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ABSTRACT

A method for predicting room air distribution in a multiroom building
is described and some case study results are shown in this paper. Air
movements and transient room temperatures in a building are simultaneously
calculated by the computer simulation program called "PSSP°. The PSSP can
calculate various types of air movements, such as natural ventilation,
infiltration and forced ventilation.

Airflows through openings and cracks at envelopes and interroom walls
are defined as nonlinear equations of the air volume and pressure difference.
Air distribution in a building is conducted by solving volume balance
equations of the inflows and outflows in rooms. These calculation procedures
are described in detail. Air movements, room air temperatures, surface
temperatures and air-conditioning loads are connected with each other. The
methods to express these complex relations are described, too.

Air distribution is important and essential for thermal performance of
buildings, especially for solar houses. The case study results on a solar
house executed by the PSSP are shown, and the effectiveness of the methods
for predicting room air distribution are discussed.

INTRODUCTION

In the field of building thermal simulation, developments of computers
and advances of various analysis methods make it possible to predict the
thermal performance of a multiroom building including its air distribution
through rooms. These predicting methods require accurate expressions of
the actual thermal dynamics of room air and wall surface as well as the
interrelationships among them. Most of the simulations obtain their results
to solve algebraic equations of room air temperatures, surface temperatures
and heat supplies to room air. But these temperatures and supplies are not
simply independent but closely connected with each other, therefore the
equations should be solved simultaneously.

The Passive System Simulation Program called "PSSP° (1),(2) is a computer
simulation program to predict thermal performance including air distribution
of buildings especially passive solar houses, and its latest version for
multiroom buildings "PSSP/MV2" is now available. It consists of a set of
the successive state transition equations which are solved simultaneously
and express thermal dynamics of room air temperatures and surface
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temperatures. The air distribution in a building, it is the consequence of
the room air movements, is expressed as a part of the successive state
transition equation of room air.

It is necessary to solve the Navier-Stokes® equation in turbulent field
under unsteady or variable boundary conditions. It may be impossible,
however, with the present technical level. Therefore, the following
assumptions are adopted; Air temperature distribution in a room is uniform,
and supplied heat to the room air diffuses instantly.

AIR MOVEMENTS IN BUILDINGS |

Prediction of air movements and distribution in a building requires to
examine the fluid mechanics of ventilation and infiltration. Both
ventilation and infiltration have the same meaning in building thermal
performance, and the difference between them is whether to be intentional
or not. Ventilation is defined in this paper as a general concept of all
kinds of air movements in a building. Natural ventilation airflows are
classified into two types according to their fluid mechanism, one is through
openings and the other is through cracks. As an airflow is caused by
pressure difference which is generated by wind and thermal force, the
situation of an opening and a crack in a building (at an ervelope or at an
interroom wall) is important.

Airflows through Openings

At an envelope, the air flows into room i from the outdoor space through
an opening. The pressure difference across the opening, the airflow velocity
and the airflow volume through the opening are shown as follows.

Vin = 3600Auin = 3600Aina/297/YoPin 1)
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where

area of the opening (m2)

wind pressure coefficient

gravity, Q.Bm/sz

height from standard pressure level (m)
pressure difference (kg/m)

reference pressure of room i (kg/mz)
airflow volume (m3/h)

airflow velocity (m/s)
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Vo = outdoor wind velocity (m/s)

Yi = air density of room i (kg/m°)

Yo = air density of the outdoors (kg/m3)
Qa airflow coefficient of the opening

and suffix in means inflowing from the outdoors to room i. Eq.(1) is derived
from an assumption. that the airflow is an orifice flow. The airflow
coefficient a is the ratio of actual velocity to theoretical velocity, and
it depends on the configuration of the opening. It is about 0.7 for a normal
window.

Eq.(2) consists of wind and stack or thermal pressure. The wind
pressure coefficient C is the conversion ratio of wind energy from dynamic



pressure to static pressure, and it is variable according to an angle, S,
between the outdoor wind direction and envelope orientation. The PSSP
assumes the value of C as a linear function of S(deg.), it passes on the
points of C=0.75 (S=0), C=0.75 (S=30), C=0 (S=75), C=-0.4 (S=90) and C=-0.4
(S=180). And this relation has been adopted to the HASP/ACLD (83),(4) which
is the most prevalent dynamic heat load calculation computer program in
Japan.

Air density, v, is related to its temperature and barometric pressure,
but simply expressed here by using absolute air temperature, 7T, as
vy = 353/T.

It is well known that outdoor wind velocity is different according to
height. If the height of an opening were extremely different from that of
the observatory, it would be necessary to correct the wind velocity by using
a pover low (usually its power index is 1/4). The height of an opening in
Eq.(2) is normally presented as the central height of the opening. If the
difference of stack forces at the bottom and top of an opening were not
neglected, Eq.(2) should be integrated along height.

In case that relative pressure of the outdoors is lower than that of
the indoors, room air flows out to the outdoors. In this case, Egs. (1) and
(2) are revritten as follows.

Vout = 3600Avoue = 3600A0out/29/YiPout 3)
Pout = =CZZ1E + h(¥o = ) + pi 4)

vhere suffix out means outflowing from room 1.

To combine Egs.(1),(2),(8) and (4), the differences of air density and
the airflow coefficients between the indoors and the outdoors are ignored,
and the equations are reduced to as follows.

V - 3600Aan/297o 5 /IPT ()
P = C32 + h(¥i - Yo) - pi ®)

The absolute value of P in Eq.(5) makes it possible to define airflow
direction, as the plus value of V means inflowing and the minus means
outflowing. And it also prevents computer execution from the error occurred
in root calculation where P should be equal or greater than zero.

At an opening of the interroom wall adjacent to room m, the pressure
difference across the opening is only connected with stack force.

P = h(yi ~ Ya) + Pa = Pi <))

where
Pa
Ya

reference pressure of adjacent room m (kg/mz)
air density of adjacent room m (kg/ms)

Airflows through Cracks

Pressure difference across a crack is as same as that of an opening,
Eq.(8) is at an envelope and Eq. (7) is at an interroom wall. But the airflow
mechanism through a crack has intermediate characteristics between an



orifice flow and a capillary flow. Therefore the airflow volume, V, through
a crack is expressed by using its pressure difference, P, as

- P pim
1% SLnPNP' (8)

where
airflow coefficient of the crack
crack length (m)

S
L
n = power index

A lot of experiments were carried out to estimate s and n, and the results
are summed in (5). The power index n is an inherent constant according to
the configuration, material and width of a crack, but the PSSP adopts 1.5
as the value of n in common to every crack in a building. On the other hand,
each airflow coefficient is given as a simulation data, but its approximate
value in default of the data is 40 for inner door, 13 for wooden sash and 3
for aluminum sash.

Air Volume Balances in Rooms

Ventilation is classified into natural ventilation and forced (or
mechanical) ventilation. The former is caused by wind pressure and stack
pressure across openings and cracks as vas presented previously, and the
latter is generated by air-handling units and electric fan ventilators. If
the airflow volume of forced ventilation is given as a simulation data, the
total amount of airflow volume in a room is expressed as a function of
reference room pressures. For example, there is a building which has I of
rooms, and there are J of airflows in room i. The total airflow volume amount
of room 1 is given to sum up the volume of each airflow j.

J
Fi(pr,-pi-wp1) = E:Vij , C))
b
where each airflow volume, V;;, is as follows.

natural ventilation

Vij = %OOAijGijMzg/Yo%%JlPijl (for openings) (10a)
ij

P
Vij = Sid45|P:|U%j“/L5 (for cracks) (10b)

forced ventilation
Vij = constant (10¢c)

and each pressure difference is
e X 4 Ry — .
Pij = Cijpgve + hij(vi = %) = pi  (at envelopes) (11a)

Pij = hij(¥i = Ya) + Da — Pi (at interroom walls) (11b)

As the inflowing volume and the outflowing volume in each room should
be balanced, the total amount of airflow volume in every room should be zero.



Fi =« =F; = =F =90 (12a)

by using a vector ¥ and ®, Eq.(12a) is rewritten into

F(®) =0 (12b)
vhere

3':(FI-"VF‘I'”'Fl)
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F is a nonlinear function of multitude variables, the concept of a Newton's
method is applied to the solution of Egq.(12b)

Ol = O — {F" (GO 'F(C) (13a)

As Eq.(13a) contains an inverse matrix of partial differential matrix,
¥’ (®), the next transformation gives more simple procedure to solve linear
simultaneous equations instead of matrix inversion.

F (O (@ — Cket) = F(®) (13b)

The dimension of partial differential matrix, §', is I by I, and its
each element is given numerically as

oFi(®) _ Fi(pi,--,pite,-,p1) — Fi(p1,--,pi-e,-,p1) (14)
opi k 2e

where the increment, e,is arbitrary, but it affects the computing time and
the accuracy of the solution.

Many examples show that a Newton's method is not always convergent.
The possibility of convergence depends on the nature of its function and
the adequateness of its initial values. The function § is mathematically
an odd function. It has a nature that it diverges taking plus and minus
values alternately, if the one step prior values of room reference pressures
are inadequate. Therefore the next procedure keeps the room reference
pressures within a range where Eq.(13b) is convergent.

®k=2n = (Ck-1 + €-2)/2 (n:natural number) (19)

SUCCESSIVE STATE TRANSITION EQUATIONS

The PSSP consists of the successive state transition equations of
surface temperatures and room air temperatures expressed finally as linear
simultaneous equations. The temperatures of every surface and every room

air in a building at every time step can be acquired by solving these
equations.

Heat Balances at Surfaces

A heat balance equation of surface j at time n is given by
CVjan + NSRjn + NLRjn + CDjn = O (16)

wvhere
CD = conductive heat flux (W/mz)
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convective heat flux (W/mz)
net shortwave radiation (W/mz)
net longwave radiation (W/mz)

oy M

Net radiation is classified into shortwave and longwave by 3 um wave length
which is the critical wave length of solar transmission through normal pane.
It is possible to take latent heat flux into account in Eq.(16) at outside
wall surfaces, and its procedure applying the lewis' law is described in
the reference (1). On the other hand, humidity absorption at inside surfaces
is urgent but still left unresolved for the PSSP.

Convective heat flux at outside surface j is given by

7.0 = 0. 7.0(To.n — T3.0) amn

vwhere .
T3 temperature of surface ;7 (K)
Ts outdoor air temperature (K)

oc.7 = convective heat transfer coefficient between outdoor air
and outdoor surface 7 (W/m°K)

There are many proposals to estimate the outside convective heat transfer
coefficient, the PSSP adopts the next experimental equations using the
ambient air velocity adjacent to the surface.

for walls (6) )
G jn = 4.7 + T.6u5.n
Vjn = 0.25Uo.n Vo ,n>2 (for windward) L (18a)
vj. = 0.5 Vo ,nS2 (for windward)
Ujn = 0.3 + 0.05vs.n (for leeward) J
for roofs (7)
cF.n = 8.72 + 2.3303 s (18b)
Vj.a = 0.3 + 0.05u,.n
vhere -
vj = ambient air velocity adjacent to surface j (m/s)
v, = outdoor wind velocity (m/s)

Net shortvave radiation at outside surface j is given by

NSR;5.a= aj{€37.aDNncos 65.n + F3sSHa +(1 — F35)pgTHn) (19)

vhere
a; = solar absorptance of surface j
DN = direct solar radiation incident upon normal surface (W/mz)
77 = shape factor of surface 7 viewing the sky
SH = diffuse solar radiation incident upon
horizontal surface (w/m"’)
TH = global solar radiation (W/m%)
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incident angle of direct solar radiation upon surface 7 (deg.)
sunlit area ratio of surface 3

solar reflectance of the ground surface

nouo

Effects of solar shading such as overhangs and eaves are taken into account
in terms of the sunlit area ratio, ¢, and the shape factor viewing the sky,
Fjs.

Net longwave radiation at an outside surface is defined as the equation
of its surface temperature, and an assumption that the ground surface is
approximately the black body and its temperature is nearly equal to the
outdoor air temperature, conducts the following equation.

NLR;.o = €5iF5sAHn + (1 — F35)0Ton — oT5.0) (20a)
vhere
AH = atmospheric radiation incident upon horizontal surface (W/m%)
€5 = longwave emittance or absorptance of surface j
o = Stefan-Boltzmann's constant, 5.67x10" %&Amkf

Eq.(20a) is a nonlinear equation of the fourth degree of Tj. But the
following conversion makes it possible to linearize the equation.

NLR;.n = €5F7s(AHa ~— 0To.8) + or7.0(Ton = T5.0) (20b)

& Fon = 4€i0{(T.n1 + To.n) /2P (1)
where

or,7 = radiative heat transfer coefficient between outdoor air
and surface J (wym K)

As the outside surface temperature at time n, T, is an unknown variable
to be solved, so the value at time n-1 is substituted into Eq.(21). As long

as there is slight difference among Tj.a, Tj.n-1 and To.n, this approximation
is accurate.

As well as an outside surface, convective heat flux at inside surface
j is given by

CVin = acjn(Tin = Tjn) (22)

wvhere

ac.j = convective heat transfer cgefficient between room air
and inside surface 7 (W/m)

There are many factors to define the convective heat transfer coefficient
at an inside surface, such as ambient airflow velocity near the surface,
temperature difference between the surface and the room air and direction
of convective heat flux. In a forced ventilated room (in an air-conditioned
room), the PSSP adopts 7. SW/m K as @c.j.n in common that is derived from a
Jurges's equation (8) assuming 0.5m/s of ambient airflow velocity near
surfaces. In natural ventilation, the next relation is supposed.

.jn = VTiat = Tjal" (23)

vhere



= direction-dependent coefficient

The power index n and the coefficient v are given according to McAdams (9)
as n=0.25 in common, v=1.8 for horizontal heat flux, v=2.5 for upward and
v=1.3 for downward respectively. The room air temperature and the surface
temperature in Eq. (23) should be better to be the values at time n, but they
are unknown values at time n, so the values at time n-1-are substituted.

To estimate radiative heat inter-exchange (multi-reflection and
absorption) among inside surfaces, a concept of the absorption factor
proposed by Gebhart (10) is introduced. The shortwave absorption factor,

which denotes the ratio of the emitted shortwave radiation from surface 1
to the absorbed one at surface j, is given by

J
Yi; Fija; + ;F 1kPKYkj 24)

where

Fi; = shape factor of surface l viewing surface j
Ytj = shortwave absorption factor.from surface | to surface j

and suffix k means an arbitrary surface in the room where there are J of
surfaces.

There are J of surfaces and F kinds of fenestration in a room. The
direct solar radiation transmits through fenestration f and incidents upon
surface l. The sunlit area of surface l absorbs a part of it and reflects
the rest according to its solar absorptance and the reflectance, and surface
j absorbs the reflected from surface | directly and by way of other surfaces.
Besides, there are other shortwave radiations ought to be absorbed at surface
j, transmitted diffuse solar radiation through fenestration f and

illumination from surface k. The net shortwave radiation at inside surface
j is given by

F )
NSR;n = ;r;DN@fﬂ.«aiau + 1;0151/8;) cos 61 .a

F J
% ;r,F,SSHny,,»s,/s,- £ ;sz*,,.y,(,-sk/sj (25a)
wvhere
Fys = shape factor of fenestration f viewing the sky
S; = area of surface j (m®)
SLx = shortwave radiation of illumination and so on
from surface k (W/mz)
6j1 = Kronecker's delta, if j=1 §;=1, if j=l §;=0
€41 = sunlit area ratio of surface !l according to the transmitted

solar radiation through fenestration f
T¢ = solar transmittance of fenestration f

By using a theorem of rec1proca11ty such as aiSiyij= a;jSjvji» Eq.(252) can
be rewritten to

NSR;.a = ;TIDanl:fﬂ.nQi(Sil + Yjipt /at) cos 0 ,a

F J
+ ;rF/sSH,.y;;a,-/a,« + Xk:Sl*,,‘y,-ka,-/ak (23b)

In the same manner, the longwave absorption factor is defined as



Bi; = Fijej + }k]mm—ek)ﬁk,- (26)

where
fi1; = longwave absorption factor from surface ! to surface j

Surface j absorbs the longwave radiation emitted from surface l, which is
proportional to the fourth power of its surface temperature, and that of
illumination, human bodies and so on from surface k. And surface j itself
also emits longwave radiation according to its surface temperature.

J J
NLRjn = ZB:;EloTl.ﬁSl/Sj + zk:lik.nﬁkiskfsj - ¢joTja (27a)

where

Llx = longwave radiation of illumination, human bodies and so on
from surface k (W/mz)

A theorem of reciplocality such as €S aij.n=€;Sj.nBji.n» and an energy
J
preservation low, E:lBILn = 1, rewrite Eq.(27a) into
J J
NLR;j » = X{:Busto(Tz,ﬁ - Ti% + ;llk.nﬁjkaj/ﬂk

J J
- }ljm,-ar.u.,.m.n = Tja) # ijm.nﬁjka;/ak (27b)

where

ar1; = radiative heat transfer coefficient between surface 1
and surface j (W/m’K)

ar.lj 1s introduced to linearize the fourth degree relation to the single
degree between the surface temperatures of | and j, but the surface

temperatures at time n is unknown. So the temperatures at time n-1 is
substituted.

ar.tj.n = 4€;0{(T1.n1+T; n-1) /21 (28)

Both the shortwave absorption factor and longwave absorption factor
defined as Eq.(24) and Eq.(28) respectively, are the inherent
characteristics of radiative heat inter-exchange between surfaces in a room.
They are expressed as simultaneous equations and must be solved prior to
the calculation of inside surface heat balances.

Successive State Transition Equations of Surface Temperatures

To evaluate conductive heat flux through walls, the approximate
inditial response (11),(12) of multi-layer wall is introduced as
K

Su(t) = A + ;A..kexp (-akt) + QuS(t) (29)
where
A = each term’'s coefficient of wall inditial response (W/mzK
Q = heat absorbed immediately on wall inditial response (J/m°K)
t = time (h)



a = root of characteristic equation of wall
heat conduction system (1/h)

8 = Dirack’'s delta function (1/h)

¢ = approximate inditial response

and suffix m denotes the sort of surface heat flow response as m=j is inside
surface heat flow by inside surface temperature excitation, m=0_is concerned
surface flow by its opposite side surface excitation and m=j is outside
surface flow by outside surface excitation. The number of the roots and
the coefficients of a wall inditial response is ordinarily infinite. But
the number of them in Eq.(29) is designated previously as K according to
the conductive characteristics of a wall, and the error caused by its
approximation is compensated in terms of Q.

Through a trapezoid hold function for sampled data and Z-transform of

Eq.(23). the successive state equations of wall heat conduction is given as
follows.

CDj.n = aT5.n — ajTjn + Dj.n-t (30a)
K
Dj.n-t = boTja-t — biTjn-t + }ij,-.k.n-l (30b)

Tjk.n-l = OkTj k2 + Pk(Ao kTF.n-2 — Aj kT n-2)

+ QAo kT5.n-1 — AjkTj.n-1) (30c)
¢ = exp (-ad),
K
am = A + ;A-.k(l"'Qk)“'Q-/A- ba = ;A-.kpk—Q-/A, (30d)
Pk = ok—(1—¢k)/(cxhd) , qk = -pr—(1-¢k)

vwhere
A = calculating time interval (h)

The successive state transition equation of an inside surface
temperature is led by substituting Eq.(80a) into Eq.(16) as
J

J
(aj + ac,jn + ;fjliar.l;’.n)'rj.n ~ &ljn — C,jnlin — ZBljar.lj,nTl.n
1
J
- NSRj.n + ALLj.n + Em_nﬁk;si/ck + Dj.ni (31)
vhere j means the opposite side surface of the wall (1t may be inside surface
or outside surface) against the concerning surface j.
On the other hand, if 7 denotes the outside surface at an envelope
and j is its opposite inside surface, the successive state equation of the
outside surface temperature is given by

(a7 + c7n + & 7.0)T5.0 = @Tjn = (0cFn + Qr3.0)Ton

+ NSR;.n + €3Fjs(AHy — 0Tod) + Djni (32)

10



Successive State Transition Equations of Room air Temperatures

A heat balance equation of room air is a state equation of the room
air temperature. As well as surface temperatures, a trapezoid hold function
of sampled data and Z-transform of the differencial equation of a room air

temperature give the successive state transition equation of room air
temperature.

J !
Tin/Qin — Zac.i.nsi.nTi.n . ZA.,,.VI.,,.T._“
* g

= TAn-l + Ao,nVIo.nTo_n +* CLi.n + Hl'.n (38a)

J !
TAn-1 = q’nTi.n—l/Qn + pn/Qn(Zac,j.nSjTj,n-l + ZAIJ‘IVII.RTI.’I—I)
] n

+ pn/Qn(Ao,nVIo.nTo,n—l + Cla-1 + Hn-1) (33b)

J i
on = exp (-BiA/R@) s Ba = Y.c.i.nSintD An,aVIuntho Vo n
3 »

(33c)
Prn =—{Gn—RQn(1—0¢n)/(BrdA)}/Bn, gn = —Pnt+(1-¢n)/Bn
where
CL; = convective heat generated by illumination, human bodies
and so on in room t (W)
Hi = supplied heat to room air i (W)
VI = amount of inflowing air volume from other room m
or outdoor o (m3/h)
A =

volumetric air specific heat (J/msK)

Either room air temperature, T; ., or supplied heat, H; ., is the unknown
value in Eq.(33a). If the room is air-conditioned and Ti . is designated,
Hin 1is the unknown value. If the supplied heat Hi, is designated
including the case of H; ,=0, Eq.(83a) is solved for T;,. The calculation
methods of inflowing air volume to rooms are shown previously, where air
density to estimate stack effects is described as a function of air
temperature. But room air temperature at time n, T;.,, is the unknown
variables at time n. So the value at time n-1, T; -1, is substituted instead
of Ti . into the calculation of airflows through rooms.

If accurate estimation is requested, the air density at time n is
calculated by using Ti -1, by which inflowing volume to a room is estimated
and Eq.(33a) is solved as the first step. Next, the air density is
calculated by using the air temperature of the first step and equations are
solved for the second step. These steps are repeated in order to converge
all of the room air and surface temperatures. The coefficients shown
previously in Egs.(21), (23) and (28) are corrected to the more accurate
values through these steps.

The PSSP solves Egs.(31), (32) and (33a) simultaneously, to acquire
every room air and surface temperature in a building at every time step.
It needs building input data to define the characteristics of a building
and veather input data to execute building thermal simulations.
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SIMULATION AND DISCUSSION

The PSSP is applied to thermal performance simulations of a passive
solar house which has characteristic air circulation system through spaces
by means of natural ventilation caused by stack effects. This air
circulation system is called the Passive Air Circulation system (PAC). The
main purpose of the simulations is to confirm the validity and efficiency
of the PAC. Stack effect is generated by air density difference, air
density 1is connected with its temperature, and air is warmed or cooled by
its ambient surfaces. Therefore the simulations of the PAC require exact
estimation of temperatures and air movements. 'As the PSSP consists of the
successive state transition equations, which contain’ air and surface
temperatures and airflow volume as the variables and are solved
simultaneously, it could satisfy the requirements.

The Passive Air Circulation Sys

The basic principle of the PAC is the heat transportation through air
circulation. If different air temperature spaces are connected by different
height openings, the air circulates through the openings as long as the air
temperature difference exists. If the warm space absorbs solar heat, the
cold space is warmed indirectly by it through the air circulation. The
transported heat is proportional to the airflow volume and temperature
difference. .

Figure 1| and Table 1 show a prototype model house of the PAC and its
expected air circulation. There are two rooms in the model house, and inner
spaces and outer spaces between the rooms and the outdoors. There are two
different height openings at each wall between an inner and outer space,
and a check damper is attached to each lower opening where only inflowing
is possible from the inner space to the outer space. Ventilators at the
walls of the attic and crawl space are shut to enclose warm air in winter
but opened to exhaust hot air in summer. The interspace walls made of
thermal insulation materials and the pair glass windows reduce the heat
conduction between the rooms and the outdoors.

In the daytime in winter, the air temperatures in some outer and roof
spaces become higher than those of other spaces by the solar absorption at
their outside surfaces. These spaces are like solar collectors, suck cold
air and exhaust warm air according the stack pressures. The generated warm
air is carried to the room surfaces by air circulation through the inner,
attic and cravl spaces. The north room, where no direct solar radiation
incidents in vinter, is warmed by the air circulation. Furthermore, the air
circulation prevents the south room, where transmitted direct solar
radiation incidents, from excessive temperature rising.

In the night of winter, the check dampers prevent the inner spaces
from cold draft through the outer spaces. If the south room surfaces were
warm in the night by the daytime solar gain, air circulation could be
caused and temperatures of air and surfaces in the whole house would be
equalized. This implies not only temperature rising up but also relative
humidity falling down of the air in northern ares of the house, that is the
coldest area in a house, so the PAC is effective to the prevention of dew
condensation at inside surfaces.

In summer, the outdoor air flows into the attic and crawl space and
hot air in the house is exhausted through the ventilators. In case that the
temperature of the outdoors is lower than that of the indoors such as in
the night, the house is cooled passively by natural ventilation.

12



ipulati ¢ the Passive Air Circulati

The prototype model house is 3.6m by 3.6m and 3.8m heigh. Each room is
2.1m high and has a pair glass window of 1.3m by 1.3m. The outside walls
are made of wire mesh and mortar but the roof is 1.2cm of laminate wooden
board and roof tile. The interspace walls are made of hard foam
polyurethane board, and the walls and ceilings of the rooms are Z2cm of
plaster board but the floors are double flooring of 1.2cm of laminate
wooden board. The width of the inner spaces is 10cm and that of the outer
spaces is bcm. The area of the openings and the check dampers is
0.15m®> and 0.05m®> respectively. The area of the ventilators in the attic
space is 0.1m%®, but that in the crawl space is 0.05m?. The flow
coefficients of these openings, dampers and ventilators are assumed to be
0.7 in common. The solar absorptance and longwave emittance are supposed as
0.8 and 0.9 at outside surfaces and 0.7 and 0.9 at inside surfaces
respectively.

Another model house called the NONPAC is simulated in the comparison
vith the PAC. The NONPAC has the same structure as the PAC, but it has no
openings and check dampers at the interwalls, and ventilators in the attic
and cravl space are opened all the year round (there is Bem of glass wool
heat insulation layer on the plaster board of the ceiling). The NONPAC is
assumed to represent an ordinary heat insulated house.

As the prototype model house is divided into 15 of rooms and spaces as
shown in Fig.1 and Table 1, 15 of air temperatures, 106 of surface
temperatures and 32 of airflows volume are calculated hourly by the PSSP. A
typical fine day in winter (Feb.,4) and that of in summer (Aug.,3) are
selected for the output days of the simulations from the Standard Weather
Data (SWD) of Fukuoka, but the simulations are carried out for four days
term prior to each output day. The SWDs were made for the HASP/ACLD at
first, but now are utilized for various purposes. The SWD consists of
hourly year round data; temperature and absolute humidity of outdoor air,
direct and diffuse solar radiation, velocity and direction of wind and
cloud ratio to estimate atmospheric radiation. The soil temperature in
depth of 50cm is assumed as 15°C in winter and 25°C in summer by previous
underground temperature simulation results using finite differencial
methods [(13) .

The weather condition and hourly room air temperatures fluctuation in
a typical fine day of winter are shown in Fig.2. The maximum air
temperature of the PAC south room is 21°C and it is 3 deg. higher than that
of the NONPAC. The PAC north room is 3 deg. higher than the NONPAC north
room in the maximum air temperature,too. In the night, the air temperatures
of both the south and north room in the PAC are 1~1.5°C higher than those
in the NONPAC. And the air temperature differences between the south and
north room in the PAC are greater than those in the NONPAC. These are the
effects of solar heat absorption at the outer spaces and the air
circulation system in the PAC. The simulation results in summer are shown
in Fig.3. These results are obtained under assumptions that the windows are
opened from 8:00 a.m. to 8:00 p.m. and the solar radiation incident upon
the windows is reduced to 0.2 times by means of solar shading such as eaves
and outside blinds. In the night, the room air temperatures in the PAC are
lower about 1°C than those in the NONPAC because of outdoor air inflowing
and circulating through the inner spaces in the PAC. But in the daytime,
introduction of the outdoor air in the PAC heightens surface temperatures
of the inner surfaces, the room air temperatures in the PAC are
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consequently higher than those in the NONPAC.

Alirflow and temperature distribution in the PAC are shown in Fig.4 -~
Fig.6 for further discussions. In Fig.4 (2:00 p.m. in winter), the air in
the south inner space is warmed by the solar radiation and flows into the
attic space. The air in the attic space flows down to the crawl space
through the south, middle and east inner spaces vwhere the air temperatures
are lower than that of the attic space but higher than that of the crawvl
space. The air in the cravl space flows up to the attic space through the
west and north inner spaces where the air temperatures are lower than that
of the cravl space, and a part of the air in the west inner space is
induced to the west outer space which has higher air temperature than its
inner space. The south outer space induce the air in the south inner space,
and the south inner space sucks not only the air in the attic space but
also the cold air in the crawl space because of the strong suction power of
its outer space. The air circulation at dawn in winter is shown in Fig.b.
The warmest area in the house is the south room, and the air in the attic
space flows down to the crawl space being gradually cooled through the east
and north inner space. The air in the crawl space flows up to the attic
space through the middle, south and west spaces where the air temperatures
are higher than that of the attic space. On the other hand, the air
circulation at dawn in summer is shown as Fig.6. As the inflowing air
volume from the outdoors to the crawl space through the ventilators is
204m°/h and that of the outflowing is 124m°/h, so 80m°/h of the outdoor air
is circulated in the house and exhausted finally through the ventilator in
the attic space. The air in the crawl space flows up getting warm, cooling
the surrounding surfaces in other words, to the attic space. A part of the
attic space air flows out to the outdoors and the rest flows down to the
crawl space through the north inner space.

CONCLUSIONS

The main purpose of this paper is to describe simulation methods of
air distribution in multiroom buildings. The details of airflow calculation
procedures are shown, but the airflows are affected by air temperatures and
surface temperatures. Therefore the successive state transition equations
to be solved simultaneously and a computer simulation program called the
PSSP are introduced. Thermal performances including air .distribution of a
passive solar model house are simulated by the PSSP. The model house is
tinny but has complex air circulation systems, 15 of rooms and spaces, 106
of surfaces and 3 of airflows connected with each other. Through the
simulations, the effectiveness of the methods to predict room air
distribution is confirmed.

Air movements in rooms and buildings are so sensitive, rapid and
complex that many unresolved problems are left, but it is indispensable to
building thermal performance simulations. Information exchanges between the
field of thermal performance and air movement are the must for the further
developments of the both field researches.
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Figure 1 Airflow pattern in the Passive Air Circulation system

Table 1 Rooms and spaces' in the Passive Air Circulation system

no. name no.| name
1 | south outer space 8 | west outer space
2 | south inner space 3 | west inner space
3 | south room 10 | east 1inner space
4 | middle space 11 | east outer space
5 | north room 12 | crawl space
6 | north inner space 13 | attic space
7 | north outer space 14 | south roof space
' 15 | north roof space
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Figure 2 Weather condition and room air temperature fluctuation
on a typical fine day in winter (Feb. 4)
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