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STUDY OF THE FLOW FIELD AND SCALAR
TRANSPORT OF INDOOR VENTILATING SPACE
UNDER THE IMPACT OF COANDA VORTEX

Je-Ee Ho* and Hong-Tsu Young* *

Key word: flow cut, Coanda effect.

ABSTRACT

The vortex in the flow field will isolate the space to further
reduce the indoor air exchange and convective efficiency. The
Coanda vortex accompanied by the inlet jet usually has the most
active effect on the flow field. Both itslocation and scalar size which
are primary determined by the strength of the injected flow and the
arrangement of inlet; outlet will deeply affect the air-exchange
volume, even reduce the available ventilation space. A 2-D turbulent
model with SIMPLE method is set up to simulate the air motion of
indoors; it can easily describe the working of Coanda vortex in the
flow field. When compared with the flow pattern of Coanda vortex
from Awbi (1991) and the experiment made by Kurabuchi (1990), the
simulating results are proven to be agreement with those presented
data and can provide available information to the indoor air motion.

INTRODUCTION

The indoor air distribution is a very complex tur-
bulent motion which includes natural convention, force
convection and mixing problem together. It signifi-
cantly influences the indoor air quality and thermal
comfort as well. Although relative researches on these
topics have been investigated vastly in the last decade,
the effect of Coanda vortex was still less mentioned
before. Larry [4] built a PMV theoretical model of
thermal comfort including environmental temperature
and humidity parameters to define the condition of mind
which expresses the satisfaction with thermal
environment, Ghiaus [1] discussed the convective mo-
tion with buoyancy effect and estimated air exchange
rate in an enclosure space. Shih, Chiang, and Shyu [6]
referred Coanda effect to analyze indoor air quality with
CFD package PHOENICS to simulate the flow and
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temperature distribution indoors where single air-con-
ditioner was fixed in the room. Xing, Hotron, and Awib
[7] studied the differencein air quality that was perceived
by the occupants with the displacement of ventilation
system. Hayashi et al. [2] examined the characteristics of
contaminated air with asimplified 2-D model in which a
new index |ECV was introduced to show the convective
efficiency in aroom. In the past, the researches of tracing
air technique was focused on individual experimental
topics and no complete numerical analysis of Coanda
effect on predicting the indoor flow field was presented.
To describe the relation between the flow field and Coanda
effect, the vortex behavior will be involved and investi-
gated by changing locations of inlet; outlet and setting
various strength of inlet jet. As for the parameters of
humidity and temperature, they were taken as minor ef-
fects which were neglected without causing significant
errors in this study.

ANALYSIS

The k — ¢ turbulent model with several conserva-
tion Egs. such as mass continuity, momentum transport,
and energy equilibrium was applied to solve the flow
field and temperature distribution in this study. Through
the dimensionless analysis, those governing equations
based on mean value theory were discretized by the
numerical skills with SIMPLE method. Meantime, an
appropriate wall function was utilized to ensure the
continuous property at the boundary walls.

1. Fundamental formulations:

Continuity Eq.:
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Momentum Eq.:
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boundary condition:

(1) boundary wall:

(2) inlet, outlet:

k = 0.00502, 2 = 0.0003203/ L, [Kurabuchi, 1990]
S 00 _
=0.5 (inlew), e 0 (outlet)
N N
P= Pambinet (outlet)
2. Numerical method
As refer to the reference [5], a two dimensional
discretization equation can expressed as the following
generalized equation by the SIMPLE method with power
law scheme.
N N
Qpop =2 ¢ + b (6)

where a, = X g

B / (Pp— P) 6xj
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for moment equation
for other equations

a; = D {A(|Pi|) + [- Pi, O]}
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power law scheme:
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(Figure 1)
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Fig. 1. Gridsarrangement in 2-D calculating domain.

3. Numerical procedure

The discrete form of Egs. (1) ~ (5) with boundary
conditions were obtained by SIMPLE method (Patankar
[5]) and the final form has been simplified as Eq. (6). A
grid of 20 x 30 nodal points ensured independence of the
solution on the grid. The nodal points in both x and y
direction were uniformly distribution, but the step size
Ax = 0.05, Ay = 0.033 were set up to provide a square
calculation domain. For the grids test, the nodal points
with 20 x 30, 30 x 45, 40 x 60 were selected to perform
the simulation program. The results showed that the
maximum relative errors in the corresponding physical
guantities were not more than 3%. It implied the adopt
of grids 20 x 30 was appropriate to be used in the
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simulating program without causing the significant
errors. The key steps for solving this problem are as
follows.

(1) Set the locations of inlet and outlet.

(2) Given the flow velocity of inlet jet.

(3) All the discretization equations are solved with
boundary conditions by using the successive over
relaxation method with a relaxation factorl.2.

(4) If therelative errorsin all the corresponding physi-
cal quantities are less than 0.5%, another velocity of
inlet jet isset and repeat the steps (3) ~ (4). Otherwise,
the step ¢ will keep running.

(5) Various locations of inlet and outlet are arranged
and repeat the step (2) ~ (4).

RESULTS AND DISCUSSION

Coanda effect is usually found in air-ventilating
system indoors. It can be described as the vortex
accompanied with inlet jet makes the flow spray out to
strength or weak the convective effect in the closed
space. The flow field under the effect of Coanda vortex
can be classified into three different zones as shown in
Figure 2.

Vorticity zone: The region with a low pressure
flow usually appears around theinlet jet. It also exhibits
an isolated region with worse air ventilation efficiency
and high contaminant concentration.

Inertial zone: The flow is drawn vertically by
vortex and travels along the wall. lts direction will be
not changed till the effect of gravity or the lower pres-
sure near the exit. Inthisregion, it will promote higher
convection effect and air exchange rate.

Outlet zone: Due to lower pressure at outlet, the
higher flow velocity will be observed at the exit.

When inlet and outlet are arranged as Figure 3.
indicates, both small Coanda vortexes coupled with the
colder jet 6 = 0.5, u = 0.1will draw the flow upwards;
downwards and then spray it around the whole area.

\ortex zone Inertial zone

N N L -
~ N |

__,__,H_KC___L \\ I . iy |

" ’_ﬁ

L

-
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Fig. 2. The sketch of Coanda Effect induced by inlet jet (refer to
reference[7]).

The area covered by the inertial contour ABCDA is
defined as the available air exchange region where is
almost 75% total area. The wider spraying angleis; the
better of air mixing exchange and convection effect
present.

The Figure 4 demonstrates the distribution of
nondimensional temperature. The temperature in the
region bounded by isothermal line 6 = 0.7 nearly keeps
constant along the flow path, but varies significantly in
the normal to flow direction. It implies that a better
convective effect will be observed along streamlines
and the conduction will become important in its normal
direction. When compare the convective region bounded
by 6 = 0.7, it nearly collides with the available air
exchange region covered by ABCDA in Figure 3. Asfor
the locations of the Coanda vortex, the constant tem-
perature is kept about 0.8 around there where a poor
connective efficiency will be predicted.

For thein jet with the velocity 1.0 in Figure 5, the

Inlet

O—

T T T T T T T T —

0.2 04 0.6 0.8 1.0

Fig. 3. Stream linedistribution for Uy = 0.1 and thelocation of inlet
and outlet arearranged on the center of opposite side.

O—

T T T T T T T T —0
0.2 0.4 0.6 0.8 10
Fig. 4. Temperaturedistribution for Uiy = 0.1 while thelocation of
inlet and outlet are arranged on the center of opposite side.
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size of vortexes will grow gradually during the process
as they are induced away from the inlet by strong inlet
flow. It will make the spraying out of air flow decreased,
even be vanished and the available veniality area will
be further restricted to the region nearby the path G —
H where only takes about 20% total area.

The discussion of temperature distribution is shown
in Figure 6. The effective convection is only existed
nearby the path G — H where is bounded by 6 = 0.7 and
it is approximate consistent with the available ventila-
tion region in Figure 5. However, the worst air ex-
change regions with temperature about 0.7 ~ 0.8 have
occupied 80% total area whereis just collided with the
space Coanda vortexes cover.

When the slower inlet velocity 0.1 is applied with
the display of inlet and outlet asin Figure 7, the vortex
doesn’t appear in the flow field. It indicates the inlet
flow can spray out well except at the left-down and
right-up corners where the air motion is very slow.

o

Inlet

0.2 0.4 0.6 0.8 1.0

Fig. 5. Stream linedistribution for Uy = 1.0 whilethelocation of inlet
and outlet are arranged on the center of opposite side.

O—

0.2 0.4 0.6 0.8 1.0
Fig. 6. Temperaturedistribution for Uiy = 1.0 while the location of

inlet and outlet are arranged on the center corner of opposite
side.

From this arrangement, most of the space will be avail-
able ventilation region, especially at the place where is
along the directed path from inlet to outlet.

With the higher inlet flow velocity 1.0, a larger
vortex distorting the flow path is observed around the
left-down corner in Figure 8. It tells that a worse air
exchange will be presented at there and available venti-
lation area along the inlet to outlet will be much de-
creased to about 20% total area.

As asmall inlet flow velocity 0.1 is injected into
the space with the display of inlet and outlet in Figure 9,
the best air exchange with the smooth of spraying out
flow is reached. In this case, not any vortex appears
except both small idle regions with slow air motion are
observed at the opposite wall and near the inlet at the
left wall. From the streamline distribution shows, avail-
able ventilation region covers most of the space and
takes about 75% total area.

If the velocity of inlet flow isincreased to 1.0, the

| Outlet

02 04 06 08 10
Fig. 7. Streamlinedistribution for Ui =1.0whilethelocation of inlet
and outlet arearranged on thedifferent corner of oppositeside.

Inlet

| Outlet

Fig. 8. Streamlinedistribution for Uiy =1.0whilethelocation of inlet
and outlet arearranged on thedifferent corner of oppositeside.
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idle region extends from opposite wall and a Coanda
vortex also appears at the central portion of left side
where a poor convective effect will be predicted. From
the demonstration in Figure 10, not only the flow pathis

Inlet

outlet %2

0.2 0.4 0.6 0.8 1.0
Fig. 9. Streamlinedistribution for Ui, = 0.1 whilethelocation of inlet
and outlet are arranged on the different corner of same side.

02 04 06 08 10
Fig. 10. Stream linedistribution for Ui = 1.0 whilethelocation of inlet

and outlet are arranged on the different corner with the same
side.

1.0
Outlet €—
Inlet—p 08
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0.4
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Fig. 11. Stream linedistribution for flow cut.

significantly distorted by Coanda vortex, but it will
further reduce the available air exchange area to be
about 30% total area.

Another worthy discussion is the phenomena of
flow cut. Locating the inlet closer to the outlet and set
the outlet near the wall as shown in Figure 11, we find
that the channel of outlet flow will be further reduced by
thewall and inlet. It impliesthat the motion of out flow
will be much faster than the inlet flow moves by follow-
ing the continuity theorem, which just likes a strong
sucking effect at the outlet. Once the inlet flow is
injected into the room, the air will be sucked back to the
outlet immediately and the spraying out of air seems
impossible. That will produce a flow cut in space and
the air exchange region will be further reduced to the
minimum which is about 5% total areas.

When compared with Awbi’ s experiment in Figure
2, the prediction of the location of Coanda vortex and
indoor flow path from Figure 3 seem to be kept well with
the experiment data. Another experiment of tracing
passive makersin the flow field was made by Kurabuchi
et al. [3]. Itsresult in Figure 12 showed that two
vortexes appeared near the inlet and alarger circulation
existed at the left side in space. That is agreement with
the simulating display in Figure 13. However, more
particles were observed to gather at the left-down cor-
ner in Figure 12 where the slow air motion would be
predicted. That was also similar to the simulating
behavior displayed in the Figure 13.

CONCLUSIONS
1. The available ventilation area nearly collides with the

effective convective region where is bounded by iso-
thermal 6 = 0.7.

l

~N<+<—— O

9

Fig. 12. Trajectories of Passive Markers Based on Experimental Data
made by Kurabuchi.
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Fig. 13. Thesimulating of flow distribution in vector field.

The temperature almost remains constant along flow
streamline while the temperature gradient signifi-
cantly variesin normal to streamline. That means the
convective effect seems obvious along jet flow path
and the conduction terms will be dominated in the
normal direction of the flow path.

At the lower inlet velocity case, the smaller Coanda
effect tends to spray out the jet to increase the air
exchange region and convective effect.

.In contrary to conclusion 3, higher inlet velocity

increases the size of vortex that will form large iso-
lated regions in the space and low down the air
exchange efficiency.

When the inlet and outlet diffusers are located very
close, the flow cut phenomenon will cause the worst
convective efficiency.

As slow inlet jet is applied, the maximum available
air exchange area and convective effect will be pro-
duced by arranging the inlet and outlet as the same
side with different corner. But for high speed jet, no
obvious difference in efficiency is observed except
the poor performance of flow cut.

NOMENCLATURE

coefficient in the discretization equation

general source term

i-direction distance between two adjacent grid
points

j-direction distance between two adjacent grid
points

coordinate in i component (m)

coordinate in j component (m)

local velocity in j component (m/s)

local air pressure (Pa)

turbulence energy (m/s)?

dissipation rate of turbulence energy (m/s?)
instantaneous viscosity of air (m?/s)

thermal diffusivity of air (m?/s)

u  dynamic viscosity of air (kg/ms)
Lo isthewidth of theinlet opening (m)

T, wall temperature
T, ambient temperature
Uy istheinlet air velocity (m/s)

¢  general dependent variable

P central grid point under consideration
2

V= CD% eddy viscosity
QJ- = X; / Lo dimensionless coordinate in j component
{j = u; / Uy dimensionless velocity of air
T—Too i
QZW dimensionless local temperature
P = p | po dimensionless density of air
f = p/ poUg? dimensionless local pressure of air

kK=ki/ Ug? dimensionless turbulence energy
N
&

87

= el / Ug® dimensionless dissipation rate of turbulent

energy

- Vi
V.=
" Upl,

dimensionless eddy viscosity
Vg = Rie +v, effective eddy viscosity
_ 1 .\ _ e
Ceff = RS + -, effective thermal diffusivity
(o

\
Pe=gt é effective turbulence energy diffusivity

el

1 Vi
P.= [ + gt effective dissipation rate of turbulent

&€

Re = LoUq / v Renold number

P; = Pelect number

pr:g Prantal number

9% * 0%

Empirical constants: cp = 0.09, ¢; = 1.44, ¢, = 1.92,

c3=1.0,0(=1.0,0.,=13,0=0.9,
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