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.'-.i3STRACT 

. ; numerical study of the ventilati on 
;· at terns i nside an auditorium of the 
·: :t i versity of Mexico was performed. A 
· .c> neral computer program was used to solve 
~ h e conservation equations of mass, 
momentum and energy. Simulations of the 
t wo -dimensional heat transfer and fluid 
flow processes within a cross-section of 
the auditorium were carried out. Data were 
obtained in the form of air velocity and 
temperature distributions. Several cases 
were studied to invest igate the effect of 
the v ariation of geometrical 
c haracteristics of the auditorium ; results 
are presented for different locations of 
the air inlet s on the auditorium walls. 
The location of the inlets was found to 
affect significantly the flow pattern and 
temperature field and thus to influence 
directly the thermal comfor t conditions 
inside the auditorium. 

The heat generated by the occupants, the 
effect of weather conditions on the 
temperature of the walls and on the 
incoming air stream and the operation of 
the ventilation fans were all modelled 
and/or accounted for and the location of 
the air inlets on the auditorium walls 
which provides the optimum thermal c~mfort 
conditions for the auditorium occupants 
was determined. · 

INTRODUCTION 

The main interest in the study of 
convection phenomena in building 
ventilation is to understand the , flow 
patterns, the heat transfer processes and 

he temperature fields involved, in order 
to optimize the design of the equipment 
employed , t he location of heating elements 
or ventilation openings, etc. A primary 
objective is the provision of appropriate 
thermal comfort conditions within a 
buildi~g. Another important consideration 
is the minimisation of the energy expended 
to heat or cool a building and it is 
necessary to establish strategies for 
saving energy. However, due to the 
complexity o'f the governing equations , 
analytical solutions are often not 
possible and the understanding of 

convection flows has therefore been 
restricted. However, the equations can be 
solved using numerical methods . 

The thermal comfort of the persons inside 
a building is affected directly by the air 
speed and temperature gradients , and it is 
very important to predict the flow 
patterns and temperature distribution 
accurately. The main objective of the 
programme of research, of which only a 
small part is presented here, is to 
evaluate in detail the flow pattern inside 
an auditorium of the University of Mexico, 
and to estimate the effect of ch~nges in 
the size, number, type and position of the 
air inlets and outlets on the velodity and 
temperature ·distributions and fh~ comfort 
of the occupants. 

A number of studies of the convection heat 
trarisfer processes inside buildings have 
been reported. However the authors are not 
awaxe ~f any work with similar conditions 
to those found in the University 
auditorium described below. Buildings of 
various shapes a nd sizes have been 
investigated but none of sufficient 
similarity to allow a comparison with the 
building under study. The numerical 
studies reported have been concerned with 
both two- and three-dimensional laminar 
and turbulent flows. The k-E model has 
been used most extensively in the 
prediction of 3-dimensional turbulent 
flows. Experimental studies for laminar 
and turbulent flows in buildings with 
mechanical air conditioning systems have 
also been reported. Some of the research 
reported has been concerned with the 
determination of the heat transfer 
coefficient on vertical walls inside 
buildings. A major part of the research 
effort has aimed to establish the flow 
patterns inside rooms with the purpose of 
identifying the conditions that provide a 
uniform distribution of the air 
temperature. 

aertager and Magnussen [l], Timmons et al 
[2] and Etheridge and Nolan (3] carried 
out numerical studiel! and found that the 
near-wall zon~, which incl~des the 
boundary layer, was not · adequately 
modelled; this was att:ributed. partly to 
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the size of the mesh used in that zone and 
partly to limitations of the models. In 
experimental studies (see, for example, 
Qinyang et al [4], Bauman et al (5], 
Gadgil (6)) full-scale chambers have been 
used under well-oontrolled conditions. 
Measurements obtained in these studies 
have shown good agreement with numerical 
results. Qinyang et al (4) and Tirrunons et 
al [ 2] found that when mechanic-al air 
conditioning systems are used the flow 
patterns depend strongly on the size, 
shape and location of the air inlets and 
outlets . Bauman et al [SJ found that the 
transition from laminar to turbulent flow 
could be delayed; in their work, laminar 
flow was maintained for Rayleigh numbers 
up to 6. 75xl0 9 . 

DESCRIPTION OF PHENOMENA. 

In the present study the air distribution, 
heat transfer convection and temperature 
gradients inside a University of Mexico 
auditorium located at Temixco, Morel.as, 
were calculated across a two-dimensional 
cross-section, which corresponds to the 
section of the auditorium containing the 
second row of seats. The thermophysical 
characteristics of air and the boundary 
conditions were kept identical to those 
measured inside the auditorium. 

The section simulated is located under 
three ventilation fans: these are aeolic 
(wind-driven) turbines. The simulation was 
carried out for two-dimensional, steady
state forced convection. It was considered 
that the Boussinesq approximation is 
valid, so that all physical properties of 
the fluid remain constant, except for the 
density in the body force term. The 
Boussinesq approximation has been shown to 
be valid for temperature gradients inside 
a room of less than 28.6·c (Gray and 
Giorgini, [7]). 

Figure 1 shows the scheme domain and the 
rectangular cross-section of the 
auditorium. The vertical boundaries 
represent the east and west walls and the 
horizontal boundaries represent the floor 
and ceiling. In the figure one inlet is 
located in the lower part of each of the 
lateral walls, and three outlets are 
located on the ceiling. The boundary at 
the bottom is divided into three zones, a 
central one of width "c" and height "mn 
that represents the 13 seats occupied by 
persons, and two zones next to the wal l s 
representing the aisles. The heat 
generated by the occupants in the central 
zone was modelled by employing a 
temperature value of 33 ·c as the skin 
temperature and a body surface area of l 
m2 per person. 

The temperature of the boundaries (walls, 
ceiling and floor) and the ambient air 
temperature were given the follo wing 
values: the east and west walls 26"C, the 
ceiling 27" C, the floor 26 • ~ and the air 
entering through the inlets 22·c. These 
values were obtained from measurements 
(Vazquez [8]) and therefore correspond to 
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temperatures resulting from actual weather 
conditions. 

The equations governing the phenomena of 
forced convection inside the auditorium 
are: 

Continuity 

( du av 
Po ax + dy ) =O 

Momentum in the x direction 

( au au 
) = - P

1
o 
~ u - + v dy + ax ax 

v ( 
a 2u 

+ 
a 2u ) dx2 ay2 

Momentum in the y direction 

( dv v av ) __L~ u - + + ax ay Po dy 

v ( 

Energy 

(p - Pol gy 

Po 

where u, v, T and P are the velocities in 
the x- and y-directions, the temperature 
and the pressure respectively. The 
physical properties are the density p, the 

kinematic viscosity v, the thermal 

diffusivity a., and the gravitational 
acceleration g. The subscript "O" 
indicates the reference value. 

The boundary conditions set were as listed 
below. The parameters e, f, n, L, H, c, l 
and m are defined in Figure 1. 

1.- Vertical walls east and west: 

x = 0, n $ y $ L; 
a) velocity u,v = 0 
b) temperature T = 26"C 

x = H, n $ y $ L; 
a) velocity u,v = 0 
b) temperature T = 26°C 

2.- Aisles: 

0 $ x $ d, y O; 
a) velocity u,v = O 
b) temperature T = 26"C 

d + c $x $ H, y = 0; 

a) velocity u,v = 0 
b) temperature T = 26"C 

3.- Heat generation zone (seats) 



l s ~ S H - d, y = m; 
a) velocity u,v = 0 
b) temperature T = 33°C 

:·: d , 0 < y < m; 
a) velocity u,v = 0 

.·. 

b) temperature T = 33"C 
H - d, 0 < y < m; 

a) velocity u,v = 0 
b) temperature T = 33"C 

4.- Air inlets on laterals walls: 

O, 0 < y < n; 
H, 0 < y < n; 

s. - Ceiling: 

gauge pressure 
gauge pressure 

o < x S e, y = L; 

a) velocity u,v = 0 

0 
0 

b) temperature T = 27"C 

e + f S x S e + f + 1, y = L; 
a) velocity u,v = 0 
b) temperature T = 27"C 

e + 2f + l S x SH - (e + f), y = L; 
a) velocity u,v = 0 
b) temperature T = 27"C 

e + 3f + 21 S x S H, y = L; 
a) velocity u,v = 0 
b) temperature T = 27"C 

6.- Ceiling air outlets: 

a) e < x < H - (e + 2f + 21), y L; 
u = 0, v = Vm 

b) e + f + l < x < H - (e + f + 1), y 
u = 0, v Vm 

c) e + 2f + 21 < x < H - e, y L; 
u "' 0, v = Vm 

where Vm = m/p *A is the average 
velocity at the air outlet section. 

COMPUTATIONAL METHOD. 

L; 

flow 

The PHOENICS computer code (version 1.14) 
was employed for the predictions presented 
in this paper. The convergence criterion 
used in the simulation was to compare the 
results obtained after each iteration with 
those from the previous one and when the 
two sets of results differed by less than 
10-6

, the calculation was terminated. Mass 
and energy balances were carried out to 
establish that both mass and energy were 
conserved. The value used for the false 
transient for both components of velocity 
and the temperature varied between cases. 
The initial velocity values were all zero 
and the starting value for the temperature 
field was 22·c. All initial conditions 
were identical for all cases. A irregular 
mesh of 46 x 36 volumes (in the x- and y
directions respectively) was used for the 
simulation of all the cases studied. 

RESULTS AND DISCUSSION. 

The air 
outlets 

is extracted through the three 
located at the ceiling, each of 

which is connected to an aeolic (wind
driven) turbine. The movement of air 
inside the auditorium is produced by the 
interaction of the forced convection 
produced by the turbines and the buoyancy 
force generated by the simulated body heat 
of the occupants and by the temperature 
gradients caused by the inlet and boundary 
conditions. The velocity used to extract 
the air inside the auditorium varies in 
accordance with the number of air changes 
per ho~r necessary to maintain the 
specified quality of air inside auditoria 
[9]. The air velocity in the outlets is 
0.5 m/s: the corresponding flow rate and 
Reynolds number were 1.52 m3 /s and 86,400 
respectively. 

It might be expected that the number, 
location and size of air inlets affect the 
flow patterns inside the auditorium and, 
as a result, the air velocity and 
temperature around the occupants is 
different in each case. In this part of 
the research programme, the number and 
size of air outlets were kept constant and 
only the height of air inlets was 
modified. The heights at which the air 
inlets were located for the seven cases 
studied are shown in Table 1 below. 

Table 1: Location of air inlets 

CASE NODE NUMBER DISTANCE OF 

1 
2 
3 
4 
5 
6 
7 

1-9 
10-11 
12-19 
20-21 
22-23 
24-25 
26-27 

Figures 2 through 8 

INLET 
FLOOR 

below 

BASE 
(m) 

0.00 
0.46 
0.93 
1. 39 
1. 86 
2.32 
2.79 

show 

AIR 
FROM 

the 
behaviour of the air flow within the 
auditorium for the 7 cases studied. 
Figures 2a-8a show the velocity 
distribution of the air motion produced in 
the auditorium. The corresponding room air 
temperature distributions are shown in 
Figures 2b through 8b. 

In Figure 2a the air entering the 
auditorium through the air inlets is 
deflected by the seats, resulting in the 
generation of a strong flow vertically 
upwards near the seat/aisle boundary. A 
recirculation region is formed over the 
aisle, with the air near the walls flowing 
downwards. In all, four recirculation 
regions are formed over the cross-section. 
Two of these are located over the seats 
and occupy most of the auditorium. The 
smallest air velocities are found in the 
central region, where the flow is directed 
downwards. Figure 2b shows that 
temperature gradients are present in the 
region above the seats and that a local 
accumulation of heat is formed over the 
seats in the centre of the auditorium. 
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When the height of the vents i s inc reased 
(c a s e 2, Figure 3a), the inc~ming air is 
not deflected as in the first case . As a 
result, two large recirculation zones are 
formed near the walls. The air velocity 
over the seats is slightly higher than in 
case l. Six recirculation regions are 
formed across the auditorium: the two 
mentioned above, two more above the seats 
and a further two zones near the floor of 
the aisles. The isotherms of Figure 3b 
show small gradients near the inlets and 
also very near the seat/ aisle boundary, 
while the temperature is uniform in the 
rest of the domain. 

The results for the third case (Figure 4a) 
show the air. entering the auditorium at a 
level exactly above the seats, aiding thus 
the discharge of the body heat generated 
by seated persons . The air flows over the 
seats toward the centre. In addition, the 
suction produced by the aeolic turbines 
induces an air flow above the seats over 
most of the auditorium towards the 
outlets. The incoming air from each vent 
forms two recirculation regions: an upper 
one above the seats and a lower one in the 
aisles rotating in the opposite direction. 
The air stream from the inlet is divided 
into two parts in the area above the 
seats: the first one rising to the outlets 
located in the ceiling and the other 
forming the aforementioned recirculation 
zone, through which air is entrained into 
the incoming jet. Likewise, part of the 
air flow from the lower recirculation zone 
in the aisles (between the seats and the 
walls) is entrained into the main stream 
entering through the air inlets. The flow 
pattern described above was also indicated 
by the numerical results of Bauman et al 
[SJ and the experimental results of Givoni 
[10) which were obtained in a wind tunnel. 
The temperature field is very uniform over 
the whole of the cross-section, as shown 
in Figure 4b. The temperature around the 
seats is smaller than those in cases 1 and 
2. 

For case number 4 (Figure Sa) the air 
entering through the inlets is directed 
over the seats and the air velocity 
distribution in that region is not 
dissimilar to that of case number 3 . The 
overall flow pattern may be simi-lar to 
that of case 3, but the velocities are in 
general lower over most of the auditorium. 
The temperature field (Figure Sb) also 
shows a pattern similar to that found for 
case 3, except near the aisle floor, where 
the temperature is even more uniform in 
this case. 

In Figure 6a two strong recirculation 
regions are formed over the seats because 
of the airstream entering the auditorium. 
The direction of the flow above the seats 
is different to those in the last three 
cases. The incoming air flow from each 
inlet is divided in two main currents. One 
flows toward the centre of the auditorium, 
resulting in the formation of a 
recirculation above the seats. The second 
current moves toward the lateral air 
outlet and part of this flow is 
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recirculated toward the interior, forming 
a wall- jet type of flow over the walls. 
Only a small part of this airflow leaves 
the auditorium through the central outlet 
on the ceiling. The recirculations formed 
in the aisle rotate in the opposite 
direction to that in the other cases 
analyzed; this is mainly due to the 
reversal of the direction of the flow over 
the seats . The temperature field has also 
change d signi fica ntly i n c omparison t o the 
prev iQUS cases . This is to a l arge e xtent 
caused by the fa ct that most of the 
i nc oming air is di r ectly evacua ted b y t he 
outle t s and only a s mall part of the flow 
is recircula ted . As a result , strong 
temperat u re g radi e nts are formed near the 
seats and the aisles. 

The results for case number 6 (Figures 7a 
and 7b) show a similar flow behaviour to 
that of case number S. The main difference 
between them is found in the size of the 
centra l r ec irculation zones , their 
i nf l ue nce ex t e ndi ng further towa rd the 
walls in t his case . The t emperatur e fi e ld 
for t his case al s o shows many s imilarit i e s 
wi th that for case S. However, t he 
i so t herms do no t e x tend as f ar i nto t he 
centre of the room in the present case. 

The case 7 resul ts (F i g ure Ba) show tha t 
t he magnitud es of t he vectors for ming t he 
cent ral r ecirculations have decreased, and 
a la rge a mount of the a i r f l ow en tering 
trough the i nle t s leave s t he au ditor i um 
t hrough the lateral out l ets , wi t hou t a ny 
significant beneficial effect on the a i r 
i ns i de t he auditorium. An a ccumu l a t i o n o f 
temperature is found in the aisle/seat 
boundary region (Figure Bb) and the 
isotherm distribution is very similar to 
that for case 6. 

In Figures 2a through Ba the formation of 
recirculations, directly related with the 
location of the air inlets, outlets and 
seats~ was shown . In the first two cases 
the velocity direction over the seats is 
from the centre of the domain towards the 
walls, while. for cases 3 and 4 it is 
reversed (from the walls to the centre) , 
and finally for cases S, 6 and 7 the flow 
direction is again from the centre to the 
walls . This behaviour means that i n c ases 
3 and 4 t he a i r t hat the oc cupa nt s r e ceive 
is comi ng direct l y f r om ou t side t he r o om, 
and in the remaining cases t he air i s 
mixed ins i de the room before i t r e a che s 
t he occupa nt s. The maximum val ue o f t he 
air veloci t y was f o und fo r cas e 3 (3 . 26 
m/s); in this case the a i r i nlet i s 
located a t a height s imi l a r t o t hat of t he 
seats. 

The tempe r at ure c o n to urs i ns ide t he 
·a uditorium shown i n Figures 2b t h r ough 8b , 
indicate t ha t in cases 3 and 4 the 
t emperatur e field is qui t e un iform, while 
i n t he o t her cases no n-uniform t empe r a t u r e 
f i e lds were p r edi c ted. This be hav iour i s 
direc t ly r ela ted to t h e fl ow pa tt erns 
d is c ussed abo ve . I t is possible to 
c oncl ude that cas e s 3 a nd 4 a r e t he mos t 
f a vo u r abl e i n order to o.btai n the r mal 
comfort condit ions inside the a ud i torium. 



! ---

The results obtained provide useful 
i nformation for the understanding of the 
heat transfer and fluid flow processes in 
building ventilation. The findings clearly 
i ndicate that CFO methods can yield 
e s sential information which can 
s ignificantly aid the design of building 
ventilation and air conditioning. 

CONCLUDING REMARKS 

1 . - Predictions of the flow pattern 
a nd temperature distributions inside an 
a uditorium were carried out for seven 
d ifferent air inlet heights . 

2 . - The results revealed that the 
fl ow pattern and temperature distribution 
a r e strongly influenced by the location of 
t he air inlets. 

3. - The numerical method provided 
important information on how the air speed 
and temperature gradients generated within 
the building affect the thermal comfort of 
occupants. An air inlet height of 0. 93-
1. 35 m (cases 3 and 4) was found to be the 
most favourable for obtaining thermal 
comfort conditions. 
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Fig 3 (b) Isotherms for 0.46 m air inlet location; Re - 8.62x104, 
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Fig 6 (a) Velocity vector distribution for 1.86 m air inlet location; 
Re - 8.62x1 Q4, Ra= 1.85x1010, case 5 
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Fig 6 (b) Isotherms for 1.86 m air inlet location; Re = 8.62x104, 
Ra - 1.85x1010, T min=22.0°C, T max "' 31.14 °C, case 5 
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Fig 7 (a) Velocity vector distribution for 2.32 m inlet location; 
Re - 8.62x104, Ra "' 1.85x1010, case 6 

Fig 7 (b) isotherms for 2.32 m air inlet location; Re - 8.62x104, 
Ra = 1.85x1010, T min=22.0°C, T max = 30.99 °C, case 6 
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Fig 8 (a) Velocity vector distribution for 2. 79 m air inlet location; 
Re "' 8.62x104, Ra • 1.85x1010, case 7 
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Fig 8 (b) Isotherms tor 2.39 m air inlet location; Re - 8.62x1 Q4, 

Ra• 1.85x1010, T min•22.0°C, T max• 30.99 °C, case 


