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Analysis of visitation frequency through particle tracking method

based on LES and model experiment

Abstract As ventilation efficiency in a room is not always uniformly distributed,
an index for measuring ventilation efficiency at a concerned point or in a con-
cerned local domain is required. Local ventilation efficiency is often represented
by the rate of the averaged concentration of the local domain to that of
exhausted air from the room. From the age theory of air, it is well known that
the averaged concentration in a room corresponds to the mean staying time of
contaminant. Evaluating the domain-averaged concentration (Cygmain) TEANS
evaluating the average staying time of the contaminant in the domain. It can be
only one part of the whole room and can be considered as an occupied zone.
Visitation frequency (VF) and the average staying time of the contaminant for
one visitation in the local domain (T},) are introduced to analyze the average
staying time of the contaminant in the local domain. The value of VF is strongly
affected by the position of the local domain in the room; that is, the position of
the local domain in the whole flow field of the room. T} represents the property
of the flow pattern in the local domain. As the indication of VF and T}, represent
the mechanism for forming the domain-averaged concentration, they are deeply
related to local purging flow rate, which represents the airflow rate for defining
the domain-averaged concentration. As VF and T, are related to the contam-
inant transportation property, it is effective to analyze them by particle tracking
method. A CFD method of large eddy simulation (LES) was thereby carried out
in this study. The prediction result by LES is also validated by a precise model
experiment. In this paper, the detailed analysis of VF and T} is carried out on the
basis of the particle tracking method utilizing the LES result in order to clarify
the mechanism of the domain-averaged concentration. The analyzed room has
one supply inlet and one exhaust outlet. A clear re-circulating flow, generated by
the forced ventilation, is observed in the room. The value of VF is examined with
three types of local domains in the room model. In the room model, VF shows a
value of 5.70 when the local domain occupies half of the room. It becomes
smaller when the size of the local domain is reduced.
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Introduction

In order to evaluate the ventilation efficiency at a con-
cerned point or in a concerned local domain, several
methods have already been proposed, such as the age
theory (Sandberg, 1983) and six indices (SVE1-6), for
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measuring the ventilation efficiency in a room (Kato
and Murakami, 1988, 1992). One of the indices of the
SVE concept is the residual lifetime of air (SVEL),
which corresponds to the spatial amount (i.e. average
concentration) of point-source contaminant in a room.
The value of SVE1 expresses the average staying time
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of the contaminant, the time needed for the contam-
inant to be exhausted from the room after it was
generated.

In this paper, in order to evaluate the mechanism of
the local domain-averaged concentration, visitation
frequency (VF) (Csanady, 1983) and the average
staying time of the contaminant for one visitation in
the local domain (T}) are introduced. The value of
(VF x T,) represents the residual lifetime of air in the
local domain. As shown in Table 1, VF and T, are
strongly related to the concept of SVEI, which is based
on the same concept of purging flow rate (PFR)
(Sandberg, 1992). As PFR is basically applied in the
entire room, local purging flow rate (L-PFR) is applied
in the local domain. L-PFR is defined by the contam-
inant generation rate (gp) at domain ‘p’ and the average
concentration in that domain.

As VF and T, are related to the contaminant
transportation property, it is necessary to use a particle
tracking method for detailed analysis. Large eddy
simulation (LES), which enables us to use the particle
tracking method, is carried out in this research. The
concept of LES is to treat or solve directly the large
eddies of flows more exactly than the small eddies,

Table 1 Concept of SVE1 and PFR

Whole room

SVEND):CM(FVCS:’—(ON,mb(TT(D) 1)

CooomlPh=room Cp. XX Vioom {2}

L=g/0 13)

PFR=0/ CroomP)==Vioor/ TiD) 4}

In Equations 14, SVE1{p) is the scale for ventilation efficiency 1 at position p,
non-dimensipnalized room-averaged concentration;

CJp. A is the contaminant concentration at x, with the
contaminant generation at source paint p (kg/m);

Cioomlp) 1s the room-averaged concentration with the point source plkg/m};

PFR is the purging flow rate {m/seck;

G, is the generation of the contaminant (kg/sec};

Qis the airflow rate of ventilation (m®/sec);

C; is the representative concentration;

Viporm 15 the volume of the room {m®);

T Ip) is the mean staying time of contaminant
(residual lifetime of air at point p} (sec)

SVEpl=={gp/PFRIAQ/ o)== O/PFR=(Q/ Vioom}@Tdp} (5}

Equation 5 shows a raciprocal number of PFR (normalized by airflow rate)
in the whole room correspends to SVE1 in the same whole room

Local domain .
SVE1 gomainP)=! Caomaint P Ce>X Visomaie/ Vioom)={ 0/ ViamX T someinip) {6}
EsomsinlD)=Jscmain 4D, X0X Vaomain (7}
L-PFR= 0/ Cgomain = Vitomain/ T gomaindP) (B} ‘
In Equations 5-8, Viomain is the volume of the local domain {m);
T; omain (P} 15 the mean staying time of contaminant at the domain
{T: gomain 1P = VF > T}
VF is the visitation frequency {~);
T, is the average staying time of contaminant in the local domain for
one visitation (sec)
SVE! gomaintPI=1g/L-PFRIX 0/ g bl Visomaind Vroom
= 0AL-PFRIViormain/ Vioom = 0/ VeoomVEXT,) @)
Equation 9 shows that a reciprocat number of L-PFR {normalized by the airflow rate)
in'the domain corresponds to SVE1

which are then to be modeled (Smagorinsky, 1963).
The particle tracking analysis is then conducted with
the results of the LES and the structure of ventilation
efficiency in the local domain is investigated with the
calculation of VF and T,

In this research, the values of VF, T, and L-PFR
are examined by setting up three types of local
domains in the room model. Then, under different
sizes and different relative positions of the local

domains, the properties of VF, T, and L-PFR are

analyzed.

Local domain

As contaminant concentration in a room is not always
uniform, it is important to evaluate the amount
(averaged concentration) of the contaminant in the
local domain, such as an occupied zone or breathing
zone. In this paper, ‘local domain’ represents an
occupied zone or breathing zone (not the entire room).
The purpose of the research is to analyze how the local
domain-averaged concentration is determined using
VF and T,

Visitation frequency

Visitation frequency represents the number of times a.
particle enters the local domain and passes through it.
VF = | means that after being generated a particle
stays only once in the Jocal domain, in other words,
after leaving the local domain, the particle never
returns. VF = 2 means that a particle stays in the
local domain for the first time, is transported to the
outside and then returns again to the local domain, due
to the re-circulating flow, for only one more time.

Returning frequency (RF) represents the number of
times a particle returns to the local domain except for
the generation. If a particle is generated in the local
domain, RF is also a useful index to directly represent
this return.

The average value of VF for all particles is an
important index that indicates how efficient a ventila-
tion system is to purge/remove contaminant particles
from the local domain in question. From the viewpoint
of the entire flow field in a room, a low value of average
VF indicates a good ventilation design for the local
domain, because fewer particles of contaminant return
to the local domain.

The average VF values are calculated by using
Equation 10. Here, the average VF is sometimes cited
without the word ‘average’, when it apparently expres-
ses the average value.

As it is difficult to obtain detailed VF data from a
model experiment and calculation using a RANS
model, calculation of a particle tracking method based
on LES is carried out in order to obtain detailed
statistical information of the VF:

183



Kato et al.

VF =14 (Jp/Mp) =1+ (Agp/gp), (10)
RF = VF -1 = (J,/M}) = (Agp/4p), (Im

where J, is the amount of particles, visiting (returning
to) the local domain ‘p’ per unit time (particle/sec); M,
the amount of particles generated in the local domain
(particle/sec); Ag,, the inflow rate of particles into the
Jocal domain ‘p’ per unit time (kg/sec); and g, the
particle-generation rate per unit time (kg/sec).

Average staying time

The average staying time of a particle in the local
domain (7,) represents the average time a particle
takes from once coming/or being generated into the
local domain to its leaving. Multiplying T, by VF
indicates the total average staying time (lifespan
of a contaminant particle) in the local domain
(see Appendix A).

Local purging flow rate

Local purging flow rate is an index of ventilation
efficiency in a local domain, such as an occupied zone
or confined space in a room. It was originally defined
as the effective airflow rate to remove/purge contam-
inants from the local domain. In this paper, L-PFR has
been redefined by using the concept of VF and Ti.
L-PFR is redefined with the net ventilation rate by
which the domain-averaged concentration of the local
domain is defined; that is, L-PFR is defined as the local
ventilation efficiency. Following this concept, a recip-
rocal pumber of SVEI, which evaluates the spatial
amount of contaminant in the whole room, corres-
ponds to the PFR for the same whole room. PFR
represents the value of the whole room and L-PFR
represents the value of only the local domain (see
Appendix B).

In this paper, L-PFR is defined by the contaminant
generation rate in the local domain and the averaged
concentration in it; then, the value of L-PFR can be
simply calculated from the concentration simulation
based on the scalar transport equation (Davidson and
Olsson, 1987).

As L-PFR is related to the contaminant (particle)
remaining property in the domain, as represented by
VF and T, a detailed analysis of L-PFR requires
information of VF and Ty, (cf. Equation 12):

L-PFR = Viomain/(VF x T}) = ¢p/ Cdomain (12)

where L-PFR is the local purging flow rate (m®/sec),
Y somain the volume of the local domain (m®), VF the
visitation frequency of particles (-), T, the average
staying time of particles in the local domain ‘p’ (second
per staying once), ¢, the particles generation rate per
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unit time (kg/sec), and Cyomain the local domain-
averaged concentration (kg/m>).

Room model

The room model shown in Figure 1 is used for
analyzing VF, T, and L-PFR. The model is a cavity
of dimension 1.5 m (x) : 0.3 m (») : 1.0 m (2) in which
a two-dimensional mean flow field is developed. It is
equipped with 0.02-m width inlet and outlet slots.

To examine the properties of VF, T, and L-PFR
indices, three types of local domains are set up inside the
room model: (i) 1/2 volume of total space for volume 1,
regarded as occupied space; (il) 1/4 volume of volume 1
for volume 2; (iii) 1/9 volume of volume 1 for volume 3,
regarded as breathing space. The width (¥ direction) of
all three domains is the same and is identical with that of
the cavity. Particle generating points are located inside
the local domains for all cases. The properties of VF, T},
and L-PFR are then analyzed systematically according
to the change of particle generating point. Figures 2 and
3 show the location of particle generating points and the
local domain indicated on the mean streamlines, which is
calculated by LES. Point 1 is the center position of
occupied space [0.75 m (x), 0.15 m (), 0.25 m (2)], point
2 is set on the floor [0.75 m (x), 0.15 m (»), 0.01 m (2)],
point 3 is the center of the cavity {0.75 m (x), 0.15 m (y),
0.5 m(z)], point4issetatasupplyinlet[0.0 m(x),0.15 m
(), 0.99 m (z)]. Points 5(1), 5(2), and 5(3) are set near the
exhaust outlet [1.5m (x), 0.15m (y), 0.0l m (2)],
[1.485 m (x), 0.15 m (), 0.01 m (2)], and [1.47 m (x),
0.15 m (), 0.01 m (z)], respectively.

In

Boundary of
occupant space
z=05m

z(1.0m)

y (0.3 m)

x (1.5 m) <
Outlet

Fig. 1 Room mode] analyzed
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Fig. 2 Mean streamlines and particle generating points

Outlet

=3=R

(1) Point 1

(2) Point 2

(3) Point 3

(5) Point 5

(4) Point 4

Fig. 3 Local domains for VF evaluation

Model experiment
Model

Large eddy simulation enables us to analyze VF, T b
and L-PFR in detail, as it is able to trace the
movement of a particle. LES is based on a model

equation of turbulent flow; it is necessary to confirm
the correspondence of flow field between the calcula-
tion results and the experimental results. In order to
validate the results of LES, a model experiment
was carried out. A model was composed of a cavity
of dimension (x):():()=15m:07m:10 m,
equipped with 0.02-m width inlet and outlet slots
(Figure 4). This cavity is divided into three thinner
cavities, separated by glass. The center working cavity
[0.3 m (y) width, corresponding to the room model as
shown in Figure 1], is the one where the measurements
were performed, and the other two cavities [0.2 m (y)
width], which are called Guard cavities, are the ones
where the same flow pattern as in the working cavity
was reproduced. The four boundaries (ceiling, floor,
right, and left walls) consist of a water-cooling
aluminum heat exchanger to control the wall surface
temperature (Blay et al., 1992).

Experimental condition

Air inlet velocity (U,,) is set at 3 m/sec. Inlet air and all
the walls are controlled in isothermal condition (25°C).
The supply inlet slot (0.02 m) is positioned along the
ceiling and the exhaust outlet slot (0.02 m) is set along
the floor on the other sidewall.

Figures 5 and 6 show the longitudinal discharge
velocity profile in the horizontal direction (Y) along the
inlet slot and the transversal jet velocity profiles, which
are measured near the slot at ¥ = 150, 300, 350 mm,
respectively. Figure 7 shows the longitudinal discharge
velocity profiles in the Y direction below the ceiling
(Z = 950 mm) and above the floor (Z = 50 mm); both
are at the same X coordinate (750 mm). As shown in
Figures 5-7, a good two-dimensional mean flow was
obtained in the cavity.

DOP mist | (about 1 um)
l o — L30m #  Working cavity
Air inlet velocity e/ == == =T — o e "| - (measurement cavity)
3 m/s T ' v _ Guard cavity
inlet slot (0.62 m) | [~[% &
P 4 %«?cooled aluminium
il - t
1.00m : LDVprove | Heat exchanger
, T Glass
Z direction (w) -—--—~——---ef;7 )
. 0. et slot (0.
Y direction (v) 0.2+ 0g+ 0.20 ;)e slot (0.02 m)
X direction (u) TW Ar- fon Laser |
2D 2colors and 4beam

backward- scatter mode

A focal length : 400 mm (green)

Output signal

‘_I(GPIB) -

— bt
(blue) >

A beam separation : 38 mm

Photomultiplier Output signal ~ BSA: Burst spectrum analyzer
lue

Velocity measurement l

Fig. 4 Experiment model and LDV system

185



Kato et al.

Ullin
6

14}

XX XX XXX X% x

o £ 4[4 4444

0.6F Inlet slot

%
X
X
X

Guard cavity

0.2F

Woking cavity Guard cavity

1 L 1 H "
0 100 200 300 400 500 800 700
¥ {mm}

Fig. 5 Horizontal profile of Uy,

Z(mm)

1000 ]

Ceiling
Inlet slot

Ceiling
995 |

990 | | Sl
985 |
980 -7
975 £ %

970 |

Wall
965 wall X 350 mm

960 F v 300 mm
0O 150 mm

955 |

950 bl e i b

02 0 02 04 06 08 1
U/Uin

baa Lo

1.2 14 16

Fig. 6 Vertical profiles of Ui,

U/lUin

08 |

086 |

oa b X X X X X XXX X x % x X >

0z |k X Celling

Wb | % Fioor 50 mm below ceiling
/ (X =750, Z = 950 mm)

DL XXX XXX XXXXXXX | 50 mmabove floor

-04p (X =750, Z = 50 mm)

08

-0.8 F

- L 1 L ' 1

200 250 300 350 400 450 500
Y{mm)

Fig. 7 Horizontal profile of U

Numerical methods and boundary conditions

Large eddy simulation was carried out under the

same conditions as in the experimental case, where the
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sub-grid stress was calculated by the dynamic Smag-
orinsky model (Germano et al., 1991). A second-order
center difference scheme was used for the spatial
derivatives. The third-order Runge-Kutta scheme was
used for time advancement (Table 2). To analyze the
flow field in the boundary layer, the center of the
computational cells closest to the wall surface should
be at a non-dimensional distance of y+ < 3,
y* = u*y /v, where y| is the distance normal to the
wall surface, v the kinematic viscosity, and u* = /7w /p
the friction velocity. Here, p is the density and 7,, the
wall shear stress. The inequality interval mesh is used
for this analysis.

Particle tracking was carried out based on the
simulated flow field. Particles were transported by
convection of resolvable velocity predicted by LES,
whilst the effects of sub-grid scale motion were ignored.
One particle is generated per-unit time of
6.67 x 107* sec interval, until the total of 75,000
particles were generated. Particle tracking was carried
out continuously for 95 sec (nominal time constant of
this model room 7, = 25 sec), in which more than 88%
of the total generated particles were exhausted through
the exhaust outlet.

The values of VF, T, and L-PFR vary greatly
depending on the position of the particle generating
point in the domain. Thus, one of the most represen-
tative methods of particle generation would be
uniform generation throughout the local domain.
However, in order to analyze the subtle difference of
VF according to the particle generating points, it is
useful to generate at one single-point source as
selected here.

Results and discussion
Mean velocity

The comparison of the mean velocity between LES and
the model experiment is shown in Figure 8. They are in
good agreement. LES is proved to reproduce the
experimental flow well.

Using the flow field calculated by LES, particle
tracking was carried out. The movements of eight
particles from generation to exhaust are as shown in
Figure 9.

Table 2 LES boundary condition

SGS model Dynamic Smagorinsky model

Computationel domain
Number of grid points
Derivative scheme

75004 x 15Lgly) x 50Lgl2)./Le=0.02 m (inlet slot)

48(4 x 23()) x 46(2)

Spatial derivatives: a second-order center difference scheme
Time advancement: the third-order Runge—Kutta scheme

U, experimental data

Lingar-power law

inflow boundary
Wall boundary
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Z(m
1.0 ™) % >
3 O U(exp) é@
X U(LES)
0.5
X
r CH
U
>
0.0 "——— R
~1.0 0.0 1.0

Ullin
(X =750 mm, Z =0~1000 mm)

Fig. 8 Comparison between LES and experiment

Fig. 9 Movement of eight particles from generation to exhaust

Visitation frequency

In this analysis, T}, is normalized by the nominal time
constant (=7, = @/Vio0m)s Cdomain 15 normalized by
the perfect mixing concentration (=representative
concentration C;) and L-PFR is normalized by the
airflow rate of ventilation (=Q).

Large local domain (volume I). Figure 10 shows the
probability distribution of VF at each local domain
(volumes 1-3).

1.0 W/lin |

O W(exp)
X W(LES)

v

0.0 0.5 1.0 1.5
X(m)

(X = 0~1500 mm, Z = 500 mm)

In the case of volume 1, in which the generating
points are located at points 1-3 [Figure 10(1), (4), (7)],
the maximum probability value of VF (mode) exists at
VF = 2. The probability of higher VF then decreases
gradually. :

This can be explained from the clockwise re-circula-
ting flow in the room. After being generated in the
domain (VF = 1), the particles were transported far-
ther from the outlet position and then have to return
back to volume 1 (VF = 2) to be exhausted through
the outlet that is Jocated in the lower-right part of the
room.

As shown in Figure 10(7), in the case of generating
point 3 (located at the center of the room model), the
mode value (VF = 2) becomes the lowest one, com-
pared to other generating point cases. In this case, the
tail of the VF distribution (VF probability) becomes
the longest. It means that the average VF value
becomes the highest.

In the case of generating points 4 (located near the
supply inlet) and 5(1) (located very near the exhaust
outlet), the mode exists at VF = 1, The amount of
particles (probability distribution) is decreasing expo-
nentially. '

In the case of generating point 5(1), 86% of the
particles are directly exhausted after being generated,
as its location is nearest to the exhaust outlet,
compared to the other generating points.

In the case of generating point 3, the standard
deviation and median value become the highest values,
5.59 and 6.68, respectively.

In the case of generating point 4, the probability at
its mode becomes higher than those of generating
points 1 and 2. Thirty-four per cent of the particles
generated at point 4 are exhausted directly. Point 4 is
located on the mean streamline that is connecting the
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supply inlet and exhaust outlet, and particles generated
are transported to the exhaust outlet directly by the
mean flow. The remaining 66% of particles have
characteristics similar to those of generating points 5(3)
and 2, as the relative position to the main flow
streamline is the same.

Middle local domain (volume 2). In the case of volume
2, the mode of the distribution exists at VF = 1 in all
generating points except generating point 3, and the
probability of higher VF decreases gradually. Com-
paring with the case of volume 1, the probability of
mode is higher and variance and deviation are
smaller.

Small local domain (volume 3). In the case of volume 3,
the mode of the distribution exists at VF = 1 in all
generating points. From the mode position, the
probability of higher VF decreases exponentially. In
the case of smaller domains (the volume of the local
domain = 1/18 of the model room volume), the
probability distribution of VF becomes almost the
same even though the positions of the domains in
the room are different. The only exception is the case of
generating point 3.

The value of standard deviation in the cases of the
smaller domains (volume 3) becomes smaller than
that of larger ones (volume 1). These results suggest
that when a local domain becomes smaller to a
certain degree, a large flow field structure in the room
does not affect its VF characteristics. The VF char-
acteristics of smaller domains depend on their sur-
rounding turbulence characteristics; however, this is
independent of the large-scale mean flow structure in
the room.

Table 3 The statistical analysis of VF, T, and L-PFR

Point 1 Point 2 Point3 Point4 Point 5(1) Point 52} Point 5{3)

{a) Local domain {volume 1)

- VF 5.70 5.44 8.56 439 1.25 216 3.88
T 0.16 0.09 012 0.09 0.03 0.08 0.10
Ciomain 1.79 1.01 2.08 0.83 0.08 0.34 074
L.PFR 056 0.99 0.48 1.21 13.10 294 1.35
{b) Local domain (volume 2)

VF 347 3.23 4.17 2.88 1.21 1.90 333
T 0.06 0.02 0,06 0.02 0.01 0.01 0.01
Coomain~ 1.85 0.51 2.00 0.45 0.06 0.17 0.36
L-PFR 054 1.96 0.50 224 155 596 274
{c) Local domain (volume 3)

VF Al 2.15 256 2.08 1.14 1.53 2.34
Ty 0.03 0.01 0.03 0.01 0.003 0.01 0.01
Coomain  1.33 032 1.45 0.33 007 0.15 0.26
L-PFR 075 3.12 0.69 303 1359 6.84 390

7 is normalized by nominal time constant {=r,=0/Vipom).
Coomain 15 NOrmalized by perfect mixing concentration {=representative concentration G).
L-PFR is normalized by airflow rate of ventilation (=)

Discussions. Table 3 shows the average value of VF for
each case. T}, is normalized by a nominal time constant
(=V/Q = 25 sec), L-PFR is normalized by supply
airflow rate (Q), and Cyomain 1S normalized by the
mean concentration of the exhaust outlet. Figure 11
shows VF and T, distribution at each local domain
(volumes 1-3). In order to perform a good ventilation
design, it is important to reduce the value of VF and
T,

b
. As shown in Table 3 and Figure 11(1), in the case

of volume 1, the average VF becomes the highest at
generating point 3 (8.56). This is because volume 1 in
the case of generating point 3 has two open bound-
aries (other boundaries are closed or adjacent to the
walls), while volume 1 in cases of other generating
points has only one open boundary. Also from Table
3a, the average VF value of point 2 is smaller than
that of point 1. This is because point 2 exists on the
mean streamline that passes close to the exhaust
outlet. In the cases of points 5(1), (2), and (3), where
the particle generating points are located near the
exhaust outlet, the average VF of point 5(1) almost
equals 1. However, in the case of point 5(3), it
becomes higher at 3.88, and is almost the same with
the cases of points 2 and 4. It means that generating
points 5(3), 2, and 4 are located on almost the same
mean streamline,

In the case of volume 1 [Table 3a and Figure 11(1)],
the average VF of point 3 becomes the highest value,
and the average VF is gradually decreased in the
order of points 1, 2, 4, then the lowest, point 5. This
tendency is almost the same for volume 2 [Table 3b
and Figure 11(2)] and volume 3 [Table 3¢ and Figure
11(3)].

The average particle staying time in the domain
for one visitation {7,

Large local domain (volume 1). Figure 12 shows the
probability distribution of 7, at each local domain
(volumes 1-3).

As shown in Figure 12(1) and (7), in the case of
volume 1 for generating points 1 and 3, the average
values of T, take high values, and the variance and
deviation values of T}, also become high. This tendency
is similar for the probability distribution of VF [Figure
10(1) and (7)].

The 7, distributions of volume 1 for points 2
[Figure 12(4)] and 4 [Figure 12(10)] have the same
probability distribution. This indicates that both the
particle generating points are located on the same
streamline, which forms a strong re-circulating flow
along the wall.

Middle local domain (volume 2). In the case of volume
2 (Figure 12), values for points 1 and 3 become
different in magnitude from those of points 2, 4 and
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3(1). T, for points 1 and 3 [Figure 12(2), (8)] shows
an average T, of 0.06 (normalized); however, in the
case of points 2, 4, and 5(1) [Figure 12(5), (11), and
(14)], they are in the range of 0.01-0.02. In the case
of volume 2 for generating points 1 and 3, the
average and deviation values of T, become higher,
compared with those of other points for the same
volume 2.

Small local domain (volume 3). The average and devi-
ation value of T, becomes smaller comparing with
volumes 1 and 2.

Discussions

As shown in Table 3a and Figure 11(1), in the case
of volume 1 for generating point 1, the average T,
becomes the highest value (0.16), compared with
those of other generating points and also other
volumes (Table 3b and ¢). The average T, of
generating points 2, 4, and 3(3) are similar and are
about 0.10, as they are located on the same
streamline, which forms a strong re-circulating flow
along the wall.

As shown in Table 3b and Figure 11(2), in the case of
volume 2 for generating points 1 and 3, average Tps are
three to six times higher than other generating points.
For volume 3 [Table 3c and Figure 11(3)], the tendency
of the average T, variation is almost similar to that of
volume 2, but the absolute values of average T, are
relatively small.

Domain-averaged concentration and local purging flow rate

The ventilation efficiency index for a local domain,
Comain 18 well explained by its VF and T}, Table 3
shows the domain-averaged concentration at each local
domain. Here, both L-PFR and Cyomain are normalized
and thereby their product always becomes 1.

Figure 13 shows the L-PFR distribution at each
local domain (volumes 1--3). The value of L-PFR in
the case of volume 1 for particle generating point 5(1)
exceeds the value of 13.0. This is because the
generated particles are purged/removed efficiently
before diffusing in the room. In the case of points 4,
5(1), (2), and (3), in which the particle generating
points are located near the supply inlet or the exhaust
outlet, the values of L-PFR reach over 1.0. This
means that the regions near the inlet and outlet are
ventilated with the same quantity of supply airflow
rate. ,

In this analysis, the smaller the local domain
(volume 1 — volume 2 — volume 3), the larger the
L-PFR obtained for all the cases. This phenomenon
indicates that the product of VF and T, decreases
faster with the decrease of domain volume.
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Concluding remarks

1. A reciprocal number of SVEI (non-dimensionalized
spatial amount of contaminant) that evaluates the
spatial amount of contaminant in a whole room cor-
responds to PFR in the same whole room. L-PFR ina
local domain has the same characteristics of SVEI
that is applied in the local domain. L-PFR consists of
VF and T,,. They indicate the structure of the venti-
latign efficiency (Cyomain) Of the local domain,
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Appendix A

Although calculation of a particle tracking method
based on large eddy simulation is carried out in order
to obtain the statistical detailed information of VF, T,
and L-PFR, they can be estimated using the RANS
model calculation also (Davidson and Olsson, 1987).
The authors have carried out the calculation of VF, T,
and L-PFR based on the averaged contaminant
distribution estimated by the standard k-e model.
Details are shown in Ito et al. (2000) and the results are
omitted in this paper.

Appendix B

L-PFR was originally defined as the effective airflow
rate to remove/purge contaminants from the local
domain. Therefore, originally we use equilibrium
concentration in the local domain to define L-PFR.
In this case, L-PFR cannot be pgreater than the
ventilation flow rate. As shown in Equation 12, in
the case of the newly introduced L-PFR concept, L-
PFR has the case that exceeds more than the ventila-
tion flow rate because L-PFR shows the ventilation
efficiency in the local domain.
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