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ABSTRACT

In designing air-conditioning systems for large-scale indoor spaces, it is important to
predict the air velocity and temperature distributions in such spaces to enable indoor
climate to be controlied effectively. The indoor climate can be predicted by two numerical
simulation methods: one is a rough study by using a macroscopic model and the other is
numerical simulation based on a turbulence model. Each method has its own limitations.
For instance, the former method cannot provide the detail data of the flow and temper-
ature fields whereas the latter method has a drawback in that it is difficult to determine
proper boundary conditions concerned with heat transfer at wall surfaces for the
numerical simulation study. This paper describes the results of studies on indoor climate
of a large - scale space by these two methods, and presents that the problems involved
can be solved by the combined use of two methods.
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1. INTRODUCTION

There are two numerical simulation methods of predlctlng the thermal

enwronment of large- -scale indoor spaces such as atnums namely, the "macroscoprc
analyS|s method” (hereafter referred to as "macroscoplc model") and airflow srmu-
latlon based on the "turbulence model" (Murakami et al. 1990). When the proper
condmons are used, the calculatlon results of both the methods are reasonably
precnse and these methods are already being applied to desrgn and analysis of
'thermal environment of large-scale indoor spaces.

— 148 —



Eacit)
However, details of the airflow and temperature fields cannot be examinéd
with the results of macroscopic model simulation only. On the other hand, in the
case of the turbulence model, the boundary conditions concerned with heat transfer
at wall surfaces which have the most significant effect on the analysis results have
often to be based on rather bold assumptions.
As illustrated in Fig. 1, this paper describes that most of the limitations
inherent to each of these methods can be eliminated by making calculations using
the aforesaid two methods in combination.

*Rough Study
«Setting of Boundary Conditions
for Turbulence Simulation

Macro-study
— Macroscopic Model —
h

y
Turbulence Simulation
— k- ¢ Turbulence Model —

+Detail Study
+Study on Consistency
of Macrpscopic Model

Fig. 1 Relationship between Macro-Study and Turbulence Simulation

2. STUDY BASED ON MACROSCOPIC MODEL

2.1 General Descnptlon of Study "

i Study is conducted based on Togan groups "Block Model / WaII Surface
AII’ﬂOW Model "(T ogan et al. 1991 see Notes) Wall surface temperatures are
calculated using the formula shown |n F|g 3, taking mutual radiation between wall
surfaces into consideration, = <o’ c - 1

Conditions for macroscopic model stUdy are indicated in Tables. 2 and 3.
The local air conditioning for the passage area for the 3rd to 5th floor and the local 9
ventilation for the reglon near the celhng are so treated as noted in Table 2. T‘hle
objective of th|s present study is the atnum ‘shown in Fig. 2. "

2.2 Results of Macroscopic Study

. As shown in Figs. 4 and 5, in Case 3 where local air conditioning is
assumed for the passage areas at the 3rd to 5th floor, the temperatures of the 2nd 1o
4th blocks are approximately 6 to 8 °C lower, and the temperatures of the 1st and 5th
blocks are 2°C to 4°C lower than |n Case 1. Also, in Case 4 where the upper reglon
of the atrium is assumed to be ventllated the temperature in the 1st block is about
2.5°C lower and that in all other blocks is 0.5 to 1°C lower than in Case 3. Itis 5“9.‘{‘("
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East-West Length:28.8m, South-North Length: 170. Om.
South and north walls are composed of glass. East and west walls are borderd on adjoining room.

Fig. 2 Objective of Analysis

Table 1 Conditions of Airflow at Supply and

28. &

--- éoundary of Blocks
(c) ®—-®SECTION

Table 2 Case for Macroscopic Model Study

Exhaust Openings
Sym-| Type of Airflow Velocity | Number [Airfiow System Casel|Case2|Cassd|Cased Notes
bol | Openings Floor \[I;,%"J'e at ‘E;;g]'"gs Ope‘r)\fin I t[%“a’ Local Air- Thermal Load
i Conditioning | OFF | OFF | ON | ON |at 2-4 Blocks is
SP1| supply | 2F 2000 3.5 80 16.0 System ~116000 kW
SP3| supply | 3-5F| 17000 0.7 6 16.0 L
ocal
EX1 | exhaust | 1F | 16000 [ 1.0 i = Vaist] latin Ly
Ex2 | exhaust | 2F | 4000 1.0 8 = P OFF | ON | OFF | ON Allrflow Vol]ume
£3 | exhaust [ 3-6F| 17000 [ 1.0 6 | - _atistBlock {8 R e
Table 3 Analisys Conditions for Macroscopic Model Study (at noon in summer )
(a) Value of Solar Radiation [kW/m’] (d)Others
South | North | W&E |Horizontal gjock [Height|Supply |Exhausqai*®|K"®| Ref. Temp.
Direct Radiation| 207 0 0 730 no | m | Co'/H] | D/H] [ w/md) rcl
Difuse Radiation 54 54 54 108 Roof = 35116 Outdoor
(b)Properties of Glass Wall and Roof 00 2 2| Temp. 32°C
1 6.7 | 50000 | 50000
Permea- | Refiec~ | Absorp- Notes ¥all 3.5 | 1) Outdoor
bility | tivity | tivity : Temp. 32°C
Gl - . W £
woss | 065 | 0.06 | 0.29 [Absorstion Glass” 2[Wati| 7.0 | - | - |as|en | ¥l B
Glass Absorption Glass N N Wall Sur-
Roof 0.10 0.50 0. 40 with Blinds 3|Wall| 7.0 3.5 #1) face 26°C
(c)Absorpted Heat of Solar Radiation [kW/m’ -
£ Beiafon R afwani| 7.0 [160000 - [3.5]an) [ ¥ell e
Glass Wall 1 46 | Glass Roof .. | 335 | Sur-
(South Wall) A8 00 Wall 5.8 1) Vflal 2;:C
Glass Wall g o I Ly Flaocoer Sur-
s Wa
(North Wall) 16 Floor 103 Flooi 11.6] 5.8 face 26°C
$1)Glass surface 11.6, Others 5.8, y
East Wall and Inner Wall *2)Heat Transfer Coefficient of inner surface
16 17
West Wall *3)Heat Transmission coefficient except for a;

that the ventilation for the upper region of the atrium contributes to the cooling of the

entire atrium.

No comparison with the experiment has been conducted, but as mentioned
above, the results are considered to be reliable to a certain extent. The total amount
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<symbols > J: solar Radiation [kW/m?]

7

]

ke

X

0/

8,

8;: Indoor Temp.[°C]
8,: Outdoor Temp.[*C]

8,,;: Temp. of inner Glass Surface
8,: Temp. of Floor Surface ['C]
. Ag: Absorptivity of Solar Radiation
T,: Permeability of Solar Radiation

a;: Inner Heat Transfer Coef. [kW/m?]

8, .r: Referance Temp [*C]
K;: Heat Transmission Coef.
except for a; [kW/m’]

[Calculation Method of Inner Surface Temp. [8,,)] on Wallg]

£2(8,-8,)+Ki(® -8, )+Q+Ty 06, 2B, 6, ,-8,)=0 —O

8, can be solved by using Eq.(D.
Glass surface temp. is calculated at the conditions 8,,=6,, Q=J-A,.

Floor surface temp. is calculated at the conditions®,,=6,. Q=J-A,-T;
Where T,=300K, o: Stefan- Boltzmann Const.,
&y Radiation Coef.(=0.95), B,;:Gebhart Absorption Factor.

Fig.3 Solution Method of Inner Surface Temp.
for Macroscopic Model
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Fig. 4 Results of Macro-study .
(Temperature Distribution)
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Numbers in the figure show the airflow volume.

Fig.5 Results of Macro- Study at the Steady States
(Case3, Local Air-conditioning System: On, Vnetilation System at 1st Block : Off)

of heat.-ll_‘ntflownihto this atrium is 880 kW. In this case, the cooling load for thgl
air-conditioning ‘system is calculated to be approximately 40% of that in the case,
where the temperature of the indoor space is uniformly maintained at 26°C .

3. STUDY BASED ON TURBULENCE SIMULATION (k- ¢ MODEL)

3.1 General Description of Study

Using the same conditions as applied to the Case 3 based on

macroscopic model mentioned in the previous section, calculations have been,
conducted by using the k- ¢ model. At this time, the heat flux determined from the_
results of the macroscopic study has provided the boundary conditions concerned,
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Table 4 Conditions for 3 — Dimentions Turbulence Simulation

229(X,) x28(X,) x31(Xy for 1/4 Model (south-west area)
(2x2 meshes are assignd to one opening.)
QUICK Scheme

Mesh Division

Convection Term

Keyplan

'\__‘_‘______-—
g e A e ]
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5th Floor ——————20
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B0—1 2 o Macro-model

2nd Floor

smrees L L
1st Floor25.0 250 A

Fig. 7 Temperature Distribution
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Fig. 8 Comparison between

X

| Fig. 6 Airflow Distribution
| (k- € model)

'i}v»"

with heat transfer at each wall surface. The heat flux is evaluated by multiplying the
convective heat transfer coefficient assumed in the macroscopic study by the tem-

perature difference between the block and wall surface obtained from the macro-

-

e e ———

R

Resuit of Macro-model

(k- ¢ model)
and that of k- ¢ model

scopic study. ; LRk , : 2 3

@+ As shown in Fig. 3, with the rnacroscopic model, the mutual radiation
between walls is considered in the calculation process of wall surface temperatures.
Therefore the mutual radiation effect can be taken into account to a certain extent in
the turbulence simulation. The supply and exhaust air conditions are given in Table
1 and other conditions are indicated in Table 4.

3.2 Results of Simulation based on k- ¢ Model

Simulation results are shown in Figs. 6 to 8. In contrast to the temperature
of the area near the roof which is as high as 43°C , the temperature of the area near
the floor is around 25°C . Due to the effect of supply opening SP3, the air temper-
:a:f{?re in the passage areas is sufficiently lowered, but since the temperature of the
?réa at the 5th floor is around 30 °C , some architectural devices have to be désigned
%0 protect the space from hot airflow.

In the macroscopic model, the effects of local air-conditioning for the
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passage areas at the 3rd to 5th floor are assumed as being limited to each floor.
However, judging from the air velocity distribution shown in Fig. 6, the effects of local
air-conditioning actually extend to the lower blocks, and contribute to the cooling of
the entire atrium.

_Fig. 8 shows the dlstrlbutlon of temperature as compared with the results of
the macroscopic study. There is an approximately 2 °C difference at the level of the
3rd block, but as a whole, these results are in agreement.

4.CONCLUSION =~ =~ = BCTN

From these results of the studies by the combined use of the two models,
some conclusions are confirmed with respect to air-conditioning for an atrium as
follows :

(1) The temperature of the area near the glass roof is believed to exceed 40°C .

(2) Ventilation for the upper region of the atrium is effective for cooling.

(3) At the areas opened to the atrium, local air conditioning system should be set
up. Especnally at the areas opened to the upper region of the atrium, some
architectural devices should be designed to protect the areas from hot airflow.

(4) Where the airflow contributions are appropriate, local air-conditioning system
can control temperatures of occupied areas to be in a comfortable range with
less energy than if the entire atrium space is uniformly air-conditioned.

NOTE

In a large-scale indoor space in which the horizontal air temperature may be
considered uniform except for the regions near walls, the air temperature can be
calculated by separating the space into some blocks only in the perpendicular
direction. The temperatures of blocks are calculated on account of the following :

(1) airfiow (ascending, descending, circulating) along walls,

(2) the effects of turbulent diffusion at block boundaries, and

(3) the effects of convection by blow jet from supply openings.
(Details are given in Togari et al. 1991).
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Numerical Study of an Atrium
by Means of a Macroscopic Model
and k-e Turbulence Model

Y. Kondo, D.Eng. H. Niwa

ABSTRACT

In designing air-conditioning systems for large-scale in-
door spaces, it is important to predict the air velocity and
temperature distributions in such spaces so that the indoor
climate can be controlled effectively. The indoor climate can

. be predicted by two numerical simulation methods: one is a
. rough study using a macroscopic model and the other is a
numerical simulation based on a turbulence model. Each
method has its limitations. For example, the macroscopic
mode! cannot provide detailed data of the flow and tempera-
ture fields, whereas with the k-€ turbulence model it is
- difficult to determine proper boundary conditions for heat
. transfer at wall surfaces for the numerical simulation study.
s This paper describes the results of studies on the indoor
> climate of a large-scale space by these two methods and
explains how the problems involved can be solved by the
combined use of the two methods.

There are two numerical simulation methods of predict-
ing the thermal environment of large-scale indoor spaces
$uch as atriums namely, the “macroscopic analysis mettiod”
(hereinafier referred to as the “macrosccric model”) and
Airflow simulation based on the “turbulence model”
Murakami er g, 1990). When the proper conditions are
#5ed, the calculation results of both methods are reasonably
&' °ise, and these methods are already being applied to the
8“ and analysis of thermal environments for large-scale

S0t be examined with the results of macroscopic model

ulation only, On the other hand, in the case of the turbu-
Model, the boundary conditions of heat transfer at wall
» Which have the most significant effect on the ana-
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*Rough Study

+Setting of Boundary Conditions
for Turbulence Simulation

Macro-study
— Macroscopic Modet —
L

h
Turbulence Simulation
— k- ¢ Turbulence Modei —

«Detail Study
+Study on Consistency
of Macroscopic Model

Figure 1 Relationship between macro-study and
turbulence simularion.

< symbols > J: Solar Radiaton (kW/m?)

] 6. Indoor Temp.[*C]
/ 8,: Outdoor Temp.(C ]
9: J 8,,: Temp. of Inner Giass Surface
@e' Ll o 8.-: Temp. of Floor Surface (*C]

° A, Absorptivity of Solar Radiation
T,: Permeability of Solar Radiation
Floor §g_. > a;: Inner Heat Transter Coef. [kW/m’]
8, . Referance Temp [C]
Neighbars ¢ 3 o K. Heat Transmission Coef.
except for a, (kW/m")

[Calculation Method of Inner Surface Temp. [0,,] on Wailg
za;(ﬁ.*O..J+K¢(O",-6.,.)+Q+T‘.-a'31'281116,,-9.‘)-'0 -

8, can be solved by using Eq.@.

Glass surface temp. is calculated at the conditions 8,,=8,, Q=J-A,.
Floor surface temp. Is calculated at the conditions®,(=6,, Q=J- AT,
Where T,=300K, a: Stefan-Boitzmann Const.,

s,: Radlation Coef.(=0.95), B,;Gebhart Absorption Factor.

Figure2 Solution method of inner surface
temperature for macroscopic model.

Iytical results, often have to be based on rather bold assump-
tions.

As illustrated in Figure 1, this paper discusses how most
of the limitations inherent to each method can be eliminated
by making calculations using both methods in combination.
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Figure3 Objective of analysis.
Table 1

Case for Macroscopic Model Study

System Casel|Case?|Cased| Cased! Notes
Local Air- Thermal Load
Conditioning | OFF | OFF | ON | ON [at 2-4 Blocks is
System -116000 kW
Local
Vent(ixl::t ion Exchange
Systen OFF | ON | OFF| ON | Airflow Volume
at 1st Block is 50000 n'/H
STUDY BASED
ON MACROSCOPIC MODEL

General Description of Study

This study is based on the block model/wall surface
airflow model (Togari ef al. 1991; see “Note™). Wall surface
temperatures are calculated using the formula shown in
Figure 2, taking mutual radiation between wall surfaces into
consideration.

Conditions for the macroscopic model study are indicated
in Tables 1 and 2. The local air conditioning for the passage
area for the third to fifth floor and the local ventilation for the
region near the ceiling are treated as noted in Table 1. The
objective of this present study is the atrium shown in Figure 3.

Results of Macroscopic Study

As shown in Figures 4 and 5, in Case 3, where local air
conditioning is assumed for the passage areas at the third to
fifth floor, the temperatures of the second to fourth blocks are
approximately 6°C to 8°C lower and the temperatures of the
first and fifth blocks are 2°C to 4°C lower than in Case 1.
Also, in Case 4, where the upper region of the atrium is
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Figure 4 Results of macro-study (temperature

distribution).

assumed to be ventilated, the temperature in the first block is
about 2.5°C lower and that in all other blocks i 0.5°C to 1°C
lower than in Case 3. It is shown that the ventilation for the
upper region of the atrium contributes to the cooling of the
entire atrium.

No comparison with the experiment has been conducted,
but, as mentioned above, the results are considered to be
reliable to a certain extent. The total amount of heat inflow
into this atrium is 880 kW. In this case, the cooling load for
the air-conditioning system is calcuiated to be approximately
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Table 2
Conditions of Analysis for Macroscopic Model Study

(a) Value of Solar Radiation [KW/m?] (d)Others
South | Narth | W&E [Horizontal gjock |Height|Supply |Exhaus{ai”®|Ki” | Ref. Temp.
Direct Radiation| 207 0 0 730 no m] | [w/H] | (/H] | (kw/md) [°C]
Difuse Radiation 54 54 54 108 Outdoor
(b)Properties of Glass Wall and Roof Rogt 3511L6) Tomp, 37C
1 6.7 | 50000 | 50000 :
Permea- | Reflec- | Absorp- Notes Wall 3.5 | +1) Qutdoor
bility | tivity | tivity : Temp. 32°C
Glass : =
1255 | 0.65 | 0.06 | 0.29 |Absorption Glass 2|Wall| 7.0 | - | - |35 i‘:(‘zé gg.,'c
Glass Absorption Glass _ _ Wall Sur-
Roof 0.10 0.50 0. 40 with Blinds 3|Wall| 7.0 3.5 1) face 26°C
(c)Absorbed Heat of Solar Radiation [KW/m’] Wall Sur-
4|Wall| 7.0 |160000| - 3.5 1) s
face 26°C
Glass Wall 76 Gl Roof 335
(South Wall) ass- hg Wall 5.8 1) Wall Sur-
i face 26°C
Glass Wall 3 = ol Lot Floor Sur-
(North Wall) 16 Floor 103 Flood 11.6( 5.8 face 26°C
%1)Glass surface 11.6, Others 5.8.
East Wall and 16 Inner Wall 17 t2)Heat Transfer Coefficient of inner surface
West Wall £3)Heat Transmission coefficient except for a;
Wall Surface North Block Temp. South West Block Temp. East Wall surface
Ten gooo @ | 6000(m>/H) ’z @ 35172(m%/H) Temp.
P Y mm— [ S — A fm— Y] r—
0 7200 @ ]330 70 | © 1614 g1 @ ] B0 o4 A9
B4. 4 o 31.07 - - 31.07 - 4
10135 16477 14436 7296 m 44622 9 16477 42518
20354 7200 @ 7200 4‘ ant 201 @ 42207 1
B3 1 21.73 Bz.3 21.73
gsed et @ ] 189403 a0t 4 18600 187950 Wat> @ ] 1890403 (oA 74039
7200 7200 87357 42207 42207
- 26.09 .1 BLd 26.09 Bi8
naof 8B @ pwn G 4 a0 868284 Sy (® ] 1SOSTI agaog 66828
: 25. 87 : 348 809 25.87 | B0.B

Numbers in the figure show the airflow volurie:

Figure 5
block off).

40% of that in the case where the temperature of the indoor
space is uniformly maintained at 26°C.

STUDY BASED ON TURBULENCE
SIMULATION (k-e) MODEL

General Description of Study

Using the same conditions as applied in Case 3 based on
the macroscopic model, calculations were conducted using
the k- model. The heat flux determined from the results of

Results of macro-study at steady states (Case 3, local air-conditioning system on ventilation system at first

the macroscopic study provided the boundary conditions for
heat transfer at each wall surface. The heat flux is evaluated
by multiplying the convective heat transfer coefficient as-
sumed in the macroscopic study by the temperature differ-
ence between the block and wall surface obtained from the
macroscopic study.

As shown in Figure 2, with the macroscopic model the
mutual radiation between walls is considered in the determi-
nation of wall surface temperatures. Therefore, the mutual
radiation effect can be taken into account to a certain extent
in the turbulence simulation. The supply and exhaust air
conditions are given in Table 3 and other conditions are
indicated in Table 4.



Table 3
Conditions of Airflow at Supply and Exhaust Openings
1 Airflow VeIocityJ Number [Airfiow
st::l OT ye‘:?i n°f Floor| Volume|at openings of temp.
RaEl s [m/H] [m/s] |Openingy [C]
SP1| supply | 2F 2000 3.5 80 16.0
SP3| supply | 3-5F| 17000 0.7 ] 16.0
EX1 | exhaust | 1F | 16000 1.0 8 -
EX2 | exhaust | 2F 4000 1.0 8 -
EX3 | exhaust | 3-5F | 17000 1.0 6 =
Table 4
Conditions for Three-Dimensional Turbulence Simula-
tion
Mesh Division 229(X) x2B(X) x31 (X9 for 1/4 Model (south-west area)

(2x2 meshes are assignd ta one opening.)

Convection Term QUICK Scheme

Results of Simulation Based on k-¢ Model

Simulation results are shown in Figures 6 to 8. In contrast
to the temperature of the area near the roof, which is as high
as 43°C, the temperature of the area near the floor is around
25°C. Due to the effect of supply opening SP3, the air
temperature in the passage areas is sufficiently lowered, but
since the temperature of the area at the fifth floor is around
30°C, some architectural devices have to be designed to
protect the space from hot airflow.

In the macroscopic model, the effects of local air condi-
tioning for the passage areas at the third to fifth floor are
assumed as being limited to each floor. However, judging
from the air velocity distribution shown in Figure 6, the
effects of local air conditioning actually extend to the lower
blocks and contribute to the cooling of the entire atrium.

Figure 8 shows the distribution of temperature compared
with the results of the macroscopic study. There is an ap-
proximately 2°C difference at the level of the third block, but
as a whole, these results are in agreement.

CONCLUSIONS

From these results of the studies of the combined use of
the two models, some conclusions are reached with respect
to air conditioning for an atrium as follows:

1. The temperature of the area near the glass roof is believed
to exceed 40°C.

2. Ventilation for the upper region of the atrium is effective
for cooling.

3. For areas open to the atrium, a local air<conditioning
system should be set up, and some architectural devices
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- - should be designed to protect the areas from hot airflow,
especially those open to the upper region of the atrium.

Glass Roof 4. Where the airflow contributions are appropriate, a local
____I?_n:‘_p_ s air-conditioning system can control the temperatures of

occupied areas to be in a comfortable range with less
energy that if the entire atrium space is uniformly air-
conditioned.
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AV IR Aih At i S NOTE

OOEO

In a large-scale indoor space in which the horizontal air
temperature may be considered uniform except for the re-
gions near walls, the air temperature can be calculated by
separating the space into blocks only in the perpendicular
direction. The temperatures of blocks are calculated based on
O k-& model the following: (1) airflow (ascending, descending, circulat-
® Macro-model ing) along walls, (2) the effects of turbulent diffusion at block
boundaries, and (3) the effects of convection by blow jet
from supply openings (details are given in Togari et al.
1991).
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Figure 8 Comparison between results of macro-
mode! and k-€ model.
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