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SYNOPSIS Results from a CFO program which has been developed for simulating 
air flow in buildings are presented. The program uses the finite volume 
method to solve in three-dimensions the Navier-stokes equation, the 
enthalpy equation, the concentration of species equation, the equations for 
turbulence energy and its dissipation, the radiant heat transfer equation 
and the thermal comfort equation. Simulation and experimental data are 
presented for an air conditioned office module, a down-flow clean room and 
a naturally ventilated classroom. 

l INTRODUCTION 

The prediction of air movement in spaces 
is one of the most challenging tasks for 
the designer of HVAC systems. The 
success of any such system is ultimately 
measured by the building user who is 
directly influenced by the air movement 
pattern in the space. A recent study by 
Fanger et al ( 1) has highlighted the 
effect of air movement on human thermal 
comfort. It has shown that human 
sensation of draught is due to the 
relative air velocity of the air as well 
as its turbulence intensity. 

The drive for energy efficiency in 
buildings which started some eighteen 
years a~o h';'s resulted into a building 
stock which is better thermally insulated 
than before and more airtight. 
Consequently, more and more commercial 
industrial and public buildings are being 
equipped with mechanical ventilation or 
air-conditioning systems. The need for 
accurate prediction of the air flow in 
occupied spaces has become even more 
crucial because, with mechanical 
ventilation, large quantities of air have 
to be evenly distributed in the space 
being ventilated. Without adequate air 
distribution, excessive air movement 
(draught) can occur in some zones whereas 
stagnant air may be present in other 
zones of the same room. Poor air 
distribution can degrade the quality of 
indoor air either by inadequate supply of 
~utdoor ~ir to the occupants or by the 
ineffectiveness of the supply air in 
removing or diluting odours and other 
contaminants produced within the room. 
Low outdoor air supply rates and high 
contaminant concentrations indoors are 
recipes for the sick building syndrome 
(2). In cleanrooms which are used for 
manufacturing delicate electronic 
components or pharmaceutical products 
higher concentration levels of 
contaminants or particulates can 

significantly influence the quality of 
such products. 

Until recently the air movement in 
a space was predicted from air jet 
diffusion data and/or testing a physical 
model of the whole enclosure or a module 
if it is too large as described by Awbi 
( 3) • In physical modelling sc \le effects 
can be very significant particularly when 
dealing with buoyant flows (4). With the 
almost exponential increase in computing 
power over the last decade it is now 
feasible to predict the air flow in 
buildings by solving the full Navier
Stokes equations in three dimensions. 
Advances in turbulence modelling and 
computational schemes have accelerated 
the application of computational fluid 
dynamics (CFO) to the design of 
ventilation systems. A review of recent 
applications of CFO in room air movement 
is given by Awbi (3). 

In this paper a three-dimensional 
finite volume CFO program called ARIA-R 
(5) which has been developed by the 
authors is used for predicting th~ air 
flow in a typical air conditioned office 
module, a cleanroom and a naturally 
ventilated classroom. These cases have 
been selected because of the availability 
of some experimental data for comparison 
and also because they cover diverse 
applications. 

2 FIELD EQUATIONS 

2.1 Flow Equations 

The general transport equation for 
steady, incompressible and turbulent flow 
of air in a room whereby all the 
fluctuating entities are assigned time
mean equivalents through a turbulence 
model is given, in Cartesian Coordinates 
by: , 
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convection 

a aq, 
-<r.-) + s. 
ax; ax; 

diffusion source 

(1) c, etc.) and the effective viscosity µ. 
for the vector variables (U, v and w): 
The source term s; is represented by 
different expressions for different 
variables as given in Table 1. 

where the dependent variable cp 
representing the velocity components U, 
V and W, the temperature T, the 
concentration of chemical species c, and 
the turbulence scales used in the 
turbulence model. The convection and 
diffusion terms of equation (1) become 
identical for all the dependent variable 
if r. represents the diffusion 
coefficient for the scalar variables (T, 

The turbulence model used is the k-e 
model which is based on the Boussinesq 
turbulence viscosity hypothesis for 
isotropic turbulence and uses the kinetic 
ene~y of turbulence k and its 
dissipation rate e as the two scales. 
Hence, two additional transport equations 
for k and e need to be solved, i.e. a 
two-equation turbulence model. 

Table 1 Source terms of the flow equations 

Equation "' r• s. 
Continuity 1 0 0 

ap a au a av a aw 2 a 
u µ.e + -(µ.e-) + -(µ.e-) + -(µ.e-) - -(pk) 

ax ax ax ay ax az ax 3 ax 
u-momentum 

ap a au a av a aw 2 a 
v µ.e --+ -(µ.e-) + -(µe-) + -(µe-) - - -(pk) ay ax ay ay ay az ay J ay 

v-momentum 

- g(p - Po) 

ap a au a av a aw 2 a 
w-momentum w µ. --+ -(µ.e-) + -(µe-) + -(µ.e-) - -(pk) 

az ax az ay az az az J ay 
Temperature T rT q/CP 

Concentration c re Sc 

Kinetic energy k rk G-s C0 pe + Ga 

€ €2 

Dissipation rate € r, C1-(G
9 + Ge) - Cp-

k 2 k 

Notes: 1-'e 

au 2 av 2 aw 2 

Gs = µ.t {2 [ (-) + (-) + (-) ] 
ax ay az 

au av 2 au aw 2 av aw 2 

+ (- + -) + (- + -) + (- + -) } 
ay ax az ax az ay 

= Kinetic energy generation by shear 

µ.t aT 
= Kinetic energy generation by buoyancy 

ot 'ay 

q = heat production (W/m2) 
B volumetric expansion coefficient 
p

0 
= fluid density at a reference point 

Empirical constants in the equations 

c, 

0.09 1. 0 1.44 1.92 0.9 0.9 1. 0 1. 22 0.9 
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The diffusion coefficient, r;, for the 
scalar variables T, C, k and e is given 
by the effective diffusion coefficient re 
thus: 

( 2) 

where µ is the molecular viscosity, a = 
µC/ A is the laminar Prandtl or Schmidt 
number (where C is the specific heat and 
>.. is the therlnal conductivity of the 
fluid) , a; is turbulent Prandtl number 
for variable ¢ and µt is the turbulent or 
eddy viscosity. In the k-e model µt is 
given as: 

( 3) 

where p is the fluid density and cµ is a 
constant equal 0.09. The kinetic energy 
of turbulence k is represented in terms 
of the fluctuating velocity components as 
follows: 

(4) 

For a non-isothermal flow buoyancy 
terms are added to the source term S; in 
the equations for the vertical component 
of velocity v, k and e to allow for the 
buoyancy force due to the temperature 
difference between the computational cell 
and a reference value such as the supply 
or extract temperature, see Table 1. 

Equation (1) is discretised and 
solved for each variable ¢ in a staggered 
grid using the finite volume method and 
a line-by-line and then a plane-by-plane 
iterative procedure. A hybrid solution 
scheme consisting of central and upwind 
differencing is used for solving the 
discretised equations. No pressure 
equations are solved because the field 
pressure is linked to the velocity by 
using a staggered grid and the SIMPLE 
algorithm due to Patankar and Spalding 
(6). Wall function expressions for 
turbulent boundary layers are used to 
specify the value of ¢ at the first node 
point from a solid boundary. This 
requires the first grid point to be 
located in the turbulent region of the 
boundary layer. The iterative procedure 
is repeated until a converged solution is 
achieved which is indicated by the sum of 
the residues of ¢ for all the grid points 
being less than say 1% of the total flux 
at the supply openings. Further details 
of the solution procedure and boundary 
conditions used are described by Awbi 
(3,7). 

2.2 Radiation Equations 

When a heat source or sink is present in 
a room the heat transfer to the room air 
takes place by convection and to the room 
surfaces by radiation. The resulting 
change in air and surface temperatures 
will affect the convective heat transfer 
rate from the room surfaces and possibly 
the air movement in the room. It is, 
therefore, necessary to calculate the 
internal temperatures of room surfaces 
and use these as boundary values in the 

CFO prediction. The temperature Ti of a 
surface i is obtained from the radiosity 
J. of the surface using the equation 

I 

n-1 
Ji = eiaTi4 + (1-ei) I: FiPi 

j=l 
(5) 

where a is Stefan-Boltzmann's constant, 
e. is the emissivity of surface i, Fii is 
the shape factor for surface ~ with 
respect to another room surf ace J and n 
is the number of room surfaces. The 
radio s i t y o f a surface i s t he tot~l 
radiant energy leaving a sur f ace per unit 
time a nd per unit area (W/m2

) • If a 
radiant he at flux qi i s present on 
surface i then the r ad i osity is 
calculated using the equation: 

n-1 
Ji = qi + I: F, -J . 

j=l J J 
(6) 

The emissive power from a black surface 
i is given by: 

Ebi = J; + (7) 

and the temperature of surface i is: 

T; = 4)(Ebi/a) (8) 

2.3 Thermal Comfort Equations 

According to Fanger's (8) thermal comfort 
criterion there are four environmental 
parameters and three personal parameters 
which interact and determine the thermal 
sensation of people. The environmental 
parameters are the air temperature, ta, 
the mean radiant temperature, tmrt, the 
relative air velocity, Vr, and the 
partial water vapour pressure in the air, 
p • The personal parameters are the 
m~tabolic rate, M, the work, W, and the 
thermal insulation of clothing, Ici· In 
assessing the quality of the thermal 
environment in a room the personal 
parameters must be specified and the 
environmental parameters need to be 
measured or calculated. Normally the 
vapour pressure, Pa, is assumed to be 
uniform throughout the room and can be 
calculated from a knowledge of the 
relative humidity or percentage 
saturation. A CFO simulation based on 
convective heat transfer would predict 
the variation of air temperature and 
velocity within the space. However, the 
variation of mean radiant temperature 
within the space can only be calculated 
with the help of a radiation heat 
exchange model for the room. 

For the calculation of tmrt at any 
grid point in the computational domain 
each grid cell is considered as a 
rectangular parallelepiped and the plane 
radiant temperature, T_prt, at each cell 
surface is determined tram: 
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4 1 n 
.L: Fpi J i 

a 1=1 
(9) 

where F pi is the shape factor from surface 
p of the grid cell to the visible room 
surface i (i = 1 to n) and J 1 is the 
radiosity of room surface i given by 
equation (5). The mean radiant tempera
ture of the grid cell is calculated as 
the average of the six cell surface 
temperatures weighted by the face area. 

The predicted mean vote ( PMV) , which 
is a seven-point thermal sensation index 
due to Fanger (8), is calculated using: 

PMV = (0.303 exp(-0.036 M) + 0.028) 
x { (M - W) - 3. 05 x 10-3 

x [5733 - 6.99(M - W) - P
8

] 

- 0.42 [(M - W) - 58.15) 
- 1. 7 x 10-5 M (5867 - Pa) 
- 0.0014 M(34 - t) 

3. 96xl0-8 fcl [ (tc/ 273) 4-(tmrt+ 273) 4 ) 

- fcl he (tel - ta)} (10) 

where the clothing surface temperature, 
tel' is given as: 

35.7 - 0.028(M - W) 
-8 f - Icl {3.96 X 10 cl 

X [(tel + 273)4 - (tmrt 
+ fcl he (tel - ta) } ( 11) 

The convective heat transfer coefficient, 
he, takes the greater of the values given 
from: 

(12) 

for free convection 

he= 12.ljVr (13) 

for forced convection 

The clothing factor, fcl, is directly 
related to the thermal resistance of 
clothing and is calculated from: 

fcl = 1.00 + 1.290 Icl (14) 

for Icl s; 0.078 m2K/W 

fcl = 1.05 + 0.645 Icl (15) 

for Icl > 0.078 m2K/W 

The predicted percentage of dissatisfied 
(PPD) is related to the PMV through the 
relationship: 

PPD = 100 - 95 exf [-(0.03353 PMV4 
+ 0.2179 PMV)] (16) 

3. APPLICATIONS AND DISCUSSIONS 

3.1 Office Module 

In recent years the air conditioning of 
office buildings in the U.K. has become 
very popular and in some cases necessary 
due to the expansion in the use of 
business machines. These machines 
together with artificial lighting 
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generate a significant heat load within 
the space (internal gain) and air 
conditioning is sometimes required to 
offset this gain. The demand for all 
year air conditioning has also increased 
because of the tendency to build deep 
office spaces where interna l gains are 
more significant than external heat .gain. 
Most air conditioning systems for offices 
employ ceiling supply air terminals to 
utilise the ceiling surface for diffusing 
the air jet taking advantage of the 
Coanda effect. A slot diffuser is often 
used for supplying the air over the 
ceiling. A typical ceiling supply for a 
perimeter office module has, therefore, 
been selected to demonstrate the 
potential of CFO in room air movement 
prediction. 

An office module of dimensions 4.9m 
long , 3.7m wide and 2.75m ceiling height 
which was subjected to detailed 
measurements by Jackman ( 9) in a 
laboratory mock-up has been selected for 
simulation. The office has a full width 
single-glazed window of height l.Sm. A 
continuous slot diffuser of slot. width 
20mm (7. 2mm effective width) was 
installed on the ceiling 150mm from the 
curtain wall discharging air away from 
the window. The simulation has been 
carried out for two cases: one 
representing isothermal and cool air 
supply and one with warm air supply. The 
heat loss from the window in the heating 
case is 747W. The supply-room 
temperature difference is 5. SK and the 
air supply rate is 112 l/s. The air 
supply for the isothermal case is 120 
l/s. 

The CFO simulation of the air 
movement in the perimeter office for the 
isothermal case is shown in Fig. 1 as a 
velocity vector plot and in Fig. 2 as 
constant velocity contours (isovels). 
Figure 2 also shows measured velocities 
at three locations of height o. 3m above 
the floor and three others at a height 
1.sm. The predicted isovels are in good 
agreement with the measured velociti es. 
The air movement pattern depicted in Fig. 
1 is typical for a unidirectional ceiling 
supply with isothermal flow or a cool air 
supply in which case the supply jet 
diffuses over the ceiling and deflects 
downwards due to the opposite wall onto 
the floor to form a large vortex within 
the room. A good mixing of supply air 
with room air is, t~erefore, achieved. 

The heating results are shown in 
Figs. 3 to 5. The downdraught along the 
curtain wall caused by the cold window is 
clearly evident from the predicted 
velocity vectors and isotherms shown in 
Fig. 3. The flow is dominated by two 
triangular circulation zones; an upper 
zone controlled by the warm air jet and 
a lower zone of opposite circulation 
controlled by the downward buoyancy due 
to the cold window. The simulation 
results of Fig. 3 closely resemble the 
observed flow pattern in the test room 



given in Fig. 4. The predicted isovels 
and temperature contours are shown in 
Fig. 5 with the measured velocities and 
temperatures at six locations also 
indicated on the diagram. The predicted 
velocity and temperature distribution in 
the off ice is very close to the measured 
values. 

The flow pattern in the heating mode 
is not satisfactory because of the 
downdraught from the cold window and the 
poor mixing of primary air with room air. 
The resulting vertical temperature 
stratification can be observed in Fig. 3 
and the thermal discomfort in the lower 
part of the occupied zone is evident from 
the large predicted percentage of 
dissatisfied (PPD) shown in Fig. 6. The 
recommended PPD limit by ISO is 10% (10). 

3.2 Clean Room 

Clean rooms are spaces where strict 
control of air contamination is required 
for quality control purposes. There are 
normally two types of clean rooms 
depending on the flow direction, viz the 
down-flow type and the cross-flow type. 
The class of a cl.ean room represents the 
number of particulates of certain sizes 
(usually ~ O.Sµm in diameter) that can be 
permitted in a unit volume of air. Down
flow clean rooms can usually produce 
lower contaminant concentration levels 
than cross-flow clean rooms. In the 
down-flow clean room air is supplied 
downward from the ceiling through HEPA 
filters. A CFO simulation of the flow 
and contaminant distribution in the down
flow clean room shown in Fig. 7 are given 
in Figs. s and 9. The clean room has 
four square-shape ceiling supply openings 
of side 0. 6m and four extract openings 
one at each corner. The room dimensions 
are 4 . Sm x 4 . Sm x 2. 7m ceiling height. 
A source of contamination generating a 
tracer gas of density close to that of 
air is placed below one supply opening at 
a height of O. 7 Sm from the floor. The 
air supply velocity is lm/s giving a 
Reynolds number based on the width of the 
opening of 4.2 x 104 • 

Murakami and Kato (11) have studied 
the flow in this clean room both 
numerically and experimentally. The 
experiments were carried out in a 1: 6 
scale model at the same Reynolds number. 
Because of the high change rate (S3 ach) 
for the room the effect of buoyancy has 
been ignored and the simulation us' ng 
ARIA-R was conducted for isothermal flow. 
The predicted flow pattern represented by 
the velocity vectors in Fig. 8 is the 
~ame as that measured by Murakami and 
K~to using a hot wire anemometer. The 
ai r j et from each opening descends into 
the room impinging onto the floor and 
deflecting upwards along the walls 
~reating a recirculation zone between the 
Jet and the wall. 

The concentration contours shown in 
Fig. 9 have been normalised by dividing 
the field values by the extract 
concentration averaged over the four 
extract openings. The predicted contours 
are in good agreement with measurements 
using an ethylene (C2H4 ) source and gas 
chromatography particularly in the 
vicinity of the source. The highest 
concentration in the room is between the 
source and the floor followed by the 
trapped vortex region between the jet and 
the ne~rest wall. The concentration in 
three quarters of the room is below 0.5 
because of the displacement of 
contamination by the three jets. The high 
concentration zone is limited to a 
quarter of the room where the source is 
placed. 

3.3 Classroom 

Natural or passive ventilation is still 
the most common way of ventilating 
buildings in the U.K. The air flow into 
or out of a naturally ventilated building 
is produced by the action of wind on the 
building and the effect of buoyancy 
caused by the temperature difference 
between the air inside and the air 
outside. Although this method of 
ventilation is very common in temperate 
climates the air flow patterns produced 
by natural ventilation openings have 
seldom been investigated. At the 
University of Reading the natural 
ventilation of classrooms and offices is 
currently being investigated 
experimentally and numerically. The air 
flow pattern and temperature distribution 
in a classroom of dimensions 10 . 9m x 
11.0m x 3.05m ceiling height produced by 
cross ventilation · through windows on 
opposite walls are shown in Fig. 10. The 
classroom is occupied by twenty-two 
people distributed over four zones (three 
rows of students (3 x 7) plus one 
lecturer) . Each occupant is represented 
by an obstacle with lOOW heat source for 
the purpose of air flow simulation as 
shown in Fig. 10. The air change rate 
for this case is 3.6 ach as measured by 
a tracer gas decay method. Figure 11 
represents velocity (isovels) and 
temperature (isotherms) contours for a 
horizontal plane O. 9m above the floor 
which is approximately l5cm above the 
desks in the room. The velocities 
measured using omni-directional 
anemometers and the air temperature 
measured with thermocouples both at a 
height of 0.9m for various locations in 
the room are also given in Fig. 11. The 
figure shows that in general the 
predictions are in reasonable agreement 
with measurements, except at some points 
where the agreement is not very good. 
The latter is attributed to the 
assumption of air flowing into the room 
perpendicular to the window opening 
whereas in reality the flow could have 
been at an angle to the window opening. 

More detailed description of the 
classroom and measurement techniques are 
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given by Zainal and croome (12) and 
further simulations are given by Gan et 
al (13). The precise direction of air 
flow into and out of the room is almost 
impossible to predict because of wind 
turbulence. 

Taking into consideration the effect 
of solar heat gain and internal gains the 
mean radiant temperature at each cell 
point (40 x 24 x 20 grid) is calculated 
and used to predict the predicted mean 
vote (PMV) and the predicted percentage 
of dissatisfied (PPD) in the classroom. 
The PMV and PPD contours at a height of 
o. 9m in the room are shown in Fig. 12. 
These results show a PPD in the range 5 
to 14% with a mean value of 8% for the 
occupied zone to a height of l.8m above 
the floor. Al though thermal comfort 
standards recommend a PPD ~ 10% values up 
to 20% may in practice be still 
acceptable (10). 

In cold climates it may be necessary 
to position ventilation openings at high 
level in order to avoid draughts in the 
occupied zone. CFO can be applied to 
size ventilation openings in this case 
also and predict the air movement and 
comfort level in the room albeit under 
more critical conditions than that of the 
summer ventilation case presented here. 

4. CONCLUSIONS 

Three-dimensional CFO simulation of air 
movement in rooms is rapidly becoming 
part of the design process of ventilation 
systems as a result of the rapid 
expansion of computer power. The program 
described in this paper (ARIA-R) has been 
applied to three very different room 
ventilation cases with a degree of 
accuracy that is acceptable for most 
design requirements of ventilation 
systems. In certain cases where 
numerical discrepancy between measurement 
and prediction is evident the CFO 
simulation can still produce a good 
qualitative evaluation of the air flow. 
It should be said, however, that the 
measurement of air flow in ventilated 
rooms is very difficult and measurement 
errors can be considerable particularly 
when the velocities are very low. 

Unfortunately, the majority of CFO 
software available is still complex a.nd 
requires an experienced user. This is 
partly due to the complexity of the flow 
equations being solved and partly due to 
the physical phenomena being simulated 
and the simplifying assumptions that are 
invariably needed to achieve a solution. 
Because of these problems it is expected 
that for the foreseeable future CFO 
software will be restricted to the 
experienced user. However, considerable 
developments are needed to improve the 
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predictive accuracy of CFO software such 
as in the areas of turbulence modelling, 
griding schemes, more stable solution 
algorithms and in prescribing boundary 
conditions, particularly for rooms where 
transitional flow can be present at some 
boundaries. 
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Fig a Predicted and experimental velocity vectors in the clean room 
(a) Predicted for a vertical plane through supply opening 
(b) Predicted for a horizontal plane 0.3m above the floor 
(c) Experimental for a vertical plane through supply opening 
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Fig 9 Predicted and experimental concentration contours in the clean room 
(a) Predicted for a vertical plane through supply opening 
(b) Predicted for a horizontal plane 0.3m above the floor 
(c) Experimental for a vertical plane through supply opening 
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(a) Valoclty vactor1 

(c) l1olhenn1 on • hor1zoni.I plane 

Fig 10 

(a) Veloclty (mla) 

Fig 11 
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(b) l1otherma on vertlcal plana1 

(d) laothermt on v"'11c:al pW>ea 

Predicted velocity vectors and isotherms 
in the classroom 

(b) Temperature (deg.Cl 

SUpply er. U • 0.358 mis ; T • 19.9 deg.C 

Comparison of predicted isovels and isotherms 
with measured velocities and temperatures (*) on 
a horizontal plane (0.9m above th~ floor) in the 
classroom 

- Above 25.00 
- 24Ji0 - 25.00 
- 2~00 - 24.50 
- 23.50 - 24.00 

2aoo - 23.llO 
22.80 - 23.00 

D 22.00-22.50 
D 21.80 - 22.oo 
D 21.oo - 21.&0 
CJ 20.80 - 21.00 
D 20.00 - 20.llO 
D Below 20.00 
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(a) Predicted mean vote (b) Predicted percantaga of dlsaatlalled (%) 

Supply U: U • 0.358 m/1; T • 19.9 deg.C 

Fig 12 Contours of PMV and PPO on a horizontal 
plane (0.9m above the floor) in the classroom 
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