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Evaluation of Ventilation Systems
through Three Dimensional Numerical Computation

By Yoshiaki Ismizu*

Synopsis: To make an evaluation of ventilation systems, numer-
ical computation was carried out for three dimensional, isothermal,
and turbulent flow schemes. It was found ‘that there exXists an
optimum position for an inlet in relation to an:outlet whereby the
most effective ventilation can be attained. In addition, similar to
the results for the two dimersional computation, the:slope .of the
concentration decay is virtually constant and independent of the
position in the room, so the mixing factor derived from this slope
can be used as an index of the ventilation efficiency. Further, three
dimensional computation seems to be necessary for a quantitative
estimation of the mixing factor.

Introduction 1. Nomenclature
In addition to temperature and humidity, there C : Concentration
has been an increased concern for the cleanliness C, : Initial concentration of pollutant in room
of indoor air. The cleanliness of indbor air can D : Effective turbulent diffusion coeflicient
readily be improved by increasing the ventilation G : Pollutant generation rate
rate. However, this method is not desirable from £ : Kinetic energy of turbulence
“ktmhe viewpoint of energy conservation. Instead, lp : Width of inlet
more light should be thrown on the effectiveness m : Mixing factor
of ventilation systems. In a previous paper?, the P : Pressure
effects of the inlet and the outlet positions on the p : Position factor
ventilation efficiency were examined ‘through two Q : Air flow rate
dimensional computation. ¢: Time
In this paper, numerical computation has been u,v,w : Component of mean velocity in direc-
extended to three dimensions and the results are tions 2,y and 2
discussed from the viewpoint of the ventilation we : Flow velogity at inlet
efficiency. Furthermore, the index for ventilation V : Volume of roomh -
efficiency which was proposed for the two dimen- @, 9, & : Cartesian- space coordinate
gional model has been found to be suitable in Greek Symbols
three dimensional model as well. ' . : Effective turbulent  diffusion cuﬁcient

* Central Research Institute, Jepan Tobacco Inc, for' diffusion of A(=ve+I"ne)
Meamber M,e i Tutbulent difusion coefficient for diffu.



2 IsHizy @
z where,
d [, ou 8 (, ov 0 [ ow
10 Sh== (u‘\ >+T-(u_‘ )+_(7)
9 :“—-“-" ox\ gx/ oy\ Gz/ @z\ bz
8 7 -
7 2 (3)
=t 6 7 A
: 2 Se=g (v )+ 222+ (0)
§ 7 ox\ oy/ oy\ oy/ Gz\ oy
P e L (65
1148 4l Ge 785 9] sw=i(,,£) +i<yﬂ>+i<y5£)
oz \ 0z o0y \ 0z 02\ ¢z
Iig. 1 Basic room model and the coordinate system (7
3) k-equation
sion of &(=v,/g}) 6(uk) " o(vk) n o(wk)
I : Effective turbulent diffusion coefficient for ox oy 0z
diffusion of e(=vo+ J,.) =Ai(]" >+°—(Fko—k>
I’c,s : Turbulent diffusion coefficient for diffu- 0% o/ oy oy
sion of ¢(=wv/0,) <]"k ok ) +oeS—o kv s (85
¢ : Turbulence energy dissipation rate oz o
v : Effective turbulent kinematic viscosity 4) e-equation
(=vo+;) o(ug) + o(ve) + o(we)
) L . ox oy 0z
vo : Kinematic viscosity 3 . - R
ve : Turbulent kinematic viscosity =T(F= (Zb )+AL<F= = )
ox ox oy oy
01, 02, 0, : Coeflicients in approximated turhbulent 5 3¢
< A
transport equations +5_Z(P‘ P ) t010ukS—0ie*/k (3
Ok, ¢, 0c : Turbulent Schmidt number corre- where,
' sponding to k,¢, C oo Guye, 2 5 . Gu du o ov )
@ : Generalized dependent variable “Woz + ' f
A 2
. +(o_v+ow> + <0w+0”) ...... (10)
2. Calculation method 0z oy 0x
Numerical Calculation was carried out for three 5) Concentration equation
dimensional, isothermal, and turbulent flow 5 (uC) + 5(vC) +6(wC)
schemes with the coordinate system sown in ox oy 0z
Fig. 1. The basic equations are as follows?»®. =Ta_(D§0) g (DoC)+ 0 ( i)_*_c
1) Continuity equation o\ ox/ ogy\ oy/ 6z\ 5z
- N oW o 11
R (1) (
ox oy o0z where,
2) Momentum equation v=1/Re+v:, ve=0.k/c
o(uu) | 6(uv) | G(uw) _ Q_,_L(va_u) I'«=1/Re+vi/oe,  [:=1/Re+tvi/ge | -wen. (12)
OI Oy 02 ox oz ox D=1/(RESC)+UL‘/0C
+ 40 < 0u>+ g ( )+Su ------ (2) All of the parameters have been made nondimen.
oy \ oy 0z \ ¢z . :
“ sional with the characteristic length being the
G(uv) 4 5(vr) |, 5(vw) _ £¢—a-(uﬂ) i f the inlet, /, the characteristic velocit
ox oy 0z 0y 0z \ ox width of the inlet, /,, the characteristic veloci y
3l /e B P being the flow rate at the inlet, w, and the
+ 2 [\ 0/, +S, e (3) . o .
oy \ oy 0z oz characteristic concentration being that of exhaust
5(uw) + 5 (vw) i 5 (10w) op 3/ ow air. The constants used were the values recom.-
=_0aP pow
ox oy 0z 6z ax( az) mended by Launder et al. which are shown in
+ 0 d ( ow)_,_ d ( —)+S ______ (4) Table 1. The Reynolds number, Re, and Schmidt
oy \ oy 0z \ oz number, Sc, were zssigned the values 1.0X10¢ and
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0.9, respectively.
The basic equations were solved by the finite
approximation method after Yamaguchi®». Con-
sidering the computation time, calculation mesh
grid was set 10xX10X10 including the imaginary
control volume beyond the walls. Calculations for
the steady state were terminated when the maximum
value of the relative change of each parameter at
every point in the room
PN —gN -1
N

i) ,
; P=u,v,w, P, ks, C

max
became smaller than 1.0Xx107%

After obtaining the steady state solution, pollu-
tant generation was,stopped and the decay of the
concentration with time was calculated by the
A, D.L method. The flow itself was kept in the
steady state. In this case, 9C/g¢t was added to the
left hand side of the concentration equation (11).
Since the change in concentration with time is
rapid at first and slow afterwards, the time
increment At was made to increase in geometric
ratio with the initial interval, 0.1, and the
common ratio, 1.0l. The position of the outlet
was fixed at the bottom of the right wall and the
position of the inlet was successively changed on
the ceiling. The shape of the inlet and the outlet
is square with a side being 1/4 of that of the
room. For these calculations, the pollutant gene-
ration site was fixed at the center of the room at
(.,5,3).

In addition, the concentration distribution was
calculated for various pollutant generation sites
in a room with fixed inlet and outlet positions.
Calculations were performed on a Vax-11/750 super

minicomputer made by DEC Co. Ltd.

3. Results

The distributions of flow and concentration at
the cross section j=35 are shown in Fig. 2 through
4. When the inlet is at the leftmost position on
the ceiling, the main part of the air flows down
the left wall and across the floor, purging the
pollutant from the room effectively. Thus, the
average concentration in the room becomes
relatively low. When the inlet is at the rightmost
position on the ceiling, the main part of the flow

Table 1 Constants used for numerical calculation

Tu gy da | [ [/ ac

0.09 \ 1.44 1 1.92 ] 1.0 1.3 | o9

goes down the right wall and flows out of the
outlet without mixing with the room air. Con-
sequently, some air witih a high concentration
stagnates in the room and the average concentra-
tion becomes high. Even though the iniet and the
outlet positions are fixed, the conceatration depends
also on the pollutant generation site. As shown
in Fig. 5, some air with a high concentration stays
in the room when the pollutant generation site is
far from the outlet. If the pollutant generation
site is near the outlet, the pollutant is likely to
be purged. Thus the concentration doesn't become
so high as shown in Fig. 6.

After the termination of pollutant generation,
the concentration of the pollutant decays. Six
sites were chosen as representative ones in the
room, and the concentration decay at these sites
was plotted on semilogarithmic graphs as shown
in Figs. 7 through 9. It seems, from these figures,
that the slope of the concentration decay becomes
virtually constant after some initial perturbations,

allowing for a very sligat curvature of the lines.

4. Discussion

While pollutant generation continues, the con-
centration 1is extremely high at the pollutant
generation site. After the termination of pollutant
generation, the singularity of the pollutant
generation site disappears and the concentration
distribution rapidly approaches the distribution
which depends only on the flow pattérn in the
room, governed mainly by the inlet and the outlet
positions. When the flow is in steady state, it is
expected that the relative distribution of the
concentration becomes not to change with respect
to time. Thus the pattern of the concentration
decay will become the same throughout the room.
The results of the numerical computation confirmed
this expectation. As shown in Figs. 7 to 9, the
decay of the concentration can be expressed by

virtually the straight line on 'a semilogarithmic
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Fig. 2 Crosssectional view of the air flow and the concentration at j=5
when the inlet is at the leftmost position on the ceiling
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Fig. 3 Crosssectional view of the air flow and the concentration Fig. 5 Crosssectional view of the
at j=5 when the inlet is at the center of the ceiling concentration at j=5 when the

pollutant generation site is far
from the outlet. Air flow is
the same as that in Fig. 3.
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Fig. 4 Crosssectional view of the air flow and the concentration Fig. 8 Crosssectional view of the
at j=5 when the inlet is at the rightmost position on the concentration at j=5 when the
cailtng pollutant generation site is

near the outlet. Air flow is the
same as that in Fig. 3.
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Fig. 7 Concentration decay with time
when the inlet is at the leftmost
position on the ceiling ; a(3, 3, 7),
b(3,5,7), ¢(5, 3, 3), d(5,5,3), (7,
3,M, (7,57

Fig. 8 The same as Fig. 7 when
the inlet is at the center of
the ceiling

Fig. 9 The same as Fig. 7 when
the inlet is at the rightmost
position on the ceiling
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Fig. 10 Dependence of the mixing
factor m upon the inlet

Fig. 11 The average concentration
in the steady state,

Fig. 12 The same as Fig. 11 when the
inlet is at the center of the
ceiling

Co=

position. The outlet posi-
tion is fixed at the bottom
of the right wall.

p/m, as a function of the
pollutant generation site
whose height is fixed at 2=3.
The inlet is at the leftmost
position on the ceiling. P
represents the position factor.

graph, similar to the results in two dimensional

computation?®., Accordingly, the change in the
concentration at each point in a room can be
expressed by the equation C=C,exp(—mQt/V).
Q is the

volumetric flow rate of the supplied air, ¥V is the

Here, C, is the initial concentration,

volume of the room, and ¢ is time. The character
m stands for the mixing factor which represents
the ventilation efficiency. We assume that the mQ

portion of the supplied air, @, mixes completely
with the room air and the rest portion (1—m)@
flows out without mixing. For reférence, the slope
of the concentration decay with complete mixing,
m=1.0, is also shown in Figs. 7 to 9.

The mixing factors derived from the slope of the
concentration decay, by taking the linear regres-
sion during the time period of about 50 to 150,
are summarized in Fig. 10. If the ourlet position



* dbem -

m=0.46

IsE1zZU :
1o
G Key
2D 3D
0.5~ i

12
(4

Mixing factorm [

AL LU L LR AR RN Y|

SARRAR NRRERNONNNSRY

Fig. 13 The same as Fig. 11 when
the inlet is at the rightmost
Dosition on the ceiling two

is fixed at the bottom of the right wall, the mixing
Jfactor becomes highest when the inlet is near the
center rather than the farthest left. In other
words, fresh air is most effectively used to clean
the room air when the inlet is at this site. When
the inlet is on the right part of the ceiling, a
considerable part of the supplied air goes out
without mixing with the room air, and thus the
mixing factor becomes smaller.

It was found that the mixing factor was inde-
pendent of the pollutant generation site in the
three dimension_al computation just as it was in
the two dimensional one. This makes the mixing
factor a very promising and reasonable index for
expressing the ventilation efficiency, because
ventilation is the idea which should not be affected
by the pollutant generation site.

The average concentration of pollutant in a room
depends also on the pollutant generation site. Thus
we defined “position factor” p as an index showing
the effect of the pollutant generation site. Position
factor was assumed such that 2V portion of the
room is polluted with complete mixing, while
(1—p)V portion of the room is occupied by fresh
air. Then the average concentration of the room
in steady state can be expressed by pG/(m@Q)V. It
should be noticed that even when G and Q are
fixed, the average concentration can be reduced

Fig. 14 Comparison of the velocity

distributions calculated in
dimensional scheme
(broken lines) with three
dimensional one (solid lines)

Fig. 15 Comparison of the mixing
factor calculated in two di-
mensional scheme with three
dimensional one

by decreasing the factor 2 and/or increasing the
factor m. In Fig. 11, contours of the average
conceutration in steady state with unit pollutant
generation rate and unit ventilation rate, that ig
Cw=p/m, is shown as a function of the pollutant
generation site. The inlet is at the leftmost
position on the ceiling. Since the mixing factor m
is constant throughout the room when the inlet
and the outlet positions are definite, and the
position factor p is expressed by mC., a contour
similar to that of C. can be drawn for p. As a
representative example, 2 contour of p=0.5 is
shown in the figure. In other words, when the
pollutant generation site is upon this broken line,
positiOn factor p becomes 0.5, Similar contours
are shown in Figs. 12 and 13 when the inlet is ar
the center of and at the rightmost position on the
ceiling, respectively.

Fig. 14 shows an example of the Aow distribution
calculated by two dimensional and three dimen-
sional schemes. Two dimensional computation was
carried out in ¢-@ scheme with the equally spaced
16X 16 mesh grid following the method described
in the previous paper?.  Three dimensional
computation was done in %-p scheme with 1 10x 10
X 10 mesh grid. The shape of the inlet and the
outlet was slit. General features of the flow

distribution agreed fairly well between two dimen-
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sional and three dimensional computation. However,
mixing factors were much higher in. the three
dimensional computation, as shown in Fig. 15.
These results may indicate that mixing depends
not only on the bulk pattern of the flow but also
on sma!l three dimensional perturbations.

From these results, it s clear that three
dimensional computation is helpful and necessary
for a quantitative estimation of ventilation effi-
ciency. Furthermore, as the nature of the mixing
factor is the same in both the two dimensional
and three dimensional schemes, this factor can be
eligible to be a suitable index of the ventilation

efficiency.

Conclusion
1) There exists an optimum position for the
inlet in relation to the outlet whereby the

most effective ventilation can be obtained.

2) Similar to the case in two dimensions, the
slope of the concentration decay is virtually
constant and independent of the position in
the room. So, the mixing factor derived from
this slope would appear to be a good index of
the ventilation efficiency.

3) Three dimensional computation seems to be
necessary for a quantitative estimation of the

mixing factor.
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