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Thermal Comfort and Indoor Air Quality 
in a Partitioned Enclosure under Mixed 
Convection 

ZHENG JIANG* 
FARIBORZ HAGHJGHAT* 
JOSEPH C. Y. WANQ• 

The airflow pattern, temperature distribution, and percentage of dissatisfied people in a two-zof'e 
enclosure with mixed convection conditions are investigated by numerical simulation. The encloswe 
is divid,d by a partition inta two ;01111, A and B, with a door 0~1111111 connection. A ventilalloll 
supply is located on the end.wall of zone A, and an exhaust opening ls on the ceili11g in ume B. 
The EflSI wall 13 assumed to be exposed to sunshine which is modeled by a 300 W constant Mal 
flux. A computer i11 tone B Is simulated by combining a poi/I/ conraminanl source wiJh a ptJ/Jlt 
heat source. The effects of door location on.flow properties and thermal comfort are examined by 
plaaln,q the door opening at three different positions. The results indicate !hat temperarure is quite 
uniform for the most part throughout the enclosure, except in rhe region near the floor in zone B; 
that the PD in most areas ts less than 10%; and that average concentrations in zones A and B 
are at their lowest value wh'm tM door is in the middle of the partition, and are rwl sen&itive Jo 
the supply air temperature. 

NOMiNCLATURE 

Ar Archimedes number 
C contaminant ~nocntration 

c .. C2, C3 coefficients ink-£ model 
g acceleration due to sravity 

Ge generation of turbulont kinetic energy related to 
buoyancy 

GK stress production of turbulent kinetic energy 
H height of room 
h height of openings 
I turbulence intensity 
k kinetic energy of turbulence 
L room length 
p pressure 

PD pen:entage of dissatisfied people 
Rr flux Richardson number -Ge/GK 
Sf> source tenn for variable t/> 
T temperature 
t time 

u 1 (u, v, w) velocity in x, y, z direction respectively 
U1 air velocity at ventilation inlet 

x, y, z Cartesian coordinate system 
w width of opening 
W width of room 

Greek symbols 
fJ expansion coefficient of air 

r f> exchange coefficient oft/> 
~ dissipation rate of turbulence energy 
µ dynamic viscosity 
p density 
u exchange coefficient 
0 relative temperature 

<P dependent variables in conservation equation 
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Subscripts 
D door 
E exhau1t opening 

eff effective 
I 1upply inlot 
t turbulent 

<P dependent variables 

INTRODUCTION 

IN A ventilated room, the buoyancy effect may not be 
negligible if the room is not well insulated, or, if there 
exists a heat source. The heat source is not necessarily a 
stove or fireplace. Computers and occupants generate 
heat constantly, and could also be considered as heat 
sources. In this circumstance, the ventilation system func
tions not only to supply fresh air and remove contami
nant, but also to maintain a thermal comfort level for 
occupants. 

Besides local air velocity, temperature, and relative 
humidity, it is found that the turbulence intensity can 
also cause thermal discomfort in ventilated rooms. Field 
studies [1, 2] have identified turbulence intensity to be 
around 30 to 60% in spaces with traditional mixed con
vection. The turbulence of airflow is considered to have 
a significant impact on the sensation of draught. 

Draught is usually defined as an unwanted cooling of 
the human body caused by air movement, and is a com
mon complaint in many air-conditioned rooms. The risk 
of draught rises with increasing air velocity and decreas
ing air temperature. The fluctuations of the air velocity 
also contribute to the sensation of draught. For the case 
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Fig. l. Configuration of a partitioned enclosure. 

or summer cooling, the supply air temperature is lower 
than the room air temperature. Me-anwhile if the ven
tilation How rate has to be high enough to remove the 
contaminant within the enclosure, the draught risk could 
be considerably high. When trying to maintain a comfort
able room temperature and lower the contaminant con
centration inside the room, the risk due lo draught may 
increase. Thus, it is necessary to assess the draught risk 
during the summer cooling. 

A number or models have been developed [3] to predict 
the thermal comfort. However the influence or tur
bulence intensity is not taken into account in most of the 
models. A new thermal comfort equation introduced by 
Fanger et al. (4] takes the turbulence intensity into 
account, and has been appUed to estimate the percentage 
of dissatisfied people due to draught for mixed con
vection study [5]. ft is expressed as 

PD= (34-T.)(V-0.05)Q.62 (0.37Vl+3.14) (1) 

(for V < 0.05 m/s insert V = 0.05 m/s, for PD> 100% 
use PD= !00%) where PD= percentage of dissatisfied 
people due to draught (%) · T. = local air temperature; 
V = local mean air velocity; I= local turbulence inten
sity. The turbulence intensity usually indicates the vel
ocity fluctuations, and can be calculated by 

(2) 

where k is the turbulent energy. 
In single-zone enclosures, the air quality and thermal 

comfort are affe.cted by the velocity and temperature of 
the supply air, the locations of ventilation supply and 
exhaust, the thermal conditions on the walls, etc. For an 
enclosure divided by a partition with a door opening in 
it, the door location would be an additional factor to be 
considered. The degree of the influence of door location 
has not been qualitatively investigated and, therefore is 
the aim of this study. 

PROBLEM DESCRIPTION 

In Fig. l , the two-zone enclosure under consideration 
is demonstrated . The length, width and height of the 
room are 10 m, 4 m and 3 m respectively. The eastern 
wall is assumed to be exposed to an environment which 

Table I. Dimensions and locations of openings 

door supply return source 

dimension 
w/W 0.17 0.083 0.083 
h/H 0.75 0.083 
l/L 0.056 

location 
y/W variable 0.5 0.875 0.5 
z/H 0.875 ceiling 0.29 
x/L 0.5 Wallw 0.75 0.69 

is hotter than the enclosure. It is modeled by a constant 
heat flux, 300 W, from this wall. A computer in zone B 
is simulated by a point heat source of 100 W combined 
with a contaminant source having a normalized unity 
emission rate. Table 1 present the layout of the openings 
and sources. The average percentage of dissatisfied 
people due to draught and the average contaminant con
centration in each zone are computed with various door 
locations. The distributions of air velocity, temperature 
and percentage of dissatisfied people are examined as 
well. 

The temperature of supply air is considered to be l 8°C, 
l9°C and 20°C respectively, and the air velocity is 
assumed to be 1 m/s at the supply opening, which pro
vides 2.5 ach (air changes per hour) ventilation rate. The 
Archimedes number, defined as the ratio of buoyancy 
force over inertial force as 

Ar = {Jgh(T1 -; TE) 
Ui 

(3) 

is about 3.6 x 10- 2 in this study. The ceiling, floor, 
partition, and walls, except the eastern wall, are assumed 
to be well insulated. 

PllYSICAL FOUNDATIONS AND 
NUMERICAL PROCEDURE 

The airflow is considered to be a turbulent How which 
is simulated by k-s two-equation turbulence model [6]. 
With the Boussinesq approidmation, the conservation 



/ 

Thermal Comfort and Indoor Air Quality 79 

Table 2. Source terms for conservation equations 

</> r9 s4' 
I 0 0 

u µ,If ap a ( au) a ( av) a ( aw) - ax + ax µ,If ax + oy µ,rr ox + Dz µ,rr ax 

v µ,If op a ( au) a ( av) a ( ow) - ay + ax µ,If oy + ily µ,ff oy + Dz µ,ff oy 

w µ,ff op a ( au) o ( av) a ( ow) - az +ax µ,ff az + ay µ,ffaz +Dz µ,rr oz -ppgO 

Ir 
µ,ff 

0 
uh 

k 
µ,ff 

Gk-pe+Ge 
Uk 

µ,ff e pe' 
C, k(Gk+G8)(1 +C3R,)-C,T u, 

c 
µ,ff 
u, 

equations of mass, momentum, energy, and the turbulent 
properties can be written in the following form: 

(4) 

where</> denotes the variables, u;, h, c, k and e respectively. 
S4> represents the source term for each of the variables, 
and is listed in Table 2. r 4>.ctT is the effective exchange 
coefficient determined by the turbulence model. 

The flow properties at the grid nodes near solid surface 
are computed through the wall function method [7]. 

The SIMPLE algorithm [8] is employed to solve the set 
of differential equations. The false time step and under
relaxation are used to avoid the divergence. Overall con
tinuity corrections for velocity and pressure at the section 
of door opening are added to assure the mass balance 
across the door opening. This paper will not go into the 
details of derivation of differential equations, since the 
numerical procedure adopted in this paper is similar to 
the one in Haghighat et al. [9, 10]. 

RESULTS 

Figures 2 through 10 illustrate the distributions of the 
air velocity, temperature, and PD due to draught in 
three cases with different door locations. The supply air 
temperature and velocity are fixed at l8°C and 1 m/s 
respectively. 

(a) Case 1: Door opening at y0 /W = 0.17 
Figure 2 shows the velocity vectors at vertical sections 

y/W = 0.13 and 0.63, and at horizontal sections 
z/H = 0.042 and 0.46. At vertical section y/W = 0.13, an 
air circulation loop dominated by natural convection is 
seen in zone B. The air movement near the floor is much 
stronger than that in the upper region; this is attributed 
to the suction caused by the natural convection in this 
zone. A counter flow from zone B to zone A is observed 
in the upper part of the door opening. The upward move
ment of air entering zone A from zone B is due to the 

0 

higher air temperature in the latter. At vertical section 
y/W = 0.63, a strong air movement near the ceiling in 
zone A is caused by airflow from the nearby supply 
opening. Figures 2c and 2d illustrate that only the air 
near the partition enters zone B from zone A ; this can 
also be seen in Fig. 2a. In the region near the floor 
(z/H = 0.042), the air in zone A moves mainly towards 
the western wall because of an upward air movement 
there. At the level z/H = 0.46 and higher, there are two 
large air circulations: clockwise in zone A and counter
clockwise in zone B. 

Figure 3 shows that the temperature in zone A is quite 
uniform; it changes only in the narrow region near 
the partition. In zone B, the temperature stratification 
is more pronounced at vertical section y/W= 0.13 
than that at section y/W = 0.79. This may cause dis
satisfaction because of the noticeable temperature differ
ence from ankle to head level. Since cool air flows mainly 
through the lower part of the doorway into zone B, 
and is warmed up on the way to the eastern wall, the 
temperature gradient in the lower horizontal section is 
steep (Fig. 3c). At a higher level (Fig. 3d), the tem
perature is more uniform except in the small region 
around the heat source. 

The PD distributions demonstrated in Fig. 4 indicate 
that the risk due to the temperature draught and the 
turbulent intensity in zone A is higher than in zone B. 
However, in a small region near the floor of zone B, 
the PD is over 20% . Figure 4c shows a quite high PD 
distribution near the supply inlet because of the higher 
air velocity and lower temperature. 

(b) Case 2: Door opening at y0 /W = 0.50 
The airflow pattern for the case with the door opening 

at the middle of the partition is very similar to that in 
Case 1, and therefore is not discussed here. The tem
perature and PD distributions for Case 2 are illustrated 
in Figs 5 and 6, respectively. The temperature distribution 
in zone A is similar to that when the door is near the 
southern wall (Case 1) ; this is because the air flow pattern 
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Fig. 2. Flow patterns in the case with y0 / W = 0.17. 

in the two cases is simi lar. Generally speaking, the vertical 
temperature stratification in zone B is acceptable, the 
temperature difference from the floor to the ceiling is only 
about 2°C, as shown in Fig. Sa. However, Figure Sb 
indicates that an occupant would suffer a 2°C tem
perature shift at ankle-level when walking from the par
tition to the eastern wall. The situation improves at the 
higher level (see Fig. Sc). 

Figure 6 presents the PD for vertical section 
y/W = 0.46 and horizontal section z/H = 0.46. In zone 
A, since the supply air has a high velocity and a low 
temperature, the PD is much higher than that for zone 
B, especially in the region near the supply opening (Fig. 
6a). At horizontal section z/ H = 0.46, most are thermally 
comfortable. At the comer formed by the partition and 
the northern wall in zone A, the risk due to draught 
is high since air velocity is relatively high and the air 
temperature is low. 

(c) Case 3: Door opening at Yo/W = 0.83 
The flow field shown in Fig. 7 is completely different 

from that shown in Fig. 2. The directions of air cir
culation in zones A and B are exactly the reverse to those 
in Case L. Air velocity at section y/W = 0.13 (Fig. 7a) is 
less uniform the maximum velocity being nearly two 
times higher than those in the two other cases. Geome
trically, the door location here is symmetrical with respect 
to the supply inlet, the point heat source, and the heat 
source uniformly emitted from the eastern wall, and to 
its location at y0 / W = 0.17. Thus, the flow field should 

be geometrically symmetrical to that in Case 1 to a large 
extent. The actual unsymmetrical distribution of air vel
ocity can thus be attributed to the exhaust location. At 
the lower level, where the effect of the ceiling-mounted 
exhaust is less important, the velocity distributions are 
found to be very much symmetrical to those in Case l 
(comparing Figs 7c and 7d to Figs 2c and 2d). 

Figure 8 presents the temperature distributions. Since 
the flow field in this case is to a large extent symmetrical 
to that in Case 1, the temperature field at vertical section 
y/W = 0.13 (Fig. Sa) is similar to that at section 
y/W = 0.79 in Case l (Fig. 3b). Likewise, Figs 8b and 3a 
correspond to each other. At horizontal sections 
z/ H = 0.042 and 0.46, the temperature fields are also 
symmetrical to those in Case l. In zone A, the tem
perature is as uniform as in the other cases. 

Figure 9 presents the PD at vertical section y/ W = 0.13 
and horizontal section z/R = 0.46. High values and 
gradient of PD at section y/ W = 0.13 are noted (see Fig. 
9a) although the supply inlet is not locared here. It implies 
that when the variation in air temperature in zone A is 
negligibly small, the PD distribution is mostly dependent 
on air velocity and the turbulence intensity field. Com
paring Figs 7d and 9b shows the PD distribution fol
lowing the form of the air movement. Since the air move
ments in zones A and B are of boundary layer type, the 
PD near in the periphery is higher than that in the central 
region. 

In Table 3, the average percentage of dissatisfied people 
and the normalized average contaminant concentration 

· ~ 
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(b)y/Wz 0.79 

(c) r/H "0.042 

) 
(d) rlH • 0.46 

Fig. 3. Temperature distributions for the case with y0 / W = 0.17. 

(al ylW" 0.13 

(b) r!H • 0.042 

(c)r/H•0.88 

Fig. 4. PD distributions for the case with Yo/W = 0.17. 

(o)y/Wz0.13 

(b) z/H z0.042 

(cl r/H" 0.46 

Fig. 5. Temperature distributions for the case with y0 / W =- 0.50. 

(a)y/W=0.42 

(b) r/H • 0.46 

Fig. 6. PD distributions for the case with y0 / W = 0.50. 

in both zones and for different supply air temperatures 
and door locations are presented. At the same supply air 
temperature, when the door is moved from y0 / W = 0.17 
to y 0 /W = 0.83, the average PD decreases slightly in 
zone A and increases slightly in zone B. Considering that 
the PD is computed by the empirically based comfort 
equation [5] described in the Introduction, a small.differ
ence in average PD could be negligible for thermal com
fort sensed by occupants. It indicates that the thermal 
comfort due to draught in both zones A and B may not 
be affected by the change in door location. The average 
contaminant concentrations in zones A and B are at their 
lowest values when the door is located in the middle of 
the partition, and at their highest values when the door 
is near the northern wall. However, since the average 

--- ---------- -~---······-·-·--·- --·-· 
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Fig. 7. Flow patterns for the case with y 0 /W = 0.83. 
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Fig. 8. Temperature distributions for the case with y0 /W = 0.83. 
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x interval • 0.94444 y lntervo\ • 0.27~00 

Fig. 9. PD distributions for the case with y 0 /W = 0.83. 

contaminant concentrations in each zone depend much 
on the location of the contaminant source, it is usually 
preferable to move the contaminant source instead of the 
door opening to achieve a better indoor air quality. 

With a fixed door location, increasing the supply air 
temperature from 18 to 19 or 20"C results in a slight 
decrease in the average PD in both zones A and B. This 
is because people are usually more sensitive to draughts. 
However, there is a limit to how much supply air tem
perature can be increased in order to reduce a high PD 
value due to draught. For a comfortable environment 
the room temperature should range from 19 to 24"C 
when the relative humidity is 40-75%. 
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Table 3. Average PD and contaminant concentration in each zone 

T, = I8°C T, = 20°c 

y 0 /W = 0.17 PA= 4.85 PB= 0.80 PA= 4.54 PB= 0.73 PA= 4.24 PB= 0.68 
CA= 5.52 CB= 13.2 CA= 5.50 CB= 13.2 CA= 5.48 CB= 13.2 

Yo W = 0.50 PA = 4.66 PB = 0.82 PA = 4.37 PB = 0. 76 PA = 4.07 PB = 0.69 
CA= 4.72 CB= 12.3 CA= 4.70 CB= 12.3 CA= 4.70 CB= 12.3 

y 0 /W = 0.83 PA= 4.50 PB= 0.91 PA= 4.18 PB= 0.84 PA= 3.90 PB= 0.77 
CA= 6.96 CB= 13.8 CA= 6.91 CB= 13.8 CA= 6.88 CB= 13.8 

PA : average percentage dissatisfied people in zone A. 
PB : average percentage dissatisfied people in zone B. 
CA : average contamina.nt concentration in zone A. 
CB : average contaminant concentration in zone B. 

The average contaminant concentration does not seem 
to be sensitive to change in supply air temperature in the 
sirua tions under consideration. This is because lhe forced 
air flow from the ventilation system is much stronger 
tban the air·movement induced by buoyancy effect. 

The mixed convection case here being considered is 
composed of a forced conveclion produced by mech
anical ventilation and a natural convection induced by a 
heat source along the eastern wall and a point heat source 
representing a computer. Since the air tempecature in 
zone Bis higher than that of the ventilation air in zone A, 
the ventilation air is accelerated downward when entering 
zone B. Across the upper part of the door opening, a 
small amount of warm air carrying contaminants Hows 
into zone A from zone B. The amount of the counter 
flow of warm air depends on the location of the door 
opening. When the door is closer to the exhaust 
(y0 /W = 0.83), the suction at the door opening caused 
by the exhaust would be relatively stronger, and thus 
the airflow from zone A to zone B would be enhanced. 
However, the ve.ntilation flow rate remains unchanged. 
In order to keep the overall mass continuity, the counter 
flow from zone B into zone A would have to be increased. 
This indicates that more contaminants and heat would 
be brought into zone A from zone B where lhe con
taminant and heat sources are located. As a result, in 
Case 3, the average contaminant concentration is rela
tively higher (see Table 2), and the average temperature 
in zone A at the section crossing the door opening (see 
Fig. 9b) is also higher than that in Case I (see Fig. 3a). 

CONCLUDING REMARKS 

The field distributions of air velocity temperature and 
PD for a two-zone enclosure under mixed convection 
condition are predicted by numerical simulation. The 
i.nfluence of the door location and the supply air tern-

perature on thennal comfort are investigated. The door 
opening is placed near Lhe southern wall (Case 1), the 
middle of the partition (Case 2), and near the northern 
wall (Case 3), and for each case, three supply air tem
peratures, 18, 19 and 20°C are considered. 

The following conclusions may be drawn from this 
study : 

(I) For enclosures with layouts similar to the one 
studied, temperature is quite unifonn for the most part 
throughout the enclosure, except in the region near the 
floor in zone B, where horizontal temperature strati
fication is relatively pronounced regardless of the door 
opening position. 

(2) The PD due to draught in zone A is much higher 
than that in zone B for all cases investigated. 

(3) The PD is higher in regions around supply and 
exhaust openings and n.ear the floor. In most areas, th.e 
PD is less than 10%. 

(4) When the door moves from y 0 /W = 0.17 to 
y0 / W = 0.83, the predicted average PD slightly decreases 
in zone A and increases in zone B. However, the slight 
difference in PD may not affect the sense of occupants to 
thermal comfort due to draught. 

(5) The average concentrations in zones A and Bare 
at their lowest value when the door is in the middle of 
the partition, and at their highest when the door is near 
the northern wall. 

(6) With door location fixed, increasing the supply air 
temperature from 18 to I9°C (or 20°C) results in a lower 
average PD in both zones A and B. 

(7) The average contaminant concentration does not 
seem to be sensitive to the supply air temperature in the 
situation under consideration. The reason for this is that 
the forced air ftow from ventilation systems is much 
stronger than the air movement induced by temperature 
difference (i.e. natural convection). 
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