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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 o ~  Mean concentration in the occupied zone 

C~ 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 

To Supply temperature 

rdean temperature in the occupied zone 



Y Vexfical coordinate 

~t" D5menslonIess t i m e  step 

E Ventilat ion ef  f 5riemcy 

The vernti~akion of r o a m s  may be a ~ h ~ i e v e d  by d i f fe ren t  
types of air di~stri3szptI(orn systans, A cammoaly us& sys- 
kam 5s ;a m i x k g  sys l t ce ;m wheme i n l e t  aiu i s  suppEed f m a m  
dTfEusesrs i n  the wall or i n  the c(eilin.g, ''The supplied 
air E o m s  wall jets belaw . i&k c e i l i n g  w ' c h  easy 
k o  describe in rtcerms ioif veBr0tcity di,sftributi~oni, enrt-rain- 
men&, &kc, 'The jcets deZPect a t  the wail1 facing f ie  
supply openings, and tbe  ~resulitant E l o w  i n  th(e l j O s e r  
park (Ob the ~ m m  - the  mmpi& xoince - has a xatber corn- 
p11cated sitructure, It  is passible to predict  the  a i r  
dis&ribution i n  the w h o l e  r t m m  including the occupied 
zome by solwing d i f f ( e~ ien t l a l  equati<on.s f o r  the  f liow 
using a c(ornpnite~-hsed numeri/cal wetihod, ?Fhe method has 
heen (esxp1aiined i a  a number of pbl i~ca t i 'ons  during Che 
l a s t  15 years, as sbiown e .g, by Ni(eIsenx in an {early 
papen, bu t  i+ i:s no& gtenerally w s d  by the ventilatiion 
indins kJqf<. 

Ventilat ion with w e r k i c a l  displacement flow is anoither 
air ~srs t r ibut lom m e t h a d .  The air i,s :supplied d i r e c t l y  
into !the occupied zone at l o w  veloci ty  fiz:(om wallmuunted 
ox S l m r  ~mounked &f dusiers, The f l i m  is i n  general 
drieen by ib-uaymcy forfoe, and Davi&son3 has skown t h a t  
a i r f l a w  ~irnlill~ation can a l s o  be usend fiox predicting the  
a i ~  distri!bati~on in khis case. 

The aiz d i s t r ibu t ion  in radiator  beaked roams may a l so  
be analys(er3 by a i r  flaw simulation as shown f o r  example 
by Rhein12inder3. 



T h i s  paper w i k l  review tJhe reseaarch om airflow simXa- 
t2aw in rooms using computelr-bas miumericah m a d s  
and further it w i l k  show so- &rends and new dewelap- 
m e a t s  .? 

FUl-scale e r b e n t s  willli prduce meas=-ts wMch 

ing, The cast of a single expe is i n  the range 
3,8QO US$ ta 20,OQO US$, E%are ive fmll-..scaillte ex- 
periments may imwalwe actua3. decaratimg, fmisWb.~g am. 
h t e r i o r  f i t t i n g s  so tha t  the amer, architect and cam- 
sal tants  c a m  r E e n ~  the envira-t a t  a wexp ea~l iy  
stage as discussed b~y li~lerEeldt41w This is o,f course an 
extra advantage af EuLX-scale expe~beats. a& fwrkher- 
mare, it w i l l  also, ensure an acccnuracte dete~minatian of 
the fLaw i n  tlze wcupi& zane and give i m f a ~ t l a m  af 
the influence from different  sEtt.apes in  the in ter ior  
such a s  Imps, technical 2~~stalLattian~1,, etc, F l U X L - s c a l e  
experiments in the cheaper end of t h e  price scale are  
made i n  raoma which can be bui l t  i n  a mdule system 
with moveafbiLe walls and eeilirng, 

Am alternative pasailjiilPty a re  mn.&eL. experimenks wWch 
are  necessaxy far very lamge instal lat iansm Model ezxperi- 
m n t s  are  d i f f i cu l t  t o  perfom, dbe to\ problems ~ 5 t h  
similarity, They are aHsa expermiwe because they re- 
quire muck e1aboratio)n of such de ta i l s  a s  supply a n -  
ings, etc, 

The practical w e  af Ek.0,~ simnlatim f a r  roam air disq- 
tribution? is a questiam ah the price level a s  w e 1 1  as 
the quality of predictilam, The co,sk of d simulation moiwi 
wfrespa~! to  that  of a ful~-scal!e experfmat. Chen" 
has shown that  80 CPW minutes an an PBN 3083: - JXh are  
used faJr predicting different f l a w  situatio,ns,, and 
DavFdsan2 has, to u s e  up t o  $30 CPU B a t ~ r s  o>n a VAE 20010; 
to  simulate the dli;slp;lacemerkt wentilatian created by 
buoyancy drf wen flow. 

Airflaw simulations will! incsease in importance in  the 
coming years due t o  the ecanamuics- C$apman6 shaws how 
the relative computation cast is diczcreasi~lcg every year, 
and this, trend w i l l  continue i n  tEne c:orrwing years., The 
reason is that  computer speed and sto~rage h v r e .  increased 
much mre raplidly than computer cas;ts, and figure E 
shows tha t  t h e  cost of performing a gitvem calculation 
has been reduced bjy a facterr of 2 0  every 8 years- 

A i r r o t h e r  trend is the rno,vement from large m a i m  frame 
computers i n  computer cen t~es ,  t o  w a d  s tat ions Saeatedr 
d o s e  tol the user- This change i n  the use of a computer 
w i l l  make more people familiar w i t h  skandard 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 Mixinq 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 
uo 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 



measurements and calculations for the general flow and 
for the maximum air velocity in the occupied zone. 

Veloc~ t y  d ~ s t r ~ b u  hon (cm/s) 

Predlct~ons - -- - - Measurements 

Temperature distribution ("C) 

Figure 2. Isovels and isotherms in a room 
with two-dimensional thermal flow. The tests 
are made by Hestad7 and the calculations are 
made by Nielsen et a1.8. h/H = 0.003, L/H = 
1.9 and Ar = 5 - 5  = lom4. 

The air distribution in a small room of simple geometry, 
as the one shown in figure 2 is well ucderstood, 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 Renzg 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 



we want to work with parameters as the age distributicn 
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 
Olsson10 have shown some numerical predictions of these 
quantities in a room with mixing ventilation. 

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/c, 
where cR is the concentration in the return opening, an2 
c is the mean concentration in the occupied zone. (In 
tRls case co is the mean value of concentrations at the 
height 0.35 fi 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. 



Chen .and Kooill 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) 

One-a i r -poin t  model  

Measurement  
-. - One-air-point  
---- With airflow pa t te rn  

0 
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 Kooil1. 

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. 



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. 

- 

- 

- 0 Measurement 
-- Prediction 

- 0 
0 

I I 

Figure 5. Flow in a room with displacement 
ventilation and vertical temperature gradi- 
ent. Predictions are made by Davidson2 and 
measurements by Sandberg12. 

The vertical temperature distribution in figure 5 shows 
the predicted values by Davidson2. 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 - To - 0,4 (TR - To) instead of T - To - 0 measured 
and predicted in a water model without radiation (To 
and TR are supply and return temperature, respectively). 



This increase in floor temperature is due to thermal 
radiation from the ceiling: Some predictions of dis- 
placement flow made by Chen5 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 Nielsen14 for the representation of 
boundary conditions at supply openings. 

3.3 Airflow simulation in larqe 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 Scholz15, 
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. 

Waters16 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 



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 Whittle17. 

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 



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 Nielsenls. 

4.1 Representation of boundary conditions at supply openinqs 

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 Nielsen14. 

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 
sin le-directional turbulence intensity by the expression 
&/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 



on thermal comfort. 

A rough comparison between predicted and measured tur- 
bulence can be made in mixing ventilation where the re- 
circulating flow& rath~similar to a wall jet. The 
normal stresses v f 2  and w f 2  in a two-dimensional wall 
jet are more or less equivalent to 0.6 u f 2  and 0.8 u V 2  
as shown by Nelson2'. This means that Jk - 1-1 m, and 
figure 7 show measurements and predictions of and 
a, respectively, made by Nielsen21 which confirms this 
connection. 

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. 



Figure 8. Geometry of a room and three- 
dimensional streaklines from a vertical 
line sourpe at three different time 
steps, At = 10, 20 and 50.The calcula- 
tion and the computer graphic are made 
by M~rakami~~. 

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 



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 m. 
The high contents of information in the output makes flow 
analysis possible in a room by means of computer graphics. 
Murakami2= 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 uo. 

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. 

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). 



Figure 9 shows the maximum air velocity in the occupied 
zone Urm as a function of the air change rate n for five 
different air terminal devices measured by Heiselberg 
and Niel~en~~. 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 Nielsen18. 

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- 



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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Discussion 
Paper 10 

R Mokhtanadeh (Brunel University, UR;) 

Most calculations presented here or published describe flows in empty rooms. What are the effects of 
obstructions/obstacles (e.g. furniture) on the calculations, and how can they be accounted for? 
P. V: Nielsen (University of Aalbo?g, Denmark) 
Some measurements on flow in rooms with furniture andpeople are shown in reference (18) in thepaper. 
Furniture may both give a slight increase and a slight decrease of the velocity level in the occupied zone. It 
might be possible to do some predictions with additional therms in the floor equations, in the occupied 
zone, as shown in: Schok, R. and Hanel, B., Computogestiitze Berechnung der Raumluftsh.iimung, Ruhe 
Luft- und Eiltetechnilc, VEB Verlag Technilc, Berlin, 1988. 

B. Fleury (ENTPE LASH, France) 

What are the priorities for you? 
- developing a computer graphics package to visualize 3D dynamic flow in buildings for an extensive 
use of existing detailed air flow models. 
- developing existing or new models of turbulence leveling to building air flow configuration? 
P.K Nielsen (University ofAalbo?g, Denmark) 
Ithink both areas are important but the development of computergraphics do take place in the coming 
years. The development of a model for low-turbulent flow is vey important for airjlow simulation in 
rooms. 


