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Synopsis : A hybrid simulation implying a simultaneously per

formed simulation of calculation and experiment is proposed. This 

research is about the simulation of a ventilation system based on 

natural convection produced by the warm inside wall surface 

·- fa<c::d -Jp by the cond11cte.~ h.::at from tte outsid·" wall surr::ice 

which itself has been warmed up by the solar radiation. Calcula

tions ·are made with the heat transfer of a building and at the 

same time a model experiment, both being combined in a hybrid 

simulation on the real time basis. The convective heat transfer 

rate is obtained from the experiment. 

Nomenclature 

g : gravity acceleration constant 9. 8 

Gr: Grashof number (=g{3:l.Ol1/vZ) 

(m/s1] 

[-) 
a : thermal diffusivity [m1/b) /;(11) : intensity of solar radiation of exterior 

a,; : solar radiation absorptivity of the i part 

of the outside wall 

b: constant 

c: constant 

[-] 

(-] 

[-] 

d : height of vertical plate, length of side of 

square horizontal plate [m] 
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surface i at time n [kcal/m1·h] 

J : length [m} 

n : time step [ b] 

Nu: Nusselt number (=ad/).) C-l 
Pr: Prandtl number (=v/a) [-J 
q: rate of heat flow [kcal/m1 • b] 

qc&(n) : rate of convective heat flow from the i 

part of the inside surface at time " 

[kcal/m1·h] 

Ra: Rayleigh number (=g~tlOl'/(va)] [-] 

Y;(j) : thermal response factors of exterior wall 

or roof relating sol-air temperature to 

the heat flow in the i part of the inside 

surfac,e [kcal/m2 • h· °C] 
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Fig. 1 Examples of namral ventilation 

z,(j) : thermal response facton of exterior wall 

or roof relating i part of inside surface 

temperature to the heat flow in the i 

part of the inside surface 

lkcal/m2 • h· QC] 

a : convective heat transfer coerFcient 

[kcal;mZ·h· "C] 

a. : outside film coefficient [kcal/m2 • h· °C] 

a.it : radiative heat transfer coefficient among 

i and k parts of the inside room surface 

[kcal/m2.h . °C] 

{3: volume expansivity [°C-1] 

o : distance between two points [m] 

o1 : 1 mm distance between first measurement 

r.rn] 

o2 : 1 mm distance between first and s.::.:..und 

measurement points [m] 

o,,.: 1 mm width of the inner lay~r of the model 

wall or roof 

(l(} : temperature difference 

r : specific weight 

[m] 
[oC] 

[kg:'m 3] 

A: thermal conductivity [kcal/m2 • h· °C] 

1J: coefficient of kinematic viscosity (rn?/h] 

¢ : slope tilt angle [ 0 l 
{}0 : temperature of the room-side surface of 

the wall or roof [°C] 

{} 0,(n) : temperature of the i part of the room

side surface of the wa 11 or: roof at \ime 

n ' CC] 

0 11 02 : temperature of points at' ·1 mm and 2 mm 

distance' from room-side surface ' vf wall 

or roof ['CJ 

{}4(n) : outside ambient air temperatur~ at time 

n ["C] 

{},;(n) : sol-air temperature for the i part of 

the outside wall or roof surface at time 

n [QC] 

(di 
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Ot(n) : surface temperature of the If 

part of the room-side of the 

wall or roof at time n (°C] 

{j.,,: internal surt::J.c rccperature cf the 

double layer waii or roof ot the 

model [ 0 C] 

Or: inside room temperature [ 0 CJ 
flr(n) : Or at time n [°C] 

Ora(n) : inside room air temperature of 

real building at time n (oC] 

(J,,,.(n) : inside room water temperature of model 

at time n (oC] 

Subscripts a : air, w : water, m : model 

Introduction 
Natural ventilation in a building is sometimes 

caused by the natural convection along the inside 

surface of higher temperature. In a natural 

ventilation system as shown in Fig. 1 (a)-(d), 

outside air comes in from the bottom entrance and 

flows out of the top opening. The walls and roof 

absorb intense solar radiation as a result of which 

the inside room surface temperature increases. 

Tl!t!~ ue:-t trai·~fer on il • ., i,·,side surfa(·..- in -;:h( 

for::-, of h:::~c convection prv::mces the drivir.g force 

of natural ventilation. It is necessary, therefore, 

to examine the nature of natural convection within 

the boundary layer of the surface in order to 

estimate the ventilation rate of such a sy~tem. 

In a factory where the driving force of ' natural 

ventiiation is caused by the existence ~f high 
! 

temperature equipment, the convection partern ot 
room air may be regarded as identical to ' that of 

the sCJled down model1>-u. In this ase the 

convective heat transfer of the boundary 1 yer may 

be pr~sumed to have/ no effect on the ve tilation 

and radiation exchange and it is quite ifferent 

from the above case. 

S1rnpit! methods with air have been used in 

experiments, such as the method which ignores 

the laminar boundary layer and only concerns the 

turbulent zone of the middle of the room0 , or the 

method in which heat transfer near the wall 

surface is treated with an estimated heat transfer 
f 

coefficient~>. But even in these methods iti is very 
' difficult to simulate the inside room I surface 

I 
I 

I 
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tempc..ature with a scaled down model. Especi:illy 

i.n the case of natural ventiLti~ !1 caused by ~he 

rising air stream along the inside wall surface 

where natural convection takes place, experiments 

would be very troublesome if air were to be used 

to simulate the behavior of a boundary layer in 

which the Gr number dominates and the effect of 

length changes by the power of 3. On the other 

hand simultaneous prediction of air movement and 

temperature distribution in a room with a complex 

shape and arrangement of openings, by numerical 

calculation is extremely complicated and time 

consuming. The calculation models presented so 

far are restricted to the rooms of simple shape and 

it is difficult to set up models of complicated 

configuration. 

In order to make the simulation possible, a method 

of hybrid simulation is proposed. Hybrid simulation 

implies a simultaneously performed simulation of 

calculation and experiment in which calculations 

are made for the heat transfer of a building and 

at the same time a mc-:i;: experimc';i'. is n:2de to 

determine the values of convective 11eat transfer 

coefficient along the inside surfaces, and to observe 

the air movement pattern. The results of both 

calculation and experiment are combined on a real 

time basis. 

1. P se of water as fluid media for e·Kperi" 

mental model 
Recently simulations of natural convet~tion in 

two or three dimensions based on ~ nvier-Stokes 

equatio11s are oiten made8l .and vet incahons by 

visual experiments using water have also been 

attempted:>. In these cases the surrounding inside 

walls of the room have set temperatures and the 

-;hape i~ limited to a simple rectangular space. The 

results obtaind show the agreement of conventional 

theories and experiments, thus proving the relia · 

bility of using water. 

To simulate the thermal behavior in a wall 

boundary layer, the wall surface temperature 

within the system could be used as a variable 

reference for each hour. Using water as fluid 

media for the boundary layer, an experiment with 

a scaled down model would be easier and at the 

same ti!!le the radiation exchange among inside 

room -;urfllct'<; could :: ~ taken into a::count b;· 

calculation. 

The dimensionless numbers dominating the system 

of natural convection are 1) Ra, when Pr is large, 

and 2) Gr and Pr, when Pr is small. To preserve 

the accuracy of the law of similarity in the case 

of natural convection, the simultaneous coincidence 

of Ra and Pr, or Gr and Pr is necessary. It ii 

known that if Pr is greater than about 0. 5, the 

dependence of the heat transfer on the Pr number 

can be ignoredB>. 9 >. Such a convection is usually 

described by the following equation 

Nu=c·Ra~ ..... -( 1) 

where c and b are constants which change with 

slope angle of the plate and with the flow range 

from laminar to turbulent. 

In the case of natural convection, heat transfer 

and air movement are inseparable, and in the 

range where heat transfer is independent of Pr, 

when Ra is the same both in a scaled down model 

and :!', :'. real size, tbe fluid. movement pattern will 

also be almost the same9>. If a substance with a 

large Pr like water is to be used, the only condition 

for similarity is the identity of the Ra number. 

Namely, 

Ra.,,/ Ra.= (g,,,/ g.) ([3,,,/{3.) (M,./ M.) (l.1/1.1) 

/ ( (l.lw/lJm) (a.,/ a.)} = 1 ·····-( 2) 

From equation (2) in the case of 20°C water and 

air, the following relationship can be obtained. 

!l.8.l,,,1/(!J.0.l,.3)=7.168xl0-1 ..... -(3) 

Using this equation the model scale (1./1,.), and 

the temperature ratio (j,.()'°/ !J.0.) can be optionally 

selected for experiments. 

2. Process of hybrid simulation 
In order to establish t:.8,,,= t:.8,., the scale of the 

model for the experiment should be 1./1.= 1/5. 18 

according to the ~hove .conditions. in equation (3). 

Here J.(J is the difference between wall or roof 

surface temperature and room temperature. Inside 

a steel framed glass water tank of the size 1. 8X 

1. 6 x L 8 (height) m, a scaled natural ventilation 

model was placed as shown in Figs. 2~,. Experi

ments were made for two cases; case 1: using a 

fiat roof model, case 2: using a sloped roof model. 



Section of the flat roof model is shown in Fig. I>. 

The walls of the models are made of double - layer 

acrylic plates between which water passes through 

and each wall of the four orientations in the case 

1, is divided into 3 parts. The water pa,f»ing 

through the wall is heated up by a r.:•:i1r;~ ·u'te1: 

programmed controller with a step con ~ 1 ·ul system 

to keep the surface temper <: ~ures of roof and each 

part of each wall as speciiied. The inside surface 

temperature" c.~. n be calculated from the following 

heat balance equation at the inside surfaces of the 

....,-....r----~ 

Water tank 

Heater 

~ 
Water D 

Fig. 2 Sketch of experimental set up 

Fig. 3 Experiment e :: niprnent 

Fi&'. 4 Flat roof acrylic model 

TABER!, MIYAGAWA, KDCUIU, TANAXA: 

real exterior envelope of the Lu.ilciic.g, taking into 

account radiation excnangt: :i mong inside surfaces 

of the building in reference to Fig. 6, and applying 

tl"~nnal response factors to the heat transfer across 

fo.,. building enclosure. 

:f: Y;(j)O,;(n-j)=E Z;(j)00;(n-j) 
j:Q j:O 

+ ~ arit [Oa;(n)-Oc(n)} +q.;(n) 
~ .... •••••• ( -1 ) 

where sol-air temperature is used as excitation in 

time series expressed as 

On(n) =Oa (n) +a,;l;(n)/a. . ..... ( 5) 

For experimental models in water, radiation 

exchange among interior surfaces can be ignored 

because water absorbs long wavelength radiation. 

In calculation. the model surface temperatures 

contain the radiation component. Therefore these 

surface temperatures controlled by computer can 

be considered to produce the same heat transfer 

as that of a real building. 

Y;(j) and Z; (j) are thermal response factors of 

the exterior envelope components. As a resuil of 

heat transfer across the sunlit roof and walls, the 

inside surface temperature is raised and convective 

heat transfer q,; (11 ) takes place along the inside 

surfaces. The heat transfer then at the inside 

.--.,- d 
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Fig. 5 Section of experiment flat 
roof model 

, I I 

1 -r1~-.. , ' fq" . ,, / ,, 
~ o~ _ :, 
' u. '.: 

Fig. 6 Radiation exchange at the 
envelope of the building 
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surfaces becomes the driving force of natural 

ventilation and q.;(n) can be regarded as equal to 

the' ronductive he.::.t flux across the acrylic phtes 

to be expressed by 

q.,(n) = ().,,./ o .. ) '.fJ .. -fJo;(n)} ······( 6) 

Referring to Fig. 7, the convective heat transfer 

in the laminar range of the boundary layer may 

be treated as heat conduction to be expressed by 

the following; 

()./(j,) U1,,·-01) =()../Oz) (81-0z) 

= [;!,./(o,+oz)} (Oo-Oz) ······(7) 

On the other hand, the surface temperature Oo>(JI) 

is calculated by a digital computer using the values 

obtained from experiments with on-line connet.-tion 

from 

I; Y;(j)O,;(n-j)- ~ Z;(j)fJ0;(n-j)+ :E aritOt(n)-fJ,,.J..,./o,,. 
fJ

0
;(n) = i=O j=l hi 

Z;(O)......!).,,./o,,.+ :E arit 
k'Ti 

Fig. 8 shows the flow chart explaining the whole 
-

process of hybrid simulation. In the beginning the 

surface temperatures are computed by finite dif· 

ference method. Then the results are put into the 

response factor equation (4) as initial conditions, 

and new surface temperatures as well as heat 

transfers are calculated. The new results are then 

used to set the initial conditions of the experimental 

temperatures and heat flows. The above process is 

applied to eliminate as much as possible the effect 

of the initial assumptions on the hybrid simulation. 

Here it ;" ra~cessary to set the surface t<"m· 

peratures of nine hours before the start of the 

experiment. These temperatures are calculated 

using the finite difference method, where the walls 

and the roof thickness is divided into 4 sections, 

with 6 equations including boundary heat balance 

to be solved simultaneously. 

The climatic conditions of the calculation are 

the same as that of the response factor method 

used during the experiment process. 

Assuming a constant room temperature of 26°C, 

the calculation is repeated for four days with the 

same conditions until stable results are obtained. 

The surface temperatures thus obtained are put 

into equation (8) with the assumption of room 

temperatures of 27, 26 and 25°C respectively for 

upper, middle and lower parts of the wall and 

27°C for the roof and calculated for 24 hours, the 

results being shown in Fig. 9. The results of this 

response factor method calculation is used to set 

the surface temperatures of 9 hours before as well 

as the first hour of the experiment corresponding 

to 9 a. m .• 

Outside I~ 
/, 

Hot 
\\'at er 

·· ··· ·( 8) 

Inside 

8, 

I fJ , 

o, ! o, ! 
Fig. 7 Section of the wall showing the temperature 

measurement points 

Flat roof model 

Assumpt i•>n oi d ! •:.or.1 ternpe_rat.ure 
1 

of 25'C fo,· ~4 hours 

• L1iti<1l t-~r:ij)P;ature~ :lr~ c~Jr11l!l1ed io!' 
each parr of the ""'"clupe b,· ~i:oi~e 
defference method ; r<'p.,ateci ;,,, iuur da'·°'1 

Assumption of room t~mpi:rature 2~ :;ours 

n=9 

Calculation ... of c:ich suria.c~ tt.:::i:1perature 
11.,, ( n) by response factc,r m.,thod and 
convccti\c heat transfer •7t-, n! 9:· as~umir.IJ 
convecth·e heat transfer codfkient along 
inside surfac~s as inuial rr,n<liti'ln 

Setting the initial experimental 
te mper a tures and heat flows - ----... 

Con\"Hsinn of 
qc 1(n) for air 

t 
I Oht:iin•nl{: .v • 

I qc1 (n) • ' I 

fmm · 1 ·: ~. 5, 

Calculation of mod"i 
room temperature 

- Calculation of surface 
temperatures 
fr,r oth hour "Eq. ~' J 

Control the ir.od 1 • I ~urt let."' 
heaters to Mtl":er~e th" ;.,ea~ur~ 
ti~mpPratur~s tr) thL• f"aicuiJt~d 

/ ·-~CiJmpa1·e t!~e'-~ .... . 

!l,.,.!nJ- 6,.in/ +a.,'~ 
' 2 

measur.,d Jnd > 
~ a ku!.tPd s~rf "" 
·-. t"mperatures .......-· 

""-.. _ ,,,,,.,,... 

__ [Equal 

'/,+! 
, n 19 ~"--0'----___, 

I fa' 
~ 

Flir. 8 Flow chart of the experiment program 
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-·-A,·erage room temperature 
<>--S.up v--S.mid c·-·· S. down 
a.--E. up l>---E. mid 4···· E. down 
<>--\\". u::i o--W. mid O··-W. c!o1Yn 

\ ~:\.up ?---:->.mid ? ·· · · ~- d'lwn 

Hour 

o--Roof 
-Air tem. 1 

-Solar rad. I 

Fig. 9 Calculated surface temperatures with assumed 
room air temperature for setting up initial 
conditions of hybrid simulation, against given 
direct normal radiation and outside air tem
perature 

Here in oder to fii:!d the rate of convectivi:a heat 

flow q.; ( ~). the con~-~~tive hertt transfer coefli t:·ii'fl t 

was assumed to be 3kcal/m2 ·h·°C for the wall and 

1kcal/m2·h·°C for the roof. During the experiment 

the qci(n) is obtained from the model measurement. 

The measured inside surface temperature is 

compared each time to the calculated temperature 

and the power released by the heater is adjusted 

so that the measured inside surface temperature 

can become equal to the calculated temperature. 

During the experiment process in the case of the 

fiat roof model, as the model room temp~rature 

could not be controlled, in order to converge the 

measured room temperature to the calculated one, 

each time an average was taken bringing the model 

room air temperature (},. closer to the actual room 

temperature Ora. as expressed by, 

0,..(n) = (0,.,.(n) +Ora(n)) /2 ...... ( 9) 

However later on it became clear that the 

convergence of 0, .. and 0,,. was not necessary, as 

the room temperature measured directly from the 

experiment was needed to calculate the conductive 

heat transfer coefficient. In the next experiment 

TABZU. MIYAGAWA, KIMURA., 

-=---- s . '·'P 
.,,___ E. "P 

I '.J--- \\" '.1? 

1 ~~- ~ .. 
:>--5. mid o--S. down 
,.._£..mid ,,.. ... E. down 
=---W. mid o-- W. down 
,__:-.;_ mjd .., •... ~-down 

O--Roof 
: _ --S<ilar .-d. · -Air ter.1p. 

6 8 10 12 1-1. 16 
Hour 

I 

L ... , 
l 
I 
i 

Fig. 10 Results of the measured temper tures of 
inside air, upper, middle and lower levels 
of inside room surfaces of the flat roof 
mc-3.-i,' against gi"!e!l uirl!<.:t normal radia. 
t ion and outside :• ir tt~:-n'\)e,rature 

with the sloped roof model to be descri8ed in the 

accompanied paper (Part 2), the ment.ionfl d calcula

tion was omitted, thus improving the rocess of 

the experiment. Anyhow, Eq. (9) had n effect on 
I 

the experiment results. · 

To convert q,;, rate of convective he~t flow, of 
I 

water to the air, equation (6) is used. 'As j.f) in 

water and air are equal, from the ratio l, of water 

to air the following relationship can be !used: 
I 

Qcia.=qci,,.Cl.a.I i,.) (o./o.) =O. 008 3 i 
I 

3. Results of hybrid simulation 1th a flat 
roof model with four nrtical waUa 

111 the case of a building with 20 cm thick 

concrete walls and a fiat roof, the experimental 

temperature results for ,e..-ery part of inside surface 

are shown in Fig. 10, for a summer day in Tokyo 

from 9 to 18 o' clock. At the beginning of the 

experiment, as it was summer and the tank water 
i 

temperature could not be decreasd !easily, to 
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facilitate and speed up the experiment process. 

it was decided to increase the calculated tem

peratures by increasing the room temperature 

of the initial calculation of response factor 

method, for nine o' clock. 

The allowable range of conY-:rgn!ce of 

calculated and experime:ita1 :emperatures was 

set ± l °C, because a smaller range would take 

a much longer time for convergence. 

It is necessary to obtain the heat flux as 

condu~tive heat flow within the boundary layer 

which is about 2 mm for the vertical wall of 

the model in water. The convective heat 

transfer coe:ficien:t can be obtained from the 

following equation, regarding heat convection 

as heat conduction of fluid in reference to 

Fig. 6. 

a= ~..i .. / o,) (80-81)/(0o-O,) ······(10) 

a= ( i.,./ ( 01 +Oz)} (00-82) / (Oo-Or) 

······( 11) 

o--\V. •,>;> 
~· -E.ui• 
o--S.up 
'V'--N. up 
o--Roof 

er--_ W. mid ;;-. ;:\\
7

. do~·n 
~·-E. mid ,. .... E. down 
o-- S . mid o--- · S . down 
'1---N.mid <>···-'.'i.do\n 

Hour 

Fig. 11 Convective heat transfer coefficient obtained 
by acrylic plate heat transfer of the flat roof 
model, converted to the values of air 

J <>--S. up 1 mm distance 
: <>-Roof 1 mm distance 

o-- S. up 2 mm distance 
0-- Roof 2 mm di;tance 

-=-~ 

l~ 

The convective heat transfer coeffi -

cients can be obtained by measurement 

of heat conduction at the surface by two 

methods. One method uses the heat 

conduction through the acrylic plate and 

is obtained from the equation (6) and 

the following equation, 

Fiic: 12 Convective heat transfer coefficient obtained through 
points 1 mm and 2 mm from the surface of the flat roof 
model converted to the values of air 

a=q,; (n) I ifl,<n;--0,(n)) ...... ( 12) 

ThP. rcsu!ts are shown in Fig. 11. The other 

mt>t 1 ~..;d uses the heat conduction in the boundary 

layer between the surface and 1 mm distance and 

between the surface and 2 mm distance from the 

wall, and employs equations (10) and (11) re· 

spectively. The results of the second method are 

shown in Fig. 12 for vertical south wall and 

ceiling. 

The convectir.rn of air within an enclosed space 

is called natural convection, while the convection 

in the free space is called ·free convection10>. As 

there is a constant ventilation between the doors 

and the top opening, the conditions of convection 

in this experiment is comparable to that of the 

free convection as well. The free convection thus 

described is usually calculated using Ra number 

by equation (1) and the following equation. 

a=Nu(}./tf) ······(13) 

In equation (1) it is generally accepted that in 

the case of the vertical plane for Ra< 109, c=O. 56 

and b= 1/-t, and for Ra> 109 , c=O. 13 and b= 1/3; 

for the roof c=O. 27 and b= Ill m. 

The measured temperature difference between the 

inside surface and the room was put into equation 

(1). The convective heat transfer coefficient in the 

experiment with water was obtained from equation 

(13) and converted to the value of air as shown 

in Fig, 13. 

Comparisons were made between the convective 

heat transfer coefficients obtained by the above 

three methods. The difference between the heat 

transfer coefficient shown in Figs. 11 and 12 and 

those obtained by using Ra in Fig. 13 was found 

to · be quite snail for vertical walls. While the 

difference for the flat roof was found co~siderable 

and the reason may be explained as follows. In I I 

I 

rd 
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Surface T, 
tempera tu re / 

' Heat tr:insfer 
dircct!•)P. 

Room air 
temperature 

Fig. 13 Convective heat trarafer coefficient obtained for free 
convection of the flat roof model converted to the 
values of air 

Fig. 14 The condition of heat flow in which 
the convective heat transfer coefficient 
becomes negative 

the case of a room with a flat roof, a part of the 

heat from the walls is transfered to the ceiling 

along with the rising air, thus making the inside 

roof surface temperature higher . .. ~foreover a 

continuous ventilation from the doors to the top 

opening makes the room air temperature decrease. 

Thus the temperature difference between ceiling 

surface and room air becomes greater and a higher 

heat transfer coefficient is obtained from the 

formula of free convection using Ra number. 

As shown in Fig. 11, the convective heat transfer 

coefficient may be:c,ime ·negative. ~·er example in 

the morning when surface temperature of the west 

wall is lower than the room air temperature, the 

heat may flow from the middle of the room to· 

ward the surface in the reverse direction to that 

of the conduction heat flow within the surface 

boundary layer. as shown in Fig. 1'. The con

vective heat transfer coefficient in such a case is 

negative. 

On the other hand, convective heat transfer 

coefficient for free convection obtained by Ra 

number is always positive regardless of the direc

tional condition of the heat flow. 

It can be concluded therefore, that the Ra 

number with the constants commonly used could 

not be simply applied to the natural heat convection 

within a combination of free and enclosed space 

with a complicated system of heat flows. 

Conclusion 
A method of hybrid simulation for a natural 

ventilation system is proposed and actual attempts 

were made with scaled down moldes using water 

as fluid media to verify this method to be possible. 

The major findings obtained from the experiments 

were as follows: 

1) Inside surface temperatures in all wall parts 

and roof could be set to the values calculated 

on-line within a range of ± 1°C, which shows 

that the experimental set is acceptable con

sidering the accuracy level of the experiment. 

2) The convective heat transfer coefficient 

obtained through the hybrid simulation method 

presented, is consid~red a~pli~able to a building 

with a configuratioll and charactenstic.s similar 

to those employed in this paper. 

As the calculation is made with the assump· 

tion of the thermal conductivity to be constant, 

when the surface temperature is low, the 

conductive heat transfer coefficient may have 

a decrease of up to about 5?~ caused by the 

temperature difference. This error can be 

neglected. 

3) There was a general agreement on convective 

heat transfer coetficients obtained by different 

methods. The convective heat transfer coeffi

cient of roof obtained from heat conduction 

across the acrylic plate and from the heat 

conductions between surface and 1 mm and 

2 mm distances from the surface, were found 

to be almost identical, but the coefficient of 

roof obtained for free convection u~ing Ra 

number was larger than the above ccefficients. 

The reason was described by the rising warm 

air along the walls to the ceiling and the 

decrease of room temperature caused by the 

continuous natural ventilation. 
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4) Where the direction of heat transfer within 

the surface boundary layer is opposite tel that 

of the heat transfer between the surface and 

the middle of !he room, the convective heat 

transfer coefficient becomes negative. . Tnis 

phenomenon cannot be explained by the results 

of the heat transfer coefficient obtained using 

Ra number. 

5) From the conclu~ion 3) and 4), it can be 

concluded that in a natural convection withi.:::i. 

a combination of free and enclosed space with 

a complicated system of heat !lows, the Ra 

number with the constants ccrnmonly used 

cannot be applied completely. 

In such a case the hybrid simulation method 

can provide acceptable results. 
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