


Taner:, Mivacawa, Kivura, Tavags:

f:(n) : surface temperature of the &

part of the room-side of the
[°Cl
tcroperature cf the

double layer waii or roof ot the

wall or roof at time n

= :internal surizcc

()

Fig.1 Examples of natural ventilation

Z;(j) : thermal response factors of exterior wall
or roof relating ¢ part of inside surface
temperature to the heat flow in the &
part of the inside surface

{kcal/m?-h-°C]

« : convective heat transfer ccerficient

[kcal;m?-h-°C]

[kcal/m?-h-°C]

arix : Tadiative heat transfer coefficient among

«, : outside film coefficient

i and k parts of the inside room surface
[kcal/m?-h-°C]
[°C-'1

{m]

d,: 1mm distance between first measurement

B : volume expansivity

0 : distance between two points
poiat zad suricce m]

0y : 1lmm distance between first and sciond

measurement points {m]
Om : 1 mm width of the inner laver of the model

wall or roof [m]
Af : temperature difference [°C]
7 : specific weight (kg. 'm?]
A : thermal conductivity [kcal/m?-h-°C]
v : coefficient of kinematic viscosity (m?h]
¢ : slope tilt angle [°1
6, : temperature of the room-side surface of

the wall or roof £°C1

@4i(n) : temperature of the i part of the room-

side surface of the wall or roof at time
[°€1
8., 6, : temperature of points at' | mm and 2mm

n

distance 'from room-side surface of wall

i

or roof °CY
fa(n) : outside Ambient air temperature at time
n ["C]
0.i(n) : sol-air temperature for the { part of

the outside wall or roof surface at time

[°Cl

n

model [°€]
@- : inside room temperature [°Cc1
f.(n) : @, at time n [°C]

Bra(n) : inside room air temperature of

real building at time = [°C]

O-n(n) : inside room water temperature of model

at time »n [°Cl
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

Then

increases.
neaxt travsfer on ihe inside sucfacs in the
foir, of heat convection procuces the driving 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 system.

In a factory where the driving force of% natural
ventilation is caused by the existence ’,of high
temperature equipment, the convection paitem of
room air may be regarded as identical to|that of

the scaled down modelP ¥,

this dase the

convective heat transfer of the boundary layer inay

In

be presumed to have no effect on the veptilation
and radiation exchange and it is quite (different
from the above case.

Simpi¢ 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 room#®, or the
method in which heat transfer near the wall
su;face is treated with an estimated heat transfer
coefficient®’. But even in these methods it is very

difficult to simulate the inside room | surface

|
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temperature with a scaled down model. Especially
in the case of natural ventil:tiin 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 mcici experimcst is made to
determine the values of convective neat 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. Use of water as fluid media for experi-
“mental model

Recently simulations of natural convection in
two or three dimensions based on Navier-Stokes
equations are often madé‘” and verifications by
visual eiperiments using water have also been
attempted”. In these cases the surrounding inside
walls of the room have set temperatures and the
shape is 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 time the radiation exchange among inside
room surraces could T~ taken into accoumt by
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 is
known that if Pr is greater than about 0.5, the
dependence of the heat transfer on the Pr number
can be ignored®®. Such a convection is usually
described by the following equation

Nu=c-Ra® e (1)
where ¢ 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 in ~ real size, the fluic movement pattern will
also be almost the same®. 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,

Raw/Raa=(gu/ga) (Bu/Ba) (30w/A8a) (12/1*)

/{(ve/vs) (@u/aa)} =1 sl 2 )

From equation (2) in the case of 20°C water and
air, the following relationship can be obtained.

AGulo?/ (ABula®) =7. 168 X 1072 reeeee(3)

Using this equation the model scale (l,/l), and
the temperature ratio (A0./Mf.) can be optionally
selected for experiments.

2. Process of hybrid simulation

In order to establish Af,=A6s the scale of the
model for the experiment should be le/le=1/5.18
according to the above.conditions in equation (3).
Here A@ is the difference between wall or roof
surface temperature and room temperature. Inside
a steel framed glass water tank of the size 1.8X
1.6x 1.8 (height) m, a scaled natural ventilation
model was placed as shown in Figs. 2~4. Experi-
ments were made for two cases; case l: using a

flat roof model, case 2: using a sloped roof model.
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Section of the flat roof model is shown in Fig. &.
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 passing
through the wall is heated up by a covxr;;iu'tfn'
programmed controller with a step contiul system
to keep the surface temperziures of roof and each
part of each wall as speciiied. The inside surface
temperatures cnn be calculated from the following

heat balance equation at the inside surfaces of the

N
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Controller

Water tank =
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real exterior envelope of the buildicyg, taking into
account radiation excnangé »mong inside surfaces
of the building in reference to Fig. 6, and applying
thermal response factors to the heat transfer across

tie building enclosure.
% Yi(0.stn—i) =5, Zi(i)Bui(n—3)
+k§‘.a’ﬂ'k (Boi(n) —O0c(m)} +qoi ()  oovnee (4)

where sol-air temperature is used as excitation in
time series expressed as
Gei(n)=0s(n) +auli(n)/ace e (5

For experimental models in water, radjation
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.

Yi(j) and Zi(j) are thermal response factors of
the exterior envelope components. As a resuii of
heat transfer across the sunlit roof and walls, the
inside surface temperature is raised and convective
heat transfer g¢.i{x) takes place along the inside

surfaces. The heat transfer then at the inside
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Fig. 5 Section of experiment flat
roof model

Fig. 6 Radiation exchange at the
envelope of the building
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surfaces becomes the driving force of natural
ventilation and g.;(n) can be regarded as equal to
the conductive heat flux acrose the acrylic plates
to be expressed by.
@ei(n) = (An/0n) @a—Coi(m)} oo (6)
Referring to Fig. 7, the convective heat transfer

in the laminar range of the boundary layer may

B (1) =129

% Yi(/)0ei(n—j)— Elz.-(j) Boi(n—) + T aris0s(n)~Onin/ 3
1= 1]

be treated as heat conduction to be expressed by
the following;
(lo/é:) (ta—~01) = (Aw/02) (0,—0,)
= {20/ (311 02)) (Go—02) -+ (7)
On the other hand, the surface temperature &y:(»)
is calculated by a digital computer using the values
obtained from experiments with on-line connection
from

Z:(0) = An/ 0m+ % ariz
kg

Fig. 8 shows the flow chart explaining the whole
p-rocess 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 i> rnecessarvy to set the surface tem-
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..

e (8)

Outside |

Onk/ s
&/'\ Inside
/] Hot X )
water /A ] 8,

6o | 8 | 4|

Fig. 7 Section of the wall showing the temperature
measurement points
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Fig. 8 Flow chart of the experiment program
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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 find the rate of convective heat
fiow gci{%), the convertive heat transfer coefficient
was assumed to be 3 kcal/m?-h-°C for the wall and
1kcal/m?-h-°C for the roof. During the experiment
the g¢.:(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
flat roof model, as the model room temperature
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 #,., as expressed by,
Omm(n)=Bra(n) +0a(m)} /2 oo (9
However later on it became clear that the
convergence of 6, and .. 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
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Fig. 10 Results of the measured temperatures of
inside air, upper, middle and lower levels
of inside room surfaces of the flat roof
medel; against given direct nonnzl radia.
tion and outside zir remwerature

with the sloped roof model to be descrided in the
accompanied paper (Part 2), the mentioned calcula-
tion was omitted, thus improving the process of
the experiment. Anyhow, Egq. (9) had n¢ effect on
the experiment results. ,
To convert g¢, rate of convective hea!t flow, of
i
water to the air, equation (6) is used. :As Af in
water and air are equal, from the ratio qL.- of water
to air the following relationship can be‘!used:
geia={qcim(Aa/ Am) (Gm/0a) =0. 008 3

il

i
3. Results of hybrid simulation ﬁth a flat
roof model with four vertical walls

In the case of a building with 20cm thick
concrete walls and a flat roof, the experimental
temperature results for every part of inside surface
are shown in Fig. 10, for a summer day in Tokyo
from 9 to 18 o'clock. At the beginnirig of the
experiment, as it was summer and the tank water

i
temperature could not be decreasd easily, to

i
[
|
|
|
i
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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 convergence of
calculated and experimentas :erhperatures was
set £1°C, Lecause a smaller range would take

2 much longer time for convergence.

Conveelive heat transfer coefficient « [heal/m?+h+"C]
.

o—W.vp ——W.mid - --W.down
&—=E.up o=--E.mid a----E.down
o—S.us 0=—S.mid ©&----S.down
o—N.up ¥—=N.mid ¢----N.down
. O>— Roof I

w.

2

It is necessary to obtain the heat flux as e 9
conductive heat flow within the boundary layer
which is about 2mm for the vertical wall of
the model in water. The convective heat
transfer coeXcient can be obtained from the
following equation, regarding heat convection Fig. 11 Convecftive heat transfer coefficient obtained
as heat conduction of fluid in reference to bmyo;:;,}'lclzng,l;izdhiztt;::r:ff:e: foft};eir flat roof
Fig. 6.
a=1\4A»/0,) (8o—0,)/(Be—0r) - (10) i)
= {1a/ (8182} Bo—02)/ (Bo—0:) LE3r .
‘;':,"E | 0——S.up 1 mm distance O-—S.up 2mm distance
""" (11) E)_’ ol ; &=—Roof 1 mm distance == Roof 2 mm distance
The convective heat transfer coeffi- ;:u,
cients can be obtained by measurement -fi 1+
of heat conduction at the surface by two % g 0 .
methods. One method uses the heat %t.:a 8 13
S8

conduction through the acrylic plate and
is obtained from the equation (6) and
the following equation,

a=qen)/ 0. my—-0.(n)}  oeee (12)

The rcsults are shown in Fig. 11. The other
method uses the heat conduction in the boundary
layer between the surface and 1mm distance and
between the surface and 2mm 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 convection of air within an enclosed space
is called natural convection, while the cgnvection
m the free space is called free convection'®. 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(i/d) e (13)

Fig. 12 Convective heat transfer coefficient obtained through

points 1mm and 2 mm from the surface of the flat roof
model converted to the values of air

In equation (1) it is generally accepted that in
the case of the vertical plane for Ra<10?, ¢=0.56
and 4=1/4, and for Ra>10°, ¢==0.13 and 5=1/3;
for the roof ¢=0.27 and b=1/4'V,

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 Rz in Fig. 13 was found
to' be quite snall for vertical walls. While the
difference for the flat roof was found conisiderable
and the reason may be explained as folvlows. In
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Fig. 13 Convective heat transfer coefficient obtained for free
convection of the flat roof model converted to the

values of air

the case of a room with a fat 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. Moreover 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 bzcome* negative. Ycr 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. 14. 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

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

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 considered applicable to a building
with a conﬁgurat‘ioﬁ and charactenstics 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 coeificient may have
a decrease of up to about 57; caused by the
temperature difference. This error can be

neglected.

3) There was a general agreement on convective
heat transfer coefficients 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 1mm and
2mm distances from the surface, were found
to be almost identical, but the coefficient of
roof obtained for free convection using 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 ta that
of the heat transfer between the surface and
the middle of the room, the convective heat
transfer coefficient becomes negative. This
phenomenon cannot be explained by the results
of the heat transfer coefficient obtained using
Rz number.

5) From the conclusion 3) and 4), it can te
concluded that in a natural convection within
a combination of free and enclosed space with
a complicated system of heat flows, the Ra
number with the constants ccmmonly used
cannot be applied completely.

In such a case the hybrid simulation method

can provide acceptable results.
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