower and upper pa.it of the glazing can 
be opened separately, each with a maximum opening 
of 0.5 m in height. This configuration of the room 
is similar to the test cell reported in refs. 9 and 
10. It is assumed that there are two office workers 
and two computer terminals present in the room. 
Taking into account lighting and solar radiation, 
the overall internal heat in the present situation is 
assumed to be 45 W/m2 floor area. For simplicity, 
the whole situation is simplified into a two-dimen
sional issue, as illustrated in Fig. l(b). The thermal 
effect of the occupants and electric appliances are 
lumped together and represented by a rectangular 
blockage, with 200 W convective heat. Since the 
2-D simplification means that the width considered 
is one metre, the 200 W internal heat corresponds 
to 45 W/m2 floor area. 

SLx different situations are simulated and analyzed. 
The differences between the cases are the outdoor 
temperatures, window openings and internal cooling 
systems. Case 1 to case 3 are intended to compare 
the differences at different outdoor temperatures. 
Case 4 to case 6 are intended to compare the 
performances of different indoor cooling devices at 
high oatdoor temperatures. In case 4, a cooling 
radiator with a cooling capacity of 100 Wis placed 
below the window. In case 5 and case 6, the ceiling 
is assumed to be cooled or partly cooled, with a 
cooling capacity of 80 Wand 37 W respectively. 
The details are given in Table 1. In summary, these 
cases may represent a room with moderately high 
internal heat situated in. a moderate climate, and 
the outdoor air temperatures considered are possible 
for free cooling. 

.. 
Fig. 1. Sketch of the simulation cases. (a) Configurations of the room. (b) 2-dimensional simplification. 
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TABLE 1. Summary of the simulation cases 

Case no. Case description Opening size (m) Temperatures (°C) Simulation results 

Upper 

1 Moderate outdoor temperature 0.5 
2 Low outdoor temperature 0.05 
3 High outdoor temperature 0.5 
4 With a cooling radiator (100 W) 0.5 
5 With a cooling ceiling (80 W) 0.5 
6 With a partly cooled ceiling (37 W) 0.5 

3. Mathematical formulation and method of 
solution 

3.1. Airflow model 

3.1.1. The turbulence model 
Numerical simulation of the airflow and temper

ature distribution in the room involves the numerical 
solution of the mass conservation equation (con
tinuity), momentum transport equations, and the 
energy transport equation [ 13}. One special difficulty 
of the solution of the equations comes from the 
fact that the flow encountered in rooms is turbulent, 
i.e., the velocity and temperature at a given point 
always fluctuate against time at rather high frequency 
[ 14, 15}. Therefore, certain turbulence models are 
developed for the purpose of the numerical solution. 
In recent years, they have been used for numerical 
prediction of airflows in rooms. Encouraging results, 
reviewed by Whittle (1986) and Nielson (1989), 
have been achieved. Among the models, the standard 
k-E turbulence model [ 16) proves to be economically 
applicable and acceptable in prediction accuracy 
for engineering purposes. It should be mentioned 
that Tsutsumi [ 1 7] has used the large eddy simulation 
(LES) turbulence model to simulate the natural 
convection through window openings in a room. 
However, tremendous computer time and memories 
are needed for a simulation. In our study, the 
standard k-e turbulence model is used. 

In this model, two extra transport equations, in 
addition to the transport equations mentioned above, 
the turbulent kinetic energy (k) equation and the 
turbulence energy dissipation rate (e) equation will 
also be solved. These equations are: 

(1) 

Lower Outdoor Wall Ventilation Ventilated 
rate heat 
(ach) ryr) 

0.5 20 22 13 200 
0.03 15 22 4 170 
0.5 25 28 11 212 
0.5 25 25 21 134 
0.5 25 25 23 120 
0.5 25 25 24 147 

(2) 

(3) 

(4) 

U·-=- -+q - +Cv-X -+-1 OE a [(Vt ) OE] E (au, OU·) 
1 axi axi a-2 axi 1 

t k axi ax, 

x aui -c E
2 c ~ ~ a(T-To) (5) 

axj 2 k + 3 k f3 uH axj gj 

where the turbulent viscosity is given by: 

Vt =Cµ.k 2/e (6) 

where the empirical constants are: uk= I.O, u~= 1.3, 
(TH=0.9, cl= 1.44, C2=1.92, C3=1.44 and cµ. =0.09. 

With the standard k-E turbulence model, special 
boundary conditions have to be specified to take into 
account the friction effect and heat transfer from a 
solid wall. In the program PHOENICS, the logarithmic 
wall function is used (16). It must be noted that the 
convection heat transfer thus calculated will depend 
on the distance of the first grid-node from the wall, 
and therefore, the first grid-node distance from the 
wall needs to be optimized. According to Renz et al. 
(18), the friction and heat transfer from the wall thus 
predicted are in good agreement with measurements. 
For convective heat from the internal heat source, 
fixed flux boundary conditions are set for the adjacent 
air. It is assumed that 80 W are convected into the 
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air from the top and 60 W from each of the two 
vertical sides of the block. 

3.1.2. Model of the openings 
The calculations are restricted to the domain inside 

the room. The influence of the outdoor conditions 
on the indoor climate is represented by an appro
priate boundary condition at the openings. In the 
present simulations, only the influence of the indoor 
and outdoor temperature difference is investigated, 
therefore the boundary condition will reflect this 
nature. It must be noted that, in the momentum 
equation (eqn. (2)), the pressure p only stands for 
the relative pressure due to the nature of velocity 
variation, and that the gravity effect is combined 
in the buoyancy term {3(T0 - T)gi in the same equa
tion [19]. Therefore, the outside pressures near the 
two openings are asswned to be the same and equal 
to the atmospheric pressure P 0 = 0 , i.e., the variation 
of the absolute static pressure due to gi·avity at the 
different height is (and must be) omitted for the 
boundary conditions at the openings . Furthermore , 
in the lower opening, where inflow is expected, the 
stagnation pressure of the computation grid-nodes 
there is assumed to be equal to the atmospheric 
pressure, i.e., 

pv'f 
- +P.=P0 2 l 

(7) 

and the temperature of the inflow arr is outdoor 
temperature; while the static pressure at the higher 
opening, where outflow is expected, is assumed to 
be equal to the atmospheric pressure P 0 • This bound
ary specification is based on the Bernoulli equation, 
and friction at the openings is neglected. Details 
about how this is done i!ll the numerical schemes 
can be found in ref. 20. 

3.2. Numerical schemes and algorithms for 
solution 

The governing differential equations are discre
tized by finite-volume method; upward differencing 
is used to reflect the physical nature that convection 
is an asyrrunetric phenomenon [13, 21 ]. The stag
gered grids are used to locate the discretized grid
nodes for velocity components, enthalpy and pres
sures, which is lrnown as the SIMPLE procedure. 
In PHOENICS, the SIMPLE method is enhanced and 
an extra equation is solved for the evolution of 
pressure [22]. 

3.3. Model for the analysis of thermal comfort 
in rooms 

Thermal comfort is defined as "that condition of 
mind in which satisfaction is expressed with the 

l 

thermal environment". Therefore, both thermal en
vironment and personal variables influence thermal 
response and comfort. In modem offices, the oc
cupants tend to be in a moderate activity level. It 
was found that persons with lower activity levels 
are sensitive to draughts [23], an undesired local 
cooling of the human body caused by air movement 
[24, 25}. 

Fangeretal. [26] developedamathematicalmodel 
to quantify the draught r isk in terms of the per
centage of dissatisfied people. In this model, the 
percentage dissatisfied people due to draughts, 
PD(%), is calculated from 

PD=(34-TJ(V-0.05)0
·
62 (3.14+0.37V.l) (8) 

for V < 0.05 m/s insert V = 0.05 m/s, and for PD> 100 
let PD= 100, where Ta is the local air temperature 
(°C), V is the mean velocity (mis), and I is the 
turbulence intensity (%), which is defined as the 
velocity fluctuation over the mean velocity. The 
turbulent intensity can be calculated from 

I= 100(2k )0
·
5 /V (9) 

The values of Ta, V and k can be obtained from 
the airflow calculation, and therefore, the PD dis
tribution can be calculated. 

In most cases in buildings, the air temperature 
normally increases with height above the floor. If 
the gradient is sufficiently large, local warm dis
comfort can occur at the head and/or cold discomfort 
can occur at the feet, although the body as a whole 
is thermally 'neutral'. The few experimental inves
tigations that have been conducted to examine the 
influence of the vertical temperature difference on 
human comfort are reviewed in the ASHRAE hand
book [27]. It was found that people are more 
sensitive to the positive temperature difference -
higher above and lower below - and less sensitive 
to the negative vertical temperature differences. In 
the research conducted by Olesen et al. [28 }, seated 
subjects in their preferred average temperatures 
were subjected to vertical temperature differences 
of different magnitude. It was found that when the 
temperature difference i.s larger than 3 °C between 
head (1.1 m above the floor) and ankles (0.1 m 
above the floor), the percentage of dissatisfied people 
increases drastically. In the ISO standard [29], it 
is recommended that this vertical temperature dif
ference be less than 3 °C. 

In the present study, eqn. (9) will be used to 
evaluate the draught risks in the open-window sit
uations investigated. Since the PD index does not 
take into account the influence of the temperature 
stratification, the overall thermal comfort will also 
be analysed from the temperature stratifications. 
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4. Results and discussions 

The simulated ventilation rates and the heat carried 
away by the ventilated air of the six cases are listed 
in Table 1. The temperature stratifications of all 
the cases are illustrated in Fig. 2, in which the 
temperatures in the section I-I indicated in Fig. 1 
are plotted against the height. The graphical forms 
of velocity vectors, isotherms (contours of tem
perature), turbulent kinetic energies and the per
centage of dissatisfied people due to draught are 
illustrated in Figs. 3-8. 

Case 1 
Case 1 is to simulate the situation when the 

outdoor temperature is moderate. The outdoor air 
temperature is assumed to be 20 °C. In reality, most 
people would open their windows to welcome this 
mild, fresh air. Correspondingly, the simulated re
sults are also promising. With the two windows fully 
open, a ventilation rate as high as 13 ach is achieved. 
The average air temperature in the occupied zone 
is approximately 21 °C (Fig. 3(c)), while the tem
perature difference between the heights 0.1 m and 
1.1 m is less than 0.5 °C, as illustrated in Fig. 2. 
In the occupied zone, the air velocities are lower 
than 0.1 m/s (Fig. 3(a)), and the turbulent kinetic 
energy (k) is lower than 10-4 J/kg (Fig. 3(b)). The 
draught risk, calculated from €qn. (9) is illustrated 
in Fig. 3(d), which shows that, in most of the region 
in the room, the PD value is nearly zero. It indicates 
that there is little risk of draught. 

Looking at the flow patterns illustrated in Fig. 
3(a), it is clear that the thermal plume formed 
around the internal heat source plays a dominant 
role. The entrainment of the thermal plume produces 
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the recirculation flows in the upper space of the 
room. Similar to the flows in a displacement ven
tilation situation [ 3], the recirculation flows appear 
above a certain height, at which the entrained flow 
rate is equal to the supplied flow rate from below, 
and this height depends on the supplied flow rate. 
In this case, it can be seen from Fig. 3(a) that part 
of the fresh air is entrained into the hot plume 
directly, while the other part tends to flow downward. 
The overall flow pattern is thus formed. 

Case 2 
Now that it has been shown that open-window 

ventilation has a positive effect in every aspect 
concerned with comfort when the outdoor tem
perature is moderate, Case 2 is to simulate the 
situation of opening the windows . at a relatively 
lower outdoor temperature, at 15 °C in this case. 
The lower and upper openings are assumed to be 
30 mm and 50 nun wide slots, respectively. 

A ventilation rate of 4 ach is obtained, at which 
the average air temperature in the occupied zone 
ranges from 20 to 24 °C, as illustrated in Fig. 4(c). 
The temperature difference between the height 0.1 
m and 1.1 mis as large as 3.2 °c, which is greater 
than the recommended value 3 °C [29]. The air 
velocity near the lower opening is about 0.3 m/s 
(Fig. 4(a)), and the generated turbulence is much 
higher than in case 1. The maximum value of k is 
about 2X10- 3 J/kg (Fig. 4(b)). Consequently, it 
can be seen from Fig. 4( d) that the local PD due 
to draught near the floor is rather high, which 
indicates that occupants may feel too cold at their 
ankles and/or knees. 

The flow pattern illustrated in Fig. 4(a) shows 
that the fresh air comes downward towards the floor 
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Fig. 3. Simulated field distributions of case 1. (a) Velocity 
vectors. (b) Contours of k(l0- 3 J/kg). (c) Isotherms (°C). (d) 
Percentage dissatisfied people (%) due to draught. 
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Fig. 4. Simulated field distributions of case 2. (a) Velocity 
vectors. (b) Contours of k(l0- 3 J/kg). (c) Isotherms (°C). (d) 
Percentage dissatisfied people (%) due to draught. 



immediately after admitted, because of its low tem
perature. This phenomenon is rather different from 
that in case 1 (Fig. 3(a)). It is because of this 
characteristic of the flow that the temperature strat
ifi.cation is more severe, and worse from the point 
of view of thermal comfort. To avoid this, one 
possibility is to raise the temperature of the outdoor 
air in one way or another before it is admitted into 
the occupied space and also to increase the airflow 
rate. This may indicate that the minimum temper
ature of the outdoor air that can be used for free 
cooling simply through natural ventilation is limited 
by, among other things, thermal comfort require
ments. 

Case 3 
This case simulates a 'summer' situation: the 

outdoor air temperature is 25 °C and the internal 
wall surface temperature is assumed to be 28 °C. 
Compared with case 1, the indoor-outdoor tem
perature difference is 3 K instead of 2 K, while all 
the other conditions are the same. Therefore, the 
simulated flow pattern, turbulent kinetic energy 
distribution (Fig. 5(a) and (b)), as well as the 
temperature stratification (Fig. 2) are similar to 
those in case 1, and only the average temperature 
level is higher. The ventilation rate is 11 ach, and 
the average air temperature in the occupied zone 
is about 26.5 °C. The temperature difference between 
the heights 0.1 m and 1.1 m is less than 0.5 °C. 
Since the air temperature is rather high, the PD 
due to draught is very low. 

However, it is possible that it is too warm in the 
room if the radiant environment is taken into ac
count. Therefore, the following simulation cases, 
cases 4-6, are set up to investigate the possibilities 
of auxiliary indoor cooling combined with open
window ventilation. 

Case 4 
A convective cooling radiator with a cooling ca

pacity of 100 W is placed below the window. The 
radiant effect of the radiator is taken into consid
eration by setting the wall internal surface tem
perature to 25 °C. 

The flow pattern is rather different in this case 
(Fig. 6(a)). A short-circuit occurs for the ventilated 
flow. Almost all the fresh air is entrained into the 
hot plume directly, and then circulated to the upper 
opening immediately. Due to this short-circuit effect, 
the ventilation rate is rather high - 21 ach, and 
134 W of heat, nearly 70% of the total internal 
heat, are carried away by ventilation. 

The lower zone of the room is dominated by the 
recirculation flow caused by the cooling radiator 
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Fig. 5. Simulated field distributions of case 3. (a) Velocity 
vectors. (b) Contours of k(I0- 3 J/kg). (c) Isothenns (°C). (d) 
Percentage dissatisfied people (%) due to draught. 
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Fig. 6. Simulated field distributions of case 4. (a) Velocity 
vectors. (b) Contour of k(l0- 3 J/kg). (c) Isotherms (°C). (d) 
Percentage dissatisfied people (%) due to draught. 
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and is not much affected by the ventilation air. Due 
to the buoyancy effect, the cooled air from the 
cooling radiator tends to flow in such a way that 
it sticks to the floor. As a result, rather severe 
temperature stratification exists: the temperature 
difference between the heights 0.1 m and 1.1 mis 
nearly 2.5 °C (Fig. 2). Though this value is lower 
than 3 °C, this stratification will be enhanced by 
the radiant effect of the radiator [27, 30]. Therefore, 
a cooling radiator located below the window may 
not be ideal for thermal comfort. It should be noted 
that the turbulent kinetic energy near the floor is 
around 0.6X10- 3 J/kg (Fig. 6(b)), which, according 
to eqn. (9), will contribute to the discomfort due 
to draught. On the other hand, the cooling energy 
from the cooling radiator is well preserved in the 
lower part of the room, and the ventilation does 
not cause much loss of this energy. Therefore, the 
energy efficiency can be satisfactorily high. 

Case 5 
As an alternative, the whole ceiling is assumed 

to be 'lightly' cooled with a convective cooling 
capacity of approximately 18 W/m2 , which is equiv
alent to the assumption that the temperature dif
ference is about 5 °C and the convective heat transfer 
coefficient ac = 4 W/m2 K. As in case 4, the radiant 
effect is taken into account by setting the wall 
surlace temperature to 25 °C. 

The simulated flow pattern is illustrated in Fig. 
7(a). As can be seen, two main recirculation streams 
are formed: one is the cooled downward stream 
along the rear wall from the ceiling, which is sub
sequently entrained by the thermal plume; the other 
one is the ventilated air stream. The consequent 
temperature distribution is rather uniform and the 
temperature ranges between 25 °C and 25.5 °C in 
the occupied zone (Fig. 7(c)). The temperature 
stratification is small. Therefore, the temperature 
distribution is ideal for thermal comfort. However, 
the turbulent kinetic energy is rather high, ranging 
from 0.1X10- 3 to 2.1X10- 3 J/kg in the occupied 
zone (Fig. 7(b)). The PD due to draught is slightly 
high along the rear wall (Fig. 7 ( d) ). This may suggest 
that the ceiling should be lightly cooled to avoid 
strong downward convective flows. 

Still, a high ventilation rate can be maintained, 
and the ventilation air carries away 60% of the 
internal heat. There is a fear that opening the window 
while the ceiling is cooled may lose energy. In the 
present simulation, this does not occur since there 
is always a thermal plume in the room. However, 
it can be seen that the thermal plume is slightly 
cooled by the ceiling before being discharged (Fig. 
7(c)). If the internal heat source is located further 
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Fig. 7. Simulated field distributions of case 5. (a) Velocity 
vectors. (b) Contours of k(l0- 3 J/kg). (c) Isotherms (°C). (d) 
Percentage dissatisfied people (%) due to draught. 
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away from the window, the discharged air would 
be further cooled. This cooling of the exhaust air 
is obviously a waste of energy. 

Case 6 
Different from case 5, only the inner half of the 

ceiling is assumed to be cooled, with a cooling 
capacity of approximate 16 W/m2 (37 Win total). 
With this small cooling, the temperatures (Fig. 8(c)) 
can still be much lower in comparison with case 
3. The flow patterns, turbulent kinetic energy (Fig. 
8(a) and (b)) are about the same as in case 5. The 
PD due to the draught from the ceiling is much 
reduced (Fig. 8(d)). The temperature stratification 
is small (Fig. 2). Most significant is that the cooling 
energy needed is much reduced, since nearly 75% 
of the internal heat is carried away by the ventilation 
air. 

5. Concluding remarks 

For the room with a moderately high internal 
heat, the lower and upper dual-window configuration 
can give a high ventilation rate due to the buoyancy 
effect alone. At moderate outdoor temperatures, the 
resulting temperature distribution in the room is 
good for thermal comfort. However, at relatively 
low outdoor temperatures, the resulting vertical 
temperature difference can be too large for thermal 
comfort, though the average temperature within the 
room is moderate. Therefore, the comfort require
ment may limit the minimum temperatures at which 
free cooling by natural ventilation through the dual 
window openings can function well. When indoor 
cooling devices are combined with the dual window 
openings, it is shown that the positions of the cooling 
surfaces are important both for thermal comfort 
and for energy efficiency. A cooling radiator situated 
below the window tends to give a large vertical 
temperature difference in the occupied zone, which 
is not desirable for thermal comfort. When the ceiling 
is lightly cooled, the resulting temperature distri
bution in the whole room becomes rather uniform. 
As far as energy efficiency is concerned, both of 
the cooling systems can be fairly good as long as 
the outdoor temperature is not too high. 

6. Further studies 

The results of the preliminary two-dimensional 
simulation highlight the possibility of maximizing 
the buoyancy effect by providing dual window open
ings. It may indicate that, even during windless 
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Fig. 8. Simulated field distributions of case 6. (a) Velocity 
vectors. (b) Contours of k(10- 3 J/kg). (c) lsothenns (°C). (d) 
Percentage dissatisfied people (%) due to draught. 

days, a high ventilation rate can be achieved through 
such a window. Though it can be expected that 
wind will generally increase the natural ventilation 
rate, what influence wind will have on the ventilation 
through the dual window openings will be a point 
of further investigations. 
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