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Synopsis : Hybrid simulation was executed with a sloped roof 

model in the water tank using the method described in the 

accompann~paper. The values of convective heat transfer 

coefficient obtained along the inside surface of different parts of 

the room enclosure were obtained and the results were .,compared 

v;,..;h those c-; a fk~ ··ooi model. \''e11'iilation rate and air change 

rate of the roum were estimated using the results obtained from 

the measurement of water flow velocity combined with estimated 

pressure di.ff erence between inside and outside. 

Nomenclature 
A: area 

b, c : constant 

[m2] 

[-] 

m : air change rate 

n: time step 

Su: Nusselt number (=ad/i.) 

q : rate of heat flow 

[h-1) 

[h] 

[-] 
[kcal/m1• h] 

d: height of vertical plate, length of side of 

square horizontal plate 

g : gravity acceleration constant 9. 8 

[m] 

[m/s2] 

h&: height of the part i of the room space from 

the middle of the door (i= 1, 2, ···, 32) [m] 

I: direct incident solar radiation [kcal/m2 • h] 

q,i(n) : rate of convective heat flow from the i 

part of the inside surface at time " 

[kcal/mZ·h] 

Q : rate of ventilation or air movement [m1/h] 

Ra: Rayleigh number [=gJ3~0Jl/(i.;a)] (-] 
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T; : inside absolute temperature 

T. : outside absolute temperature 

" : velocity 

(oK] 

(oK] 

[m/s] 

v; : volume of the i part of the room space 

(i= 1, 2, .... 32) 

V: room volume 

z : height from neutr:i.I zone 

a : convective heat transfer coefficient 

[m•] 

[m']' 

[m], 
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Fig. 1 . .\crylic model with sloped roof 

[kcal/ m2 • h· °C] 

01 : 1 mm distance between first measurement 

point and surface [m] 

02 : 2 mm distance between second measurement 

point and surface [m] 

o,,. : 1 mm width of the acrylic Jarer [m] 

~ : pressure loss coefficient [ - ] 

tlp: pressure drop between outside and inside 

{kg/ m2J 
[kg/ m1 ] 

Ti : specific ... .,;~nt of the i part of the inside 

room space (i= l, 2, .. ., 32) [kg/m3] 

r.: specific weight of the outside air [kg/m'J 

A: thermal conductivity [kcal / mZ . h· °C] 

suffix; m: model. w: water 

1.1: coefficient of kinematic viscosity 

</J : slope tilt angle 

[m'/h] 

[ 0] 

00 : temperature of the r1Jom-side surface of 

the wall or roof [°C] 

(}" 82 : temperatures of the points at I mm 

distance and 2 mm distance from the wall 

or roof (oC) 

(),. : internal surface temperature of the double 

layer wall or roof of the model (°C] 

o~: inside room temperature (oC] 

Introduction 
A method of hybrid simulation was proposed in 

the accompanied paper to clarify the nature of 

natural ventilat ion caused by the natural convec­

tion along the inside surface of higher temperature 

in a buliding with a riat roofD. Water was used 

I. 
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Fig. 2 Section of the experiment 
model with sloped roof 

as fluid media and acrylic plate as a material for 

the scaled down model. Hybrid simulation implies 

simultaneously performed simulation of calculation 

and experiment where calculations are made for 

the heat transfer of the building, and at the same 

time. the model experiment is conducted to deter­

mine the values of convective heat transfer coef­

ficient along the inside surfaces. The results of 

both experiment and calculation ;ire thus combiF.ed 

C:l ~he real time basis. 

in order to study the effect of roof shape on the 

natural ventilation system. an attempt was made 

with 3 sloped roof model, again using water as 

fluid media. Convective heat transfer coefficients 

were obtained by hybrid simulation method. 

The water flow pattern inside the model space 

could be observed to help to understand the nature 

of natural ventilation system. 

It was then attempted to estimate the rate of 

ventilation under given conditions by measuring 

the water flow veiocity at the outlet opening and 

by calculating the pressure difference between 

segmented inside volume9 and outside. 

1. Sloped roof model with vertical walls 
The second experiment was made using an acrylic 

model with a sloped roof with a scale of 1/5.18 

·:Fip. 1, 2). The total height of the model was 45 

cm.. Same as in the case of the fiat roof ~ode!, 
I 

the calculation was made for a presupposed building 

with 20 cm thick concrete walls and roof. !Fig. 3 

shows the flow chart explaining the whole process 

of hybrid simulation. Here some improvements 
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Sloped roof model 

Assum11ti"n of a room te!!lperature 
L 26"C for 24 hours ·--'=---

lniti.al tl'mperatures are c:alculated 
for P~l."h µart of the en,·elope by finite 

diffnPn1·e mPthod t repeated ior four days) 

S tut llf e~periment 

n=9 

Calculation of eu.h surface tempera:'.!!'e !.l,. 1.rt~ 
b:r response fal."tor method and c:on,·erti,·e heat 
transfer flc. ~ r.' • .issumi n~ ccn\"ecti ve ~eat 
transfer coeffic:ie11t a along inside surfaces 
as initial Cl0 nclition 
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temperatures to the calc:.:lated 
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i l Conrersi1•n of q,.in) for,,~ 

..... 
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Fig. 3 Flow chart of the experiment program 

were made in the simulation process. The valuei 

of convecti\·e heat ilow at the inside surface 

obtained from the experiment was directly put into · 

the program instead of having the room temperature 

converged in th~ process previously conducted. 

This could make the convergence time shorter and 

the operation simpler. Inside surface temperatures 

in all walls and the sloped roof could be set to 

the values calculated on-line within a range of 

± 1°C. The · conditions and the results of the 

experiment for a summer day in Tokyo from 9 to 

19 o'clock are shown in Fig. 4. 

2. Convective heat transfer coefficient 
The heat transfer coefficient Wh again obtained 

by three main methods, as in the case of the flat 

roof model. The first method is based on Ra 

numbers already found by other researchers in 

similar cases for free convection. The Nusselt 

number may be found from the following equa· 

tion2>. 
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Fiir. 4 Results of the measured inside air and 
surface temperatures of the sloped roof model 
agairuit given outside air temperature and 
direct nonnal solar radiation 
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Fig. 5 Convective heat transfer ::odlident obtained 
for free convection of the <Jloped roof model 
against, (a) 5 cm apart frum surface, (b) to cm 
apart from surface, (c) middl·? of the room, 
converted to the value:i 0f air 

Nu=c (Ra cos cjJ)• ...... ( 1) 

Here for the sloped surface of the ceiling for 

tilt angle of ¢=30°, it is accepted that c=O. 56, 

and b= l/ 4. The results on the convective heat 

transfer coefficients are shown in Fig, 5. 



The second method use~ estimated heat conduc· 

tion. across acrylic plate from temperature measure­

ment. t ... :_._ <:.1Ual to th,. convective heat flow at 

che s~'":~ :h ia the foiiuwing equation referring 

to i'is. f. 
·····-{ 2) 

The :l!.ird method uses the heat flux at the 

conduction region within the boundary layer using 

equation (3),. referring to Fig. i. 

q.,(n) = (.<./ 01) (Oa-01) ······( 3) 

In this case the rate of conductive heat flow 

is obtained from temperature measurement at two 

places of each wall or roof surface: 1 mm distacne 

Outside 

IJ, 

i i 
· a. I o1 o, 1 

Ffg. 6 Section of the wall showing the 
temperature measurement points 

1 
I 

' I I 
I I 
I I 

' I :N\ 
'/ I 

!/ \\, ,. 
I I 

: •, 
, I 

I 

e>-- \\" . roof 
~-F.. roof 
'>-S.roof 
?--~. r•>of 

::;---\\" . wall I 
::.---£.wall 
·>--- S. wall 
':'---'.':.wall 

l 

T .ul!:ai. MIT .&GAW~ KnttTBA. r .A...!U .. X~: 
I 
I 

from the surface and 2 mm distance \ from the 

surface. ~ 
' 

The· r.:it!:S of conductive heat .1o·ws th~s obtctind 

in the second and third methods were t~en applied 

to calculate the convective heat transfer coefficients 

against the room temperature at three pbints; 5 cm 

distance from the surface, 10 cm distiance from 
I 

the surface and 32 cm high above the fifor in the 

middle of the model room. The followinf equations 

were used. For the second method 

a=(}.,,./ o ... ) (8,..-80) I (80-fM 

For the third method 

a= (A.,/01) (80-81)/ (8o-8r) 

and 

······( 4) 

·····-< 5) 

a= p,./(01+02)) (80-82)/(80-0r) i ······( 6) 

The results are shown in Figs. 7 and 8. All the 
I 

values of convective heat transfer coeffident shown 
I 

in the figures are the ones converted to ~ir. Where 

1 mm distance of the conduction area~ was fixed 

more carefully, as in the case of 1 ntm acrylic 

layer, a more stable graph of convettive heat 

7 . 

6 

5 

(bl 
':L . 
'~ 

' I 
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Fig. 7 C , nvective heat transfer coefficient obtained by conductive heat transfer across acrylic 
plate of the sloped roof model converted to the values for air, against (a) 5 cm apart i 

from surface, (b) 10 cm apart from surface, (c) middle of the room 
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transfer coefficient could be obtained. The con­

vective heat transfer coefficients are calc1)lated 

assumin3 ~he thennal•co~·ductivity to I:~ cun:;ia1•t. 

Nevertheless as the thermal conductivity changes 

a little with the change of temperature when the 

surface temperature is very low, the convective 

heat transfer coefficient may have a maximum 

dei:rease of about 5%. This error could be con· 

sidered negligible. 

Comparison on the values of the convective heat 

transfer coefficients by above three methods gives 

a fairly good coincidence. 

Comparing the sloped roof model with the flat 

roof model in the previous report, it is noted that 

the convective heat transfer coefficients along the 

wall surfaces turned out to be almost similar for 

both the fiat roof and the sloped roof models, 

though the coefficients of the sloped roof were 

-

\ ::>--- W. roof 
; c.-- E. roof 
j o--S.roef 
• Q--:'.11, roof 
- ··-

1:11 

o---\\". wall · 
6--- E. wall i 
o--- S. wall i 
v---- ::-.=.wall i 

;: I 
~ 3r :..; 

z:.. 

\j 
15 

16 

Fi1r. 8 C-Onvective h~at transfer coefficient obtained 
from thermal conductance of water through 
2 mm distance from the surface of the ~loped 
roof model converted to the values of air, 
against, (a) 5 cm from surface, (b) 10 cm from 
surface, (c) middle of the room 

found to be a little higher than those of the fiat 

roof. 

3. Flow pattern 
Fisme 9 indicates the flow pattern inside the­

model sketched from visual observation of the 

experiment. where red cubic plastic particles of 

1 mm side length and the specific weight of 1. 01 

were used in order to keep· the particles tloating 

in the water. To compensate for the small 

difference of the specific weight. salt was added 

to the water. 

As can be s~n in the figures. the flow pattern 

changes with time as a result of the change in 

intensity of solar radiation and solar position. As 

the north and the east walls are warmed by the 

early morning sunshine, the heated air runs up 

along the inside surface of walls especially with 

higher speed along the corners and vertical edges 

of the walls and inclined edges of the roof, 

reaching the top opening. 

Consequently, a circular current starts to occur 

in tht: lower part of th!· room by the entrance of 

cold water through the doors and in the direction 

of the cold to the warm wall (Fis. 9 (a)]. At 11 

o'clock (Fir. 9 (b)), as the sunshine becomes 

stronger on the roof and inclines towards the 

south, the height of circular current increaffS. 

c: 
(:ii 10 o ·clock tbl 11 o'clock 

1c1 12 o'clock (d) 12 o'clock 
First part. transition stage Second part, more 1table stag• 

Fig. 9 Flow pattern of the water inside the model 
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Xum~rs sho• ,-~i·:><:it:-· ~ : ,,; s; 
'! : direction and position of t!ie measured '•P.locity 

Fis. 10 Average values of the velocity of water 
at the top opening measured at 9 and 10 
o'clock in different locations and directions 

The air in the middle of the room which bas 

become warm, rises up towards the top opening. 

At 12 o' clock the west roof and wall are warmed, 

but the south roof is still warmer, and an opposite 

current occurs in the transition stage (Fig. 9 (c)]. 

This causes a vortex when meeting with the main 

current ending with a more stable stage [FiK. 9 

(d)). 

4. Rate of natural ventilation by stack 

effect in sloped roof building 
To •:alculate the ventiiat;.-,n rate 0·f the room air 

the driving _:,.a.~ of the stack effect is generally 

expressed bya>. 

~p=r·273.16·z(l/T;-l/T.) ······( 7) 

Here z is the height of the top opening from the 

middle of the bottom opening. Using the parameter 

e the air velocity at the outlet opening can be 

estimated from 

u=v2g.l.p/(~T) ...... ( 8) 

The velocity of the outlet opening air thus 

obtained can in turn be used to calculate the air 

movement rate and the air change rate respectively 

from the following equations, 

Q=3600·u·A ..... -(9) 

m=Q/V ...... (lQ) 

The flow velocity in the 6 x 6 cm opening at the 

top of the sloped roof was measured by a hot wire 

type of water velocity-meter and the average 

values between 9 and 10 o'clock are shown in 

Fig. 10. 

4. 1 Total ventilation rate of the room 

Assuming .;=2 taken from a case similar to this 

experiment•>, the velocity and the ventilation rate 

for the sloped roof model were calculated using the 

.~ 
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l>r- \\' ater ,-elocity 
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I 0- Air velocity 
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Fig. 11 Velocity and change rate of air and water, 
(a) at the top opening, (b) in the middle of 
the room (average of the values at 16 cm and 
32 cm height in the middle of the model room) 

temperatures of two places, (a) at the top opening 

and (h) in the middle of the mom. The .. resulk. 

are shown in Fig. 11. 

The velocity obtained from the temperature of 

the middle of the room [Fig. 11 (b)] was found to 

become negative, which may be interpreted as 

reversal of the direction of air flow, around noon. 

While the velocity of the top opening continuously 

increased until evening (Fig. 11 (a). lt is considered 

natural thc.t the different values of ventilation rate 

calculated from these velocities should tum out to 

be different. The observations showed th~t the 

direction of flow at the top opening was pll the 

time from inside to outside. 
! 
i 

The reason for the difference between (.) and 

\b) in Fis. 11 may be interpreted as follo~s. In 

the case of a factory, for example, where 'a high 

temperature body is placed in the room, the 

temperature of the middle of the room is high all 

day long and almost equal all o\•er the room. 

Thus it is considered adequate to measure the 

temperatures of the middle of the room and outside 

air to calculate the air ventilation rate by the 

stack effect principle. On the other hand, :in the 

case of natural ventilation caused by the warming 
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up of the building enclosure. the temperature 

of the mir1dle of the F>c-:; is c'Jnsider~.'.:.'.;· !;:, .• ~.:.­

than tu"\t of the vi1.:!n!ty of i:iside :l:..u-fa~:!"' <Jt 
the heated enciosure and the top roof opening. 

Thus it may be concluded that in such a case 

the temperature of the top opening could be 

used to calculate the velocity there, which 

also agrees with the measured results in Fig. 

10, and then to find the total ventilation rate 

of the room. 

•· 2 Approximate air moviement rate in dif -

ferent parta of the room apace 

~The aboYe indicates that the air movement 

rate in the middle of the room is different from 

that of the enclosure vicinity and that the 

negative velocity of Fig. 11 (b) can be explained 

to suggest the change of fiuid movement direc­

tion in the middle of the room. This also 

agrees well with the results of visual observations. 

Thus in order to find the flow rate all over the 

room in the case of the sloped roof model, the 

room space was divided into 32 small volwnes as 

~l·l\)WD in F:o::. 12. f:'-_Uation (7) was ;;.r.plied to 

calculate the pressure difference between each part 

of the room and the outside air. Then the 

velocity, air movement rate and air change rate 

were calculated from equations (8), (9) and (10), 

for each small part of the room, using Vi instead 

of V. The results of calculations about velocity 

and air movement rate are shown in Figs.. 13 and 

14. 

It is obvious from the velocity curves in F~. 13, 

that the air current c!irection changes from around 

10 to 15 o'clock. except for the east and south 

roofs, east wall and the top opening. Around 

these, the air is constantly wanner than the 

outside air and rises towards the outside air 

through the top opening, thus deriving a cold air 

draft from outside through the doors to replace 

it. At O. 8 m height in the middle of the room for 

example [Fig. 13 (d)], in which air does not become 

wanner than the outside air until 14 o'clock there 

is a tendency for air to go out through the doors. 

At the same points after 14 o' clock, the direction 

of velocity changes. 

The zone very near the floor such as O. l m 
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'ID Door up (north) 
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Fi~. 12 Cross section of the model showing the 
divisions of the room space 

height in the middle of the room and the lower 

parts of the doors can be indicated to have an 

upwards current in the beginning and later on are 

drafted inversely downwa~ds. While · at the upper 

parts in the vicinity -;;f the doors as well as at 

O. 1 m height in the middle of the room the oppoeite 

phenomenon occurs. In most parts of the room. 
as shown in F~. H, air movement rates decrease 

to zero from about 12 to 15 a' ciock during which 

their velocity directions change as shown in Fis. 

13, and there is a pause in the transition stage. 

The graphs of Fig. 13 and 14 show that the air 

current pattern is uneven within the room area 

and along the day. There may be a high ventila­

tion going on at the. top opening while io the 

middle of the room at the same time the air is 

still. 

4. 3 Averap ventilation rate of th• rooa 

In order to make a rough estimation of the indoor 

climate of a natural ventilation system in this 

experiment it is necessary to find an average rate 

of the ventilation as for a whole room spa<.:e. The 

following equation may be applied to estimate the 

average pressure difference of the room. 

II 

~p= (l/V) L: h;(r;-r.)v• 
j;L 

= (l/V) (h1111(T1-To) +h2112(r1-To) + ..... . 
+huvn(Tu-ro)) ..... -(11): 



i 
l 
t 

68 

0.8 

16 
Hour 

18 

(a\ l C!D £rom surface 

" 0 
-:I -.. .. .. 
3'-= c:-.; 
3' -~ = ..;:: = 
-~ 

(bl 26 C!D from surface 

T AJIEBI, ~IIT .a.o.uu, KI•11iu. TA.!1.U:.& ~ 

10 12 
Hour 

! -E.roof l 

I 
0--S.roof 

o--w. roof 
..,._s_ r"'lf 

1->--F. ·~II 
i <>--s. •all 
=>--w .... 11 
I '11"--S. wall 

(cl 52 cm from s:irface 

1 
.:0--!-1 id-ro0111 !. S4 m 

i 0--~lid-rnom l.68m 
j 0--~lid-roo• 0.8m 
j 7-\!id-room 0.1 m 

1
t--5.coor ap 

I 
<>-S. door down 

o---N. door up 

i ~ 
= :n -..,, "' :; :: 

3' :n 
~ = ;:::).:::. 

(d) In t.he :niddle of ~e ·room 
l 

Fig. 13 Velocity, obtained for 32 small volumes of the sloped roof model room space, j 
converted to the values of air 
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Fie. U Air movement (ventilation) r:!te 'lOta~ned. for 32 small volumes of the sloped roof model room space 

The average values of air movement rate, air 

change rate and velocity were then calculated from 

the average pressure difference, again using equa­

tions (8), (9), and (10). The results are shown 

in Ffr. 15. The air movement rate thus obtained 

could be considered as a representation . of the 
' ventilation all over the room space. 
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Fis. U A..-erage movement rate. fiuid change rate. veloci!y a:ld ,..1esswe difference 
of the sloped roof model room space converted to the values of air 

4. 4 Consideration 

The assumption of pressure loss coefficient ~ in 

Figs. 11 to 15 may bring about a certain error in 

air change rate, air velocity and movement rate. 

This error can be considered to be very small 

because the coefficient is taken from a case similar 

to that of the model top opening, and the flow 

veloi:-ity :neasurPd ;;t the model top openin~ ::greed 

with ~: __ velocity c. .... '.c:ul ... ti...: usiug the abovt c·.:.::.ffi­

cient. 

Moreover, the above coefficient does not have 

any effect, when com~arison is made between the 

ventilation or movement rate of different parts of 

the room. 

Conclusion 
Hybrid simulation for a natural ventilation 

system was applied and actual attempts were made 

with a scaled down model with sloped roof as well 

as a model with flat roof in the previous report, 

using water as fluid media. The major findings 

obtained from the experiments were as follows; 

1) There was a general agreement on convec­

tive heat transfer coefficients obtained from 

free convection theory and those from tem­

perature measurement within the boundary 

layer and across the acrylic plate. Thus the 

coefficients are considered reliable and useful 

for real buildings of a similar configuration 

and climatic conditions~ 

2) Convective heat transfer coefficients along 

the wall surfaces turned out to be almost 

similar for both the flat roof and the sloped 

roof models, though the coefficients of the 

sloped roof were found to be a little higher 

than those of the flat roof. 

3) The room temperature differences among 

upper, middle and lower parts of the middle 

of the .room were found to be greate!' in the 

case .of ·the sloped roof model. This would 

indicate a higher degree of air mixture in the 

flat roof model, as the sloped roof surface 

might let the fluid slide up over the surface 

more easily. 

4) The flow pattern of the room air changes 

with time, and the direction of the air circula­

tion changes from around noon. 

5) In a ventilatio11 system based on natural 

convection caused by wanning up of the 

building enclosure due to the solar radiation 

and the outside air temperature, it was not 

considered suitable to estimate the ventilation 

rate by the stack effect method commonly used. 

This is becau:ie there is a great difference 

between the temperatures of the middle of 

the room and the outlet opening. It was 

considered adequate for estimating the total 

ventilation rate of the room to calculate 

pressure difference between the outlet opening 

and outside air, using the temperature differ· 

ence between the outlet opening and the 

outside air. 
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6) Dividing the room into several small volumes, 

the air movement rate of each division was 

found using the pressure difference between 

t=: ::._:ill .l!vision ~,.J c:...._::ie air. This may 

be cv~sidc:red u.s.:i:!l t;:- ~ti.Jlate tt: rate o.f ., .. 

air movement within the room space. The'" 
average values of air movement rate. velocity 

and air change rate made between al! of the 

small divisions of the room were also obtain~ 

It is in.te..~g to see the difference between 

total ventilation rate and average air movement 

rate in this natural ventilation system. 

T AHERJ, M1Y A.GAW.&, KornRA, T .uux4: 
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