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ABSTRACT 

0 

1! ;.: 

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 controlled 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 predicting the thermal 
2: ' .' ' . ' ' " - .. ~ . , 
environment of large-scale indoor spaces such as atriums; namely, the "macroscopic 

('analysis method" (hereafter referred to ' as "macroscopic model") : and airflow ' simtJ

' ;I~tion based on the. "turbulence model" (Murakami et al. 1990). When the proper 

.' conditions are used, the calculation .' results of both the methods are reasonably 
t ( :.·~ • • 

'precise and these methods are already being applied to design and analysis of 

thermal environment of large-scale indoor spaces. 
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However, details of the airflow and temperature fields cannot be examined 

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. 

Macro-study 
- Macroscopic Model -

Turbulence Simulation 
- k- E Turbulence Model -

•Rough Study 
•Setting of Boundary Conditions 

for Turbulence Simulation 

•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 Description of Study . 
•, I '',~ " "I "' ' ~ I ' o • • , _ j , 

' \ h 

"_;: ,·Study is conducted based .on Togari group's "Block Model I Wall Surface 

Airflow Model "(Togari et al. 1991, '· see Notes). Wall surface temperatures are 
·jl } · ' . , ; , , , ;; ; , ' j , · 1 ' , I 1 • • 1 , 

calculated using the formula showl") in Fig. 3, taking mutual radiation between wall 

surfaces into consideration. ,. ,_; " :' ,:,. 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 , . '. • . ' !."' 
ventilation f~r},he _regia? near _th~ ,.ce,i_l .ing ,are so treated as noted in . ,Ta~le 2. J,~e 

objective of this present study is the atrium shown in Fig. 2. 

2.2 R~sults of Macroscopic Study 

. . . As shown in Figs. 4 and 5, in Case 3 where local air conditioning is 
. ' • . -~ I ' . 

assumed for the passage areas at the 3rd to 5th floor, the temperatures of the 2nd _to 
--- ·. ) 

4th blocks are approximately 6 to 8 oc lower, and the temperatures of the 1st and 5t.h 

blocks are 2 oc to 4 oc lower than in Case 1 . Also, in Case 4 where the upper region 
I > .) 

of the atrium is assumed to be ventilated, the temperature in the 1st block is ab~~:Jt 

2.5°C lower and that in all other blocks is 0.5 to 1 oc lower than in Case 3. It is show'n 
•lit 
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Table 1 Conditions of Airflow at Supply and 
Exhaust Openings 

Sym- Type of Airflow Velocity Number 
Floor Volume at opening of bol Openings 

[m'/Hl [m/s) Opening 

SP1 supply 2F 2000 3. 5 80 

SP3 supply 3-SF 17000 0. 7 6 

EX1 exhaust IF 16000 1. 0 8 

EX2 exhaust 2F 4000 1.0 8 

EX3 exhaust 3-SF 17000 1.0 6 

Table 2 Case for Macroscopic Model Study 

Airflow Svstem easel Case2 Case Case4 Notes 
temp. 
["C) 

Local Air- Therma 1 Load 
Conditioning OFF OFF ON ON at 2-4 Blocks is 

16.0 System -116000 kW 
16.0 

-
-
-

Local 
Exchange 

Venti let ion 
OFF ON OFF ON Airflow Volume 

System 
i s 50000 m' /H 

at 1st Bl ock 

Table 3 Analisys Conditions for Macroscopic Model Study (at noon in summer) 
iai Value of Solar Radiation [kW/m' 

South North W&E Horizontal 
Direct Radiation 207 0 0 730 
Difuse Radiation 54 54 54 108 
(b)Propen1es of Glass Wall and Hoot 

Permea- Ref lee- Absorp- Notes bi I ity ti vlty tivity 
Glass 0. 65 0.06 0.29 Absorption Glass Wall 
Glass 0.10 0.50 0. 40 Absorption Glass 

Roof with Blinds 
(c)Absorpted Heat of Solar Radiation [kW/m J 

Glass Wai I 
. 

(South Wa II) 76 Glass Roof 335 

Glass Wall 16 Floor 103 (North Wa II) 

East Wall and 
IS Inner Wa II 17 West Wa II 

(d)Others 

Block Height Supply Exhaus a;•ZJ K;" 31 Ref. Temp. 
no [m] [nr/HJ [nT'/H] [kW/nf] ["C) 

Roof 3.5 II. 6 Outdoor 
I,.._ 6. 7 50000 50000 Temp. 32"C 

Wall 3.5 *1) Outdoor 
TemP. 32t: 

2 Wall 7.0 - - 3. 5 tl) Wa II Sur-
face 26t: 

3 Wall 7.0 - - 3.5 tl) Wall Sur-
face 260C 

4 Wall 7. 0 160000 - 3. 5 tl) Wa II Sur-
face 26"C 

Wall I' ' 5. 8 •I) Wall Sur-
face 26"C 51-- 5.8 - 160000 

Floo I 1. 6 5. 8 Floor Sur-
face 26"C 

tl)Giass surface 11. 6, Others 5. 8. 
*2)Heat Transfer Coefficient of inner surface 
t3)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/m1 . ';J e,: Indoor Temp.("C I 1st Block ; : ..... ~."::-~~'ft. I I ' ·u e.: outdoor Temp.("CI Tem~. ; ~~-~·rp-·iJ ias s Root 8
wl 9w,: Temp. of Inner Glass Surface 25 ""'"T""T "A-:/; · rr·si:ir:i~ctde~ ~ 
~ ~ 8 · 9wr: Temp. of Floor Surface ["C] · 2nd ·Block..-~:/ ! / ,f l l 

0 ~: Absorptivity of Solar Radiation l 4it" ~¢. 0~ ~ ~ 

~ !:~ ~~~~~~~~~r~~~~~~:=~i::~m1 
20 

... . T}f)/T----r----- ~--· --
9, .r: Referance Temp ["C I ~ --··· + ·.1'- ;·· · ·p~·ard B 1 ocic ··· 

K1: Heat Transmission Coef. i ~ p ~ iz.:' j ~ l l 
except for a1 [kW/m1 I ; ,/ : ; : : o Case I 10 ........ j;!; ..... .;; .. J, .~:,. ....... . ; . 

Floor 

~ !¢~ 4th ! D. Case 2 
~alculatlon Method of Inner Surface Temp. [9 wtl on Wallsj :l f/ ; ; • Case 

3 
ga,(9,-9wtl+K,(9,.r-9wtl+Q+T'm•o•Et~IJ(9wJ-9wi)=O -(j) !J {1 ; ; 
9w

1 
can be solved by using Eq. (j). 5 .. .... , ..... l .. · ·--~···· ·~ · "' Case 4 ~ //: : : 

Glass surface temp. is calculated at the conditions e .. r=e., Q=J·A,. ~ . .4!,+ 5th Bl ock : : 
Floor surface temp. is calculated at the conditions9 .. r=9

1
', Q=J·AsTs 0 i ·'"'1~\::;-.l ~F I;oor ,Temp. ; 

Where Tm=300K, o: Stefan- Boltzmann Const., 20 25 30 35 40 45 50 ('C) 

£ 1: Radiation Coef.(=0.95), BIJ:Gebhart Absorption Factor. 

Fig.3 Solution Method of Inner Surface Temp. 
for Macroscopic Model 

Wa II Surface North 

Temp. ~ 
~ 
0 

Block Temp. South 
6000 <D ~ 6000(m3/H) 

38.65"C 
6000 ® l 3520 

6000 
7200 7200 

~ 
0 

~ 
2935 

31.07 
10135 

® ! 1s.m 14696 
7200 7200 

liT] 
7296 

~ 
• ·1196 
~ 

27. 73 

~ 
2223.4 18SOA 
7200 • @ · l 189403 7200 

26.09 

~ 
18600 -

~ 
lUOO 

- ~ 

. 631 
(5) 1 I~O'J1I ·11~00 11400 

25. 87 
11400 

~ 
0 

West 
35172 

36534 
42207 

~ 
1361 

ru 
44622 am 42207 

mns 
42201 

~ 
78795 

Ill:] 
30240 
&a828 S6828 

~ - 0 

Fig. 4 Results of Macro-study .: 
(Temperature Distribution). 

Bl ock Temp. East Wall surface 

1&::{ Temp. ;= 
2159 

<D ,L 3511Z!m3/ 
38.65"C 

® l 3520 
37331 
42207 

31.07 
@ l 16477 m1s 

42207 
27. 73 

@ ~ 189403 
113776 
42207 

26.09 

~ w• 

2469 

~ <nT 
74039 '.!& 
~ 

@ l 150971 
3.4995 
66828 

25.87 
66828 ! , iO 

~ 
0 

Numbers in the figure show the airflow volume. 

Flg.5 Results of Macro- Study at the Steady States ,,i) 

.:.... _ ~ (C'!_s~3, Local Air-conditioning System: On, Vnetila~on System at 1st Block : Off) , -r 
..- • 'l • , ·n1~ 

of heat lnflow
1
1hto this atrium is. 880 kW. In .this case, the cooling Joad for t he 1 

'.' . . . . . ' . ~} 
air-conditioning 'system is calculated to be approximately 40% of that in the cas·e· 

_,_ ~, -~-- - - .-.~- .. - . " - --- . 
where.the temperature of the indoor space is unif~rmly maintained at 26 oc . 

- .1 • 
• l 

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

3.1 General Description of Study · 

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

macroscopic model mentioned in the previous section, calculations have beeri,i 

conducted by using the k- e model. At this time, the heat flux determined from the_, 

results of the macroscopic study has provided the boundary conditions concerne~, 
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Table 4 Conditions for 3 - Dimentions Turbulence Simulation 

Mesh Division 

Convection Term 

p -··· . 

229(X,) X28(X,) x31 (X,) for 1/4 Model (south-west area) 
(2 x 2 meshes are ass i gnd to one opening. ) 
OUICK Scheme 

1: 
(]) 

·;;; 
J: 10 ••• 

Rg. 6 Airflow Distribution 
1(k- £ model) 

1. Onl/s - Fig. 7 Temperature Distribution 
(k- £ model) 

0 L-...:lo.i._:...~;......:._.::_..:..__..J 
20 25 30 35 40 45 50 ("C) 

Fig. 8 Comparison between 
Result of Macro-model 
and that of k- £ model 

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

scopic study. 

~,,_; · As shown in Fig. 3, with the macroscopic 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- e 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 oc , the temperature of the area near 

the floor is around 25 oc . Due to the effect of supply opening SP3, the air temper

~~~re in the passage areas is sufficiently lowered, but since the temperature of the 

area at the 5th floor is around 30 oc , some architectural devices have to be designed 

to 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 shovvs the distribution of temperature as compared with the results of 

the macroscopic study. There i~ an approximately 2 oc difference at the level of the 

3rd block, but as a whole, these results are in agreement. 

4. CONCLUSION 
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. Especially 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) airflow (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 

v. Kondo, D.Eng. H. Nlwa 

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 sirrwlation methods: one is a 
rough study using a macroscopic model and the other is a 
numerical si11Uilation based on a turbulence model. Each 
method has its limitations. For example, the macroscopic 
model cannot provide detailed data of the flow and tempera
true fields, whereas with the k-e turbulence model it is 
difficult to determine proper boundary conditions for heat 
transfer at wall surfaces for the numerical sinwlation study. 

paper describes the results of studies on the indoor 
of a large-scale space by these two methods and 
how the problems involved can be solved by the 

combtm~duse of the two methods. 

There are two numericm simtililtion methods of predict-
the thennal environment of large-scale indoor spaces 
as alriwns namely,the "macroscopic analysis mettlOd" 

,\DC'e!Nlfter referred to as the "macrosc!:Cic model") and 
simulation based on the "turbulence model" 

~\MI.Jrakami et al. 1990). When the proper conditions are 
the calctililtion results of both methods are re:lSOnably 

and these methods are already being applied to the 
and analysis of thennal environments for large-scale 
spaces, 

details of the airflow and temperature fields 
be examined with the results of macroscopic model 

~JaU<ln only. On the other hand, in the case of the tUJbu
model, the boundary conditions of heat transfer at wall 

Which have the most signific:mt effect on the ana-

109 

Figure 1 

•Rough Study 
•Setting of Boundary Conditions 

lor Turtlulence Simulation 

•Detail Study 
•Study on Consistency 

of Macroscopic Model 

Relationship between macro-study and 
turbulence si11Wlation. 

<symbols> J: Solar Radiaoon [kW/m1 

J e,: Indoor Temp.["C I 

ill/ e.: Outdoor Temp.( "C I 
~ a. .., e.,: Temp. of Inner Glass Sunace 

~ :"'I a. e.,,.: Temp. of Aoor Sur1ace ["C] 

A.: Absorpovuy of Solar Radiation 

Aoor ~ T,: Permeability of Solar Radiation 

?' a 1: Inner Heat Transfer Coet. [l<Wim1 
9,.1: Referance Temp ["C] 

Neighl)cn K1: Heat TransmisSion Coet. 

except for a1 [l<W/m1 

g:arculatlon Me!hod of Inner Sur1ace Temp. (9.,.11 on Wa113 

ga,<e,-e.J+JG<e,.,-e .. J+Q+T'.·u·r,m,te .. re .. J-0 -<D 
e .. , can be solved by using Eq. (j). I 

Glass sur1ace temp. Is calculated at !he conditlons e,.,..-e.. Q•J. A.
Aoor surface temp. Is calcu.lated at !he conditlonse,.....e,·, Q•J. A. ·T, 

Where T.·300K. a: Stefan- Boltzmann Const., 

a1: Radiation Coaf.(=0.95), B,1:Gebhart Absorption Factor. 

Figure2 Solurion method of inner surface 
temperature for macroscopic model. 

lytical results, often have to be based on rather bold asswnp
tions. 

As illustrated in Figure 1, this paper discusses how most 
of the limitations inherent to each method c:m be eliminated 
by making calculations using both methods in combination. 



EXl, EX2 
Glass Wall 

l -~u : ~== ATRIUM 

~I 
1 SP1 ..; fir' xAO -----i.-----5th Block e 

::e Floor r-

&; . c 7@ ! .,; ... - ~ ..... t.: x, EX2x4 7 EXl x4 I L L-7. zS:&a 7. z,......_j 

(b) @-@SECTION x~ ---. Boundary of Blocks 
East-West length:28.8m, South-North Length: 170.~ (c) @-@SECTION 
South and north walls are composed of glass. East and west walls are borderd on adjoining room. 

Figure 3 Objective of analysis. 

Table 1 
Case for Macroscopic Model Study 

Svstem easel Case2 Case3 Case4 Notes 

Local Air- Thermal Load 
Conditioning OFF OFF ON ON at 2-4 Blocks is 

System -116000 kW 

Local 
Exchange 

Venti I at ion 
System 

OFF ON OFF ON Airflow Volume 

at 1st Block 
; s soooo nr /H 

STUDY BASED 
ON MACROSCOPIC MODEL 

Gea.~eral Description of Study 
This study is based on the block model/wall smface 

airflow model (Togari eta/. 1991; see "Note"). Wall surface 
tempemtures are calculated using the fonnula shown in 
Figme 2, taking mutual radiation between wall swfaces 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 ftfth floor and the local ventilation for the 
region near the ceiling are tre3ted as noted in Table 1. The 
objective of this present study is the atrium shown in Figure 3. 

Results of Macroscopic Study 
A3 shown in Figures 4 and 5, in Case 3, where local air 

conditioning is asswned 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 

110 

1st ·a lock : : ... : .......... ·.··71 
Tern~. ~ ~.~:.~1''''p··G· I as~ Roof 

25 ·-----~-~--~----·-'·~~--~-~---~-·-····-···· : : ... ~...- f : / Surface Temp. 
: : ....... ~ f :/ . . 

2nd B I ock..::/ : ! .. : . 
: .4 . ... :~ o: : : 

20 ----- -r- ---/:f---- -~~ -f· ·r---· · r ·-·· · r · ----
I ! I lit.' : I f 

~ l #1 j/ l ~ : 
..5 ------:-.--:----A~·3rd 8 I ock·----
.4J I :: I : .'t I t I 

r.. : fi : f / : : : : 
.Ql : fj : ! f : : I I 

~ lff l // l 1 0 Case 1 10 ------r.~·-·"\-~"---.-----·1"· .» !A) :4th: 6 Case 2 
t : I •• ~ I 

: l ~~ • Case 3 : ~ !f I 

:~ j ;' : : 
5 ------~---f,~-----·l-··---:-- .I. Case 4 

~ !/ : : : 
~.;4.!,+ 5th B I OCII. : : 

0 : ·· .. ;;;;;·;·;·:·::· .... : ~ F 1. oo r .T emp
1
• 

I I • • • •:,o~ I t t 

20 25 30 35 40 45 50 C'C) 

Figure4 Results of macro-study (temperature 
distribution). 

assumed 10 be ventilated, the temperature in the fli'St block is 
about 2.5°C lower and that in all other blocks is 0.5°C to 1 oc 
lower than in Case 3. It is shown that the ventilarion for the 
upper region of the atrium contributes to the cooling of the 
entire allium. 

No comparison with the experiment has been conducted. 
but. as mentioned above, the results are considered to be 
rellilble to a certain extent The total amount of heat inflow 
into this atriwn is 880 kW. In this case. the cooling load for 
the air-conditioning system is calculated to be approximately 

... 
.:_. 
·~.:.;. 
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Table l 
Conditions of Analysis for Macroscopic Model Study 

(a) Value of Solar Radiation fkW/m' 

South North W&E Horizontal 

Direct Radiation 207 0 0 730 

Oifuse Radiation 54 54 54 108 
(b)Propert1es ot Glass Wall and Roof 

Permea- Reflec- Absorp-
Notes 

bi I ity tivity tivitv 
Glass 0.65 0.06 0.29 Absorption Glass 
Wall 
Glass 0. 10 0.50 0.40 Absorption Glass 

Roof with 81 inds 
(c)Absorbed Heat of Solar Rad1at1on [kW/m"l 

Glass Wa II 
76 Glass Roof 335 (South Wa II) 

Glass Wall 
16 Floor 103 (North Wa II) 

East Wal I and 16 Inner Wa II 17 
West Wa II 

Wall Surface North 

Temp. ~ 
~ 

B I ock Temp. South 

0 

6000 CD '~ 6000(m3/H 

38. 6s·c 
6000 

® ! 3520 
6000 

7200 7200 

) 

@[]! 
0 

~ 
2935 

J 31. 07 L 
10135 

@ ! 16477 
14496 

1200 noa 
erg 
7296 

ru .I 27.73 l ~ 
1796 

ru ~ 
22234 @ ~ 189403 

18504 
7200 7200 

.I 26.09 I 

18600 

u 
1140 

~ 
0 

631 ® ! 150971 0 
11400 11400 

I 25.87 

11400 

LK]I 
a 0 

(d)Others 

Block Height Supply Exhaus a-• 2l K*3l 
I 1 Ref. Temp. 

no [m] [nr/HJ [nr/HJ (kW/nrJ ["CJ 

Roof 3. 5 11. 6 Outdoor 
Temo. 32"C 1 f-- 6. 7 50000 50000 
Outdoor Wall 3. 5 il) 
Temo. 32•c 

2 Wall 7.0 - - 3. 5 i1) Wall Sur-
face 26"C 

3 Wa II 7. 0 - - 3. 5 *1) 
Wall Sur-
face 2s·c 

4 Wall 7.0 160000 - 3. 5 il) Wall Sur-
f ace 26·c 

Wa II 5.8 il) Wall Sur-

51-- 5. 8 - 160000 
face 26"C 

Floo 11. 6 5. 8 Floor Sur-
face 26·c 

*I)Giass surface II. 6, Others 5. 8. 
*2)Heat Transfer Coefficient of inner surface 
*3)Heat Transmission coefficient except for a, 

West Block Temp. East Wa II surface 
/Hl / Temp. 
~ 
2159 

~ 
1361 

35172 (i) 1 351 n<m3 

38. 65"c 
3653.1 

® l 3520 
37331 

.t2207 42207 ru 
2469 

ru 
3777 

1 31.07 r 
44622 @ 116477 

42518 
42207 42207 

1R1l 
74039 

ID:] 

~ 
78795 

ID:] 

.I 27. 73 r 
117225 @ ! 189403 

113776 
42207 42207 

I 26.09 
66828 

Ia[] 
66828 

~ 

30240 @ l 150971 
34995 

66828 66828 
25.87 

0 a 
Numbers in the figure show the airflow velum.:=~ 

FigureS Results of macro-study at steady states (Case 3,local air-conditioning system on ventilation system at first 
block off). 

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

STUDY BASED ON TURBULENCE 
SIMULA TJON (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-e model. The heat flux detennined from the results of 

111 

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

As shown in Figure 2. with the macroscopic model the 
mutual mdiation between walls is considered in the detenni
nation of wall swface temperatures. Therefore. the mutual 
radiation effect can be taken into account to a certain extent 
in the ttubulence simulation. The supply and exhaust air 
conditions are given in Table 3 and other conditions are 
indicated in Table 4. 
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Table3 
Conditions of Airflow at Supply and Exhaust Openings 

Svm- Type of Airflow Velocity Number Airflow 
bol Openings Floor Volume at openings of temp. 

[m3/Hl [m/s] Opening ["C) 

SPl supply 2F 2000 3. 5 80 16.0 

SP3 supply 3-5F 17000 0. 7 6 16.0 

EXl exhaust lF 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 Oiv1sion 

Convection Term 

229(X,) x28(X,) x3l (X,) for 1/4 Wodel (south-west areal 
(2x2 ashes are assignd to one opening,) 
QUICX Sch ... 

Results of Simulation Based on k-e Model 
Simulation results are shown in Figures 6 to 8.1n contrast 

to the tempemture of the area near the roof, which is as high 
as 43°C, the temper.1ture of the area near the floor is around 
25°C. Due to the effect of supply opening SP3, the air 
temperature in the pass:1ge areas is sufficiently lowered. but 
since the temper.1ture of the area at the fifth floor is around 
30°C. some architectur.l.l devices tmve 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 e:x:h floor. However. judging 
from the air velocity distribution shown in Figure 6, the 
effects oflocal air conditioning actually extend to the lower 
bloclcs 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
proximately20C 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 architectur.l.l devices 
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Figure 6 Airflow distribution (k-e model). 

Keyplan 

za. 

\._25.0 26. 

\ 

3rd f:'l·~r 
SP1 16.0 

2nd Floor 
ATRIUM 

1st Flo 

Figure 7 Temperature distribution (k-e model). 
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should be designed to protect the areas from hot airflow, 
especially those open to the upper region of the atriwn. 

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

NOTE 

In a large-scale indoor space in which the horizontal air 
tempernture may be considered uniform except for the re
gions ne:ll' 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 
the following: (1) airflow (ascending, descending, circulat
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 a/. 
1991). 
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