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MODELLING COMPLEX INLET GEOMETRIES IN CFD
APPLIED TO AIR FLOW IN VENTILATED ROOMS 

Skovgaard, M. and Nielsen P.V. 
The University of Aalborg, Denmark 

SUMMARY 

Modem inlet devices applied in the field of ventilation of rooms are getting more complex 
in terms of geometry in order to fulfil the occupants' demand for thermal comfort in the 
room and in order to decrease the energy consumption. This expresses the need for a more 
precise calculation of the flow field. In order to apply CFD for this purpose it is essential 
to be able to model the inlet conditions precisely and effectively, in a way which is 
comprehensible to the manufacturer of inlet devices and in a way which can be coped 
with by the computer. 

In this paper a universal method is presented and tested. The method is based upon three
dimensional - and radial wall jet theory and upon diffuser specific experimental data. 

Simulations are held up against a more basic method and full-scale measurements. The 
inlet model is evaluated in terms of result, computational effort and applicability. 
Promising results are obtained. 

LIST OF SYMBOLS 
Subscripts 

A Area 
a Coefficient in difference equation, area D Downstream point 
et Constant in the turbulence model E East point 

~ Constant in the turbulence model i,j,k Indicators of direction 

Co Constant in the turbulence model N North point 

c~ Constant in the turbulence model 0 Inlet 
E Wall roughness function in the p Centre point 

logarithmic law r Radial 
F Force rm Recirculation maximum 
I Turbulence intensity s Shear, south point 
k Turbulent kinetic energy t Turbulent 
K Factor in wall jet formula u Upstream point 
n Air change rate, normal to surface w West point 
p Pressure 
PD Percentage Dissatisfied people due to draught Greek 
Re Reynolds' number (p!U/.u) 
s Source term 0 Kronecker delta, wall jet width, area 
Tu Turbulence intensity f Energy dissipation 
u,v,w Velocity fluctuations 6 Angle 
u,v,w Mean velocities 1C von Karman constant 
u+ Dimensionless velocity parallel to the .u Viscosity (dynamic) 

surface (Up/Ur) p Density 
x,y;z. Directions r Shear stress 
y Normal distance from wall a Constant in the turbulence model (the turbulent 
y+ Dimensionless wall distance (U,YpP/.U) Prandtl number) 

"' 
Generalized variable 
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INTRODUCTION 

Numerical prediction of air flow patterns in mechanically ventilated rooms has been 
a research object for almost two decades. Up through the 1970's and 1980's Computa
tional Fluid Dynamics (CFD) showed that it was possible to predict the flow field in 
large domains with relatively small openings (see e.g. Nielsen 1976, Nielsen et al. 1978 
or Gasman et al 1980). 

In recent years the field of ventilation engineering has started to look upon CFD as 
a design and an analysing tool, because CFD offers a radical change in available 
analytical tools, by which the engineer can predict the impact of a certain design of an 
air condition system on the indoor climate and the energy management of real 
buildings. But in contrast to most test carried out with CFD, real buildings and air 
condition systems are often very complex in terms of building - and air supply device 
geometry (fig. 1), which gives rise to very complex flow phenomena such as transitional 
flow regimes etc. 

The aim of the work reported in the present paper is to look into the influences of a 
modern complex air supply terminal used in the mixing type of ventilation. The ideas 
may just as well be applied in the field of displacement ventilation. 
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Figure 1. Different designs of air inlet devices. 

It is well known that the velocity level in a room ventilated by a mixing type of 
ventilation is strongly influenced by the supply conditions (Nielsen 1976) and that it is 
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the momentum flow of the inlet which has the major impact of the flow pattern in the 
room (except maybe for very low inlet velocities). It is also known that the momentum 
flow in a wall jet created by the jet from the inlet diffuser is lower than the inlet 
momentum flow (McRee et al. 1967). It is therefore very important that the model of 
the inlet device is able to produce the wall jet momentum either direct by a model of 
the inlet device or by use of empirical data. In Nielsen 1976 a method is presented 
which fulfils these basic requirements by use of diffuser specific data. This fact makes 
also the method quite universal. The model presented in the following utilizes the 
same basic ideas. 

Figure 2. Typical flow from a wall mounted diffuser. 

Fig. 2 shows a typical mounting of a inlet device in a wall. The flow from the inlet 
creates a wall jet type of flow in a certain distance from the inlet, either because the 
inlet flow is directed upwards or because it is influenced by the Coanda effect. An 
attempt to model the inlet direct would in most cases require too much computational 
effort to be realistic. Another more comprehensible way would be to prescribe the 
actual wall jet conditions in a volume where the flow has adopted this character. Such 
a method implies that device specific data are available. 

MATHEMATICAL MODEL 

The mathematical model of the flow is described by the following equations. 

The time-averaged continuity or mass conservation equation 

(1) 

The time-averaged momentum equations 
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a ( -) a [ [a~ a~]] + - -pui~ + - p. -+-
&; ~ &; &j &; 

(2) 

where Ui is the time mean velocity of the direction ~ and ui is the fluctuating velocity 
in the ~ direction. 

To solve the above set of equations it is necessary to represent the fluctuating velocity 
by a set of turbulence equations. There are several of such models available, but the 
most suitable model for practical engineering is the k-E model which is a two-equation 
semi-empirical model for turbulent kinetic energy and its dissipation. The k-E model 
takes up the eddy viscosity concept by describing the Reynolds stresses in the following 
way 

[au au] 2 
- pu

1
.u

1 
= 11 -

1 +-1 - - pko .. 
rt ar. ax. 3 IJ 

J I 

By substituting the eddy viscosity concept into (2) we obtain the following equation for 
the mean flow 

aP a [ [a~ au]] a(pUU) = -- + _ tu +p.) _ +-1 - 2pko .. 
I J ax. ax. \f""t ax. ax. IJ 

I I J I 

(3) 

where (4) 

The closure equations for k and f will be transport equations of the following form 

(5) 

(6) 
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where k and E have the definition 

l
k = 2~~ 

- #au.~ e- ---
p &j ~ 

For fully turbulent flow the following set of constants is assigned 

N1JMERICAL PROCEDURE 

The computational domain is divided into a number of cells by a non-uniform, 
staggered and rectangular mesh in order to produce finer grid close to the walls and 
in other areas where gradients may be expected to be large. The previous set of 
equations (3 + 5 + 6) is discretized by the finite volume technique (FV) (Patankar 
1980) and cast into the following general form: 

CJpr/Jp = Or!r/JE + Yw + ONPN + Clsr/Js + Clor/Jo + a,AJu + S t/J 
St/J = Se + Spr/Jp 

(7) 

The pressure is linked via the pressure correction technique and the turbulent viscosity 
is calculated by (4). 

When a surrounding set of boundary conditions is provided a solution can be obtained. 
Equation (7) is solved by the TMDA technique and an ADI-like procedure. 

BOUNDARY CONDITIONS 

To be able to solve the discretized set of equations a full set of boundary conditions 
(BC) must be given because of the elliptic nature of the governing equations. 
However, the use of the hybrid scheme may have the effect that not all BC's are 
effective. 
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Test case 

The test room is shown in fig. 3. The inlet device is of the HESCO-type 
(KS4 W205K370) where the flow can be adjusted to any kind of three-dimensional 
flow. For this purpose all nozzles are adjusted to an angle of 40° upwards. 

Figure 3. Sketch of the test case. a) The room geometry. b) Close-up of the inlet 
device. 

(i) Boundary conditions at surfaces 

Because of the validity range of the set of equations (fully turbulent region) the no-slip 
boundary conditions have to be introduced indirectly by wall functions in the source 
term at the first grid node (subscript p ). This approach has also the advantage that it 
spares some grid nodes in the near wall region. However, this method can be difficult 
to use in areas where the maximum velocity is found close to the surface (e.g. the wall 
jet region). 

The boundary conditions are given by the shear force at the wall (subscripts) and the 
velocity parallel to the surface in the first gridnode (subscript p) 
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If y+ < 11.63 : 

(U-U) 
F = -Jl P s O.x 

s .X 
p 

If y+ > 11.63 : 

F = s 

2 

u+ = ..!.ln{Ey +) ; kp = .!!2_ ; K = 0.4187 ; E = 9.793 

K Jell 

(8) 

(9) 

F, is subtracted as a source term in the near wall cell in the point p with f/>p equal to 
~and U5 = 0. 

The limit 11.63 is probably not valid in three-dimensional boundary layer flow and one 
can argue that it is already too low in the one-dimensional boundary layer but it is, 
nevertheless, used in this two layer approach. 

Turbulent kinetic energy and dissipation: 

ak = 0 
an 

e = 

(ii) Boundary conditions in the return opening 

Outlet U-velocity is set to fulfil the overall continuity so 
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f f uo~J')dA 
u X! Y! 

out,uniform = __ A __ _ 
out 

Upwind boundary is assumed in the outflow so exact values are not required. 

(iii) Inlet boundary conditions 

The inlet boundary is particularly complex because we must give an exact image of the 
real conditions and real conditions often mean a very complicated design of the inlet 
device. The complex inlet device used in the present test case is chosen to give a 
complicated flow pattern around the inlet and therefore it is a realistic test of the CFD 
method. The present inlet device is difficult to model direct because the many small 
nozzles are distributed over a fairly large area and are directed upwards in an angle 
of 40°. It is therefore decided to try two simplified approaches to represent the inlet 
flow conditions. 

The two methods tested in the following are: a basic momentum preserving method 
and a development - or extension of the method outlined by Gasman et al. 1980, and 
further explained by Nielsen 1989 and Skovgaard et al. 1990. The latter method is 
developed to be general - and to be more comprehensible to the manufacturer. The 
ideas behind the method are not only useful in most set-ups of the mixing type but 
also in many displacement systems. 

The basic method: 

The assumptions for this method are that the momentum flow in the jet created 
around the inlet should be presented by a more simple model. The distributed nozzles 
are simulated by a single opening having the same effective inlet area, the same aspect 
ratio (h/w) and a flow rate equal to the measured one and therefore the same 
momentum flow as the actual diffuser. The above-mentioned assumptions give 
following BC's. 

ainlet = 0.18*0.062 = 0.011 m
2 

a0 = f(U0 ) 

for n = 1 : 0.008 m2 

for n = 3 : 0.00855 m2 

for n = 6 : 0.009 m2 

uo = 3.6 m/s : uinlet = 2.71 mjs, vinlet = 2.27, winlet = 0.0 (n = 3) 
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f· = c 3/4k3/2/l 
mlet ~ 

The "prescribed velocity" PV method: 

When the PV method is used the velocity profiles for U and V are prescribed in a full 
volume in front of the diffuser at a location where the wall jet type of flow is 
established and therefore has a parabolic nature, see Nielsen 1989. This method 
requires data for the behaviour of the real flow. Tests were carried out on the chosen 
inlet geometry by Skovgaard et al. 1990. The tests showed that the maximum velocity 
of the wall jet is described by 

u = K(8)U Jao 
r 0 +x X 0 

(10) 

where the K-factor for this particular inlet is interpolated from experimental data 
(Skovgaard et al. 1990) (fig. 4). 

K(8) = 4.2 - 0.9758 - 8.20682 + 7.82883 
- 2.08884 

e is in rad. 

K 

5.----------------------------------. 

4 

3 

2 

10 20 30 40 50 60 70 80 90 100 

Figure 4. K( 8) interpolated from eksperimental data. 

U and V are calculated from 

u = coseur 
V = sin8Ur 

e 

(11) 

U and V profiles are self-similar up to a distance of y / o11 = 1.0 under the ceiling 
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(Nielsen 1989). The following wall jet profile is assumed (Verhoff 1963) 

and o is taken from Skovgaard et aL 1990: 

o1(x) = o.os(x +0.45) 
2 

RESULTS 

Simulated results from the basic model and the PV model will in the following be 
compared with measured data for air change rates 1, 3 and 6 h-1. 

The overall flow patterns for the cases are shown in fig. 5 and 6. 

Predictions in the basic model show that the radial jet below the ceiling, fig. 5g, has 
a component of very high velocity directed against the corners. This flow pattern may 
be the result of the impingment at the ceiling and it has the effect that a high velocity 
level is obtained in the occupied zone. 

The velocity distribution below the ceiling in case of the PV model has a characteristic 
"peak" along the centre line, fig. 6g. This is in the experiments observed as an area 
with parallel flow. Measurements by Heikkinen 1991 have also shown this combination 
aftwo-/three-dimensional flow and radial flow. The maximum velocity in the occupied 
zone is close to the measured level which shows the practical relevance of the PV 
model. 

The area with the maximum velocity, Unn, in the occupied zone is located very close 
to the wall opposite the supply opening (Skovgaard et aL 1990). The predictions are 
not able to reproduce this location. 

The results in fig.? relate to the measured data by Skovgaard et al. 1990. The figure 
depicts the decay of the centre line velocity. X0 is measured to 0.45 m behind the inlet. 
a0 v, is a function of the inlet Reynolds number and it is again taken from the measured 
data. 

It is seen that discrepancies are found in both simulations due to the very complex 
flow structure in the real case. In the basic model case the peak velocity decreases too 
rapidly caused by the flow going outward towards the corners. If we instead focus on 
the PV model it is seen that although discrepancies are present the decay is simulated 
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with higher accuracy. 

The predictions indicate that a good description of the boundary conditions is a 
necessary requirement for the prediction of fully turbulent flow pattern with acceptable 
accuracy. 

. . 

. . - - . 

. - ----. -- ---- .. . ·- · - .. . - : · .. 

•• .• 1/l ... , 

a) 

I i _ . I b) 

' ,, - -

. . 

. ... . -
' ' ... .. ... 
I I ,/ .. ""' -- -.:... .-- • - - - -

). ~!Mi?11 ~- u ==--; .; ~ ;, ;;, = ~ ~ ~ ~ ; ' 1 ' ' 

d) 

f) 

h) 

Figure 5. Air flow patterns from the basic model (n = 3h"1
). a) Velocity vectors 

in the centre line. b) Velocity vector in a plane 0.04 m below the ceiling. c)-e) 
Speed contours in the planes z = 0.02, 1.0 and 1. 7 m. f) Iso~ldnetic energy in 
plane z = 0.02. g)-h) Speed contours in y = 2.36 and y = 0.05. 

The width of the jet in the centre plane, which is depicted in fig. 8, has a close 
connection to the results shown in fig. 5, 6 and 7. It is seen that the spread of the jet 
simulated by the PV boundary conditions is close to the measured values while the 
basic case shows some deviation. 
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a) 

I
. z~: . : • • j: b) 
; .• -~.,.- ,. - - - ----- - - I 

· ' - -- :...._ 

c) d) 

e) f) 

g) h) 

Figure 6. Air flow patterns from the PV model (n = 3h'1). a) Velocity vectors in 
the centre line. b) Velocity vector in a plane 0. 04 m below the ceiling. c)-e) Speed 
contours in the planes z = 0.02, 1.0 and 1. 7 m. f) !so-kinetic energy in plane z 
= 0.02. g)-h) Speed contours in y = 0.05 and y = 2.36. 

One of the main purposes of a design method is to predict the maximum velocity in 
the occupied zone. Fig. 9 shows the measured and the predicted maximum velocity 
Urm. The figure shows that the PV method for description of the supply opening is 
giving the best estimate of Urm. But it can also be seen that the performance is poor 
for n = 1 in both models because the low Reynolds number effect has a large impact 
on the flow at low velocities. 
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1 10 

Figure Z Measured and simulated decay of peak centre-line velocity (n = 3h"1). 

o - measured, dashed line - basic model and line - PV model (the PV volume is 
indicated by squares). 
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Figure 8. Spread of the wall jet in the centre plane. ( o - measured, dashed line -
basic model and line - PV model.) 

Several authors have made studies of this phenomenon (see e.g. Skovgaard et al. 1990, 
Murakami 1983, Chen 1979 or Restivo 1979) but it has not led to any prediction of it 
because the k,E model supposes a fully turbulent flow. The low Reynolds number 
effect in fig. 9 arises partly from the supply device and partly from the flow in the 
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room, see (Skovgaard et al. 1990). The basic model can incorporate the change in the 
effective area, a0 , and the PV model can in addition to this also include variations in 
the prescribed volume up to a distance of x= 1.35m. The effects are not very obvious 
in any of the predictions. This is partly because the change in K(8) as a function of air 
change rate has not been taken into account in the PV model (a mean of the 
measured K factors is used). But it is also because a large part of the low Reynolds' 
phenomena is occurring inside the flow and therefore cannot be described by the 
boundary conditions. Further investigations in this specific area have to be done. 

Urm 

0.6 

0.5 

0 .4 

0.3 

0.2 

0.1 

0.0 
0 2 3 4 5 6 n 

Figure 9. Urm as a function of air change rate. Squares - experiments, triangles -
basic model, o - PV model. 

As previously mentioned one of the major forces with CFD analysis of flow fields is 
the very detailed knowledge of the velocity, turbulence and thermal parameters in the 
room. These data can be used in a comfort analysis of the room or of the occupied 
zone. In fig. 10 such an application is shown where the PD index (percent dissatisfied) 
is calculated (Fanger et al. 1989). 

The calculation is given as an example and the same equation is therefore used for the 
full room and for the foot level, although it is known that the draught tolerance is 
slightly higher at foot level. The following comfort equation is used 

PD = (34-tair)(U-0.05)0
·
62 (0.37UTu+3.14) 

where 

Tu lk 
l.lU 
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Figure 10. Calculated PD index. a) z = 0.02. b) Foot height approx. 5 cm above 
the floor. 

CONCLUSION 

CFD simulations of air flow patterns in ventilated spaces give detailed information of 
comfort parameters and are therefore useful as an analysis and design tool. 

A good representation of the boundary conditions is a necessary requirement for 
prediction of fully turbulent flow. Two inlet models have been tested. One with the 
aim to model the supply device direct (basic) and one which models the resulting flow 
pattern in a volume in front of the diffuser (PV). The latter method which requires 
diffuser specific data has clearly the best performance. The first method fails to meet 
one basic requirement namely to reproduce the overall flow pattern. The second 
method gives also the lowest computational cost for the simulated case. 

The PV model is still the best choice if low Reynolds' number effects are present 
because it can incorporate low Reynolds' number effects from the inlet device and 
from the resulting flow up to the border of the volume in a certain distance from the 
inlet. 

The simulation indicates that low Reynolds' number effects not only arise from the 
inlet device and the boundary layer but from the flow in the room. This part of the 
low Reynolds number effects can therefore not be taken into account by solely 
modifying the boundary conditions. 
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