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Evaluation of Ventilation Systems
through Numerical Computation
and Presentation of a New Ventilation Model™

by Yoshiaki Isu1zu*? and Kazuyo KaNeg1*?

Synopsis: The efficiency of various types of ventilation systems
is examined by numerical calculation for two-dimensional, iso-
thermal, and turbulent flow models. It is found that the ventilation
is effective when the main pass length of the supplied air flow in
a room is long. Since the slope of the concentration decay seems
to become virtually constant and independent of the position in the
room, this slope is proposed as a criterion for the ventilation
efficiency. Further, a new convenient ventilation model is presented
with the introduction of two parameters showing the ventilation
efficiency and the effect of the pollutant generation site.

Introduction

As buildings are becoming larger and more air-
tight, people are spending a lot of time in an
artificial environment. Therefore, besides conven-
tional air conditioning for temperature and humid-
ity, the cleanliness of the room air should be
guaranteed for the health of the occupants.

Theoretically, the cleanliness of the air can be
ensured by increasing the ventilation rate. How-
ever, this method opposes the energy-saving
requirements. Thus, the development of an opti-
mum, or effective, ventilation system compatible
with these contradictory requisites is desirable.

Fortunately, turbulent flow models for numerical
calculation have been improved remarkably in the
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past decade, and the k-¢ model, in particular, is
becoming a powerful model for the prediction of
flow characteristics!»®,

This paper describes the evaluation of the effi-
ciency of various ventilation systems from the
results of numerical calculation for two-dimen-
sional, isothermal, and turbulent flows. Further,
a new ventilation model for the expression of the
average pollutant concentration is proposed with
the introduction of two factors showing the ven-
tilation efficiency and the effect of the pollutant
generation site.

1. Nomenclature
C : Concentration
Co : Initial concentration of pollutant in room
C, : Concentration of pollutant in exhaust air
Ci : Concentration of poliutant in outdoor air
Cw : Steady state concentration of pollutant in

room

D : Effective turbulent diffusion coefficient
G : Pollutant generation rate
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k : Turbulence kinetic energy
lo : Width of inlet

: Mixing factor

: Normal distance

m
n
p : Position factor
Q : Air flow rate
t : Time
u,v : Mean component of velocity in direction
z and y
vo : Flow velocity at inlet
V : Volume of room
z,y : Cartesian space coordinate
Greek Symbols
I': : Effective turbulent diffusion coefficient
for diffusion of 2(=vo+ [Mk.t)
Ik, : Turbulent diffusion coefficient for diffu-
sion of k(=wv;/o%)
I : Effective turbulent diffusion coefficient
for diffusion of e(=vo+ e,¢)
Ie,¢ : Turbulent diffusion coefficient for dif-
fusion of e(=w:/0.)
¢ : Turbulence energy dissipation rate
v : Effective turbulent kinematic viscosity
(=vo+w)
vo : Kinematic viscosity

r

v¢ : Turbulent kinematic viscosity
a1, 0,0, : Coefficients in approximated turbu-
lent transport equations
0y, 0¢,0c : Turbulent Schmidt number corre-
sponding to k,¢,C
¢ : Generalized dependent variable
¢ : Stream function
w : Vorticity
Subscript
a : Generalized subscript
: Wall
: Zone 1 of the room
: Zone 2 of the room

> NN = §

: By-pass

2. Basic Equations®
2.1 Steady State
The basic equations are:
1) Stream function equation
i S A
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2) Vorticity equation
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3) k-equation
2 -2
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4) e-equation
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5) Concentration equation
e g %)
-EoE) oo o

where,
¢ : Stream function
® : Vorticity
k : Turbulence kinetic energy
¢ : Turbulence energy dissipation rate
C : Concentration
vi=0uk%/€
v=1/Re+v;
Ir=1/Re+v/0x
Ie=1/Re+vi/0.
D=1/(ReSc)+vi/c.

All of the parameters have been made nondimen-
sional, with the characteristic length being the
width of the inlet, /,, the characteristic velocity
being the flow rate at the inlet, v,, and the char-
acteristic concentration being 1//,2%

2.2 Unsteady State

Only the case when the concentration changes
with time while the flow remains steady is con-
sidered as the unsteady state. Accordingly, the
basic equations differ from those of the steady
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bw= ((Pnw+PN—Psw—Ps)
L N B +|Onw+ O —Psw—Pst) /8
by=((¢ne+PE—PNw—w)
+|dnE+YE—YNw—Pw]) /8
W P E o ,
bs= {(Ysw+Pw—Pse—r)
. + |Psw+w—Pse—Psl) /8
b=bgp+bw+bn+b
Sw s SE e g
Y Ad'=(sa+T6,p)/2 ; a=E,W,N,S

x
Fig.1 Arrangement of the subscripts

state in the concentration equation as follows:

5’) Concentration equation

W rae ) leE)
-E0Z)EpEe e

8. Finite Difference Approximation
The basic equations are solved numerically by
the following finite difference approximation®.
The relation among the subscripts is shown in
Figure 1.
3.1 Steady State
1) Stream function equation
Po=t(Pstdw+Pntdstwpdy) /4 e (7)
2) Vorticity equation
wp={(bp+vE)ws+ (bw+vw)ww—+ (bv+vNn)wn
+ (bs+vs)ws—Supdp) /(Lb+4vp)  wreeee (8)
3) k-equation
kp={(be+ Ae*)ke+ (bw+ Aw*)kw
+ (bn+ANF)En+ (bs+As* ks
A+ Sipdp) /(Zb+ DA +oukpdy/ve,p)  +ooee (9)
4) etequation
&= {(be+As*)es+ (bw+Aw*)ew+ (bn+AN")en
4 (bs+ As s+ Seydy) /(Db + SA +0:85dp/k5)

...... (10)
5) Concentration equation
Cy= ((bg+A£€)Cr+ (bw+ Aw®)Cw
+ (bn+ AnC)Cn+ (bs+ AsC)Cs
+Gpdy} /(Tb+TAC) e (11)
where,
dy=AzAy

by= ((¢se+Ps—Pne—Pn)
+|¢se+ds—Pns—Pnl) /8

TA'=Ap"+ Aw*+ AN + A"
Ad*=(e,a+Te5)/2 3 a=E,W,N,S
TA'=A'+ Aw'+ AN+ AS'
AoC=(Da+Dy)/2 ; a=E,W,N,S
TAC=ApC+ AwC+ ANC+AsC
Su,=—4dry?dzy’ +2(dytdz2" + dz2%dyy”)
Skp=va(4(d=vd‘)2+ (dyy*—dz2*)?)
Sep, =002k (4(dzy*)?+ (dyy* —dzz%)*)
dey? = (PNE—¢nw—Pse+Psw)/ (4dy)
dzy =(vne—vNw—Vse+vsw)/ (4dyp)
de¥=(Yp+Pw—2¢,)/(Ax)*
dy? = (Pn+Ps—2¢,)/ (8y)*
Vi, p=0ukpt/ep=vy—1/Re
8.2 Unsteady State
The change in concentration with time was cal-
culated by the commonly used alternating direction
implicit method (ADI method).
For the first half of time step A¢, the following
equation was applied.
((Tb+ TAC)+2AxAy/At)CpN+1/2
=(bg+AgC)CeN*/2+ (byw+ AwC)CyN+1/2
+ (bn+ ANC)CNN+ (bs+ AsC)CsN
+GpAxAy+2AzAyC,N /AL eeeees (12)
where, C,N+1/2, CgN+1/2, and CwN*1/%2 are the un-
known parameters, and the others are the parame-
ters known at time N. Using the result of C,N*1/2,
the second half of the time step can be calculated
from the following equation.
{((Db+ TAC)+2AzAy/At) CN+/2
=(bp+ AgC)CeN+1/24- (b + AwC)Cyh+1/
+ (bn+ ANC)CNN*1 4 (bs+ AsC)CsN+
+GplAzAy+ 2AzAYyCN*V2 /At ceeeen (13)

4, Calculation Method

4.1 Steady State

The basic room model is shown in Figure 2.
Fresh air is supplied from the top center and the
room air is exhausted from the right bottom. The
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Table 1 Boundary conditions for numerical calculation

1
8 C IV

¢ w I k
1
ABCD 0.0 * 0.0 0.0 - Q.O
DE o¢/6x=0.0 dw/ix=0.0 dk/ox=0.0 0e/6x=0.0 *>* dv/éx=0.0
EFG 1.0 * 0.0 0.0 bad 0.0
GA op/ax=1.0 0.0 0.04 0.008 0.0 0.018
dw Wy — Wy~
* (22) - Zw %1 *h =
( n )., An Cuw=Cy-1
y Table 2 Constants used for numerical calalulntion
N \
E Ou Il ay \ £} | dg | a, “ ae
Azeeszed 0.0 | 4| o2 ro | 13 [ o9
4B A G F - /
/ <« lg>
7
4 ; 1. HEFA Filter
5 2. Laminator
2 & 2 3. Model Room
4.QOrifice
7
5] 5. Manometer
e ° E .
) : 6. HEPA Filter
2 c | CD 3 7. Bypuss
//1////////u////////////// P > X 8. T%urbo Fan
Fig.2 Basic room model(e shows the pollutant -1.! { :
generation site) i
8 ] 4
pollutant generation site was set at the center of [T ii B

the lower part. Table 1 summarizes the boundary
conditions for the calculation. The constants used
in the turbulent flow model are shown in Table 2,
and are the values recommended by Launder et
al¥. Equations (1) through (5) were solved simul-
taneously. Calculation was terminated when the
maximum value of the relative change of each
parameter at every point in the room,
l'fw—;?’—l-i” i 0=¢, 0,k C

max
became smaller than 1.0Xx10-¢.

4.2 Unsteady State

Since the change in concentration with time is
rapid at first and is slow afterwards, time step A¢
was made to increase in geometric ratio with the
initial interval of 0.1 and the common ratio of
1.01.

5. Experimental Confirmation of the Results
of Numerical Calculation
5.1 Method

Before making any conclusions from the results

of the numerical calculation, its validity was

Fig.3 Schematic diagram of experimental setup

f
I

examined experimentally. The experimental setup
is shown schematically in Figure 3. The model
room was made of a 40 cm acrylic c'ube. The
width of the inlet and outlet slits was 4.0cm. A
laminator was attached above the inlet. The
total flow rate was measured with an orifice. The
velocity at each point in the model room was
measured with a hot wire anemometer (Nihon
Kagaku Kogyo Co. Ltd. Model 1010). Carbon
monoxide gas was used as the pollutant. Its
concentration was measured with a CO meter
(GASTEC Co., Ltd. Model CM-2510).

5.2 Results

Typical results for the flow velocity in the x-
direction, u, and y-direction, v, are presented in
Figure 4 by solid and open circles, respectively.
The results of the corresponding numerical com-
putation using equally spaced 20x20) mesh grids
are shown by the solid and broken lines in the
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Fig.4 Typical results of flow velocities in the
model room at y=20cm
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Fig.5 Comparison of the experimental results and
the calculated results for concentration

figure. Agreement between the experimental and
calculated results is fairly good, except at the
center. The results for concentration are shown
in Figure 5. The numbers in the figure denote the
measured values, while the solid lines show the
computed results. Agreement seems to be good
except in the low concentration region. As for
concentration decay, the slope was about 10%
steeper for the calculated resuits. These discre-
pancies seem to be mainly due to the rather coarse
mesh grid used in the calculation. Allowing for
these small discrepancies between the results of the
aumerical calculation and the experiments, it can
be said that the k-¢ model of turbulent flow pres-
ented here gives satisfactory expressions for the
real flow pattern and concentration.

Fig.6 Stream function when the inlet is at top
center
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Fig.7 Concentration when the inlet is at top center

6. Results of Numerical Calculation

To save CPU time, all of the following calcula-
tions, except for those for a wide room (32x16)
and a high room (16x32), were performed in 16 X
16 equally spaced mesh grids.

6.1 Steady State

The stream function and concentration with a
Reynolds number of 1.0Xx10* are shown in Figures
6 and 7. Figure 6 shows that the most of the
supplied air flows from the inlet through the outlet
and some circulates at the corners. Figure 7 shows
that the concentration is very high at the pollutant
generation site and its change is steep around the
main part of the flow. Figures 8 through 10 show
the vorticity, turbulent flow energy, and dissipa-
tion rate of turbulent flow energy. It can be seen

R
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Fig.8 Vorticity when the inlet is at top center
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Fig.9 Turbulence kinetic energy when the inlet is
at top center

Fig.10 Turbulence erergy dissipation rate when
the inlet is at top center

from Figure 8 that the vorticity is high near the
inlet and the vortex motion is in the oppogsite
direction between the right and left sides. The
turbulent flow energy and its dissipation rate are
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Fig.11 Concentration when the inlet is at top left
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Fig.12 Corcentration when the inlet is at top right

high near the inlet and the outlet. The patterns
of Figures 9 and 10 are similar, except near the
inlet. Figures 11 and 12 show the concentration
when the inlet position is changed to the top left
and the top right, respectively. As shown in these
figures, the average concentration becomes lower
when the inlet is at the top left or, in other
words, the flow pass length in the room becomes
longer. Figures 13 and 14 show the concentration
when the flow rate or Reynolds number is changed.
As shown in these figures, there is little change
in the concentration distribution. Figures 1§
through 19 show the concentration for other inlet
positions. Figures 20 and 21 show the concentra-
tion for different types of rooms. Figures 22 and
23 show the concentration for different pollutant
generation sites. When the pollutant generation
site is near the outlet, the pollutant is exhausted
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Fig.13 Concentration when the Reynolds number
is 1.0x 102

Fig.14 Concentration when the Reynolds number
is 1.0x 108
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Fig.15 Concentration when the inlet is at left top

before it diffuses in the room, thus resulting in a
much lower concentration in the room.

6.2 Unsteady State

When pollutant generation stops, the concentra-
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Fig.16 Concentration when the inlet is at left center

o

Fig.17 Concentration when the inlet is at left
bottom

&

—

Fig.18 Concentration when the inlet is at right top

tion decays. This decay has been plotted on a
semi-logarithmic graph as shown in Figure 24.

The élope of the concentration decay curve differs
with the site for some time after the end of pol-
lutant generation, but appears to remain virtually
the same afterwards. Therefore, it seems to be

very convenient to take this slope as an index of
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Fig.19 Concentration when the inlet is at right
center

Fig.22 Concentration when the pollutant generation
gite is at left of the lower part

e L

Fig.23 Concentration when the pollutant genera-
tion site is at right of the lower part

i
}

the ventilation efficiency. The slope of the con-
centration decay when the supplied air mixes com-
pletely with the room air is also presented in the
figure by the line m=1.0. The meaning of m, or
“mixing factor”, will be described in the following
section.

Further, since the slope of the concentration
decay curve seems to become virtually the same
with the lapse of time regardless of the site in the
room, the concentration distribution becomes con-

stant. An example of this concentration distribu-

tion is presented in Figure 25.

The results presented here are those for two

dimensional cases and are not directly applicable

Fig.21 Concentration when room is high to actual three dimensional rooms in general, but

are applicable qualitatively, at least,
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Fig.25 Example of the concentration distribution
when the slop of the decay curve is approxi-
mately the same at any point in the room.
Numbers show the concentration at time 137
after termination of pollutant generation

7. m-p Model

Numerical calculation with the aid of a large-
scale computer seems to be a preferable way of
predicting the real state of indoor air pollution,
or the distribution of the concentration of pol-
tutants. However, this method is expensive and
such computers are not always accessible. Accor-
dingly, a simple equation by which a quantitative
estimation of the concentration can be made is
often preferable. For this purpose, a new ventila-

Ci

mQ, (1-m)a

Zone 2 1

Zone |

pv| o

® 4H—

Fig.26 Basic idea for m-p model

tion model we tentatively call an m~p model is pre-
sented considering the mixing model used in the
Chemical Engineering field.

It seems to be a reasonable assumption that the
main factors governing the pollutant concentration
in a room with a fixed number of air changes are
the ventilation efficiency and the pollutant genera-
tion site. As shown in Figure 26, it is assumed
that the mQ portion of the supplied air mixes
completely with the room air and the (1—m)Q
purtion by-passes without mixing®»®. We call m
the “mixing factor”. It is also assumed that the
room is composed of two zomes. Zone 1 is the
region of volume pV where the pollutant diffuses
completely. Zone 2 is the fresh air region of
volume (1—p)V. We call p the “position factor”.
As a whole, the supplied air becomes @, the pol-
lutant generation rate becomes G, and the volume
of the room becomes V. Then the average con-
centration for the whole room can be expressed as,

C=C\V/V+C:Vs/V=Cip+Ce(1—D) seeene(14)

The pollutant concentration in the exhaust air
becomes,

Ce=C:1Q:/Q+CoQ/Q=Cim+Cs(1—m) ss#=i5(15)

Here, subscript b represents by-pass. The volume
of the by-pass region is assumed to be zero.
Further, it is assumed that when no poliutant is
generated, G is zero and p is unity. The pollutant
concentration in Zone i, C;, can be expressed by
the mass balance equation:

mQ

R

Letting time ¢t go to infinity gives the steady
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Table 3 m and p for various types of ventilation systems

Ventilation

Case ‘ 1 I 2 3 l 4 | 5

s[7|8|9|

L2 1 ¢ |
| l.
|

l 1
Bl intin *—l’m‘ﬁ!r‘r LR [1
ooy | | s '051'+¥ ° » * Yy | N o','a.
{ i | |
m 042 | 022 | o1 | 03 | o2 | 0o | 07 | 014! 0.2 ; 0.27 | 0.22 | 0.22
D 0,12 0.63 1.1 1.5 0.16 0.31 0.19 0.72 | 0.66 ; 0.71 1.1 0.03
p/m 0.29 2.9 10 3.7 | 076 39 | 0.25 5.1 1 3.3 | 2.6 5.0 v 0.14
® indicates the pollutant generation site 7
state concentration as follows: i
1ok
G
cl_c‘:;Q. ...... (17)
From Equations (14) and (17), the con-
centration for the whole room can be ex- P
pressed as follows: 05
G G
c=(cot —Jp+cii—p =L +ci
ma )P (1-p)= ma
...... (18)
From Equations (15) and (17), the concentra- 5
tion in the exhaust air can be expressed by: 05

c.=(ci+ fé‘)m+C¢(1—m) = -g— +Ci

In this case, the effect of dividing the
room into two zones does not appear and
the concentration becomes a reasonable value
of G/Q+C;. This seems to support the vali-
dity of the model.

When pollutant generation ends, the con-
centration in Zone 1 can be expressed by
making G=0 and p=1.0 in Equation (16).
Thus,

Cl"C.‘:(Co—-C.')exp(—m—VQ-t) ...... (20)

From Equations (14) and (20),

centration for the whole room with the lapse

the con-

of time becomes C;. The concentration decay
in the exhaust air can be expressed from
Equations (15) and (20) as,

C.—Ci=m(Co—Ci)exD(-— #t) ------ (21)

From this equation, the total amount of pol-

lutant exhausted becomes,

ﬁ T QC—Codt=(Co=COV .

and this is the total amount of pollutant existed

Fig.27 Relation between ¢ and p when the pollutant genera-
tion site is changed in the x-direction with a fixed

height for three types of ventilation

0.5+

0
-0.5

Fig.28 Relation between ¢ and p when the pollutant genera-
tion site is changed in the z-lirection with three levels

of fixed height

in the room. This reasonable result also seems to

support the validity of the m-p model.

From these considerations, the a

verage con-

centration of pollutant in indoor spaces can be

suitably expressed by applying m, or mixing factor
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and p, or position factor.

Now, we try to link these factors to the results
of numerical calculations. Let the steady state
concentration at site (i,7) in the room be C.'’,
which can be obtained from the results of numer-
ical calculation for each ventilation system. Then
the average steady state concentration in the
room, C., can be calculated from X 3 C..%//(1 XJ).
The mixing factor at site (i, ) in the room, mi/,
can also be obtained from the results of the con-
centration decay of the numerical calculation. As
previously described, mi:’ seems to become virtually
the same value m with the lapse of time, regar-
dless of the position in the room. Thus the value
m can be taken as the average mixing factor of
the room. Corresponding to Equation (18), we
define the average position factor p by the equa-
tion Co=p/m. Then p can be derived from the
values C. and m described above. All of these
values in4 each ventilation system are summarized
in Table 3. It is apparent from Table 8 that the
flow pattern, which is mainly governed by the
geometry of the room, determines the mixing
factor m and that the pollutant generation site is
irrelevant to m. Effective ventilations of larger m
can be obtained when the supplied air pass length
in a room is longer, like cases 7, 1, and 4. The
position factor p is more complicated, but it
seems to depend mainly on the value of the stream
function at the pollutant generation site as shown
in Figures 27 and 28. If the pollutant generation
site is near the outlet, p becomes extremely small,
like case 12 in Table 3.

In applying this model to actual rooms, it seems
easy and adequate to measure the values of m and
p by experiment beforehand. The values of m can
be derived by measuring the concentration decay
and p can be derived from the relation C.=p/m
by measuring the average steady state concentra-
tion of the room.

Since the average concentration is proportional
to p/m, to make p small and/or to make m large
can be a criterion for effective cleaning of the

indoor air pollutants with a fixed number of air

changes.

8. Conclusion

1) After the termination of pollutant genera-
tion, the slope of the concentration decay
seems to approach a certain value with the
lapse of time regardless of the position in a
room. Thus it seems very convenient to take
this slope as an indicator of the ventilation
efficiency.

2) Ventilation efficiency is higher when the
main flow pass length of the supplied air is
longer in the room.

3) A new ventilation model which permits
quantitative estimation of the concentration
with simple manipulation is proposed. The
model includes two new parameters; “mixing
factor” m showing the ventilation efficiency
and “position factor” p showing the effect of
the pollutant generation site on the average
concentration.

4) Making p small and/or making m large can
be a criterion for effective cleaning of the
indoor air with a fixed number of air changes.
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