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INTRODUCTION 

Natural ventilation has been utilised for many years as 
the major process to provide fresh air and indoor air 
movement for thermal comfort in buildings. However, 
estimating the quantity of ventilation for any particular 
building at the design stage is still a difficult task. Until 
recently, the preferred method was to build a scale model 
and test the model in a wind tunnel. Developments in 
wind tunnel techniques such as boundary layer simu­
lation and improvements in modelling wind charac­
teristics have lead to reasonable estimates of ventilation 
rates, but other factors such as complex topographic 
features, scaling errors, and influence of architectural 
features can restrict the accuracy of any estimate [1--4]. 
An alternative approach is to apply the mathematical 
modelling technique of computational fluid dynamics 
(CFD) [5]. This has many attractions: there is no need to 
build a physical model, different wind characteristics (e.g. 
turbulence) are easy to simulate, and detailed results can 
be obtained where it may be difficult to take measure­
ments from a scale model. These advantages have led to 
a large number of simulations of buildings with various 
features [6, 7]. Internal air flow inside buildings has also 
been modelled, even allowing for obstructions to the flow 
such as furniture and people [8). It is easy to produce a 
detailed picture of the air flow with little computational 
effort. However, the application of CFD without ref­
erence to model testing should be avoided since there is 
no guarantee that the predicted air flow is a true rep­
resentation. In this paper we show that even for the 
simplest geometry, CFD can give misleading results 
which dramatically affect the predicted ventilation rate. 
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Wind 

Fig. 1. Single-sided ventilation. 

In the following we consider the situation depicted in 
Fig. 1: the flow past a square opening in a cube, an 
archetype of single-sided ventilation. The flow is per­
pendicular to the opening, and air exchange occurs via 
infiltration. Also note the large eddy which forms inside 
the cube. This could be a very crude representation of 
the flow past an open window. Here we combine wind 
tunnel testing with CFD to test the validity of the math­
ematical model. 

EXPERIMENT AL PROCEDURE 

Wind tunnel testing 
The tunnel used for this series of tests was based on a 

sma ll open-jet wind tunnel developed for teaching pur­
poses by the Building Research Establishment. This tun­
nel has a maximum flow rate of 4.5 m/s and a working 
section I.Om wide by 0.75m high and 2.25m long. For 
the purpose of this experiment, the wind speed is main­
tai ned at 3 m/s throughout. Two layers of honeycomb 
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are fitted in the bellmouth to straighten the incoming 
flow, and are followed by a 0.5mm mesh screen. Beyond 
the entry section there is a 0.75 m settling chamber to 
allow disturbances caused by the honeycomb and screen 
to decay, and to allow means to be introduced to modify 
the flow profile. A transformer is positioned between the 
working section and the fan to convert the I .0 m x 0.75 m 
cross-section to a suitable shape for the fan mounting. 
The entry to the transfonner is larger than the settling 
chamber exit in order to allow for some expansion of the 
flow through the working section. 

The tunnel was measured to determine any velocity 
variations across the tunnel section. Two sets of data 
were recorded: the first measured 0.5 m downstream of 
the settling chamber, and the second a further 1 m down­
stream. Only negligible velocity variations were found 
(±3%), although the turbulence intensity was higher at 
the second location. The flow through the tunnel was 
found to be stable up to 0.2 m from the edge of the table. 

A box constructed of medium-density fibreboard mea­
suring 0.5 m x 0.5 m x 0.5 m, with a 0.25 m square open­
ing in the centre on one side, was set into the wind tunnel 
table. The box had holes drilled in one side to allow for 
the insertion of an air velocity transducer. The air velocity 
transducer used was omnidirectional, and had a response 
time of 0.2 s. Readings of air speed from the probe were 
averaged over 30 s. For the purpose of these experiments, 
wind tunnel speed was set to 3 m/s throughout. 

Computational.fluid dynamics 
In this investigation the CFD package FLUENT 

V4.2.5 was used for all numerical simulations. FLUENT 
V4.2.5 comes in two sections. The first, preBFC, is a 
CAD-type package, and allows detailed geometries to be 
entered to produce a true representation of the exper­
imental set-up. It also employs body-fitted coordinates, 

Flow Across an Opening 
Grid (50 x 40 x 25) 
Slice, K = 13 

which facilitates mapping of the grid. The second sect 
is FLUENT itself. In this section all the physical c. 
stants and boundary conditions are entered, and the c 
rect models are activated. FLUENT is the main sect 
of this package and is where the fluid dynamics equati• 
are solved. 

The flow under investigation is a 3D, steady-st: 
incompressible, turbulent flow. Two different turbul 
models were tried: the k-£ model and the Reynolds-st1 
model. Although the fluid used is air, it can be conside 
incompressible due to the relatively low flow rates U! 

Gravitational force was also calculated in the final s1 
ti on. 

The computational grid used for both simulati( 
shown in Fig. 2, had 50 cells in the x-direction ( 
responding to the direction down the tunnel, 25 cell 
the z-direction across the tunnel, and 40 cells in the vc 
cal, y-direction, a total of 50 000 cells. The grid was n 
uniform, and grid lines were concentrated after the or 
ing, and inside the box to give an accurate representat 
of the internal flows. The large upstream distance 
chosen to allow the flow to settle before the opening, . 
also to model the wind tunnel dimensions. The res 
were checked by doubling the number of cells in e 
direction for a few cases, which gave compar: 
results. 

In the FLUENT User Guide [9], the calculation J 

cedure uses the conventional equations adapted f, 
the conservation and Navier-Stokes equations. Torr 
them relevant for turbulent flow, the equation set is cl( 
via the Reynolds time averaging procedure and the 
closure model. The k-£ turbulence model is an eddy 
cosity model in which the Reynolds stresses are assrn 
to be proportional to the mean velocity gradients, ' 
the constant of proportionality being the turbulent e 
viscosity,µ,. This assumption, known as the Boussi1 
hypothesis, provides the following expression for 

a 

May 06 1996 
Fluent 4.32 
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Fig. 2. Computational grid used fork-£ and Reynolds-stress models. 
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(I) 

k is the turbulent kinetic energy, given by 

k = D:::Ut. (2) 
j 

Equation (I) showing the Reynolds stresses is anal­
ogous to that describing t~1e sl~ear stress~s in laminar 
now. with the turbulent v1scos1ty µ, playmg the same 
role as the molecular viscosity. The turbulent momentum 

equation now becomes 

µerr=µ+µ,. (3) 

The turbulent viscosity µ, is assumed to be pro­
portional to turbulent velocity scale and length scale. In 
the k-( model these velocity and length scales are 
obtained from the parameters k, the turbulent kinetic 
energy, and £, the dissipation of k. The velocity scale is 
taken to be k0·5 , and the length scale is taken to be 

I knee. Jl, is given by 

kJ/2 

k2 
µ,=pc. - , 

£ 

(4) 

(5) 

11 here C
11 

is an empirical constant of proportionality. 
The v<ilues of k and £ are obtained by solution of the 
conservation equation. 

RESULTS 
ll'i11i/ I 111111e/ 

The results from the air velocity transducer are shown 
in Fig. 3. Here we plot the velocity magnitude at various 
locations on three planes inside the box parallel to the 
wind direction . The planes are taken at one quarter, half, 
and three quarters of the box depth. The edges of the 
pla ncs are 62.5 mm in from the vertical sides of the box 
since this was as close as the probe could be placed to the 
edges. The velocity magnitude is plotted as the height 
ahove the plane rather than plotting velocity contours. 
As we shall see later, this facilitates the comparison of 
wind tunnel and computational data. Also, the wind tun­
ncl data have fewer points per section than the com­
putational data and could introduce spurious contours 
due to measurement errors at any point. The orientation 
of l he box can be deduced from the wind direction which 
is shown as a large arrow. From Fig. 3a, we see a large 
pcak towards the back of the box which corresponds to 
lhc large eddy depicted in Fig. I. Apart from this, there 
appears to be little variation across the box at this plane. 
1-'igurc 3b also shows the effect of the large eddy in peaks 
lll11 ards the back of the box, and also at the front edge. 
h1rthcrmore, there are other definite variations in vel­
ol·ity magnitude across the box which suggest the exis­
tl·ncc or smaller vortices. In particular, the two peaks in 
thl· front corners show secondary vortices. Figure 3c 
shows a similar picture where, in general, the higher vel­
ucity magnitudes are at the edges, whilst smaller peaks 
away from the extremities may correspond to less sig­
nilicant internal vortices. 

Fig. 3. Velocity magnitude on three horizontal planes inside the 
cube obtained from wind tunnel testing. All planes are 62.5 mm 
in from the vertical sides of the box. (a) Plane taken at one 
quarter depth. (b) Plane taken at half depth. (c) Plane taken at 

three quarters depth. 

Figure 4 shows the velocity magnitudes at the opening. 
The plane chosen covers the entire physical opening. Here 
there is less spatial variation, with a gradual increase in 
velocity magnitude towards the back of the opening, but 

~ 3 
{l 2.5 
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§, 1.5 ·' 
~ 1 
~0.5 
g 0 

~ 

Fig. 4. Velocity magnitude at the opening obtained from wind 
tunnel testing . 
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there is considerable fluctuation of velocity magnitude at 
specific locations with time. However, the time constant 
of tl1e probe tends to damp out these fluctuations, and 
we will only be concerned with the mean values. The time 
dependency of the flow at the opening is due to the smaller 
eddies of Fig. I which provide the mechanism for air 
exchange. 

CFD: k-f. model 
Figure Sa, b and c show the k-£ model CFD prediction 

of the velocity magnitude at the three planes inside the 
box. The edges of the planes were taken 62.S mm in from 
the vertical sides of the box to allow exact comparison 
with the wind tunnel results of Fig. 3a, b and c. The first 
point to note is that the predicted values of velocity 
magnitude are much lower than the experimental results 
at every plane. Figure Sa does capture some of the influ­
ence of the large eddy with peaks at the front and back 
edge, but anticipates a much larger variation in velocity 
magnitude aero the section. For Fig. 5b and c, at the 
middle imd lower planes, whilst the general trend of 
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Fig. 6. Velocity magnitude at the opening obtained from th• 
k-c CFD model. 

higher values towards the edges is maintained, the pre 
dictions are much lower than the experimental result~ 
Also the smaller internal vortices do not show up, anc 
there is little variation in velocity magnitude across th 
sections. Figure 6 shows the k-£ CFD prediction of vel 

Fig. 5. Velocity magnitude on three horizontal planes inside the cube obtained from the k-£ CFD model. 
All planes a re 62.5 mm in from the vertical sides of the box. (a) Plane taken at one quarter depth. (b) Plane 

taken at half depth . (c) Plane taken at three quarters depth. 



CFD as a Design Too/for Naturally Ventilated Buildings 

1.19[·01 
1.15[·01 
1.1 IE·ll 
1.07[·01 
l.OJE·OI 
9.87E·D2 
9.48[·02 
9.08[·02 
8.68£-02 
8.28£·02 
7.88[·02 
7.48[·02 
7. 08£·02 
6.66[·02 
6.28[·02 
5.68[·02 
5.48[·02 
5.08[·02 
l.88E·02 
4.28[·02 
J.88[·12 
J.48[·02 
J .tBE-02 
2.89[·02 
2.29[·02 
1.89E-D2 

·l . t9E·02 
l.09[·02 
8.89[·03 
2.89[·03 

1.03[•00 
: 9.94E·OI 

9.59(-01 
9.2H·OI 
8.86E·OI 
8.53£-DI 
8.17[·01 
7.82[·01 
7.47(-01 
7. llE-01 
6.76£·01 
6.41£-111 
8.05[·01 
5.70[-Dl 
5.JSE·DI 
4.99£ -D I 
4.64[-01 
l .28£-01 
3.gJ[·OI 
J.58E-O I 
3.22£-01 
2.87[·01 
2.52HI 
2. IBE·DI 
1.81[·01 
U6£-0I 
1.10£-01 
7.18[-82 
3.95[·02 
1.11[·03 

l.69£-0J 
1.83[·0 I 
l.Ff·OI 
1.51[·01 
1.15[·0 I 
l.llE·OI 
l.J4E·OI 
1.26£-DI 
1.22£-01 
1.17£-01 
1.11[·11 
1.05£-01 
9.91[·02 
9.33£-02 
8,75£-02 
6.17£-02 
7.60£-02 
7.02[·02 
6.HE·02 
5.86[·02 
5.26[·02 
1.70£-02 
i.12[·02 
3.5j[·02 
2.96[·12 
2.38E-02 
1.8or-02 
1.22£-12 
8.45£-0J 
6.63£-04 

,J 

(a) [ :-~-; :..,~,,.,-·--------~----~......._,,.,,,,,,,,l 
\ : : : ; ~:::: :::::_. ::.::::::: , __ .,...///~ ---- ~~,, 

'~'''~~~~---- ~,,, 
,.,...,...,,,..,,,.,,~,.,---- __ ,,, 
~,,,,,..,.,,, ------ r-_ __ ,,, . .,. ,,.,,,..,,,..,.,., .,,,..,,,. ___________ ~_,, ' \ 

--------------i-..--'' I ,,__. __________ . ___ _ ...,' \ I 

--------------- - ... 
--------------~ -~-

..._ .... ______________ _ ,I _______________ .,... .... , 
,. ,..., ,,..._..._ -..-...----·------..----.,..I 

Flow Across an Opening 

Velocity Vectors (M/SI 
Lmax • !.187E-OI Lmin • 2.892E-03 

Nov 21 1995 

Fluent 4.32 

Fluent Inc. 

(b) 
"' - . . ---

I 

I' 
I' 
I 
I' 
I' 
I' 
I' 

...... ,,,..,....,.,,..,.,,,.~~ 

,,,,,,,.,,,,////-
,,, ////// //./' .,,. _ 

... ii.U:!ii&P:b"°': ...,,,, 
• -."'>:Jrr:v ........... , \ \ 

'- \. \ ,//////////.,,,. __________ ,,,, 
/ .I' .I'// / I I I I .1 .1.,. - - - ---- -. ..._...., '\. \ \ \ 1.1,,,, , ,,,,,,, ......... _ .. .. ,,,, ,\ 

'' " 'I I I 
I\ \\ . ' \ \ 
I I'\ 

I I 

Flow Across an Opening 
Velocity Vectors (M/5) 

Lmax • 1.030E•OO Lmin • 4.l 13E-03 

Nov 21 1995 
Fluent 4.32 

Fluent Inc. 

(c) 
- . ' 

,-~~-- ~~, 

,///----- . ~-''' ,/////./}', ~ ~,,_ 

I j~-J-:~/~/'/. \'\' ~ ,,,~~ ~ 
: ~~~~~~{~~~f ~~~~~,~~~~~: 
I //11/ll l/lfll X\\\\\\\\\\ I 
11/1///I// ~,\\\\\\\\\\\ 

1""'"'"' I '"''''"'' 11/IJll//ll/I 1\\\\\\\\111 
I /// //(////flJJ\1\\\\\11\\\I 
1 I /.I I I I I I I I I I I I I I I I I I I I I I I I 1 

1 I I I I I I 11 I I I I I \ I I I I I 1 

1 I I I I I I I I I I I I I 1 \ \ \ \' 1 \\\ I 

' I,, I I' ' Ir I I Ir I I 1 \ 1 \ ' \ '1 1 1 \ I 
I t I I I I J I , JI If I I I I t 1 \ \ \\I I' 1 

I I 4 I I ! I I I I I I It 1 I I \ I I I 

If I , I I I' I I I I I l I I 

I I I I I 

Flow Across an Opening 

Velocity Vectors (M/SJ 

Lmax • J.686E·Ol Lmin • 6.627E-04 

Nov 21 1995 

Fluent 4 .32 

Fluent Inc. 

Fig. 7. The inlernal flow pattern predicted using the k-E CFD model in the (a) xz, (b) xy and (c) yz planes. 
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ocity magnitude at the opening. The smooth velocity 
profile is in sharp contrast to the wind tunnel results of 
Fig. 4. 

Figure 7a, b and c show the internal flow pattern pre­
dicted using the k-£ model in the xz, xy and yz planes 
respectively. These views correspond to looking from 
above, from the side, and at the plane perpendicular to 
the wind direction. Figure 7a shows the flow travelling 
from right to left across the top of the box, with some 
secondary flow depicted in the bottom left-hand and top 
left-hand corners. Figure 7b shows some flow entering 
and leaving the box at the opening, and a large internal 
flow. However, this internal flow is much weaker than 
the wind tunnel results predicted. Figure 7c shows flow 
entering the box through the opening. As a whole, the 
computational model depicts the large vortex quali­
tatively, but shows almost no secondary flow. 

CFD: Reynolds-stress model 
Figure Sa, b and c show the Reynolds-stress model 

prediction of the velocity magnitude at the three planes 
inside the box taken 62.5 mm in from the vertical sides of 
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the box. These should be compared with the wind turn 
data (Fig. 3a, b and c), and the k-£ model results (F 
5a, b and c). In general, the Reynolds-stress predictio 
are much more encouraging than the k-£ model in tt· 
many of the trends in the wind tunnel data that the /.. 
model ignored are preserved. Also, the data are of simil 
magnitude. Figure Sa predicts a slightly smaller peak 
velocity magnitude towards the back of the box than t 
wind tunnel data, but also detects the much smaller pea 
in the back corners of the box. Figure Sb is most enco1 
aging in that the five peaks in the wind tunnel data < 

all predicted with reasonable accuracy. Figure Sc ag< 
is a good qualitative result, but shows greater spat 
variation and higher peaks than the wind tunnel di 
suggest. 

The resultant flow patterns are shown in Fig. 9a, b a 
c in the xz, xy and yz planes respectively. These vie 
correspond to looking from above, from the side, and 
the plane perpendicular to the wind direction. Whilst t 
x-y projection (Fig. 9b) shows little detail except fort 
large eddy, the x-z and y-z projections (Fig. 9a anc 
respectively) show that there are significant second2 

Fig. 8. Velocity magnitude on three horizontal planes inside the cube obtained from the Reynolds-stress 
CFD model. All planes are 62.5 mm in from the vertical sides of the box. (a) Plane taken at one quarter 

depth. (b) Plane taken <ll half depth . (c) Plane taken at three quarters depth. 
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Fig. 9. Internal flow pattern predicted using the Reynolds-stress CFD model in the (a) xz, (b) xy and (c) 
yz planes respectively. 
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