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ABSTRACT

The rising stream around a human body attributable to
metabolic heat can carry contaminants from the floor level to
the human breathing system. Thus, the quality of the breathing
air greatly depends on the concentration distribution in the
lower part of the room and the characteristics of the local air
motion around the body. In this paper, a modeled human body
(computational thermal manikin) is placed in a room that is
air-conditioned with a displacement ventilation system. Flow
and temperature fields around the manikin are analyzed by
computational fluid dynamics (CFD) using a low-Reynolds-
number type k-€ model. Based on the predicted flow field, the
age of supply air and the residual lifetime of air in the room are
alsonumerically calcul ated by CFD. Three cases of prediction
of the concentration distribution are carried out with different
locations of contaminant generation. The quality of the breath-
ing air is assessed using the newly defined index, indicating the
effective entrainment ratio of the lower regionair to the breath-
ing air. Results of the CFD analysis agree well with previous
experimental data.

INTRODUCTION

In a previous paper (Murakami et al. 1997), the local air
motions around a modeled human body (computational ther-
mal manikin) that is placed in various types of flow field were
analyzed by computational fluiddynamics (CFD). The rising
stream observed around the manikin plays an important role in
the characteristics of convective heat transfer from the mani-
kin. It also carries contaminants from the floor level to the
human breathing zone. The phenomenon has been examined
experimentally (Kim et al. 1991; Brohus and Nielsen 1994;
Hyldgaard 1994). This paper focuses on the effect of therising
stream on the quality of the breathing air and evaluates it with
the aid of CFD analysis. However, the effect of breathing is not
taken into account at this stage.
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The displacement ventilation system is widely used
because of its high ventilation efficiency. This system can
supply relatively fresh and cooled air directly to an occupied
zone. One of the important characteristics of this system is the
ability to produce vertical temperature stratification. Such
stratification suppresses the vertical mixing of air so that a
vertical concentration gradient appears (Hyldgaard 1994).
This enables the occupied zone to be kept clean and thermally
comfortable. In this type of stagnant flow field, the rising
stream generated around a human body by metabolic heat
becomes the essential factor in transporting air from lower to
higher levels (Kim et al. 1991). Under these circumstances,
the contaminant concentration distribution depends on two
decisive factors: (a) the position of the contaminant generation
and (b) the vertical transport properties from the rising stream.

In this paper, utilizing ventilation efficiency indices, the
relationship between the concentration distribution and the
above decisive factors is analyzed. The indices used here are
(a) the age of supply air, (b) the residual lifetime of air
(Murakami 1992; Kato et al. 1992), and (c) the effective
entrainment ratio of the lower air to the breathing air. This ratio
was first proposed as the effectiveness of entrainment in the
human boundary layer by Brohus and Nielsen (1994), then
modified by the authors (Kato et al. 1996).

EFFECTIVE ENTRAINMENT RATIO OF THE LOWER
AIR TO THE BREATHING AIR

Inaroom with a displacement ventilation system, there is
usually an apparent vertical stratification of concentration
distribution. Using the characteristics of this stratification, the
room space is divided into several zones. As shown in Figure
1, inasmuch as the steep concentration gradient in the vertical
direction appears at the middle height of the space, it is possi-
ble to divide the room space into two zones, the lower and the
upper zone. The third zone is defined around the human body.
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Figure 1 Entrainment of lower air to breathing air
m*, > 0).

This zone is characterized by the rising stream attributable to
metabolic heat production.

To evaluate the effect of entrainment and transport of air
from the lower zone to the breathing position, Brohus and
Nielsen (1994) proposed the concept of the effective entrain-
ment ratio of tlie lower -air to the breathing air, which is
expressed in Equation 1.

= (Cp—C )/(C,ef Cp - )
where o
C, = contaminant concentration o\f breathing air
(cf. Figure 1),
Cop = contaminant concentratlon apart from the body.
at breathing height, s
G = contaminant concentration near the floor.

Cc = MG+ (1-)Cyp 2

As shown in Equduon 2 the br ealhmg air is composed of
the air in the lower zone df the reom (C, P and the air apart from
the body at breathing height (wa)‘ 1, shows the mixing ratio
of thesc two components. Thus, 1), means the ability to entrain
the air in the lower zone and to transport it to the breathing
position by the rising stream. Considering the quality of
breathing air, the authors extended m, to n°, (the modified
effective entrainment ratio ¢f the lower air to the breathing
air), which is shown in Equatlon 3 (Flgure 1, Note A).

ShIZE ‘”g(crEf Cf) = (Cref C )/|Cr8f f{ &)

Here, C;<C, <C, or C

wr < C, < Cyis assumed.

sig(x) = sign function, x20 s;'g =1, x<0 sig#-1

Depending on whether the air.in the lower zone is clean
or not, 0", has plus or minus value. If the air in the lower zone
is relatively clean, and this clean air is transported to the
breathing position by the rising stream, 1", becoines larger
than 0. This shows the positive effect of(he entrainment. {f the
airin the lower region is relatively diaty, n becomes less than
0, showing the negative effect of the cnlrammem on the qual-
ity of the breathing air. In the case of’r| e=1theairin the tower
zone is clean, and the breathing air is completely transported
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Figure 2 Flow field analyzed.

from there. The breathing air is not mixed, with the air at the
breathing height. In the case of 'n*e = —1, the breathing air is
completely composed of the dirty air from the lower zone. In
the case of C, = C,,, 1", =0, the breathing air comes from the'
breathing height, and the rising stream around the body has no
influence on the quality of the breathing air (Note B).

With CFD simulation, the concentration of contaminants
in the room s easily calculated and the representative concen-
tration of each divided zone is easily estimated. In this paper,
the representative concentration of each zone, such as G, Cp
refers to the mean value of contaminant concenlrauon through
each zone. :

CFD METHODS

. The flow field analyzed is shown in Figure 2 A heated
manikin is placed in a room that is air conditioned with a
displacement ventilation system. The shape of the manikin‘is
simplified from a real human body shape, with feet and arms
put together close to the, body. The manikin:has the standard
height (1.651 m) and weight (65.5;kg) of a Japanese male
adull. 'Ihe area of manikin skin surface is calculated as
1.688 m? (SHASE 1987). The mctabolic hcat production fer
astanding, relaxed human body is recommended as 70 W/m?
(1.2 met) (ASHRAE 1993) It |s reasonable to assume that
hicat loss from the body by convection is about one-third of the
total metabolic heat producuon in the normal indoor environ-
ment. This paper is only concemned with convective heat trans-
fer. Thus, the manikin is simply specmed to uniformly releasc
heat by convection at 20 ‘W/m? through the whole surface.
This becomes the boundary condition of the manikin surface
for solving the lemppraluie lransport equation. [n order to
recmove convective heat loss from the manikin and to ensure
the exhaust temperature at 27°C, the supply temperature is
specified at 22°C for the low supply velocity at 0.1 2m/s. The
aitflow rate, air change rate, and nominal time constant of the
room are aboul,25 9 m*h, 1.7 ACH, and 0.6 h, respectively.
The air change rate is slightly lower than that of a normal
displacement ventilation system (about 5 ACH). The CFD
analysis is conducted based on a Launder-Sharma type, low-
Reynolds-number, k- turbulence model  (Launder and
Sh’mm 1974). Tables 1 and 2 detail the numerical methods
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TABLE 1
Numerical Methods

Turbulence Low-Reynolds-number k-& model
Model (Launder-Sharma Type)

Numerical Space differénce: hybrid

Schemes ! Time difference: backward

Grid system Computational domain is discretized into

125,568 cells with BFC. In the normal direc-
tion of the manikin surface, the grid is spaced
with geometric progression. The y* of the first
cell near the manikin is less than 5. Consider-
ing the symmatrical property of the flow field,
half of the space is calculated.

TABLE 2

‘ Boundary Conditions
Supply U;, =042 mis, T, = 22°C, k;, = 0.002 U, 2,
Opening g, = km3/2/(0 3D); D= '024m
Exhaust U,k € T free slip ’
Opening '
Wall Uk, &:U,=0, k, = @k/3x) =0, (£),=0
Boundary =L = A, i

adiabatic wall: (07/dx;) =

Manikin surface: Q,, = 20 Wim? .
(quantity of convective heat loss)

and boundary conditions. The contaminants are considered:as
passive scalar particles. This means the contaminants have the
same properties, ‘such as density, viscosity, velocity, etc., as
these of air. The CFD method‘is detarled ina prevrous paper
(Murakaroi ct al 199'7) i e

CHARACTERISTICS OF-FLOW AND
TEMPERATURE FIELDS

The f1ow field, is $hown in Figure 3. [t is clear that the
warm rising stream appéals' around the manikin, while the
flow field apart from the body is alinost stagnant, In the upper
zone above the manikin, a rising thermal plume is obvious. It
reaches a maximum velocity of 0.26 nvs.

The temperature field is ah0wn in anurc 4. A vcrncal
Lempcrﬂlum gradient appears in the room with the dl.spldce-
micnt veritilation systém. Between the, feet and the waist Jevel
of the body (Figure 4), the gradient. becomes vcry steep.
However, lhe vertical temperature gradrcnt is slightly steeper
than i nthe' case of COI]Sldel‘ll'lg the radiation as well as the
convecllén. which corresponds better to the actual suuallon
(Zeng el al. 1997). As a result, the cffect of the nsmg stream
is silghtly overpredicled The mean zur Iemper'lturc of the
room is calculagcd a$ 26.0°C, and the mean lemperature of the
manikiri surface is 31.0°C (Murakami el al. 1997) There is
1boul 5.0°C (emperature d1fferenc1c between the mamk;n
suriace 1nd the surrounding air. Thns corresponds te an aclual
silliation in & normal indoor envnronmenl

As stated above, the réom’ spacc is dwulcd into three
zones: (he upper zone, the lower zone, and the zonc around the

4202

Maximum | 3} i

Manikin
surface

velocity E oy
026 mis |.if &

R R ] Frpmesad
. - coaatd tee.
P ] Peo
» oo tr,

(it

Exhaust . |
apening

28 Region D
=-.—='21 =gy WD, 7—- PR S—
Region C
Region C’
—26._ S
-L:-EQS Region B
4 e

ot



TABLE 3
Cases of Contaminant Diffusion Simulation

Position of Contaminant Sourcd Flow Field
Case 1 Uniform generation Shown in Figure 3
throughout room

Case 2 As above Virtual flow field
with time-reversed

Case 3 | Uniform generation from ceiling | Shown in Figure 3

Case 4| Uniform generation from floor As above I

Case § Uniform generation As above

from manikin surface

body. In this paper, the authors call the lower zone Region B.
The upper zone is divided into three regions: Regions C', C,
and D (Figure 4 and Note A). The mean concentration of
Region B is defined as Crand that of Region C as C,.
Figure 5 shows a time-reversed virtual flow field obtained
from the real flow field shown in Figure 3. As the reversed
time passes, the flow comes from the exhaust opening,
diverges into the room space, converges, and returns to the
supply opening. By using the virtual flow field, the residual
lifetime of air is easily calculated with uniform contaminant
generation throughout the space (Kato et al. 1992).

CALCULATION OF CONCENTRATION
DISTRIBUTION

Cases Analyzed

Five cases are analyzed here. Table 3 shows the details of
each case. The age of the supply air is the average time taken
for supply air (fresh) enteting the space to reach any specified
location within the space. In Case 1, the contaminants are
generated uniformly throughout the room; thus, the predicted
contaminant concentration corrésponds to the age of the
supply air (Kato et al. 1992). The distribution of the age of
supply air can explain how effective ventilation is in getting
fresh air to the body. The residual lifetime of air is the time
taken for air at any location to be exhausted from the space. In
Case 2, the position of contaminant generation is the same as
in Case 1. The time-reversed virtual flow field (Figure 5),
however, is used here. The predicted contaminant concentra-

tion indicates the residual lifetime of air. From this case, the :

ventilation efficiency in removing contaminants from the
vicinity of the manikin is analyzed. In Case 3, the contami-
nants are generated uniformly from the ceiling: This corre-

sponds to an actual situation in which the contaminants, such .

as volatile organic compounds, are generated from the paintof
the ceiling surface. In this case, the air inthe lowerzone of:the
room is relatively clean. In Case 4, contrary to Case 3, the
contaminants are generated uniformly from the. floor. The
contaminants, including dust generated from the floor; have a.
large influence on the indoor air quality. In Case 5, the contam-
inants are generated uniformly from the manikin surface. In

this case, the bioeffluent of the human body is examined. In all
cases, the contaminant concentration is nondimensionalized
by the perfect mixing concentration (which equals the average
contaminant concentration of the exhaust opening).

Case 1: Uniform Generation of Contaminants
Throughout the Room (Age of Supply Air)

The concentration distribution in Case 1 is shown in
Figure 6a and Table 4. This corresponds to the age of supply
air. The mean age of supply air in Region B is 0.30. Compared
with the other regions, this is the minimum value because the
fresh air is supplied directly to Region B from the supply open-
ing located near the floor. The breathing air has a value of 0.50,
lower than that of the air at the breathing height (1.28). The
young air is entrained and transportedto the breathing position
from the lower part of the room (Region B) by the rising
stream. Some part of the rising stream around the manikin is
exhausted through the exhaust opening near the ceiling. The
restdescends to the lowerregion apart from the body and then
becomes old. In Region D, it has a value of 1.1. The age of air
becomes more than 1.8 in the region between the body’s waist
and breast levels. This is the highest value in the room. The
obvious boundary line between the highest and the lowest
value region is observed at waist level. In Case 1 the modified
effective entrainment ratio of the lower air to the breathing air
is 79% (Table 4). This means 79% of the breathing air can be
provided from Region B, where air is relatively young and

fresh, by the rising stream.
]

Case 2: Uniform Generation of Contaminants
Throughout the Room with Time-Reversed Virtual
Field (Residual Lifetime of Air) :

The concentration distribution in Case 2 is shown in
Figure 6b and Table 4. This corresponds to the residual life-
time of air. The air near the exhaust opening has the lowest
value and is quickly exhausted. The air in Region B has the
maximum value of 0.96 and takes much longer to be
exhausted. Concerning the two sides of the human body, the
right-hand region near the exhaust opening has lower values
than that of the left. This means that the air in the right-hand
region takes less tim¢ to be exhausted. The mean residual life-
time of the whole space is 0.91. The breathing air, however,
has alower value of 0.50. The value in Region A also becomes
low at 0.69. These low values mean that the air is driven by the
rising stream around!the body, rises to the upper space, and is
then quickly exhausted. Thus, the contaminants can be quickly
removed from the vicinity of the body by the rising stream.

Case 3: Unifgrm Generation of Contaminants
from the Ceiling

i The concentration distribution in Case 3 is shown in
Figures 6¢ and 7 and Table 4. The concentration stratification
atthewaist level of the manikin is clearly observed. This steep,
vertical concentration gradient corresponds to the abvious
boundary between: ‘the” highest and lowest concentration
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TABLE4 , .,
C,, creﬁ cel and T\e' .

Case1 | 'Case2 Case 3 Case 4 Case 5
Mean Concentration of Room 091 091 0.60 1.05 0.63
Region A (near the manikin) 0.68 0.69 0.37 0.99 0.54
Region B (the lower zone:C)) 0.30 0.96 002 - 1.20 0.06
Concentration Region C' 091 0.95. 0.43 1.06 0.46
Region C (breathmg height: ,ef) 1.28 0.95 0.94 ©1.04 098
| Region D 1.10 0.80 1.00 1.04 1.00
. |Breathing Air: C, 0.50 0.50 0.25 1.15 1.20
Modified Effective Entrainment Ratio of Lower Air to Breathing Ail]e’ 79% - . 75% - —69% —

Concentration

Human body

1 E O ] PN
0.6- el (. ™
1 Kive: 31 3
04: a wih bR
’ _ A  Case?3 _q Y3
ol A
= ¢ [ o0
02-4 o Cased.. [ ¢
o‘“.!“.!”;!“,,”. b e
05 07" 09 1y 13 ‘15 13 1o 2.

; ; X (tn)

Figure 7 Horizontal concentration distribution at

v_breathing level (Z = 1.45 m).

R
regions observed in Case 1 The mean contammant concen-
tration throughout the room is 0. 60 The value in Reglon Bis
relatwely, low at 0.02, but in Reglon D it becomes higher at
1.00, equaling the contaminant concentration of the exhaust
opening. The contaminant concentration of the breathing air
becomes much lower (0.25) than that of iRegion:C (0.94),‘
which is located ‘at the breathing height. This is caused'by the
entrainment effect of the clean air in Region B attfibutable to
the rising stiéam. The characteristics are also observed ‘in
Figure 7. The miodified effective entrammént ratio of the lower
air (o the breathing air is 75% corrcspondmg well with Case
. The value of 75% means that 75% of the breathing air is
lransported from Region B wherq (hc air is relatively clean,
The quallly of the breathing air in Caﬁc 3 is quite good,
although the contaminan{ ceneentration at the tbreathing
height is rather. high. The phenomena are alsa conﬁrmed by

the, experlmﬁnt (Brohusiand Nielsen 1964).

JLvTan i ' ] L A TN i

Case 4: Uniform Generatlon of Contaminants from
the Floor

The concentration distribution in Case 4 i$ shown in
Figures 6d and 7 and Table 4. Inasmuch as the contaminants
are generated [rom Lhe floor, the contammanm tend'to stay in
the lower region (Region B), where the mcan contaminant
concentration is high a1 1.20. In Case 4, the contaminant
concentration is distributed almost uniformly in the other
regior$ of the room (Regions C, €, and D:'1.04 - 1.06). This
distributien property is different from the other cases in which
the ‘concentration stratification’ is clearly observed. The
contaminant concentration of the breathing air (1.15) is higher
than that of Region C'(1.04) because the dirty ait‘ih Region B
(1.04) converges around the body and then rises to thé breath-
ing position (Figure 7). The modificd cffective entrainment
ratio of the lower air 1o the breathing air is—69%. The absolute
valuc corresponds well with Cases | and 3. The characteristics
show that to improve e quality of the brealhmg air in 4 room
with a displacemeri( ventilation system itis important to avoid
contaminant generation in the lower part of the room. i

Case 5: Uniform Generation of Contaminants
from the Manikin Surface -

The concentration -distributionin Case 5 is shown in
Figure 6e and Table 4. The contaminants generated from the
manikin surface are transported from the:lower to the upper
region with the rising stream. The maximum vertical gradient
of conlaminant concentration appears at waist level, where the
concentration stratification is clearly observed The mean
contaminant concentration ‘throughout ' the ‘room is 0.63.
Below the steep vertical coricentration gradient, the mean
contaminant concentration in Region Biis relatively low at
0.06. Conversely, the contaminant concentration of the upper:
region above the body head is high,at,1.00, which equais that
of the exhaust opening. The concentration of the breathing air
is higher at 1.20 because the contaminants are generated from
the body surfdce itself. In this case (orie person in a room), the
concept of the effective entrainment ratio of the lower air to the
breathing aif is'niot available (Note B). However, in the situa-

P (000
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tion where many people are in a room, the contaminant
concentration in the upper zone of the room is proportional to
the number of people and becomes higher. The breathing air,

however, is still relatively clean because the people do not

contaminate the air in the lower zone.

CONCLUSIONS

1. Similar to tempcrature siratification, concentration stratifi-

" cation also appears in lhe stagnant flow ficld in a room that
is air-conditioned with a displacement ventilation system.
This property is clearly explained by the distribution of the
age of supply air.

2. The rising stream from metabolic heat production, as well
asthe concentration stratification, has greatinfluence on the
quality of the breathing air. These characteristics are clearly
comprehensible with the dlsmbutlon of the age of supply
air and the residual lifetime of air.

3. Toevaluate the influence of the entrainment effect with the
rising stream on the quality of the breathing air, the modi-
fied effective enirainment ratio of the lower air to the
breathing air is proposed. The uscfulness of the index is
demonstrated with several locations of contaminant gener-
ation.

4. Ifthe rlsmg stream around the body surface is notbroken by
the surrounding airflow, \yhether it enharices or decreases
the quality of the breathing air depends on the location of
the contaminant generation. The rising siream has a posi-

. tive influence on the- quality of the breathing air when the

' contammants are generated in the upper part of the room,
above the breathing height, and the air in the lower part of
the room is relatively clean. Conversely, the rising stream
has a negative effect when the contaminanil is generated in
the lower part of the room, below the breathing height, and
the air in the lower pax} is relatively dirty.

) E ’

NOMENCLATURE

A = area of supply opening, m? . - gl
C, = contaminant concentration of breathing air
G = contaminant concentration near floor .,

9!
&
It

contaminant concentration apart from body at
. breathingHeight o .

‘hydraulic'diameter, D = 4 A/P m
= turbulent energy, m/s*
"= perimeler of supply opcnmg, ]

i

' = mean temperature, 2C .

D

k

P e

Q . = convective heat transfer rate, W/m?,
T

U = mean veloeity, m/§ i it
E

b2 diwpdtmn rate of tul‘buicnl energy, m m2fs?,

€ = e—wok'"2/00" .

n, = cffcc.nvcentrqmmcmr1uoof lowcralrlobrealhmg
iy ialr, . S 5 = ) ,

n 5 = modiﬁedieffective entrainment ra_tio. o,f lower air to

breathing air
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Subscripts

i

1,2, and 3, denotes x, y, and zdirections, respectively

in = value of supply opening
w = value of surface
NOTE A *

In this' paper, to estimate the representative concentra-
tions such as Cyand C,p the author divided the room space into
five regions: Reglon A around the manikin within 30 cm,
where the rising stream is located; Region B, between floor
level and waist level, where the temperature gradient is steep-
est; Region C', up to the neck level; Region C, up to a little
higher than head level, called the breathmg height; and Region
D, the remainder.

NOTE B

There are actually a few cases in which the boundary
between the zones of high concentration and low concentra-
ion cannot, be clearly dilferestiated. The “applicability of
differentiating these two zones in the given space would
require further discussion. The index n°, cannot be well esti-
mated in the following cases: (a) when the contaminant
concentration is distributed almost uniformly and the concen-
tration stratification does not obviously appear, which often
occurred in the room with a traditional mixing-type air-condi-
tioning system; (b) when the position of the concentration
stratification is located above the breathing position; (c) when
the contaminants are generated from a human body’s surface,
the contaminant ¢oncentration of the breathing air cannot be
decided by those two components, i.e., Crand C,,z
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