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SYNOPSIS 

The paper describes the development in airflow simula
tions in rooms . The research is, as other areas of flow 
research, influenced by the decreasing cost of computa
tion which seems to indicate an increased use of air
flow simulation in the coming years. 

It is shown that velocity and temperature distribution 
can be predicted in small rooms of simple geometry as 
well as in large areas with a complicated geometry, 
such as theatres, atriums and covered shopping centres. 
It is also possible to predict variables which are 
rather difficult to measure as contaminant and humidity 
concentration, local age and purging flow rate, heat 
transfer coefficients, etc. 

Airflow simulation has been used for the prediction of 
air movement in mixing ventilation, and new research 
shows that it might also be used for predicting air dis
tribution in displacement ventilation. 

The paper shows that some development work is necessary 
to give practical descriptions of air terminal devices. 
It also shows that it may be necessary to develop a 
turbulent model which deals with low turbulent flow. 

LIST OF SYMBOLS 

Ar Archimedes' number 

c 0 c Mean concentration in the occupied zone 

eR Concentration in return opening 

h Slot height of air terminal device 

H Height of room 

k Turbulent kinetic energy 

L Length of room 

n Air change rate 

Re Reynolds number 

T Air temperature 

T0 Supply temperature 

T0 c Mean temperature in the occupied zone 
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uo 

utot 

urm 

U I I v' 
and w' 
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t.t* 

E 

E 

Return temperature 

Mean velocity 

Supply velocity 

Mean velocity in vertical plane 

Maximum velocity in the occupied zone 

Velocity fluctuations in the three coordinate 
directions 

Vertical coordinate 

Dimensionless time step 

Ventilation efficiency 

Dissipation of turbulent kinetic energy 

1. INTRODUCTION 

The ventilation of rooms may be achieved by different 
types of air distribution systems. A commonly used sys
tem is a mixing system where inlet air is supplied from 
diffusers in the wall or in the ceiling. The supplied 
air forms wall jets below the ceiling which are easy 
to describe in terms of velocity distribution, entrain
ment, etc. The jets deflect at the wall facing the 
supply openings, and the resultant flow in the lower 
part of the room - the occupied zone - has a rather com
plicated structure. It is possible to predict the air 
distribution in the whole room including the occupied 
zone by solving differential equations for the flow 
using a computer-based numerical method. The method has 
been explained in a number of publications during the 
last 15 years, as shown e.g. by Nielsen 1 in an early 
paper, but it is not generally used by the ventilation 
industry. 

Ventilation with vertical displacement flow is another 
air distribution method. The air is supplied directly 
into the occupied zone at low velocity from wall mounted 
or floor mounted diffusers. The flow is in general 
driven by buoyancy force, and Davidson 2 has shown that 
airflow simulation can also be used for predicting the 
air distribution in this case. 

The air distribution in radiator heated rooms may also 
be analysed by air flow simulation as shown for example 
by RheinlE:inder 3 • 
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This paper will review the research on airflow simula
tions in rooms using computer-based numerical methods 
and further it will show some trends and new develop
ments. 

2. FULL-SCALE EXPERIMENTS AND COMPUTER SIMULATION 

Full-scale experiments will produce measurements which 
can be of very high quality but they are time consum
ing. The cost of a single experiment is in the range 
3,000 US$ to 20,000 US$. More expensive full-scale ex
periments may involve actual decorating, furnishing and 
interior fittings so that the owner, architect and con
sultants can experience the environment at a very early 
stage as discussed by Larkfeldt 4

• This is of course an 
extra advantage of full-scale experiments, and further
more, it will also ensure an acccurate determination of 
the flow in the occupied zone and give information of 
the influence from different shapes in the interior 
such as lamps, technical installations, etc. Full-scale 
experiments in the cheaper end of the price scale are 
made in rooms which can be built in a module system 
with moveable walls and ceiling. 

An alternative possibility are model experiments which 
are necessary for very large installations. Model experi
ments are difficult to perform, due to problems with 
similarity. They are also expensive because they re
quire much elaboration of such details as supply open
ings, etc. 

The practical use of flow simulation for room air dis
tribution is a question of the price level as well as 
the quality of predictions. The cost of a simulation now 
correspond to that of a full-scale experiment. Chen 5 

has shown that 80 CPU minutes on an IBM 3083 - JX1 are 
used for predicting different flow situations, and 
Davidson 2 has to use up to 80 CPU hours on a VAX 2000 
to simulate the displacement ventilation created by 
buoyancy driven flow. 

Airflow simulations will increase in importance in the 
coming years due to the economics. Chapman 6 shows how 
the relative computation cost is decreasing every year, 
and this trend will continue in the coming years. The 
reason is that computer speed and storage have increased 
much more rapidly than computer costs, and figure 1 
shows that the cost of performing a given calculation 
has been reduced by a factor of 10 every 8 years . 

Another trend is the movement from large main frame 
computers in computer centres to work stations located 
close to the user. This change in the use of a computer 
will make more people familiar with standard software 
packets as programs for airflow simulation. 
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Figure 1. Trend of relative computation 
cost for a given flow and algorithm. 

The increasing internal storage capacity is another im
portant trend. Multi-equations turbulence models, LES
models and other new developments necessitates large 
computers. Large computer capacity will in general make 
it possible to make predictions of a high quality in 
complex situations as for example complicated supply 
arrangements, complicated room geometry or buoyancy 
driven flow with more plumes. 

3. AIRFLOW SIMULATIONS IN ROOMS WITH DIFFERENT VENTILATION 

SYSTEMS 

This chapter will show some results and discuss the po
tentials of the numerical method. It is divided into 
mixing ventilation in small rooms, displacement venti
lation, and air movement in large areas. 

3.1 Mixing ventilation 

Figure 2 shows the results for a room with two-dimen
sional flow and mixing ventilation. The results are typi
cal for the flow in a room with a heat source at the 
floor simulating e.g. solar radiator. The supply velocity 
u

0 
is 2.2 m/s and the velocity in the wall jet decreases 

to 0.15 m/s in the area where the cold jet leaves the 
ceiling, and the recirculating flow is accelerated to 
0.2 m/s in a larger part of the occupied zone. It is 
seen that there is a fairly good agreement between 
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measurements and calculations for the general flow and 
for the maximum air velocity in the occupied zone . 
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Figure 2. Isovels and isotherms in a room 
with two-dimensional thermal flow. The tests 
are made by Hestad 7 and the calculations are 
made by Nielsen et al. 8 • h/H = 0.003, L/H = 
1.9 and Ar = 5.5 • 10- 4

• 

The air distribution in a small room of simple geometry, 
as the one shown in figure 2 is well ur.derstood, and it 
is fairly easy to make a full-scale test for the study 
of velocity and temperature distribution. If other par
ameters as for example the humidity distribution are to 
be examined much more complicated measurements are 
necessary. Schmitz and Renz 9 have studied the airflow 
and humidity transport in a swimming bath, and it is 
demonstrated that airflow simulation is an effective 
means to optimize an air distribution system compared 
to a large number of full-scale or model scale tests with 
humidity experiments. This situation is also obvious when 
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we want to work with parameters as the age distribution 
and local purging flow rate, quantities which are diffi
cult to measure, but which are interesting in connection 
with calculation of air exchange efficiency. Davidson and 
Olsson 10 have shown some numerical predictions of these 
quantities in a room with mixing ventilation. 

t, 

14 r-------------------------------, 

1.2 

ITJ I"L I 
1.0 1---t---===------------=====---~ 

0.8 

0.02 0 .04 

h/H=0.017 

L!H = 3.0 
Re = 7350 

0.06 0 .08 0.1 
Ar 

Figure 3. Ventilation efficiency versus 
Archimedes' number in a room with two
dimensional flow. 

Figure 3 shows the ventilation efficiency E in a room 
with two-dimensional flow at different Archimedes' num
bers Ar. The ventilation efficiency is defined as cR/c0 c 
where eR is the concentration in the return opening, ana 
c 0 c is the mean concentration in the occupied zone. (In 
tn1s case c 0 c is the mean value of concentrations at the 
height 0.35 H above the floor). The contaminant source 
and heat source are evenly distributed along the floor. 
The figure shows a high ventilation efficiency in the 
case when the jet penetrates half of the room length, 
and this may also be the flow pattern which is optimum 
for thermal comfort, taking into account that the heat 
load had to be removed from the room. The results in 
figure 3 are calculated by airflow simulation, and it 
is obvious that it would be a time consuming job to per
form the necessary concentration measurings although the 
geometry involved is rather simple. 
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Chen and Kooi 11 have shown a very interesting combina
tion of airflow simulations in rooms and cooling load 
calculations for buildings. Cooling load computer pro
grams are normally based on an one-air-point model which 
means that the values of the whole temperature field in 
a room are assumed to be uniform, see figure 4. If this 
model applies to an air-conditioned room with a low ven
tilation rate or with natural convection or to large in
dustrial halls or theatres it will result in a signifi
cant error in the energy comsumption due to the presence 
of temperature gradients in the room air. 

Cooling load ( W) 
1000 .-----------------. 

750 

Toe 500 
---Measurement 

250 -.-One-air-point 
----With airflow pattern 

0 ~---~---~---~ 
One-air-point model 0 5 10 Time (h) 

Figure 4 ._ One-air-point model. Time dependent 
cooling load of a room. Predictions and measure
ments by Chen and Kooi 11

• 

Chen and Kooi use results from airflow simulation in 
the room to correct the cooling load program. It is too 
expensive to calculate the time-dependent air flow and 
temperature distribution of a room from an airflow pro
gram at each time step in the cooling load program. A 
data base with velocity distribution for different 
Archimedes' numbers is precalculated and used at each 
time step, and it is only necessary to calculate the 
energy equation to get the correct temperature distribu
tion. Figure 4 shows the measured and the calculated 
cooling load in a room where 950 W is applied as a step 
function. The cooling load is obtained from flow rate 
and temperature difference between return and supply. 
An one-air-point model does not take account of the ver
tical temperature gradient and thus the excessive heat 
transferred into the ceiling, while a cooling load model 
with airflow pattern is able to handle this effect and 
results are in this case in good agreement with measure
ments. 
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3.2 Displacement ventilation 

Figure 5 shows the principle in displacement flow. The 
air is supplied directly into the occupied zone at low 
velocity from a wall mounted diffuser. The plume from 
the heat source creates a natural convective flow up
ward in the room and a stratification takes place at a 
height where the plume entrains an airflow equivalent 
to the supply flow. 

The displacement flow systems have two advantages com
pared with traditional mixing systems. It is possible 
to remove exhaust air from the room where the tempera
ture is several degrees above the temperature in the 
occupied zone, and the vertical temperature gradient 
implies that fresh air and contaminant air are separ
ated, the fresh air being located in the occupied zone. 

--
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. ::::. 

0.4 

0.6 o Measurement 
0 p d " . - re ICtlon 

0.8 

1.0 
-1 0 

Figure 5. Flow in a room with displacement 
ventilation and vertical temperature gradi
ent. Predictions are made by Davidson 2 and 
measurements by Sandberg 1 2 • 

2 T-T0 

The vertical temperature distribution in figure 5 shows 
the predicted values by Davidson 2 • The comparisons with 
measured values in a water model show good agreement 
with respect to temperature distribution and height of 
the stratification level. As pointed out by Davidson 
thermal radiation plays an important role in displace
ment ventilation, and for example Nielsen et al . 13 have 
shown that the floor temperature is often close to 
T - T0 - 0 . 4 (TR - T0 ) instead of T - T0 - 0 measured 
and predicted in a water model without radiation (T0 
and TR are supply and return temperature, respectively). 
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This increase in floor temperature is due to thermal 
radiation from the ceiling. Some predictions of dis
placement flow made by Chen 5 take account of radiation 
by calculating the temperature distribution at surfaces 
from a cooling load program. 

The buoyancy driven flow in displacement ventilation in
volves elements which could be described by parabolic 
flow equations. The flow in the plume and cold down
draught are examples, and it might be possible to handle 
these areas separately using a box method, a prescribed 
velocity method or direct calculation in the same way 
as described by Nielsen 14 for the representation of 
boundary conditions at supply openings. 

3.3 Airflow simulation in large areas 

Experiments in large areas with complicated geometry can 
only be made as model experiments. It is also difficult 
to use the simplified design procedures which can be 
applied to small rooms as e.g. the room shown in figure 
2. Airflow simulation is therefore an alternative possi
bility and some examples will be discussed in the fol
lowing. 

Figure 6 shows some predictions made by Ehle and Scholz 15 • 

The experiments were made in a large theatre and the 
streaklines shown in the upper figure were visualized 
by smoke. Heat load was simulated by a high number of 
60 W light bulbs at the chairs and the volume flow to 
the main part of the theatre was 67,400 m3 /h. 

The experiments show that the flow in the left-hand side 
of the theatre was rather independent of the main flow 
pattern and the area was omitted in the numerical pre
dictions. Figure 6 shows good agreement between measure
ments and predictions, and it is further shown by Ehle 
and Scholz that there is good agreement between measured 
and calculated velocities in the occupied zone as well 
as measured and calculated temperature distribution in 
the room. The calculations are made as two-dimensional 
flow. 

Waters 16 has worked with airflow simulation for a 13 
storey high atrium in Lloyds building in London. The 
roof and the south elevation of the atrium from seventh 
to twelfth gallery are completely glazed and in contact 
with the outside environment. The simulation of cold 
downdraught on a winter day shows velocities up to 1 m/s 
at higher levels, but it is destroyed at low level in 
the atrium by the effect of heat transfer and conditioned 
air from the offices around the atrium. The downdraught 
does not disturb the three lower galleries and the ground 
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floor which are directly open to the atrium. The measured 
air movement pattern corresponds to the predictions show
ing that airflow simulation can be used also in a case 
with buoyancy driven flow and larger dimensions. 

Different examples of the use of airflow simulation in 
rooms are reviewed by Whittle 17 • 
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L =22 m 
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Figure 6. The upper figure shows the flow in 
a large theatre and the dotted line indicates 
the area of the flow which is subject to air
flow simulation. The lower figure shows the 
calculated streamline pattern made by Ehle 
and Scholz 15 • 

4. DEVELOPMENTS IN THE NUMERICAL METHOD FOR AIRFLOW SIMU

LATION IN ROOMS 

This section will deal with some developments in the 
numerical method which will make airflow simulation 
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applicable in practice. An improved handling of boundary 
values such as air terminal devices, handling of low
turbulence effect and large eddy simulations will be 
mentioned. Other developments and trends in airflow 
simulation in rooms, as for example influence from fur
niture and people and representation of the comfort level 
are discussed by Nielsen 18 • 

4.1 Representation of boundary conditions at supply openings 

An air terminal device is represented by velocity and 
temperature profiles as well as profiles for turbulent 
kinetic energy k and dissipation of turbulent kinetic 
energy E. The velocity distribution close to a diffuser 
can be very complicated with variations in level as well 
as direction, and therefore, it will be difficult to 
measure in detail. Some ceiling mounted diffusers even 
have areas with return flow for induction inside the dif
fuser which is a further complication, and it is especial
ly difficult to obtain the distribution of k and E close 
to the diffuser. The flow from the diffuser will develop 
into a free jet or a wall jet in the room. It is there
fore practical to move the boundary values a short dis
tance from the opening and give them in the form of nor
malized free jet or normalized wall jet profiles. The 
procedure will reduce the necessary measurements on the 
diffuser and it will also save grid points and computa
tion time. Different methods such as the box method and 
the prescribed velocity method are given by Nielsen 14 • 

4.2 Turbulence models 

Airflow simulation is normally based on the averaged mo
mentum equations, the continuity equation and the energy 
equation. The averaged momentum equations contain Reynolds 
stress terms which are modelled by the eddy viscosity con
cept. The eddy viscosity is further predicted from a k- e 
turbulence model consisting of two transport equations 
for turbulent kinetic energy k and dissipation of turbu
lent kinetic energy E. The object of the k and E equa
tions is rather to close the equation system, so it is 
possible to predict for example the mean velocity dis
tribution, than to give a prediction of the turbulence. 

Fanger et al. 19 have shown that the thermal comfort is 
influenced by turbulence. The turbulence is given as a 
single-directional turbulence intensity by the expression 
1~/u, when u is the mean velocity and u' is an instan
taneous deviation from the mean velocity. It is diffi
cult to compare results from the k and E calculations 
with the measured turbulence intensity and it is there
fore difficult to predict the influence of turbulence 
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on thermal comfort. 

A rough comparison between predicted and measured tur
bulence can be made in mixing ventilation where the re
circulating flow is rather similar to a wall jet. The 
normal stresses v' 2 and w' 2 in a two-dimensional wall 
jet are more or less equivalent to 0.6 u' 2 and 0.8 u' 2 

as shown by Nelson 20
• This means that /k- 1.1 /u' 2 , and 

figure 7 show measurements and predictions of /u 12 and 
/k, respectively, made by Nielsen 21 which confirms this 
connection. 

y/H 

0.0 ,.-.....,....--"T"---...--...,.,..-.-------,.--..,...,.....--....., 

0.2 

0.4 

0.6 

0.8 

0.4 0.2 0.0 

0 

0.2 

Experiment 

0 u/u 0 

\7 Utu
0 

Prediction 

-- Utotfuo 

0.4 0.6 0.8 
u/u 0 

Figure 7. Predicted and measured velocity 
and turbulence profiles in a room with 
mixing ventilation. h/H = 0.056, and L/H = 
3 • 0 • 

It is interesting to note in figure 7 that it is imposs
ible to measure the velocity in a large inner area of 
the room with hot wire anemometry, and only airflow 
simulation can show the mean velocity in that area. 
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H 

Figure 8. Geometry of a room and three
dimensional streaklines from a vertical 
line source at three different time 
steps, ~t* = 10, 20 and SO.The calcula
tion and the computer graphic are made 
by Murakami 22 • 

Numerical prediction of airflow can also be performed 
by Large Eddy Simulation (LES). The LES method is based 
on Navier-Stokes equations, the continuity equation and 
the energy equation, all filtered with respect to grid 
space, but not with respect to time. The equation sys
tem is closed by an expression for subgrid scale (SGS) 
Reynolds stresses. The turbulence is represented as the 
time dependent solution of this equation system, and it 
is important that the grid spacing is fine enough to 
allow a description of the energy containing eddies. If 
mean flow quantities have to be predicted, transient 
calculation must be conducted over a time which is suf
ficient to obtain the average values. It is obvious that 

14 



output from predictions made by the LES method contains 
much information, and it is possible to prediCt the par
ameters in turbulence which can also be measured, as for 
example /u' 2

• 

The high contents of information in the output makes flow 
analysis possible in a room by means of computer graphics. 
Murakami 22 has shown this with streaklines, timelines and 
high-speed animation of turbulent flow field. Figure 8 
shows an example of some computer graphics for the flow 
in a room. Streaklines are produced from a vertical line 
source in front of the supply opening, and each time step 
shows the development in the lines. ~t* is the time from 
the start, non-dimensionalized by H and u 0 • 

4.3 Low-turbulent flow 

Turbulence models used for the present calculations as
sume a fully developed turbulence and, consequently, a 
self-similar flow that is independent of the Reynolds 
number (a slight influence from the wall functions is 
disregarded). This indicates that an air velocity at a 
given point is proportional with the air change rate in 
the case of isothermal flow. 

Urm(m/s) 

0.5.-----------------------, 

0.4 
- -- · - Urm = const -n 

0.3 

0.2 

0 .1 

A 
c 

B 

E 

0 

o~--~--L---L---~--~-~ 

0 2 3 4 

Figure 9. Maximum velocity in the occupied 
zone as a function of the air change rate 
n. The tests were performed for five dif
ferent air terminal devices (A to D). 
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Figure 9 shows the maximum air velocity in the occupied 
zone Urm as a function of the air change rate h for five 
different air terminal devices measured by Heiselberg 
and Nielsen 23

• The different air terminal devices are of 
the following types 

A. Nozzle 

B. Grille 

C. Grille with blades adjusted for high diffusion 

D. Wall mounted diffuser 

E. Ceiling mounted diffuser 

It is seen from figure 9 that Urm is proportional with 
the air change rate n at high airflow rates while there 
are deviations at low airflow rates. Figure 9 also shows 
that the low airflow rates have practical relevance 
(urm- 0.1- 0.15 m/s). It is evident that there are 
some low-turbulent effect in this situation, which is 
especially noticeable for air terminal devices D and E. 
Part of the low-turbulent effect will be found in the 
air terminal device and therefore, it can be included 
in the boundary values of an air terminal device if it 
has been measured in advance. However, there is still 
a need for a turbulence model capable of treating flow 
conditions that do not have a fully developed turbulence 
level, as shown by Nielsen 18 • 

5. CONCLUSIONS 

Airflow simulation i rooms has taken place as research 
projects for some years. The development of computation 
cost indicates an increased use of airflow simulation in 
practice in the coming years. 

Air velocity and temperature distribution in a room are 
important for the evaluation of thermal comfort, and 
they are main variables in the prediction method as well 
as in full-scale experiments. The prediction method can 
be used to get information of variables which are rather 
difficult to measure, such as contaminant and humidity 
distribution, local age and purging flow rate, heat 
transfer coefficients, etc. and this may be an import
ant use of airflow simulation in the future. 

Airflow simulation has been successfully used for the 
prediction of flow in mixing ventilation for some years, 
and new results indicate that the method will also be 
useful for the prediction of flow in displacement ven
tilation and flow in radiator heated rooms. 

Airflow simulation in large areas as for example thea-
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atres, atriums and covered shopping centres is an im
portant application, especially because model scale ex
periments or experience from other projects are the only 
possibility present. 

Development work is necessary to give a practical descrip
tion of air terminal devices, and it may be necessary to 
develop a turbulence model which deals with low-turbu
lent flow in the case of low flow rates in the room. 
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