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SYNOPSIS

Natural ventllacion, or alratlion and infiltration, of bulldings or rooms must be considereh\s
with respect to the kind, usage and construction of the structure concerned, taking account of 1t
primary merlt and demerlt, that, while 1t replaces foul alr with fresh one and lowers effective
temperature in hot weather by removing excessive heat and molsture, 1t imposes, on the other hand,
an Increased burden on the appliances of artificial heating, alr-conditioning or dehumidification,
1f these are employed.

Natural ventilation 1s caused by wind pressure on the exterlor of structures and the difference .
of temperature 1n and outside of structures. The amount of ventlilation, an important item in the
problem of natural ventilation, depends not only upon these external forces but upon the locallty,
shape and size of windows or other openings tihrough which air 1s Interchanged. The ‘distribution
of temperature and of the veloclity of inside alr flow 1s also an lmportant factor for Judging
interior environment. ,

Though many a valuable information on natural ventllation has been made public, these are
mostly on some speclal cases or other and there are few that may be considered fundamental and
comprehensive. The purpose of this research 1s to study the whole aspect of natural ventilation
by a serles of comprehensive experiments and thus to clarify the relation between the natural
ventilation and the deslgn or construction of bulldings, furnishing a reasonable formula to estimate
the amount of ventilation taking conslderation of factors such as the ratio of outlet and inlet
areas and the coefficlent of discharge of openings or cracks.

‘ Chapter 1 of this paper deals with the theoretical analysis of natural ventilatlon. As for

ventilation due to temperature difference a fundamental formula of the amount of ventllation has
been derived from the Bernoullll's theorem, considering buoyancy, and the physical meaning of
friction loss and neutral zone has been explalined. As for that due to wind, the coefficlent of
pressure distribution his been deflned basing on the shape of bulldings as well as the locatlon of
openings and intraeduced inte the formula.

Thus for the amount of ventilation due to both temperature difference and wind, the author
got:

Q = o {2e/mit/To + BP/po/} M as
where @ ='{K, + (TO/T1)21112K1 + E} —1p

and  AP/py = (Cy - Co)V?/2g;

denoting by Q the amount of ventllation; g: the acceleratlon of gravity; h: the vertlcal
distance between inlet and outlet; AT: the temperature difference between inslde and outside alrs;
Ty, To: the absolute temperatures of Inside and outside airs; AP: the difference between the
pressure in the vicinity of inlet and that of outlet; p,: the density of outside alr; A,; the
area of outlet; K;, K,: friction factors for inlet and outlet (K = &%, 1n general, where @
denotes the coefficlent of discharge of the opening concerned); m: opening ratio, ratio of outlet
area to Inlet area; r: a factor for interior frilctlon; C4, Cp: the coefficlents of pressure
distribution at inlet and outlet; and V: wind veloclity. .

In Chapter 2 are discussed methods of measuring very slow alr flow making reference to the
development of an improved method with carbon-dloxide and the callbration of a modifled electric
‘ Kata~-thermometer,

The case treated in Chapter 3 1s the case when the Inslde temperature 1s higher than the
outslde one. Described are the results of experiments on the amount of ventllatlion carrled out
at varlous temperature differences using model structures with inlets and outlets of various types
and opening ratlos; accounts are also given of the mean inslde temperature, the neutral zone and
the coefficlent of discharge. - :

In Chapter 4 are described the results of model experiments of the case when the 1inslde
temperature 1s lower than the outslde one. In this case, however, experiments were carrled out,
instead of under actual temperature differences, by mixing the inslde alr with carbon-dloxlde gas
and thus making the density of the Inside alr as much higher than that of the outslde alr so as
the density differences correspond to the Intended temperature differences,

Chapter 5 deals with the coefficient of discharge, measured for clrcular openings and some
typlcal cracks of windcws or doors. The measurement of the coefflclents has been extended into
a range 0f small Reynolds' number, a range that had so far been passed by unnotliced.

For the measurement of air flow 1in the experiment of airatlion, carried out with a three-storled
model structure resembling apartment-houses or school houses and -described in Chapter 6, a modifled
electric Kata-thermometer of the author's lnvention was used. By this experiment, the effects of
the direction of wind, the locality of a set of rooms and the arrangement of openlngs of varlous
sizes on the exterior as well as the Interlor walls have been clarifled. The results obtalned by
experiments were compared to those calculated by the formula.

If we conslder proper shape factors and Reynolds' number, the results of thls research may
be applled to actual structures as a physlical phenomena and the quantitatlive estimation of
ventilation may be approached by the calculation formula. However, 1t must be borne in mind that
since there are many complicated factors in the case of actual structures, concerning the external
forces and the structure itself, the question 1s not so simple as In model experiments. It 1s,.
therefore, necessary for the estimation of the amount of ventllation to Integrate practlcal
experiences and further researches.
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INTRODUCTION

The condition of the air in buildings or rooms can be artificially regulated
by means of heating or cooling and ventilating arrangements, the rooms being kept
comfortable and hygienic and made suitable for manufacture, working or storage.

The important thing is that the design and construction of the buildings or rooms
should not conflict with such arrangements. It is true that air conditioning
equipment is indispensable to large commercial and industrial buildings, but it is
not an easy undertaking to apply such plans to small structures - particularly in
Japan. Herein comes the need for natural ventilation; in fact, in such a case
it is better to exploit natural ventilation architecturally than to rely upon
unsatisfactory air conditioning equipment.

There seems to have been no important work in the U.S.A. on natural ventilation
since Randall wrote on the subject in 1931.  (Ref. 1). In Great Britain
experiments have been carried out on a large scale into ventilation applied to
two-storied dwellings., (1948) (Ref. 2).

The effect of natural ventilation on heat loss, infiltration of humidity
(Ref. 3), etc., is large, but hitherto these aspects of natural ventilation have
never been investigated quantitatively in detail. The writer hopes that in this
paper he has clarified to some extent the basic nature of the formulae concerning
the amount of ventilation. :

To calculate the amount of ventilation by the use of CO, is a simple and good
method, but the writer had not previously been particularly interested in the
distribution of CO, in a room, or the density of air mixed with CQ,. In the
present study, therefore, he examined these questions, and from these points of
view experiments were carried out with rooms at low temperature. Further, the
writer made an improvement on the carbon dioxide method hitherto in use, and found
it a useful method for measuring air flow, particularly slow air flow or wind
velocity below 1 m/sec. He also applied this method to the path of flow when the
coefficient of discharge was measured, and was able to find out the properties
of openings and cracks which no other methods had succeeded in obtaining. In the
writer's opinion we may be able to obtain a satisfactory method for testing various
kinds of sashes by further improving the CO, method.

In the case of both natural and artificial ventilation .it may be said that the
velocity of air flow in a room is small; and further, the direction of flow varies
with localities; the temperature, too, sometimes varies. There may be no method
of measurement which suits all these conditions perfectly. In the present research
the writer employed a new katathermometer of his own design, but he realises that
further study is necessary in this direction.

In all the experiments, factors important in architectural technique, .
particularly the positions and forms of windows, openings for ventilation, cracks,
etc., were dcalt with under specific conditions so that useful features found .in
these experiments might be applied to architectural designs with little modification,

CHAPTER 1
FORMULAE FOR NATURAL VENTILATION

The formulae for natural ventilation of buildings or rooms, by temperature
difference or wind, which have been published so far (Refs. 4 - 9) are described
part-theoretically and part-experimentally.

Regarding ventilation by temperature difference, the writer derived a formula
for the amount of ventilation from Bernouilli's theorem, as one of its applications
(Ref. 11), taking buoyancy (Ref. 10) into consideration; and in this way he was
able to explain the physical meaning of friction loss and of the neutral zone.

Ref. 1. W G. Randall and E. W. Conover: Journ. H,P. & A C. (Jan, 1931),

Ref, " 2, Cyril Tasker: Heating and Ventilation, p.75 (Sep. 1949).

Ref, 3, Max. F. Mueller: Heating and Ventilation, p.83 (Aug. 1949).

Ref, 4, Watanaba: Principles of planning - Higher Architecture, part 23, pp, 47 - 57, (1937).
Ref, 5. Hirayama: Theories of designs in Architecture, pp. 133145, 21948;.

Ref, '8, Sato: Studies in buildings and thelir environs, pp. 101-105, (1948
Ref. 7. K. E. Kunze: Oasschutz u, Luftschutz, (Jull, 1938).

Ref. 8. W. Matschinsky: Gesundhelt-Ing , Nr. 31, S.361, (1933).

Ref, 9. Niltsu: Journal of Sanitary Engineering, (Jan.-Feb., 1950).

Ref. 10,  Arakawa: Meteorological Thermodynamics, p. 51, (1941).

Ref, 11, Den: Chemical Engineering, pp. 1-81, (1944).
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?
As for ventilation by wind, he considered relationships between the amount of Lo«

ventilation and the shape of buildings and position of rooms through the coefficient
of pressure distribution. He thus sought to combine the ventilations caused by
these two agencies in simplified cases.

1.1 General Formula for Natural Ventilation

Let us imagine that between a and b of a flux tube
illustrated in Fig. 1, hecat H is applied to air of unit
mass, and the air is moving upwards; P = pressure, u =
mean velocity of air at each section, t, p = temperature
and density of air.

The difference between the energy contained in the
air of unit mass at a and that at b must become equal to
the work or energy applied from outside,

Increase in kinetic energy = u ,%u",? /2g,
Increase in heat energy = E, - Ey, Fig. 1. Flux Tube.
where E =\'tCV dt, Cv = specific heat at constant volume.
Work done by pressure = P,"A;u,’d6 - P,7A, u,"d0b
= (Py"/ps - P2Y/na),
where A,70,7p,d0 = Ay, 0,40 = 1, 6 = time,
Work done by buoyancy = bNdh = (py/ps - 1)h, where it is assumed that the

: a
buoyancy, N = (p,/@, - 1), is constant in the flux tube.

Heat applied from outside = H

Equating the gain in energy to the total work done,

’,

(u -22 - u’iz)'/ZE + (E2 - Ei) = (P’i/p1 - P’-z/pz) + Nh + H (1)

If it is assumed that there is a friction loss F between a and b, and that .it has
been retained in the form of heat energy,

H+F = (E, - Ey) *+W, (2)

2
where W =‘f Pdv = work of expansion.
1

The following is arrived at from (1) and (2)

;

(W'5% - u'i?) /2g + F = (Pi"/ps - E;7/0,) + Nb + W, (1)

When P is taken as constant in the formula of an ideal gas, P/p = bT, and it
is assumed that T, - T, = AT, The work done by buoyancy, that is, the decrease in
potential energy is

N b ,
J N ch =J AT/Tydh = hAT/T,, (4)
a . [N a : .

where AT is constant.

1.2 Ventilation by Temperature Difference, and the Amount of Ventilation.

Let us assume that there is a U shaped flux tube, as
given in Fig. '2, The orifices are situated at O, and O.. Prdiz As Py ﬁu?Aﬁ@
To unit mass of air between these is applied heat H from 1
outside, and the air in the flux tube flows from the
right of the tube to the left. The right limb corresponds
to the external air, the left to a room and the orifices to
openings such as windows.

Ep

42 Az

When there is only temperature difference and no wind

pressure, P;" =P, =P, 0,

Filg. 2. Ventllation by
’ Temperature difference,
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e

Work done by pressure (Py"/ps - Py7/Ra)

= Po(l/py - 1/0R2) (5)
N
Work done by expansion W = Pdv,
‘a

If Lv represents the increase in volume which occurs when gas is transferred from
ab to cd,

bv = Aj7uy’d6 - A;ug’db = 1/, - 1/p4,
where A, U5 A,d0 = Ajuj p,db = 1,
Since the pressure which is at work then is P;” = B, = P,
W="P(1/A; - 1/py) = - Po(l/py - 1/00) (6)
If (5) and (6) are taken into consideration with (3)
(U752 - u’y%)/2g + F = Nh. (7)

If in general we take K for the friction factor and u for the mean velocity
at a section where friction occurs,

F = ZKu?%/2g. (8)
If a is assumed to be the coefficient of discharge in the case of the orifice,
o = K-t/z
(9)
when (u 22 - u ,?)/2g<<F
S1Ku?/2g = Nh. (10)

‘That is to say, the decrease in the work done by buoyancy or in potential energy
is equal to the sum of friction losses.

ush py = uAspi = unAnp,, where p, = pi, pi = Qg

If ~
Aj/Ay = m, Knun?/2g = (Az/An) *Kn
is derived from P/p = bT, and taking u,2/2g = ru,?/2g
then EKL\2/2g = tKQ + (TO/Ti)’zrn2K1 + r} u2'2/28 = Nh. ’ (10|)

The amount of ventilation Qt'is
Q = u‘2A2 = (Kz * (To/Tq) MK, + 1"} mt/2
(2ghAT/T,) 212 A, , (11)
If (Tg/T)2 = 1, Az/fn = 0 .
. . (11')
Q, = (K, *+ m?,)”*/? (2ghAT/T,) */*A,

1.3 Neutral Zone in Ventilation by Temperature Difference

When the temperature inside a room is higher than

that outside, the air flows out from an opening higher [ AlAld

than a certain height and air flows in from an opening \ bpe ‘/—_T_

lower than this height. The space between these two hh\ _flinA ' hy

is called the Neutral Zone. This is represented by -“T"" '-'1-,--fﬂ

n - n in Fig, 3. \ /A ki
Some formulae for the amount of ventilation

considered in these instances have been given by .

Randall and Conover (Ref. 1). - What the writer F("i‘g.e iattzzuili‘:tszgggi-

proposes in the present discussion comes to the same cate the distribution

thing as Randall's formula, but an interesting. . of pressure difference).

?
DS 79963/1 3
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point in the writer's proposition .is the fact that the mechanism of the Neutral
Zone can be explained by taking buoyancy into consideration. The diagram in
Fig. 3 corresponds to the left part of the U shaped flux tube shown in Fig, 2.
The openings A,, and A, correspond to the orifices 0, and Q.. The air in the room
is flowing upwards at a mean speed uj. If (3) is applied to the space between A,
and A, and expressad in the differential calculus,

<

dP/pi = N dn,
and . , (x2)

u'y=u’y F=0, py = p, = pj, W=0

This indicates that the pressure inside the room increases uniformly from bottom to
top. If (12) is integrated between A; and A,,

Ppp - Ppy = Pi Nh = (po - pi)h, (13)

That is to say the pressure difference at Ag and A, in a room is equal to the
decrease in potential energy. With A./Ap = O,

SKu%/2g = (Kius? * Kyu,?)/2g = Nh.- | (14) 5

If AP,, AP, represent the pressure difference between the

inside and outside the wall in the neighbourhood of the ) H
/‘ APz Ka —,_-y;ﬂ

openings Ay * A, OPy/pj = Ku,?%/2g, bP;/pj  * Ax_|
| AR
Kou,*/2g (15) / I
cel . / o
This should be p;* = Po, but it is p;* ='pi in the o L
neighbourhood of an outlet. From (14) and (15) we get 777"""’*' T
&p, *+ OP, = py Nh = (po~- pi)hj (16) )1 1
‘The relationships (12), (13 and (16) are graphically / /
represented in Fig. 4. / / hi
. /
The pressure difference between the inside and the blc Je /A,
outside of the wall is A,dne A, and the position for zero Pl ot AP = Kc”?({
pressure difference is arrived at.” This is the neutral ”\(f -8) i}
zone. If an opening which is very small compared with o-(i)h .
A, and A, is made on the n - n line no air flows through L
the opening. By the use of smoke to make the air Fig. 4. Distrnnmlon L
current visible the position is easily detected as of Pressure Difference f
described later.  From Fig. 4 we arrive at the and the Neutral Zone. :
relationships between h and its distances hy and hj -
between the neutral zone and the outlet and .inlet. t
h, = 0Pg/ (0P, * 0P,)h - [1 * Ky/Kaomi? . (17) :
when Ky = KQ = K
hy = (1 + m?)~*h or h; = m*(1 + n*)~'h
Further, if K = a-° is taken, (11') _ (18)
= a (2ghclT/To) */*A (19)
Qi (2ghe AT/ To 29

These are the formulae based upon the neutral zone; and Randall and his associate P
(Ref. 1) make @ = 0.65, m = 1 their standards. o

1.4 Ventilation by Wind and the Amount of Ventilation '

Let us consider a case in which there is no temperature difference between
the inside and the outside of the room and only wind is present. If the pressure

A

ro[m————— ¢
ht‘u""""“""“l-u
‘-Hj ': ’ P'
a YA pfn yaA, Pl b ‘:'e’. ‘
[
|
,u?: a2 ¢ al
Lo AP.-K,;?(:O AR ~Ka ﬁf.
(a) ()
Fig. 6. Pressure Difference between the inside

and the outside of the room in ventilation by wind. :
DS 79963/1 4 : 1



distribution of wind (Ref. 12) round a building or room is. as represented by the
dotted lines in Fig. 5(a), let us assume that air flows from the opening A, to A,.-

Work done by the pressure = (P;°/py - By /p2) = O. (20)
* * for an ideal gas P/p = bT, T = constant, the work of expansiop
d , . ‘
W f Pdv = bTln (P, "/P,") S (Py” - B3')/fa (21)
a
Work done by buoyancy = Nh = (pg/pj - 1l)h, where h represents the (22)

perpendicular distance between the openings A, and A, in Fig. 5 (a).

When there is no temperature difference between the inside and the outside of the
room, Nh<<(P; -P;")@g, or when h = 0, Nh = 0. Further, if (u’,2 - ui’,?)/2e<<F,
(3) is

F= (P," - Py')/s (23)

If the coefficients of pressure distribution, (Refs. 13 & 14) at A, and A, are
represented by C, and C, and the velocity of wind outside by V,

Ap = Pi, - 92' = (Cy - CQ)V2/28~ Poy (24)
As.pefore, F = {Kz + (To/Ti)*m?K, + v} u,?/2g

If p, = Po is taken, we obtain the amount of ventilation Q, from (23) and (24) as
follows:

Qw = Ui2A2 = {Kz t (Tg/Ti) *m2K, + I‘) “2 (2g0P/po) t1*/A,

it

(o )Ees - co)tua, (25)
If (Tg/Ti)2.= 1, Ag/Ap = O
Q = (Ko * p%K,)"*/%C, - C,) */2VA, T (e

When the friction loss in a room is not taken into consideration, the distance
between tne line a'd' (broken line) and the line abb'cd .in Fig. 5(b) represents the
pressure difference between the inside and the outside of a room, and also shows
that the outsidc pressure is large above the a'd' line and the inside pressure is
large below the line. The a'd' line moves upwards when the opening ratio m is
small, and downwards when m.is large.

1.5 Comparison of the Amount of Ventilation produced by Temperature Difference
to that by Wind.

Let us assume that there is an air flow at a section of a building or a room
with a path as represented in Fig. 6. '

"—'"'_“Z—IP““’A‘
The equations (11) and (25) give ‘ Gl
Q = ¢(2ghAT/To) */2 A, (26) "“f”;.::';‘ A
and Q, = 9(Cy - Cp) */2VA, - (27) Tk t""’l
where ¢ = {Kg + (Td/Tiyme12+I? s (27')

Fig. 6. Comparison between

Ventllation produced by

Temperature Difference and
wind,

Jf (26) and (27) were.represented .grapkically with:
T, = 273 (C) they would be as shown in Fig. 7.

¢, A, are constant with reference to the same path
of air flow. C,; and C, vary greatly with the
direction of wind, the shape of buildings, the
position of openings, etc.

When we consider the cases Cy = 0.8, C, = 0.4, h =2,5 (m) we see that the
Qi of AT = 20(C) is equal to Qy of V = 1,7 (m/sec.); and that the Qy of AT = 5(C)
is equal to Q, of V = 0,8 (m/sec). There are a large number of localities where
the mean wind velocity in winter is bedow 1.7 (m/sec.); and in ordinary dwellings

Ref, 12, Taniguchi: Architectural Review, No.8, p.53, (1938).

Ref. 13, Soclety(l’or ;\rchlteccure: Reinforced Concrete Structure: calculations explalned
p. 109 (1937).

Ref. 14. Muto: Journal of Architecture, pp. 144 - 231, (Feb., 1935).
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the temperature difference between the 5
inside and the outside of the room at £ \9/

N
\
AN
N

night, particularly at dawn during (
summer sometimes reaches 5(C). W

AN

Ventilation by temperature difference, 2 W
therefore, must be considered in the QW) \
same way as ventilation by wind,

N

&
\

1.6 Amount of Ventilation when
Temperature Difference and Wind
are working at the same time.

(Ref. 15).

In the three cases when the
temperature difference works singly,
when the wind works singly, and when-
they both work at the same time, we
may consider that the path of air flow

and the opening ratio vary in all / TEMPERATURE DIFFERENEE AT [C)
cases. Further, therc is also varia- '

NAAVAN

> \e N\

\NANANATAN

30

NN

NRANN
TN RS

\

25 1]

Q)

A

\

Q/PA2 (m¥/sec. m?) o Us/P
A
AN RNNR

10

AR

io 20 30

tion according to the extent of PP ol il Gk i AN it !
. Q 10 20 30 A0 50

temperature difference and strength of

wind., It is therefore exceedingly Fig. 7. Graphical Comparison between

difficult to express in general formulae Ventilation Produced by Temperature

the amount of ventilation when both Difference and Wind.

agencies work at the same time. _

However, by using the method described below, the writer helieves that to some

extent practical calculations are possible.

1 1 1

When the surface where the positive and negative pressures are produced by
wind (chiefly facing the wind and with back to the wind) and the position of the
opening are combined in various ways, therc are nine combinations as illustrated in
Fig. 8. The paths of air flow, when wind only and temperature difference ouly
work through the openings, are formed as represented in columns 5 and 6 in Fig. 8.

Temp. Paths
Paths Diff Inlet outlet
wind~ | (Lower) (upper) Wind B
Facing Wind 0] 0] 2 122 @) 2 L
I |Back to wind —_ — —.l E m tm
‘ (@) (a’) -
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Fig. 8. Combinations of Paths of Ventllation.

Ref. 15, Shoda: Architectural Review, No.38, pp.100-102, (1949).
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‘(1) When there is only one path of ventilation (Fig. 8).

When the direction of wind of I and III is reversed, II and IV are arrived at
respectively. In these instances we can see that both the temperature difference
and the wind work along the path shown in Fig., 6 at the same time; thus enabling
us to apply (3).

The value of (P, /Py - P2"/p,) p W, with the ideal gas P/p = bT, that is,
taking Fig. 9 into consideration, can be expressed:

(Ps"/py = Po7/ps) = UP',Tyv,0 - LIP; Tov,0

P |
B —% TN T, = - ([P, Tv,0 ~-[1P, T, v,0)
= T /Tavav,y”
’ N D /T2V vy
P w =L—JT1T2V2V1
4 _ k4 + -
0 VYV v (Py /P P, /92) ]
i Ya! _ , ;
/P =[1T1Tov vy "lj.Ti’ Tav.ovy
Fig. 9. Work done by
Expansion and that =[]qT1'V1’V1 + AT1T1'q + AT112T1',

by pressure.

If the three R.H.S. terms are represented by A, B and C,
A =0qTy v, v, = [OP, T,qP; " = AP/py = OP/P; .bTy,

B = A0TyTy’q = (Py” = Py) vy - vy)/2 = (BP)%/2P, By - 1Ty,

C = OTyT,Ty" = (Py” - Pg) (v -vy')/2 = LP/2P, .bAT,

, o

P,”S P,” = 1(atm) = 10340 (kg/m?), P, -P,” = AP = 50 (kg/m?)

If we take the above, B is very much smaller than A, but if T, = 273(C), AT = 30(C),
then C is about 1/20 of A, If B and C are ignored, and p, = P,

(Py /Py - Py /po) + W= AP/p,, , (28)
The equation (3) is

Q = o {2gh OT/To + LP/0of /74, (29)
where 9 = {K, + (To/Ti)?*m3K, + 6 —1/2

AP/po = (Cy - Co)V?/2g

Referring to Fig. 8, in I (a) and (b); II (a) and (b); and III (a) and (b)
the two agencies add to each other, whereas in I (a') and (b); II (a') and (b);
and IV (a) and (b), they cancel each other out. Under these conditions, the

ATh op Direction of
To Po air flow
I (a) (b) + o »
Ig g:; é:; : I / 12, hAT/To + OP/pe>0
' b + - !
I% E:'g §b§ + - ) 1->2, hOT/To - AP/po>0
IV (a') (b) + b 2->1, <0

Table 1. ° Ventilation by a combinatipn of -
Temperature Difference and Wind.

symbols inside in (29) and the direction of air flow are as indicated in
Table 1 (See also Fig. 8).

‘

The wind velocity and temperature difference corresponding to hAT/T, - AP/po=0
can be obtained from the intersection points between Q; and Q, in Fig. 7.
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(2) When there is more than one path of ventilation (Fig. 8) .

V - IX may be said to be combinations of I - IV, but it appears that it is
impossible to express the air flows produced in a peneral formula when the two
agencies are combined. In those which contain the paths III the two agencies add
to each other; when there is more than one path, they cancel each other out and
the amount of ventilation never becomes zero; and finally in IX there is no
change in the effect of ventilation even when the direction of the wind is reversed.

The procedure to be followed, therefore, when the temperature difference and
the wind are considered at the same time, is as tollows: the pressure distributions
by wind pressure and temperature difference being taken into account at the same
time, we should first obtain the two cases of maximum and minimum ventilations
under the given conditions, and should consider the minimum case for the calculation
of exchange of air in the room or expulsion of heat thereby, and the maximum case
for the calculation of heat loss by ventilation,-

CHAPTER 11

MEASUREMENT OF THE AMOUNT OF VENTILATION

The measurement of ventilation of buildings or rooms are of two kinds.

(i) If the inlet and outlet enable us to measure the velocity of the air flow
there, the amount of air flow can be obtained so long as the area of the
section of the flow is also known,

(ii) If the inlet and outlet are dispersed, or it is not possible to measure
the velocity of the air, the amount of flow itself is measured. In the first
case, suitable ancmometers are generally employed according to wind velocities. -
For example, they are the pilot tube, wind-mill anemometer, thermic ray
anemometer, kata thermometer, etc. In the second case, the amount of air
flow is obtained from the reduction in percentage of carbon dioxide, smoke,
etc., mixed in the air, or from the calculation of the loss or gain of heat
which has been provided to the room. Numerous methods have been employed
for these purposes for a considerable time. (Ref. 16).

The measurement of ventilation for a very large building or room, apart from
the first case mentioned above, is almost impossible. Practically speaking,
calculation is the only method. In this chapter the writer examines experimentally
the method of measuring the amount of air flow by means of carbon dioxide, describes
a new kata thermometer, and deals with the basic theories relating to his
experimental study.

2.1 Measurement of Air Flow by CQ, (1)

If it is assumed that there is a ventilation of Q (m%®/sec) in a room as
represented in Fig. 10, Ca&, C representing CO, percentages
(o/vl) inside and outside the room, v (m®) the volume of
the room, and © (sec) the time,

- 6 = "70

(Cq - C) Q ab = vdC (70) el o e

Q = 2,3 ¥/6.1og {(Co - Cq)/(Co - Ca)} , (m%/sec) (31) y
where at 6 = 0, and 6 = 6 then C = Co, and C = Cg ) Fig. 10. Reduction
The equation (31) is known as Seidel's formula. The carbon in CQz.
,dioxide in the atmosphere is approximately 0,04 (o/vl). .
This is negligible, so

Q = 2.3 ¥/6,1log C4/Co (m%/sec.) (32)

If the percentages of carbon dioxide are uniform in a room, the amount of
ventilation can be obtained from two sets of observations of percentages and time;
and if the area of section of an opening is known, u, the mean velocity of wind at
that position is '

u = Q/A (33)

Ref. 16, H. Wolpert: Arch fur Hyglene, Bd. 52, (1905)
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In this experiment the writer chiefly examined the question as to the condition
in which (32) becomes practicable when Q, a certain amount of ventilation occurs in
a room (box) in which the air is mixed with carbon dioxide.

2.1,1 Method of Experiment

Here, we have a box, as represented in
Fig. 11 and Fig. 12 of dimensions
5 X 50 X 100 (em®). In this box a certain

A ; o '
amount of ventilation is carried out by 7R é CQ, box

. Inlet
means of a blower and regulating valve. 3. Blower
The air mixed with carbon dioxide for the - : 4. Regulating valve
box is taken from the a, b and c positions 2 5. Interferometers
S . . 6. Kata thermometer
as indicated in Fig. 12; CO, percentages t
are read off from three interferometers, Fig. 11. Arrangement for Expt. (1).

and CQ, percentage curves are obtained.

The box is provided with a hand-driven fan

with which the air is agitated so that the

carbon dioxide is uniformly mixed with air. A kata thermometer or wind-mill
anemometer is placed at the inlet in a position as is illustrated in Fig. 13 and
the wind velocity at a section of the cylinder is read off. :

L Oa c(A)O --------- 0% Q-f---- A Inlet for CO,
N 0o0b --}-—--0b OA4—— B Thermometer
4 B B '
c Inlet
l DO oc P
D Outlet
100 cm. 50 cm. —] a,b,c For collecting alr
 Fig. 12. Arrangement for Experiment (2).
s Interferometer
( \, Haldane
& (? Harden)
-
C
Caen]
Fig. 13. Kata Thermometer Fig. 14. Testing by
and Windmill Anemometer ) Interferometer
2.1.2 Measurement of CO, percentages 40

The measurement of CQ, percentages is done
by means of the interferometer (Refs. 17 - 19).
The same material (carbon dioxide) .is submitted
to testing by Haldane's analyser (Ref. '20) and
the interferometer, as illustrated in Fig. 14.
The comparison of readings between the two
meters is represented graphically in Fig. 15.

w
©

»
=3

¥

3

%

° 10 20 30
Haldone's Analyser (ofvl ).

Fig. 156. Comparlson between
Interferometer and Haldane's
Analyser.

Interferometer (o/v€)

40

Ref, 17. Majlma: Experiments in Applled Physics, p. 173, (1940).

Ref, 18, Tsuji: Riken Iho (Bulletin of Riken), Vol. 8, .No. 11,
pp. 871 - 882, (1029),

Ref. 19, Yamao: Riken Iho, Vol. 14, No. 1, pp. 20 - &8, 1935&.

Ref, 20. Handbook of Practical Chemistry, part 2, p. 312 (1941

3
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Fig. 16 gives a comparison between three

s
interferometers which were examined*in the same [
9O
way, T3 ///
Ry
. Q
If q represents the air mixed with carbon ué:f ) Va
dioxide collected for the purpose of quantitative Q;g '
analysis of CU,; and Q the amount of ventilation S o 1 2 3 4 &
by means of the blower, then at lnterferometer Mo 2.
u = 0.05 (m/sec), Y M
_ - a ‘Flg. 16. Comparison be tween
qQ = 0.27 x 107* (m¥Ysec), the three Interferometers.
Q" =0.05 x n (1.1)%4 x 107* (n¥sec), '
a/Q" = 0.056

Thus it was decided that the collected amount, q, was negligible,

2.1.:3 Distribution of CQ, percentages in the Box

The air inside the box was stirred at
Q@ = O without the use of the blower so that
the carbon dioxide percentages became
uniform; and after that, the percentages
were measured without agitation., Fig, 17

o2 %

o a (top)
gives the result of the measurements. x S(miadid] |
The percentages decrease slightly due to : + clbotton)|

the collection, but so long as the amount
of ventilation is very small, the carbon
dioxide percentages are almost uniform,

Oz percentages(ovl)

, l

¢ 2 4+ & 8 10 12 M 16 18 20

This appears to indicate that the uniformity Time (Minutes)
in percentages is not disturbed in air Flg. 17. Reductlon in .

mixed with carbon dioxide themselves Percentages when Q = 0.

(or itself). (Translator's Note: The word
'self' is used in the original, though the
meaning is not clear to the translator).

Let us see what happens when ventila-
tion begins when, until now, uniformity has
been kept in carbon dioxide percentages.

As is represented in Fig. 18(a), great
unevenness in percentages occurs at first,
but later thc percentages become generally
uniform. In order to calculate the amount
of ventilation from a certain percentage in
the box by the equations (31) or (32) it is
necessary to see that the carbon dioxide
percentages in the room (or box) should be
reduced uniformly. For this purpose, the Time (Minuftes) Time (Minutes)
writer gently agitated the ‘gas with a fan. Flg. 18(a) Fig. 18(b)
The result of this is shown in Fig. 18(b). When not When
When this operation was carried out, the Agitated. Agltated.
writer made the agitation in such a way as

to keep the kata thermometer at the inlet

unaffected, and he regarded the agitation

as making no difference to the amount of ventilation.

P
e

+ C
3
2

! 2 3 4 5

P
.

»
bs

>y

2 5

~

COz percentages (ofve)
V4
o
+x 0
ad 8

CO: percentages(ofvl)

(=]
(=1
»
w

2.,1.,4 Wind Velocities by Cdg Method and by Kata Thermometer. (Ref. -21)

The kata thermometer used by the writer was one made in Japan. He calculated
the wind velocity by the Kata-factor (K.F.) of the Kata thermometer and used the
measured values of temperature and time in the formula given by L. Hill, thus
obtaining the wind velocity.

u>l (m/sec), H = (0.13 + 0.47 uifz)At\

w1l (m/sec), H = (0,20 *+0.40 u'/?)at |
where H = (K.F.)/0 : (millical/cm’sec), 6:sec,

Ot = 36.5 - tg; tg = air temperature (C).

(34)

Ref, 21, Shoda: Studles In production, Vol. & No. 1, p. 16, (19%0)
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EM e v Fig. 20. Wind Velocitles

t - by CQ, method and by Kata
0.01 I Thermometer.
) 60 120 180 240 300 (5ec)

TIME

Flg. 19. Relatlonships
between CQ, percentages,
Time and Veloclty of
Flow.

If the relation of the CQ, values to the time is drawn on logarithmic graph
paper, we may plot all observations in straight lines as represented in Fig. 19,
thus indicating that (32) is quite possible.

The relationship between the wind velocity by the CO, method and that by the
Kata thermometer can be expressed almost in a straight line, as represented in
Fig. 20.

2.1.5 Wind Velocity by Kata Thermometer 1.8
and by Windmill Thermometer. ‘.

If the wind velocity by Kata
thermometer is compared with that by the
windmill thermometer for the same amount
of flow, that is, wind velocity, as is
clear in Fig. 21, the wind velocity by
windmill thermeometer gradually decreases
under 1 (m/sec), and in the neighbourhood
of 0.3 (m/sec) the windmill stops.

WIND VELOCITY BY
WINDMILL TRERMOMETER

o
'O
QO 0204 06 08 10 12 14 {6 |8

WIND VELOCITY BY KATA THERHOMETER .

As explained in 2,1, if the carbon gﬁ%’wﬁ&imﬁt?rnghniﬂgﬁﬁ?r

dioxide percentages are uniform in. the
room (box), it is possible to find out
the amounti or velocity of air flow by
a simple formula such as (31); but
when there is ventilation the uniformity
in carbon dioxide percentages is
disturbed, as indicated in Fig. 18;

and for this reascn, the calculated
amount of air flow (the amount of
_ventilation) varies with the position
of the room from which the percentage
was taken. Even when the uniformity
in percentages is secured by agitation,

2.2 Measurement of Air Flow by C0, (2)

this time the amount of flow is KATA onETeR '
probably affected. This means that 1 (v) co, Box i |
the unknown condition has merely been 27 | 50x50x/00 cm3 Q? At >
replaced by another. The writer, to ‘A s 10X10cm? | ;ﬂ; ;I P
overcome this difficulty, managed to i :| LJ 21??:“‘
measure the reduction in CQ. percentages ﬂwrnng<-[3~3\smnna
at the outlet without resorting to (uo?) mm"?m“m (Lip)

c

agitation.
Fig. 22, Path of Alr Flow.
Let us assume that in a path of '
air flow as illustrated in Fig. 22,
the first uniform percentage in the
carbon dioxide box is Co' (o/vl),
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a certain amount of air flow, Q (m?%/sec) occurs for ,E{ chacro
0 (sec), and the uniform percentage after the flow is f} C
C’g-  Then the percentages at the outlet during this ]
time are measured with the ‘interferometer. The N
reading of C, reveals a lag with respect to the real § <€ ,
percentages C,. This is represented graphically in & ) e
Fig., '23. > i Cie
. v
If we represent the air in the CO, box (which
has been collected for the interferometer) by q ' TiME O (Sec).
(m%/sec), and the volume of the box by V (m?), Fig. 23.  Relatlon
' of Cy to Cy.

. A
(Q + q)f;‘ C.d0 = (Cg~ - Cg )V, (35)

and between C, and C2 there .is an approximate relationship as given below:
q (C; - C4)ab = vdcy, (36)

where v = volume (m®) of path of air flow for interferometer, From (35) and (36)
w= /= [(Co” - 0 )W/ {F - v/a. (Cso - €10} - /A (37)

where A = area of (m? of section of air flow, F = C,d0, F is the area between

0
.the curve C; and the time axis. This can be obtained from a measured value whatever

form the curve assumes. (See Fig. '23).

2.2.1 Experiments

‘The path of air flow consists of an inlet tube, CQ, box, outlet tube, orifice,
regulating valve for the amount of air flow and blower (1/10 H.P.), as represented
in Fig., 24.

SR AT 28 100 Ir 130 40—y
r[ The ]
@ P73 &) @)
(A VL "\ v 4 | i
' o q » ; : =
\ 4 1 -
[ 0x m(rg’ ~— f r P34 (&)

- l.
A == AN ‘:p

(1) Inlet tube; (2) CQ, box; (3) Regulating valve for the amount
of alr flow; (4) Blower; a and b: Openings for collecting CO,;
c and d: Shutters; e: Kata thermometer; f: fan; g: Orifice,

i Flg. 24, Arrangement for Experlment.

The carbon dioxide percentages were measured by the interferometer, the
pressure difference AP at the orifice by a Gottingen type pressure gauge (graduated
1/20 mm Hg), and 'Chatock' Inclined tube type pressure gauge (1/100 mm Hg.)

(Ref. 22): With reference to the Chatock pressure gauge, the writer had one made
very carefully so that the volumes of the bulbs could satisfy the conditions for
temperature compensation. The kata thermometer used was one made in Great Britain,

If the voltage and valve of the blower are regulated and the pressure
difference at the orifice is made AP,

uo = a(2g0p/p)*/* (z8)
where up = mean velocity at the orifice, and @ = coefficient of discharge.

If u and A represent respectively the velocity of air flow and the ares of
the section at the inlet, and a is the area of the orifice,

u = (a/A)ug, (38")

Kef. 22. W. S. Duncan:i Technical Rep. 1069, A.R.C. (1927).
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In the measurement.of air flow at the orifice we first find AP, and work out
up by equation (38); and so ¢ must be a knownvalue. In the present experiment the
wind velocities by the CO, method and the Kata thermometer were compared through
the intermediary of AP, and the value « was for the time being ignored.

Vie now close the shutters ¢ and 4 (Fig. '24) at the entrance and exit of the
CQ, box. Carbon dioxide is introduced into the box to approximately 2 (o/vl);
using the fan in the box we obtain uniformity in carbon dioxide percentages at a
and b, and assume that they are uniform all over the box. When ¢ and d are opened,
air begins to flow. Taking this moment as 0, we begin the measurement of time,
and read the carbon dioxide percentages of the air in the box which we have
collected from b. 6 (sec) later, the shutters are again closed, and by the use of
the fan we satisfy ourselves that the carbon dioxide percentages are uniform at a
and b. The ventilation is discontinued, as in Fig. 23, and after agitation we
note that the percentage C'O,which is higher than C,;p has been reached. This
indicates that the air which entered the box has left again without mixing well
with the carbon dioxide, '

2.2.2 Wind Velocities by the CO, Method and by Kata Thermometer (Continued).

The relationship between the wind velocities by the CO, method and Kata
thermometer and the pressure difference at the orifice is shown in Fig. 25; and it

will be noted that the two nearly agree. .
16
-L&r
'* S gl
o Wind Velecity by CO, Mothod o By °
SWind Velgcity by Kotq Thermometer Y "5}/ o
w12 = °
Kt <« 1T
g %
~10 LL ]
- S .:/ 2 $2 3 49 9% 4;/
9
Do '. "‘/ ——
. pe L4
S ./:’8 ‘% /
S0 b wd
N ;//g °
o
Y o4
g o - P
3 (3
i .
02
(8
p
4
P 12 16 20 26 o 0Z o0« 06 08 10 T2

Pressure Difference at Orifice, 4P (mmHg.)

Flg. 25. Wind Velocity and Pressure
Difference at the Orifice.

The Kata thermometer is already recognised for its capability to deal with
small wind velocities, but for calibration it is desirable to have a known small
wind velocity as a standard. If the CO, method is employed, it is now confirmed
that this method can measure the amount of air flow, that is, wind velocity,
direct;  and it is particularly suitable for handling a gentle wind. \

2.3 Thermic Ray Kata Thermometer (Ref. 23)

Inconveniences have been experienced by some experimenters in the use of the
Kata thermometer; for instance, in the measurements of ventilation or liquid in
buildings, it is not possible to carry out 'remote operation'; further, hot water
is required, etc. There is a method for measuring wind velocities by heating
the thermometer electrically, and this has been proposed by C.. P. Yaglou (Ref. 24).
In the present research the writer designed and constructed a new Kata thermometer
in which platinum wire is sealed in the Lulb which is filled with oil, The
platinum wire acts both as resistance thermometer and heater. In the sense that
this new instrument is a combination of a thiermic ray anemometer with the Kata
thermcmeter, the writer christens it tentatively Thermic Ray Kata Thermometer.

Ref, 23, Shoda and Katsuno: Architectural News, No. 6, (January, 1980).
Patent applied for in 1950 - Application No. 10951,

Ref, 24. C, P. Yeglou: Journ. Industrial Hyzlene and Toxicology, Vol. 20, No. 8, pp. 485-510,
(oct., 19%8); Journal of Sanitary Engineering, VOl. 13, No. 8, pp. 740-741, (1839).
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The principle .underlying the
instrument is the same as in the old Kata Thermic R
~ thermometer, but the writer does not use 5”°“W:h”"
the mean temperature (36.5 C) as in
L. Hill's equation (34). If the bulb
in the Thermic ray Kata thermometer is
uniformly cooled (Fig., 26(a)),

tandard
Istance

€0 mm

t. - ta= (to- ta) e"c/EA'e (39) (a) Recelver. (b) Circuit for Measurement.

where to, t9, td = .initial temperature Flg. 26. Thermlic Ray Kata Thermometer.
of the bulb; © (sec) subsequent

temperature and the temperature of the

surrounding air; c¢ = heat capacity of the bulb; E = conductivity of heat; and
A = surface area of the bulb,

Further, E = a + b u'/2 (Ref. 25) ’ (40)
where a and b are constants, u = wind velocity.

If we represent by © the time during which the initial temperature to, drops
to t9, and if we take :

y = 10 {1+ (vo - ta)/(ve - vl /8, k = a/2.00,

v = lagt ute), w = {lu/k - alye) 2 )
If ka =1, kb = m '

y=1+m'/%, u-= {(y - 1)v/m/2 (41')
‘The Kata-factor in this case is

(K.F.) = (to - tg)/2.3k. (42)

2.3.,1 FExperiment

The Kata thermometer is hung in the position as indicated in Fig. 24, and
testing commences. The receiver of the Thermic Ray Kata thermometer and the
circuit for temperature measurement are both arranged as illustrated in Fig. 26 (a)
and (b) respectively.

The receiver consists of a glass bulb of diameter approximately 20 (mm)
containing ‘a glass bobbin with platinum wire, 0.04 (mm) in diameter, 25 ohms at
normal temperature, wound on .it; it also contains transformer oil at approximately
50 C. This is hung in a position where measurement is required, by two conductors.
There are also standard resistances equivalent to 38, 28 and 18 (C) arranged
dccording to the bulb and atmospheric pressure, to be used in a bridge. By the
galvanometer each drop of 3 (C) from the temperatures above mentioned is observed
and the cooling time, O, is measured. :

2.3.2 Wind Velocity by the Thermic Ray se
Kata Thermometer.

The relationship between y obtained »
from the value measured by ‘the Thermic Ray 4
Kata thermometer and the wind velocity by -
the CO, method is represented in Fig. 27.
It is nearly a straight line. From this %0

it may be said that the equations (39) E v
and (40) are correct. 1 and m in (41') S
can be obtained from the calibration % p
curves for their respective bulbs. 5 y o « by €Oy method
2 o U by the Pitat
tube in wind tusnel
(dia: of ouvt'at: 1.50m)
2
4
o 04 09 re X go 24
va& (Jmy3ee)

Flg. 27. Calibration curve
from the Thermic Ray Kata

Ref. 25 E. Ower: Measurement of air flow, Thermometer.

pp. 191-194, (1927).
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Fig. 28. Relatlons between
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The relations between y, tQ, ta and 6 are represented in Fig. '28. The writer
believes, from the experiment described above, that the Thermic Ray Kata Thermometer
can be used as accurately as the old Kata thermometer for the measurement of wind
velocities,

CHAPTER III

VENTILATION WHEN THE INSIDE TEMPERATURE
IS HIGHER THAN THE OUTSIDE TEMPERATURE

There have been a number of experimental researches on ventilation by
temperature difference. For example, it is reported that valuable results have
been obtained from experiments with various models (Refs. 26 —‘30) and ventilators
(Ref. 31). In the study of the general properties of the ventilation by temperature
difference, a desirable procedure is to analyse the various elements governing
ventilation which have been found in experiments, and consider whether theoretical
hypotheses, such as outlined in Chapter I of this paper are practicable. In the
present chapter the writer proposes to seek, by the CO, method and the calculation
of heat, the amount of ventilation when the temperature inside a room is higher than
that outside. He will accomplish this with the aid of models of factories and
rooms.

3.1 Experiments with Models of Factories (Ref. 32)

For these experiments the writer chose the most usual form of factories which
are kept at high temperatures. In this form air enters through windows and goes
out through the monitor or chimney in the roof. The models are on a reduced scale
of 1/10 - 1/20. As the experiment was carried out during the early period of the
war, there were some examples in which a blacked-out monitor was used, but the
writer believes that this makes no difference to the study of the general properties
of ventilation.

Ref. 28, Sato: Archlitectural Review, Nos. 32-35, pp. 27-31, (1947).

Ref. 27. Sato: Architectural Review, Nos. 26, 27, 29 & 31, (1942-3).

Ref, 28: Hirayama: Architectural Review, No. 28, pp. 51-57, 21943.

Ref. 20. lirayama: Architectural Review, No. 28, pp. 58-82, (1943).

Ref, 20. HKirayams: Architectural Review, No. 29, pp., 1065-111, (1943),

Ref. 31. Hirayama: Journal of Sanitary Engineering, Vol. 12, No. 4, p. 265, (1938).

Ref. 32, Shoda: Lecture given at the general meeting of the Soclety for Architecture in November, 1946.
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3,1.1 Experiment

The models of factories are of two varieties, I and II. The area of I is
1.80 x 1.80 (ni®) (Fig. 29 (b)), and II is on a reduced scale of 1/2 of I. The
front and back are glass plated; both sides and the roof are veneered (3,5 mm
thick); the floor is made of cryptomeria board (14 mm thick), and the model is on
a stand 75 cm. high. '

4\ PAd
— 12
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Lot ] it 4 00000
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(a) ®) ()
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© Point where CO; is measured
) 160 -+ 90
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DI far
I | B 2k ” F-' U U L7
I | R A 3 w
[ | R 3 s :
! —
! ! J noooolk

1]

(d) (e) (f)
Fig. 29. Models of Factorles.

Outlets are of three kinds. They are:

Blacked out Monitor: Models I and II (Fig. 29 (a)).

Chimney: Model II (Fig. 29 (e) and (f)).
Monitor: Model I (Fig. 29 (c) and (d)).

The sources of heat are distributed evenly along the floor. As represented
in Fig. 29 (b), Nichrome wire is stretched 3 (cm) above the floor in Model I and
1.5 (cm) in Model II; and the supply of heat is measured with & voltmeter and
ammeter,

The points of measurement are tixed at 13 positions for experiments with the
blackout monitor and chimney, and 23 positions for the monitor (Fig. 29, (a) and (c)).
The measurement is made with a resistance thermometer or Alcohol thermometer hung
from a travelling beam.

The positions for collecting carbon dioxide are U, My, M,, D, and D, as
indicated in Fig. 29 (a), and the points U, M and D are led respectively to the
three interterometers, thus effecting the measurement of carbon dioxide percentages
at the top, middle and bottom positions. Liquid carbon dioxide contained in a
'bomb' was used in the experiment, and an electric fan was needed to mix air and
carbon dioxide in the model at the beginning and end of the experiment.

Flg. 30.

Model of a factory

under Experiment

DS 79963/1 16



¥

2 'A‘~“’

% odal i Window %5

" A P
vV 1.3) M §\ Room Temp. 19-3%C. A7 4)
% . / J’,(u.z) —~ \ /
bl 2.2) | ——] 0.2 o /]
W74 3
Y, @9
£ 2 / ﬁﬁ ¥ * N (1.2
E (3.4) £ ® e 3
A (3. -
§ N r"’ﬂ | g 2 / AN \\_‘1t%
- FEVERNT
e Y] “y
* 2 4 L] ] o 12 14 b 8 20 "‘o Opqqlchs:d JIOT“ 3 7
Time (Minules) Time (Minutes)
Flg. 31. Temperature » Flg. 32. Temperature
Rises 1in Models. Changes 1n a Model.

‘3. 1.2 Method of Measurement

While ventilation is going on after the openings have been opened, a certain
amount of heat is applied and in approximately 20 minutes' time, normal conditions
are reached and the temperature at each point settles down as represented by the
graph, Fig. 31, Then all the openings are closed and carbon dioxide is introduced.
Agitation is now thoroughly performed, (the temperature at all the points agrees
within the range of approximately 2 (°C) as is clear in Fig, 32), The carbon
dioxide percentages at U, M and D are read off by interferometers.  Then the
openings are opened, and the carbon dioxide percentages at the outlet U are measured
(the distribution of temperatures returns to the original condition).  After 3 - 5
minutes, the openings are again closed, agitation takes place, and the percentages
at U, M and D are read.

The writer did not use the carbon dioxide method for the experiments with the
monitor (Fig.'29 (c)), but he cobtained the amount of ventilation by calculation of
heat; so it was necessary only to restore the temperature .inside the model to
normal,

A1l openings are arranged symmetrically (right and left), but the areas of
inlets (windows) are varied. This idea applies to chimneys, too; further, the
height of chimneys also is varied.

‘3.1,3 Mean Temperatures

The question as to what point should represent the temperature of the room
must be solved by consideration of the object for which the room .is heated. For
example, if it is desired to heat people, the temperature at a point at least 1 (m)
from a wall and 1.5 (m) above the floor (the position of human breathing) should
represent the temperature of the room. If it is for a factory at high temperature,
the position of operation must be made the standard on which our considerations
must be based. If the amount of ventilation .in a room .is to be considered, .it .is
necessary to consider the mean temperature of the room.:

When the working of ventilation .is observed
by means of the white smoke of NH,Cl, we know how
the main paths run, as indicated in the diagram,
Fig, -33.

It may be said (1) that the opening ratio
remaining the same, the larger the temperature
difference between the inside and outside of a
room, the larger the part (L) where the inflow
of the air occurs horizontally, and the smaller
the angle (R) made by the rising path. Also 1g. 33. Paths of Ventllatlon.
(2) that the temperature difference remaining
the same, the larger the opening ratio (when
the inlet is small), the smaller the (L) and
the larger the (R).

gy Sy

Some change in temperature in the direction of the cross beam is noted very
near the glass, but it is negligible, For our purposes, the measured value at a
section in the centre is taken,:
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(1) The distribution of temperature, in spite of the uniform distribution of
the heat sources, becomes exceedingly uneven with the main paths of ventilation as
represented .in Fig. 33, and a space with the highest temperature is formed at the
bottom of the .centre of the room.: However, .in other parts of the room, the
difference .in temperature .is .not so appreciable, This lack of uniformity in
temperature .increases .in proportion to the increase in the supply of heat and .in
the amount of ventilation. .

fro Shs s 5
230 850340 RoPs £r0 Rl Ds 340%
a?:o ?apgs.a . 2'3:0 ?zs ?}.I 19.0 :9.0 f/ﬁ 2 2
280 50 350 Do Fas Do 330 % £o Z40 3
1280 50 860 1 1290 $5 845 1 1330 5y 555 1 1430 530 %0 L

=5 AT R5C4-205% I= Vs AT-71C1,2202C S-Tar-125¥t,-205C B0 AT=246%,=202T

2%-6 32.0
l?—l 200.4 2!7,6' T .93.0 .9:”.0 3/,5
23,1’ 2‘20 ?/.(l 3?0 .%a 32‘0
235 ?M gl.ﬂ 39,0 .130 g?.D

1280 Bo2¥s .:f.’:ﬁvfs‘: q 1380 2o Pso ) 1299 fdo 40 \
I AT-33C 4,177 T s AT60C1180C  S=13 AT-120C2,-2/0C I-13 NT-79581,-215C

380
)
290 300 29
o o
28.5 300 300
5582 s
1285 $oPss { 1 30 $53 850 1 | 2a¥ 280 Sa0 1 |25 335 340 {

=B AT=21C t,-/84% BBAT 72Tt <181 F-¥BAT-12.7E t,173C B8 47208 t,<172E

28.5
285 So5%0.5
0o 0 o
205 20.5 205

380

330 50 550
Qo O

40 390 g Zs

) a o_o©
200 200310 2%3 275 %00 0 343 390
B B Ss L \205 Bao $rs L 1230 569924 1 13%0 $0 $o.5 1

B2/ AT-3.5C =170t 8=/ AT-63C4,/82C S-1AT<96C 1, -/84C B=/AT-153L4,-187C
Fig. 34. Distribution of Temperatures (1).

Black-out monitor, Model I: Outlet A, = o.1_g m?, Inlet Ay = 8.4,
. Area of window Ay = 0.48 m”.

(2) TFor example, in the experiment with the blacked out monitor (Model I),
the distribution of temperature takes place in the manner as represented in
Fig., 34, and the mean temperatures at all the points on the horizontal position are
nearly the same, regardless of height, as .is shown in Table 2; that .is to say,
they come near the mean value of all. Further, in this case, .it will be noticed
that the temperatures at (2.2) are almost in agreement with the mean value.
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Average Average Average Average Average
AT (1.0) Of (1.1) Of (1.2) Of (1.3) OI' (1.4) Or 13 (2.2)
(2.1) & (2.2) & (2.3) & (2.4) & | points
(3.1) (3.2) (3.3) (3.4)
s =1/6 m= 2,24
4.5 25.0 25.0 25.0 256.0 256.3 26.1 25.0
7.1 27.5 _7.2 27.3 27.5 28.0 27.5 ‘275
12.1 32.5 38,0 32.2 32.3 33.6 32.5 33.0
24.6 44,5 43,5 44.2 43.8 48.1 44,7 45.0
s = 2/6 m= 1,12
3.3 20.5 20.5 20.8 20.7 20.6 20.6 21.0
6.0 24,0 23.8 24.0 23.8 23.8 23.9 24.0
12.0 32,0 31.8 32.0 31.7 R2.3 32.0 33,0
14.5 41.0 40,2 40.5 40.6 40,6 40.5 41.0
s = 4/6 m = 0.56
4.1 22.5 22.5 22.5 22.5 21.7 2R.3 2245
7.4 26.0 256.3 25.5 256.6 24.1 25.2 25.5
12.7 30.0 29.56 29.5 29.5 23.8 29.4 30.0
20.8 39.0 37.8 38.5 38.0 36.6 37.8 38.0
s = 8/6 m= 0,37
3.5 20.5 20.5 20.5 20.6 19.9 20.3 20.5
6.3 25.0 24,8 24.5 24.3 24,7 4.6 24.5
9.6 29.0 28.2 28.3 28.3 27.4 28.1 28.0
15.3 36,0 35.3 35.2 35.8 32.5 34,8 34.0

s Indicates the ratlo between the area of inlet utllized and that of the total
avallable inlet.

Table 2.
(Blacked out monitor, Model I)

Mean Temperatures

This feature of the mean temperatures on
the norizontal position being .identical can
be found in all the cases. Further, when the
points at which the temperatures are measured
are closer together, the results reveal the
same feature (Fig. -35).
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Thus, when the general motion of the air 1SNLULI44 129

in the room is considered, we see that the
buoyancy operating in a certain horizontal
stratum is not affected by height, and this
state, therefore, may be said to be the same,
dynamically speaking, as that when the
temperatures .in the room are uniform, It
appears that this tendency occurs even when
the sources of heat are concentrated. If we require to find out the amount of
ventilation in such a case, therefore, it is only necessary to cansider the
'spatial' mean temperature of the room. In practical matters, too, the writer
is very much inclined to believe that the mean value of the temperatures at
several points on a certain level can serve .useful purposes.

B 1.4

Calculation of the Amount of Ventilation

The calculation of the amount of ventila-
tion from the curves of the reduction in
carbon dioxide percentages is done by the
method described in 2,2 of Chapter 2. In the
present experiment, however, it is necessary
to correct the mean temperature in the model.
When the air in the room is mixed with carbon
dioxide, the density of the air increases, as
represented .in Fig. -36; and for this reason
it may be said that the ventilation by
temperature difference is equivalent to that
obtained when the temperature is lower than
that indicated by the thermometer.
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Thus, in comparison with CA, the mean value of carbon dioxide percentages at
the top, middle and bottom, the temperature tj in the model is now altered to ti'
as shown .in Fig, 37, and the AT, the temperature difference, becomes as represented
in Fig. 38. )

If H'represents the amount of heat supplied to the model; Hi, loss of heat by

conduction, and Hy, loss by ventilation,

B' = Hy + Hy 43
H' = 0.86i% R, (kcal/hr)
Hy = U.S. o1, ( " )
Hy = 3600Cp QAT, (" )
where i = electric current (amperes); R = resistance (ohms); u = mean coefficient
of conduction of heat . (kcal/m?hrC); S = area of heat conducting surfaces (m?);
Cp, p = specific heat (kcal/kgC) and density (kg/n®) of air respectively,; and
Q = amount of ventilation (m?%/sec).
Q = (0.86i%R/AT - US)/3600 Cpp. 44
U, S can be worked out experimentally from the ~
amount of heat supplied and the mean temperature . §
difference at the time when all the openings and cracks X ¢ T —
are hermetically sealed. In this way, the value US é} P et
for model I (factory) may be represented as in Si %
Fig. 39 (a). { .
[, 10 20 30
. . . AT (%)
Referring to the equation (2) in Chapter 1,
(a) Model of Factory I.
= . -3 ~ .
1 (kgm) =12.34 x 10~°(kcal) > "
:‘Q 3o ——
Cp = 0,24 (kcal/kgC), therefore, N i D= et
S
- NS
2.34 x 10°°(H + F) = 0.24 AT, =
S 20 40 &0
that .is to say, AT (%)
(b) Model of Room.
(e") (Ref. Chapter 3; 3.2).

H+F= 103 . AT

From the equatioﬁs (4), (8) and (10, we get Flg. 39. Value of US.
F = (OT/To)h,

Even at AT = -30 (C), To =273 (C), h = 10 (m),
F+ 1; thus F is negligible compared with H, so
H, = p.-3600 QH, (kgm/hr) .

‘The H in the equation (2) in Chapter 1 can also mean the ventilation loss per

unit mass.
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" -3.1.5 The Amount of Ventilation

(a) The measured value of the amount of ventilation.

(1) Blacked out monitor: Models I and II.
Chimney: Model II.

The measured values are given in Tables -3 and 4 and in Fig. 40.

Blacked out monitor, Model I Blacked out monitor, Model II
b | | % b |« L %
h= 128, s =_1/6, h = 0.67, s =:1/6,
m=2.24, ¢ = 0.28 m= 2,24, 9= 0.27
2.1 0.0248 21.8 6.3 0.0057 13.5
5.2 0.0347 21.1 12.3 0.0095 14,5
8.5 0.0391 21,4 18.5 0.0117 14.9
10.2 0.0495 21.8 26,5 0.0135 14.6
14.0 0.0568 21.8 32.4 0.0151 14.1
21.5 0.0871 21.8
h = 1.36, s =_2/6, h = 0.66, s 2/8,
n= 1,12, § = 0.37 m= 1,12, @ 0.34
1.7 0.0223 21.0 8.8 0.0078 13.0
5.5 0.0433 0.4 11.5 0.,0109 13.0
7.5 0.0533 21.0 17.4 0.0132 12.9
7.9 0.0558 21.2 268. 4 0.0170 13.0
12.0 0.0730 21.4 36.0 0.0202 13.0
17.8 0.0763 21.3
h = 1.31, s = _4/8 h = 0.61, s =1,
m= 0.5 9 = 0.42 m= 0.37, P = 0.43
1.9 0.0291 21.0 4.1 0.0081 10.0
5.4 0.0537 0.9 7.4 0.0107 10.0
10.1 0.0705 20.8 14.1 0.0147 10.0 !
18.5 0.0960 - 20.8 23.7 0.0182 10.0
20.4 0.0206 10.1
h=1.24, s =_1,
m = 0,37, © = 0.45
2.0 0.0273 2.9
4,4 0.0485 18.3
6.3 0.0587 21.4
7.5 0.0692 18. 4
12,5 0.0855 21.5
23, 1 0.1040 21.3
Chimney, Model II, h' = 40(cm) Chimney, Model II, h' = 23(cm)
& | Q [ o | q [t
h = 1.04, 8 = 1/8, ' h =0.67, s =:1/8,
m= 1.18, ¢ = 0.43 m= 1.18,‘Q)=0.45
5.2 0.0052 13.0 5.0 0.0067 7.3
11.2 0.0082 12.9 10.5 0,0094 7.3
10.2 0.0103 12.8 11.0 0.0103 7.4
24.8 0.0147 12.7 29.3 0.0140 7.5
33.5 0.0158 7.8
h = 1.03, s =-2/8, h =0.88 s =-2/6, '
m=0.59, ¢ =0.,52 m=0.59, ¢ = 0.65
4.9 0.0068 13,1 5.1 0.0072 7.0
5.2 0.0071 13.3 9.1 0.0090 7.0
8.9 . 0.0105 9.5 15.8 0.0132 7.1
17.7 0.0143 13.5 28.3 0.0182 7.3
26.6 0.0189 13.5
h = 1.00, s =_4/8, h = 0.83, s =:4/3,
m=0,30, ¢ = 0.59 m=0.3, ¢ 0.64
4.4 0.0052 11.1 5.3 0.0085 7.8
10.9 0.0128 12,1 12.8 0.0132 7.9
18.4 0.0164 11.3 18.1 0.0180 8.0
25.5 0.0178 11.5 31.8 0.0182 8.8 *
29.9 0.0192 11.8
I =0.98, s =1, h = 0.81, s =_1,
m=0.20, ¢ = 0.684 m = 0,20, ® = 0.60
4.8 0.0088 12.0 8 0.0084 8.6
10. 4 0,0118 12.1 10.3 0.0122 7.1
18.7 0.0161 12,2 14,6 0.0158 7.4
21.5 0.0190 12,1 28.0 0.0188 7.7
h' indicates the height of the chimney - rrom the rldge ‘to the moul:h

of the chimney,
Table 4, Amount of Ventilation

in Model of Factory (2)
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. OT
The measured values are set forth in Q to
Table 5 and represented graphically in h=1.,24, s = 1/8,
Fig, 41, m= 5.4, §=0.14
5.2 0.040 8.8
9.1 0.041 9.8
0.30 17.0 0.065 6.7
Mode/ I 24.0 0.091 13.0
o.25 Monitor 7l
-~ h=1.24, s = 2/86,
# 0-20 m=2.,7, @ = 0.26
N o5 4.2 0.061 6.1
& 7.0 0.077 6.2
& oo 10.8 0.105 7.0
22.0 0.146 7.9
'/
005 Sy,
— Jl% , h = 1.24, s = 4/86,
m=1.35, = 0.40
o k3 1.4 75 20 a5 30
AT (0 e o | e
Fig. 41. Amount of 9.0 0.142 8.3
Ventilation & Temperature 13.6 " 0.210 10.4
Difference in Model of * ) '
Factory (2).
Table 5. Amount of Ventilation

by measurement;

in Model of Factory (3)

(b) The Observed Values and Calculated Values of the Amount of Ventilation.

Referring to equation (26) in Chapter 1, all quantities except @ can be found

all the measured values.
the curves'shown in Figs. 40 and 41.

(c)

When the .blacked out monitors in Models I and .II

and therefore it is possible to arrive at the mean value § from

The values of Q which have been worked out from @ are

Reduced Scale and the Amount of Ventilation.

are compared, we find that the values are almost
constant in regard to large and small models, as

shown in Table 6. However, this result does not

necessarily determine whether the value of @ is
constant in a wider range of reduced scales.
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m 1
Model I Model II
2.24 0.28 0.27
1.12 0.37 0.34
0.37 0.45 0.43
Table 6. Reduced Scale of




(d) The effect of Chimney type Exhaust Openings.

The areas of outlets of the blacked out monitor: Model I, and the chimney
(10 cm in diameter, 3 chimneys): Model II are 0.045 (m?) and 0.024 (ni?) respectively.
When the chimney 23 (cm) high is compared with the blacked out monitor, the area of
the outlet in the one being half that of the other, the amount of ventilation in
both is almost the same, Further, there .is no difference .in ventilation whether
the chimney is 23 (cm) or 40 (em) high., Theoretically speaking, the amount of
ventilation under the chimney 40 (cm) high should be larger by 8 % due to the
greater height; so the writer presumes that this drop .in efficiency is due to the
cooling of the .iron in the chimney.

3,1.6 Friction Factor (Coefficient of Discharge)

(a) Combination of Friction Factors.

(1) Parallel combination. (44K,
UAK | Ak UAK UAK UsA Ky UsAsky
- -
When there are several windows or cracks e Lty a5k, - -
in parallel in the path of the air flow, as L Il . II .l
1llustraterd in Fig. 42 (1) ‘..‘L".I ar] Hfg Fa5;
3 3
VA = UqA, * UoA, + Ually T o (.45)
15 a2 e ! (1) Parallel (2) Series
It AF/p represents the friction loss due to Fig. 42. Combination of
the windows, Friction Factors.
K= (0K, 72+ MK, 2+ A KPP )/a, (47)
If K, = KQ L =Ki’ A =ZAi
K = Ki, : (48)

That is, when windows with the same friction factor are arranged in parallel, the
arrangement may be identified with a window whose area is the total area of the
windows. '

(2) Series combination.

The diagram (2) in Fig. 42 gives an instance of series combination. Here, p
being constant,

uA = ugA; = ush, T uAGE , (49)

AP/p = Ku?/2g, APy/p = Kyui%/28, OP2/P = Kauz?/28, i , (50)

AP = APy + APy *+ DPg , (51)
If  Ap/A; = My, An/Az = Mgy e , is taken

Ku?/2g = (Kn * Kn-1 MZ%n=g Jun?/2g (52)
If wu =u, n =2

K=K, + Ky my?, (53)

The relation between the foefficient of discharge, ®, and K has already been
expressed in (9), o = K~ */2

(b) The value of. the friction factor (coefficient of discharge.)
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.Fig. 43, Friction Factor obtained
from the Amount of Ventilation. ~

If K, and K, are obtéined, the results are shown graphically in Fig. 43, and
given numerically in Table 7, The coefficient of discharge of a window is 0.7 -

0.8."

Model K, a, K, oy
1 Blacked out Monitor 5.0 0.45 1.8 0.79
II . " 5.8 0.42 1.8 0.75
I Monitor 3.5 0.36 1.6 0.79
II Chimney (23 cm) 2.3 0.67 2.0 0.71
II Chimney (40 cm) 2.6 0.62 2.0 0.71

Table 7. Friction Factor (Coefflclent)
of discharge) obtained from the Amount
of Ventllation

(¢) Neutral Zone when Friction Factor of Outlet and Inlet Varies.

Referring+to the monitor, Model I, we make small openings, 6 (mm) in diameter,
at intervals of 5 (cm) on the upper and lower lines on the central walls and the
roof, and ascertain the position of the neutral zone by means of the smoke of an

incense stick.

Let us use h = 1.24(m), K = 1.6, K, = 3,5 in equation (17) in Chapter 1.
When the calculated value h, from the above is compared with the observed value h,,
the results are as shown in Fig., 44 and Table 8. From the graph, we can see that
both values are in general agreement with each other.

’

mesalmTTzmIING ]

o —-\?j

s (T
’ m hy ho
5.4 8.7 22.5
| { 2.7 28.5 38.0
Fig. 44. Measured Values and
Calculated Values Compared in ' 1.35 67.5 49.0

the Neutral Zone.
Table 8. Comparison of Calcul-
Broken & Chaln lines: lated and Measured Values
Calculated Value; -
Continuous Line: : in the Neutral Zone:
Measured Value.

DS 79963/1 24




—— e~ ———y - - - - - . ]

This is an experiment carried out for the same purposes as the one described
in 3.L We require to examine what becomes of all the elements in the ventilation
by temperature difference in the model of a room. As in the previous experiment,
the heat sources are distributed uniformly over the floor, and the openings are
arranged symmetrically (right and left). To simplify the conditions still further,
all the outlets and inlets are of the same form.

3,2.1 Experiment

The area of the model is 1.80 x 1.80 (m?) and the height of the ceiling,
1,05 (m) - the roof in model (a) in Fig. 29 has been replaced by a ceiling. The
points of temperature measurement are the same as were given in Fig. 29 (c), except
the upper three points which were removed. The openings were of two kinds:
High windows and circular openings.

(A) High Windows.

When there are five windows in the upper and lower lines on both sides.
(Fig. 45). The distance from the centre ot the upper window to that of the lower
window, h = 0.67 (m) is constant and the opening ratios include m = 0,25, 0.5, 1,
2 and 4.

IBOCI"
o
Y1 M M M M
i 1 IR B NN [ N [ (A | '*T
Y sl _sNeural Zone . _ i\:
A r oMo
Ry sy s s l

Fig. 45. High Window.

(B) Distribution of Circular Openings

When circular openings are 32 (MM) in diameter, and are distributed on both
sides, as illustrated in Fig. 46.
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(€)M:089 A 44 (F)M:127 k70 (e)ym-ro1. hi-79

Fig. 46. Model of Room. Distribution of Circular Openings.

This is a case in which inlets and outlets are not separated. As the border
between the inlet and outlet is obtainable by measuring the neutral zone, the
opening ratio, m, can be determined, but it is not possible to fix the distance, h,
Ventilation in a room which occurs through cracks, under normal living conditions,
is more or less similar to the above mentioned state.

Ref. 33, Shoda (15).
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3.2.2 Mean Temperatures

" In this experiment .it has been discovered that mean temperatures on a lsvel
are the same, and in a vertical direction there is little variation,

seen .in Fig. 47,

3.22.3  Amount of

°m°m°.u§’ 360 34.3
BOresBa e s 349
%‘.!qllnowo.l‘l I8

Que%eaDea%rs 350
{3

¥0+16-9

_J Ds. . .
0.205 016N, AT. 143
.6

oou%‘iq-uqu.' 479
U533 473
Q633742375 483
g}.loﬂlguaoxhl 496
n 7 $0.2

A210.15x 016110, M+ 14T 30T
Cot 9.7

(A) High Windows.

Fr%u s 452
Res%eesfoer 454

s lubrra 454

23?:,?:;1":..1 594

soa s/ k00 /8 599
23 404

C)Ay <0816, m.1 aT252
tortrT

1]
%ﬁn‘;« 4re o598 %z""sqo:u:ur 59.0
. 57

90
(B) Distribution of
Circular Openings.

Fig. 47. Distribution of
Temperatures in Model of

TId)A2¢0.085, ML, BT 452
Ay

Room.

Ventilation

(a)

Measured value of the amount of ventilation.

This can be

When the amount of ventilation by high windows and by the distribution of
circular openings is obtained by the calculation of heat, the results are as given
in Tables 9 (A) and (B) and Fig. 48 (A) and (B).

DS 79963/ 1

Amount of Ventllation by High Windows

23

AT Q to AT Q to
m= 0.25, A, = 0,05 m= 0.5, A, = 0.05
x 0.16 x 10, @ = 0.86 x 0.16 x 10, @ = 0.67
4.5 0,035 16.5 5.0 0.021 11.5
8.6 0.047 16.5 8.3 0.033 11.8
14.8 0.052 17.4 14.7 0.046 12.0
27.9 0.074 17.5 27.1 0.070 12.3
m= 0.5, A, = 0:10 m=1, A, = 0.20_
X 0.16 x 19, @ = 0.80 X 0.16 x 10, ® = 0.73
3.1 0.073 12.7 2.2 0.096 11.2
6.5 0,070 12.8 5.7 0.125 14.9
10.7 0.087 13.3 9.7 0.138 16.3
18.7 0.117 14.3 18.3 0.178 16.9
m=1, A, = 0.10- m=2 A, = 0.10_
X 0.16 x 10, P = 0.69 x 0,16 x 10, ¢ = 0.32
4.7 0.058 5.5 4.7 0.023 . 14.3
7.6 0.067 6.6 9.5 0.041 15.0
14.2 0.075 7.0 16.3 0.051 16.3
26.0 0.099 7.7 26.6 0.070 16.4
m= i, hy = 0.05_ m=4, Ay = 0.20_
x 0.16 x 10, @ = 0.65 x 0.16 x 10, @ = 0.28
5.9 0.028 6.7 5.4 0.032 8.6
10.2 0.040 7.4 8.2 0.056 9.6
19.5 0.044 8.5 14.9 0.071 10.2
38.7 0.070 9.7 26,5 0.093 10.6
m=2, A, = 0.20_
X 0.16 x 10, @ = 0.41
3.7 0.043 18.7
6.0 0.080 19.0
10.6 0.091 21.4
18.3 0,118 21.6
Table 9(A)




or o, Q ot Q to
() m=1_ Ag = 0.0878 x 2 (@) m= 1, Ay = 0.0451 x 2
k = 0.010 k =70.007
6.1 0.023 19.3 8.5 0.022 19.2
11.3 0.032 19.8 12.2 0.023 19.3
14,5 0.043 17.4 20.5 0.027 18.5
29.3 0.054 16.8 40.2 0.048 19.5
(b) m=1, Ay = 0.186 x 2 (¢) m= 0.94, Ay = 0,0499 x 2
R = 0.023 K = 0.007
4.0 0.053 . 18.3 7.8 0.010 18.7
7.7 0.058 19.2 12.1 0.024 18.9
13.1 0.088 20.1 21.3 0.029 19.0
23.2 0.110 22.1 37.5 0.044 19.6
(c) m= 0.68, Ay = 0.09756 x 2 (e') m= 1,09, A = 0,0499 x 2
’ kK = 0.010 K = 0.007
8.6 0.023 18.0 6.9 0.017 18.1
11.0 0.033 19.0 12.0 0.031 18.5
168.7 0.038 19.5 21.7 0.029 18.4
R7.3 0.056 20.5 34.9 0.049 18.7
(c') m = 0.89, Ay = 0.0975 x 2 (f) m = 0.79, Ay = 0.0548 x 2
k = 0.012 k = 0.007
5.6 0.033 22.0 6.8 0.023 168.5
10.0 0.040 22.8 11.4 0.024 16.9
22,0 0.055 21.0 17.6 0.029 17.0
37.7 0.089 22.0 33,7 0.037 17.5
(£') m = 1.27, Ay = 0.0548 x 2
k = 0,007
6.4 0.016 18.8
10.3 0.024 19.0
R1.2 ‘0,036 20.0
31.6 0.044 18.9
Table 9(B)
Amount of Ventilatlion by Distributlon of Circular Openings
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(b) Measured value and formula of the amount of ventilation. -
(A) High windows.
(1) Q = kAT (55)

and if k represents the mean value obtained from the measured value, we arrive,
from (26) at
= @023h/To)"2A2
Thus the curves in Fig. 48(A) are
Q = kaT*”2
(2) If the areas of the ‘inlet, outlet and total openings are A1, A, and Ay
respectively, we get, from Ay = A, + A;, Az/A, = m,
Ay, = m/(1 .+ m).Ay , (56)
If K, = K, = K, the equation (11') .is
Q = am(1 + m)~ (1 + m?) "2 (2ghAT/T,) */2 Ay (57)

The above indicates the fact that if h and At are constant, the amounts of ventila-
tion are the same when the opening ratio is m, and also when it is 1/m, The
measured values represented in (1) and (2) in Fig. 48(A) generally satisfy this
relationship.

(3) What of the relation between the area of the outlet and the amount of
ventilation? It may be said that as shown in Table 10 when the opening ratio m is
the same, Q is on the whole proportionate to the area of the outlet.

When the opening increases, we note a tendency for the amount of ventilation .
to become slightly larger than the area ratio. The writer wishes to suggest that
this is due to the high temperature air column which has been exhausted, causing h
to work more actively.

m 0.5 1.0 2.0
2 0.16  0.08 0.32  0.16  0.08 0.22  0.16
QBT = k 0.028 0.012 0.050 0.024 0.011 0.028  0.012

Table .10, The Amount of Ventilation (High
Windows) and the Area of the Outlet

(B) Distribution of Circular Openings (Fig, 46).
(1) Here too, as in Fig. 48(B), Q can be expressed Q = KATH/2,

(2) When the triangular distribution of circular openings is arranged upside
down as illustrated in (c) and (c') in Fig. 46, the amounts of ventilation area
almost the same (Fig. 48 (B)).

(3) When equally distributed, (b), (c) and (¢') are compared with one another, '
it will be seen that at the ratio of the total opened area 2:1, the ratio of k,
that is, the ratio of the amount of ventilation, is nearly 2:1. See (1) in
Fig. 48(B)).

(4) .Window-type distribution (d), (e), (e'), (f) and (f') may be said to be
the same amount of ventilation within the range of errors, as will be understood
from the curve (2) in Fig. 48(B).

3,2.4 Neutral Zone and Counter Flow, (Ref. -34)

(A) High Windows,

When the calculated value of hy from the equation (18) is compared with the
measured value ho they are in good agreement as shown in Table 11.

Ref. 34, Shoda: Lecture at a meeting of the Soclety for Architecture in November, 1947,
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When the outlet is large, the opening ratio m

remaining the same, the neutral zone tends to be
higher than the calculated value. This is
probably due to the fact that the exhausted

air, even after coming out of the window,

f rms a high temperature air column and is
working in less restricted conditions than h,
tne alstance between the upper and lower
windows, thus raising the position of the
neutral zone.

When m = 0.25, m = 4,0, the neutral zone
goes across the window; and for this reason,
when observed by means of the smoke of incense
sticks, counter flows are noted, as illustrated
in Fig., 49.

(B) Distribution of Circular Openings

The measured position of the neutral zone
in the distribution of circular openings is as
indicated in Fig. 46 by chain lines, In
equation (57), if h has no relation with the
opening ratio m, the writer presumes that m
is determined so that Q becomes maximum for
the equilibrium of heat., dQ/dm = O; that

El

[9]]

BV RO00
.
[eleoloNoloNale N, RV

s e o

Ay (m?) hg (m) hg (m)
0.08 0.58

0.18 0.41}

0.08 0.53

0,32 0.28

0.18 0.30

0.08 0.33

0.32 0.10

0.16 0.12

0.32 0.05

o)
WNeutral Zoree -/'I
S8

05,

7

m.4 m-azs

Fig. 49. Counter Flows.

is, m = 1 is obtained from d {m(l+m)'1(l+m1)‘1”}(hn = 0.

The writer ventures to assume that this hypothesis becomes possiple probably for

(See also Table 11).

Weu/ral Zore

the mean value of m = 0.8 in the triangular distribution (c) and (c') in Fig, 46.

‘3.,2.5 Friction Factor and h in the Distribution of Circular Openings

‘(a) PFriction Factor (Coefficient of Discharge).

In the case of high windows, from the relationship between 1'/52 and mi?
(excepting m = 0.25, 4 in which counterflows are formed) we obtain K, = K, = K =

1.35 or ¢ = 0O, 886. (See Fig. 50).

(b) h in the distribution of circular
openings. (Fig. 46).

If X, = K, K, we get from (11')
h = KTo (1tm?)k?/2gA,?

If h is obtained with k = 1,35,
g = 9.8, Tog = 290, the results are set forth
in Table 12.

If kx = 1.35 or o = 0.86, we may write
h # H for the distribution of windows (Fig. 46),
that is, we may have h for the distance between
the upper and lower ends of the window.

(58)

7 1

. K, " Kgo1.35 /

5 /

<
w

I\

2 4
mz2

Fig. 60. Frictlion Factor

of Windows.

Type | m K A, (m?) h (m) n/H
(a) 1 0.010 0.068 0.88 1.1
(b) 1 0.023 0.188 0.62 0.8
(c) 0.68 | = 0,010 0.079 0.46 0.6
(c") 0.89 0,012 0,092 0.44 0.6
(d) 1 0.070 . 0.045 1.00 1.3
(e) 0.94 " 0.048 0.82 1.0
(e") 1.08 " 0,052 0.79 1.0
(1) 1.79 " 0.048 0.71 0.9
(t") 1.29 " 0.061 0.70 0.9

H= 0,8 (m): Distance between upper and lower ends of opening

of Circular Openings
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CHAPTER 4

VENTILATION OF A ROOM WHEN THE INSIDE
TEMPERATURE IS LOWER THAN THAT OUTSIDE

In the experiments in which carbon dioxide has hitherto been used to measure
the ventilation of a room, the carbon dioxide has generally speaking acted merely
as an .indicator. In this Chapter, the writer proposes to deal with this gas, not
only as an .indicator, but also mixed with air, causing the density to become greater
than that of the atmosphere. That is to say, he likens this state to that in
which the temperature of the air inside a room is lower than that outside, thus
causing ventilation; and he intends to examine experimentally the properties of
natural ventilation with models of a room, (Refs. 35 and 36).

4,1 Distribution of Carbon Dioxide Percentages in a Room (Experiment 1)

In this experiment, observations are made of the way in which the air mixed
with carbon dioxide in a room (box) flows out of the room because of its difference
in density from the air outside.

4,1,1 Experiment

A box was made of veneer board, of dimensions 50 x 50 x 50 (cm®). In the
centre of one of the sides was made an opening 10 x 10 (cm?).  Glass tubes fixed
.inside the box distributed the collecting points, as illustrated in Fig. 51. The
carbon dioxide percentages were measured with interferometers in two cases; one
when the opening was on the upper side of the box, and the other when the opening
was on ane of the sides. The arrangement for the experiment is illustrated in

Fig. 52.

) - é. CO, vessel
> . Glass Tube
T 1o g’@; ' Q Q Q 3. Thermometer
a 100/ 4, Kata
,?) 12¢ 02\ 2 6 Thermometer
5. Wet bulb
10 }— : 0N
Q 10! 0! 3 8 ghelr)'momg‘lserld
. Carbon Dioxide
}_ 2 (022 8 "O gester
Ti-- 2 7. Screen
0)
- 1 S \t:) 8. Box for
g - U Experiment
Fig. 51. Model. Flg. 62, Arrangement

for Experiment.

Since this experiment was conducted underground, there was practically no
change in temperatures and wind velocities in the room. The wind velocity in
the room measured by the Kata thermometer was 0,01 - 0.02 (m/sec).

The measurement of carbon dioxide percentages consisted of 12 sets of
observations, as given below. ‘(See also Fig. 51).

(A) When the opening was in the centre of one of the sides.

. (a):. (100, 110, 120), 2101; 111,.121), (102, 112, 122), (00O, 010, 020), (001,
011, o2l), (oo2, 012, 022), (110, 010), (111, 011) and (112, 012).

(b): (120, 111, 112).
(c): (101, O, U).

(B) When the opening was in the centre of the upper side.
(110, 111, 112).

The side with the opening: It was so arranged that 101 should be with the
side opening, and 110 with the upper opening.

'Rer. 35. Shoda: Arcuitectural Revies; No. 26 pp. 63-69 (1943).
Ref, 36. Shoda: Architectural Review; No. 31, pp. 38-39 (1944).
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0.U;:

These points were situated at the upper and lower ends of the opening

and outside at a distance of -3 (cm) from the sides (See Fig. 54).

6 6 T
g\ [] L]
<4 \\ /'0/; 9 \? 4 -
g 3 \ I u. EN- 3 150
- 101
§'2 // :‘ — g2 lnlz‘; 177
. hd 0] P 2
- 8 —— L3 ]
12 3 4 5 6 7 8 9101 2 4 6 8 1o 12 14 (6 18 20
Time (minutes) (@) Time (minutes)
6
. Flg. 54. CO, percentage- s o)
time curves. S o
(Near the opening). § + i 2o
8“‘ z boro oot
o1l
' ozt
. e O S
4.,1.2 Results of the Experiment 4 )19 w(mAm w)wzo
(4) Time (minutes
The relationships between carbon dioxide 8
percentages and time are given in Fig. 53 (a), (b), 3
(C), Flg. 54 and Fig- 55, 6 012
~ 5 Popada 112
From these distributions of carbon dioxide § 4\ [~
percentages, we come to the following conclusions: &3 \ s =
> 2 110 -
(1) Percentages on the same level are all . 4 ort
identical. The percentages at the opening Nl Lol 1
3 3 3 2 [3 2
however, are small compared with those inside. ﬁ)ﬁ%e?éaJ&J le 20
(Fig. 53 (a), (b) and (c).
Flg. 53. CQ, percentage-timeg
(2) The air mixed with carbon dioxide in Curves.
the box goes out at the lower part of the opening
and the outside air flows in at the upper part of
the opening. (Fig., 54).
(3) When the opening is on the ¢
. . . 9 1z
upper side of the box therg is no air 30 \ 'y —— o -
flow. As shown by the white circles N -] —
in Fig. 55, which indicate the case in §,j\ \ N\\\“\\
which the opening is on the upper side, §20 A\ o S N ~—
there is very little reduction in \\> AN 1o ==$
carbon dioxide percentages compared e e lio —
with the curves plotted from the black T B S S e T R A Py )

circles, indicating the case of the
side opening.

(4) It may be suggested that the
reduction in carbon dioxide percentages
in the box is due chiefly to the air
flow created by the difference in air
density between the inside and outside
of the room. :

4,2 Position and Size of Opening,
and the Amount of Ventilation.
(Experiment '2).

Time (minutes)
o: percentages In the centre of
the upper openling, top, middle
and bottom.

os percentages 1n the centre of
the side opening, top, middle
and bottom.

Fig. 55. (Experiment 1). The
Position of the Opening and
the Reductlon 1in CO,
Percentages.

What we have learnt in the previous section about the exit from the room of
air mixed with CQ, is now about to be applied to the natural ventilation which
occurs when the temperature inside the room is lower than that outside, and it is
proposed to consider the relation of the size and position of openlngs to the

amount of ventilation,
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4.2,1 Experiment

‘The model was made of veneer board, dimensions 90 x 90 x 90 (cm?), It was a
1/4 scale model of an 'eight matted room'.*  For the collection of carbon dioxide,
three positions, top, middle and bottom were arranged in the centre. Fig. 56
illustrates the arrangement for the experiment, and Fig. 57 the arrangement of the
openings.,

1. Vessel for CO,

2. Glass Tube

3. Thermometer -

4. Kata Thermometer

6. Wet bulb
Thermometer

6. CO, Tester

7. Resistance

8. Box for Y%
Experiment | i_g @ v

9. For collecting 000 It ) 2| |e2
Co, J 45 LT 3 33

10. Fan NS al e

Flg. 66. Arrangement for
Experiment (2). Fig. 57. Model.
(Experiment 2).

The lines 1, 2, 3 and 4 were arranged at intervals
of 20 (cm) to standardize the horizontal central lines
of the openings. The standard size of the openings was
0 x 5 (cm?) (See Fig. 57). Further, the walls facing
each other were represented by A and A'; B and B'.

(Fig. 58). k== Roa o
| === |
The position, size and number of openings were in NO.1 2
the following combinations: —
3
(I - A) When there is no opening. : Ay L4
3 4 5 3
(I - B) When there-are two openings on the same 5 5%' 'Ki A
wall, The opening ratio m = 1. (12), (13), (14), I AR
(24)) (54)) (23)- 7 8 9 10
TR [Z0A [RIA [TA)
(I - C) When there is one opening.  (11), (22), ‘6 | 2‘ I °A| |
(2 1/2, 2 1/2) (33), (44). Vean! | %4a) | 304a) |_4a)
] 12 13 14
(IT - A) When two openings are on opposite or oA [TA [VeR
adjacent walls., The opening ratio m = 1. (Fig. 58, 4AI 4A! 4l 4Al
Nos. 1 - 8). 15 16 1T 18
(IT - B) When there are two windows at the top 'Al 'Ai "l ‘W
and bottom of the same wall, (Fig. 58, Nos. 9 and 10). $aa, | Haa %«x

22

19 20
(IT - C) When there are two openings on the same =
wall, the opening ratio m = 1, and the area varies. e Il l‘ ® I! i
(Fig. 58, Nos. 11 - 14).
25 24 25 26
(IT - D) When there are two openings on the same Fig., 68. Various

wall, and the opening ratio m varies. (Fig. 58, Combinations of
Openings.
Nos. 15 - 22).

(II - E) When the position and area (number) of openings at the top and bottom
are reversed. (Fig. 58, Nos. '23 - '26).

4,2.2 CO, Percentage Reduction Curves and the Amount of Ventilation

The distribution of carbon dioxide percentages in a model changes considerably
as the gas goes out, as has been described. If the air in a room is stirred with
a fan in order to secure uniformity of carbon dioxide percentages, there is in

* Transiator's Note: A domestic term for the floor space of a room. The area of one mat 1s spproximately
3' x 6',
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' ‘consequence a certain amount of ventilation. Further it may be said that the
collection of material (gas) is itself a certain amount of ventilation,

v

Let Qg represent an amount of ventilation caused by density difference, and
Qe an amount of ventilation from another cause. ‘Then

Q = Qg * Qe (59)

where Q is the amount of ventilation which can be measured.

If carbon dioxide percentages are uniform in the model, there are the following
relationships between the percentages C(6) and the amount of ventilation Q(6) at
time 6:

C +dC = C(V - Qdb)/v,
Q = - dc(de/c.v, (e0)

where the carbon dioxide in the atmosphere .is negligible, and V is the volume of
the model.-

C = F(6) _ (61)

If, from the measured value of carbon dioxide percentages, we obtain the
above experimental formula, the amount of ventilation per unit volume n is

Q/V = - F'(8)/F(6) ‘ (62)
further, n = ng * ne (63)

n

When C-0, from ng—0 it follows
DNgop = Ng (64)

Therefore, n and ng can be derived from the measured value, and we can obtain
Qg = ng.V.  The amount of ventilation in the present experiment is calculated by -
this method. ‘

The carbon dioxide percentage-time curves for the measured values can be
expressed

C=PF(t) = a/(6+b) -4 _ (85)
For example, if the above is expressed Positions
with reference to the combinations of 0 egin s L8 D a
openings (11), (12), (13) and (14), pen’ne
the results are as given in Table 13 gilg 22 1,5 6.0
i o (12 33 2.2 0.6
and Fig. 59. . fa) 84 4.4 0.2
14 170 10.7 1.6
" Table 13
—~ 14
3 N An example of C = F(6)
IR
w0 \ . N :
§ W N The relation between n and c¢ is
! A = almost a straight line; for
[ \ ~N =gy ’
¥y - [ example, the one relating to the
§,4 N 2 combination (14) is represented
S, Tl |0 — by the continuous line in Fig. 60.-
- = ,
4 2 4 L) [ ] _1a 2 14
Tine (minutes)
Fig. 69. Measured -9:': L
Value and C = F(6). 1 ‘ A
L. X [X] / 7
.\:,“ /1/% -
& v
?"’ o
8 /,’
As the broken line in Fig. 60 shows, 8] ¥ pm ey e e
= = . . 0 < 6 0 1o u
Qg ngv BE veC, (66) ' €€, percantages (o).
Bg is determined by the shape, size and position Fig. 60. Relation
of the openings and various forms of friction. : between n and C.

DS 79963/1 _ 33



If h2 is the density of ‘air in the model; p, that of the air outside the
model, and the atmospheric pressure is 760 (mm Hg),

Bp = Py - Py = 0.00684/ (1 + at).C, (kg/m®) (67)

From (66) and (67) it may be stated that the amount of ventilation is
proportional to the difference in density of air between the inside and outside.

4,2.% Results of Experiment. (1)

(I-A~C)

(1) ‘The amount of ventilation is almost proportional to carbon dioxide
percentages; that is, the difference in the density of the air between the inside
and outside of a room.

(2) When there are two openings, the amount of ventilation is proportional
to the interval of the openings, and has no connection with their positions.
When there is only one opening, too, it may be said that its position has no
bearing on the amount of ventilation (Table 14 and Fig. 61).

Positlions of Bg = Q,/C.V
Openings (m®/fitn. o/v1.n®)
(14) 0 :044 0,08, 7
(13) (24) 0.031, 0.028
(12) (23) (34) 0.016, 0.013, 0.013 oo+
(11) (22) (33) 0.0012, 0.0023, 0.0084 %;003 v
(44) 0.0059
Q o2 <
o
Table 14. Amount of Ventllation and 001 7
Intervals and Posltions of Openings

o o 02 03 o4 05 06 07
( T Inrervals of openings(m)

he a to nti i by on .

3) 1e amount of ventilation by one Flg. 61, Amount of

opening is almost equal to that by two Ventilation and
openings arranged close to each other, Intervals of
whose areas are each 1/2, so that they may Openings.
be regarded as one opening (Fig. 61).

(IT - A ~ E)
(1) The measured values of.Nos. 1 - 26 and the values derived from the
empirical formula are as given in (a) - (g) in Fig, 62, and in Table 15,
No. a b d Bg No. a b d Bg
No. 1 323 13.6 9.3 .002 No. 15 53 3.3 2.0 017
No. 2 183 8.6 8.6 . 003 16 67 5.2 2.5 . 010
3 117 6,0 5.3 « 007 17 159 8.8 4.0 . 005
4 78 4.4 3.8 .012 18 318 16.6 4.9 » 002
5 98 5.3 4.4 007 19 48 2.9 2.2 .019
[§] 253 12.2 6.5 .003 20 94 5.3 3.6 .009
7 88 . 5.1 3.5 009 21 165 7.9 5.2 .005
8 47 2.8 Re2 .018 22 263 13.5 6.8 .003
9 26 1.7 1.2 037 23 32 2.1 1.2 034
10 20 1.3 1.3 .046 24 30 1.9 1.6 032
11 330 17.5 4.4 .003 25 16 1.1 0.9 .058
12 160 8.5 3.3 .006 26 17 1.2 1.1 .055
13 61 3.7 2.3 .021
14 26 1.7 1.2 » 035

Fig. 15. Values of By from the Empirical Forwula
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Filg. 62.
Measured Value and
C = F(B)

(2) When there are two openings
(m = 1) on the same wall (Fig. 58,
Nos. 1 - 8), Bg is a maximum,
approximately double that when they
are on walls opposite to each other
or walls adjacent to each other
(Fig. 63).

(o] 1'hc a-a'-u w;l.
.04 Ke Adjacent walls
O Opposite walls

L

Y/
—t
7
al ﬂ'
o v 02 Q4
Inkervals of opanings

Fig. 63. Amount of
Ventilation and Positions
of Openings.

Py ~Rg/C¥

0.6

(3) When there are more than two
openings at the top and bottom of the
same wall, (Fig. 58, Nos. 9 and 10),
the results are shown by examples:-
No. 14: Bg = 0,0350; No. 9:

0.0374 and No. 10: 0.0464. Thus
the openings of No. 14 prove to be
'dominant', and the result indicates
that the amount of ventilation does
not increase in exact proportion to
the increase in the areas of the
openings.

(4)

When there are two openings,

B, is proportional to the area of openings (Fig. 64), if intervals are constant at

mg= 1. (Fig. 58, Nos. 11 - 14). In this
is 30 x5 (em?) = 1.
ot °
N 03 /1
\ . L~
qﬁ v
%%Qol /
Yo Yo . ‘/o _' 1
8>
Fig. 64. Amount of

Veritllation and Area
of Openings.

(5)

When two openings are on the same

BJ_—'O}/Z (4

case, however, the area of the openiig
04
N
L VN
.ol r/ N T
% ¥ Y% % % % % %
Opening Ratio
Flg. 65. Amount of

Ventllation and
Opening Ratlo.

wall, and the opening ratio m varies,

(Fig. 58, Nos. 15 - 22), Bg is proportional to the small opening, and Bg is almost

the same at m and 1/m.

(6)
or bottom are reversed,
example, No. 23: Bg = 0.0355, No. 24:
0.0550; thus No. 23 is almost equal to No.

[
[$2)

DS 79933/ 1

0.03822,

When the position, area and number of the inlets and outlets at the top
(Fig. 58, Nos. 23 - 26), Bg

is almost the same. For
No. 25: 0,0578 and No., 26:
24 and No. 25 to No. 26.



4,2,4 Results of Experiment (2)

9
In the previous section the results of the experiment were described entirely
on the basis of the measurements. Here it is-proposed to examine the result of
the combination (14): Ay = A, = 0.30 x 0,05 (m?), h = 0.6 (m) by equation (11') in
1.2 in Chapter 1.

We obtain the density difference equivalent to the carbon dioxide percentages
C by (67); we then arrive at the temperature inside the model, tj, which produces
the density difference for the temperature at time tg. The conversion can be
readily carried out with the aid of the graph, Fig. 36.

The straight line in Fig. 66 is the

result of the experiment with combination .
(14), and the curve has been produced by o010 ™
the equation (11') with K, = Kg =K-=1.6 0008 | '|_' A-4; -0301005, m-1
(Chapter 3, 3,1.6, Table 7), m > 1t Aob kekens <
h=0.6 (m, A, = 0,30 x 0,05 (m’) The J oo * e
two lines join where AT is large. '’ 0.004 W
o =

In this experiment agitation is F oor | 7 |_£
carried out with a fan for the purpose of -]
keeping the carbon dioxide percentages 0O 2 4 6 8 10 12 14 16 B 20
uniform. Taking this matter into ' AT (°C)

consideration, correction is made in the
amount of ventilation, but the friction
factor and the internal resistance are
8till unknown, Further, there is some
room for consideration of the empirical
formula. However, we have obtained some
result to cope with the case where the inside of a room is at high temperature.

Fig. 68, Formula and
result of Experiment.

CHAPTER 5

Coefficient of Discharge of Openings and Cracks

The amount of ventilation is controlled by the friction which exists in the
path of the air, as expressed in equation (29) in Chapter 1.  When the ventilation
of buildings or rooms is considered, therefore, the coefficient of discharge, «q,
or the friction factor, K, of the inlet and outlet 1is an important subject for
study.

The coefficient of discharge of the orifice and nozzle in the tube (Refs. 37
and 38), if the Reynolds' number of the opening is small, is large in the case of
the orifice and small in the case of the nozzle. So the value is not constant.

. Windows, ventilators, etc., are equivalent to orifices
on walls, (Refs. ‘39 and 40). (Fig. 67).

The case of a nozzle in a tube is represented in 0701~
Fig. 68. (Ref. 41). 1In this experiment, several things %% e[ T {;ﬂ
have been clarified, including the fact that the changes § ¥ ose
in the coefficient of discharge of the openings below §§:ﬁ
the Reynolds' Number 4 x 10° and the properties of the 33 . L I

- coefficient of discharge of cracks are equivalent to the
reciprocals (Ref. 42) of the friction factor of nozzles
or round tubes.,

Raynolds’ Numbar R~ 48

Fig. 67, Coefficlent of
Discharge of Orifice on
the Wall.

(Schne i1der)

Ref. 37. DIN. 1952. Regelen rur die Durchflussmessung mit genormten Dﬂsen u. Blenden, (1335).
Ref. 38. Uchlda: ‘ Chemical Engineering, pp. 72 — 75, (1944). .

Ref. 39. Handbuch Experimental Physik, IV, 1 Tell, S.585, (1931).

Ref. 40. Handbook of Mechanical Engineering (Japanese), p. 795, (1937).

Ref., 41. 539) S, 584,

Ref, 42, (28) p. 21, p. 30.
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What -attracts our attention most in the present A
subjec¢t is that in ventilation by wind or temperature 0 . -0.09
difference the coefficient of discharge is not constant, Sy |
as referred to before. It is particularly interesting sy i T
that in our model experiments with ventilation by ‘§@a,, /aml'
temperature difference, the Reynolds' number of the 3?5 y.4 1 T
opening is 10° or below. The changes in the Q e r L w‘”[[u‘
coefficient of discharge are not considered in Reyaolds' Numbar R
experiments with ether a la?tlce for vgntllatlon Flg. 68. Coefficlent of
(Ref. 43) or a lattice for light screening (Refs. 44 Discharge of & Nozzle.
and 45).

5,1 Coefficient of Discharge for Several forms of Openingsrand Cracks

For openings of various shapes, sizes and finishes, it is necessary to measure
the coefficient of discharge in each case, When we have to deal with cracks it .is
not possible to measure the amount of air flow or the coefficient of discharge by
ordinary methods (Ref. 46), because the amount of air flow in cracks is small, and
also a leakage of air is inevitable in the equipment itself during the measurement.
It is therefore proposed to describe a method of measuring the coefficient of
discharge most suitable for a small amount of air flow (also naturally for a small
Reynolds' number), and the results of such measurements.

5.1.1 Experiment. (Ref., 47)

The main part of the arrangement for the

experiment consists of a pressure room and a
ar

carbon dioxide box, as illustrated in Fig. 69. a¥
The opening or crack which we wish to measure taw A
is arranged in the position indicated by A in (Obor  wdk] Chambs’
the carbon dioxide box. In the present r—**“——vJ
equipment there is no risk of air getting into Fig. 69. Equipment for
the carbon dioxide box except through the Measuring Coefficient
opening or crack provided, because there are of Discharge.
no joints on the border between the pressure :
room and the carbon dioxide box.

The amount of air flow, Q, is

Q =uA = a(2g OP/p) /%A, a = K112 (68)

where Q = the amount of air flow (m%/sec), u = mean velocity (m/sec) of air flow at
the opening or crack, A = area (m?) of section of the opening or crack o = coefficient
of discharge, g = 9.8 (m/sec?®), AP = pressure difference (kg/m?) between either side
of the opening or crack, p = density of air (kg/m?®). 0 or K can be obtained from
equation (68).

To find out the amount of air flow at A in the diagram Fig., 69, it .is necessary
(1) to place an orifice whose coefficient of discharge is known at A or further
upstream, so that the pressure difference between either side can be measured by
the manometer; and (2) to measure the distribution of the velocity at the section
with a Pitot tube, thermic ray anemometer, Kata thermometer, etc. This is only an
example of obtaining the amount of air flow; there are other methods. The
arrangement described above means that we measure, in addition, the air which is
further upstream than A and is at high pressure, escaping from some joints other
than A; that is, leaking from cracks inevitably produced by the nature of the
structure. Even when such leakage is prevented, it is not possible to measure
satisfactorily pressure differences or wind velocities if the amount of air flow
is very small. Under a wind velocity of 1 (m/sec) or under a pressure difference
of 0.05 (mm Hg) the calibration of the meters is exceptionally difficult. These
difficulties can be removed by using the carbon dioxide method. '

Ref, 43, W Kriger: Journal of Sanitary Englneering, Vol., 13, No. 8, p. 747 (1939),
Ref. 44, Sato: Architectural Review, No. 23, (1941).

Ref. 45, Sato: Architectural Review, No. 25, (1942).

Ref. 48. Toshiroda: Pamphlet of Soclety for Architecture, Vol. 5, No. 12, p. 47, (1933),
Ref, 47, Shoda: Architectural News, No. 2, (July, 1949).
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Referring to the diagram, Fig. 69,

OP/p = Ku®/2g OP°/p = KNi"%/2g (69)
ud = u’a’ (70)
OP°/p = K™ (8/A7)*u?/2, (71)

If A'>>A, then AP" is negligible compared with AP, Further, if AP is made very
small, there is no need to prepare a rigid structure against the leakage of the air
through some cracks and openingg: in the carbon dioxide box other than A'. As our
plan is to find out the amount of air flow from the decrease in carbon dioxide
percentages in the CO, box by the method outlined in 2.2 in Chapter 2, only the
amount of air which has passed through A can be obtained. For this reason it may
be said that the air upstream from A in the pressure room, which leaks through the
joint does not matter.

The details of an opening and a crack submitted to tests are illustrated in

Fig. 70.

#or attechment of
CO0%box

o*
Box A
Room
reuta, el L0 [T Im
Opening
§ Q09 0 Crack SR
av
. -0 1 == HH —
! |
' |
|
. )
M ]
] 1
' 7z |
5 : M y
: _.l."A_P ] 0 20 3o 49 cm
(@)Circular Opening (6) Crack

Fig. 70.

Structure of Circular Openings and Cracks

5 1.2 Method of Measurement

The measurement of air flow dealt with in 2.2 in Chapter 2 consists of a
reduction in pressure in the carbon dioxide box, but in the present method the
pressure is increased. That is the only difference, and the operations in the
experiment and the measurement method are the same.

Let us make the first percentage, Cg’, 1.5 - 2.0 (o/vl) and the last
percentage, Cq , approximately Co "/ 2. We use a carbon dioxide box just large
enough to make the interval between the first and last conditions last 3 - 5
minutes. The carbon dioxide boxes are of four different sizes: 0.9 x 0,9 x 1.8,
0.6 x 0.6 x 1,8, 0.5 x 0.5 x 1.2, and 0.4 x 0.4 x 0.6 (m®). It was ascertained
that where the size of the carbon dioxide box was changed the amount of air flow
was proportional to each size.

. The pressure difference, AP, is arranged in 10 steps, 0.05, 0.10, 0.20, 0.30,

0.50, 1.0, 5.0, 10.0, 20.0, 30,0 (mm Hg), for each form.  For each step
measurement was made 4 - 10 times, thus obtaining the mean value of the amount of

air flow.

The interferometer is used for the measurement of carbon dioxide, Ehe Chatock
inclined tube pressure gauge for pressures below 0.5 (mm Hg), and the Gottingen
type pressure gauge for those above that pressure.

The forms of opening and crack submitted to test are represented in Fig. 71.
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Circular

Opening I -A I -B I-C
%
V= 7 _
Diameter 32mm <:::::> Y ~I v
Sand-paper finish _l _L ,_l
No Coatling E '
Veneered Veneered Tin Plated
10 mm thick 5 mm thick 0.31 mm thick
Crack IT - A II - B II1 -C
Hinoki d i V
*Hinok! woo v/ 74%% /
Finished with ¢ jég“/ ;5;;9/
a plane 1 4
v T ,]a _94 .‘o
No coating T % h
d=1, 3&6m /Jo“" /% L//
300 mm long 7 /
A
Fig. 71.

Forms of Openling and Crack

&

5.1,3 Coefficient of Discharge
of Circular Opening

-~
&

I

Circular
ap"{r‘:.nq

\

(l) The results of the

‘measurement are given in Fig. 72,

(a), (b) and (c). The relation

Y/ 7 (T/Sec.s}

of the mean velocity of air flow
at a section of the opening or

20

N

the amount of flow per unit area,

LU N Y
™

X

n A

4 = Q/p, to AP, describes a

7

parabola, and all three, I - A, 0
I - Band I - C assume almost

the same form.  However, it "

4 6 6 10 12 M 16 8 O Of O OF 04 OF e

4P (mm Hg)
(a) Circutar Opening I-A

‘must be added that none of them

§

is exactly a parabola.

~
N

(2) * The coefficient of

-
Q

discharge o obtained by the

equation (68) is shown by the

Q/4 - & (mpecs)

curves in Fig. 73. The

= fo

relation between ® and

LI . S

Reynolds' number R = ud/y
assumes a more or less similar

//

shape in the three cases.
Above R = 2 x 10* they agree

+ ] 8 o 2 4 16 1] 0 01 02 03 04 05 10
4P (mm Hg)
(8) Circular Opening 1-8

with the case of the orifice 73
for a constant o = Q.62 - "

0.65. Below R = 2 x 10%they

Clrcular
ap(’{‘éng

~
n

assume their individual

~
o

variations.

20 Jo

(3) The Shape factors

A pad

4

Q/A+« a(m/sec)

(1/a) (Fig. 71) are 0.31,
0.16 and 0,01 respectively

LU S S )

1
10 /

in I -A I-Band I - C. i/

/

% Translators Note: A Japanese Cypress
DS 79933/1 39

<+ 6 8 o 12 1 6 /8 o o0/ 02 0) o¢ as 10
ap (mm Hg)
(c) Circular Opening I-C

Flg. 72. Relatlon between U and [P,



For the rectangular orifice we -
take d = gbh/(b + h), where b is the PPy — L1 .
breadth, and h the height of the window ¥ T 1. i
(Ref. 40). Tne coefficient of Sos o
discharge of a window is a = 0,7 - 0.86 < }
obtained from Table 7 in 3,1.6 in 3 L<?~\_QL
Chapter 3, or from the amount of o7 T K e N
ventilation in Fig., 50 in 3.2.@. As 3 S _P%;zkr_,}>
these are mean values below R # 5 x 109 3 oe [Gennle.de) S B
it will be seen that they are appropriate ¢
values of the coefficients of discharge ©
if they are compared with the curve of % s i 0 ]
I - B in Fig. 73. A T i A
In101 ,Reynolds’ number (E‘VA ) ot Juic*
(4) In this section the coeffi- Flg. 73, Coefficlent of
cient of discharge is shown by its Discharge of Circular
relation to Reynolds' number for Openings.

convenience of general comparison.

If we take v = 1/7 (cni®/sec) for the air, Reynolds' numbers are R = 7 x 10%

7 x 10° and 7 x 10? respectively, for d = 100, 10 and 1 (cm), at u = 100 (cm/sea)..
We obtain u,/9 by temperature difference or wind in Fig, 7 in 1.5 of Chapter 1,
arrive at u% at a tentative estimate ¢ = 0.5, We then obtain a* from Reynolds'
number R¥; and ¢* is obtained. Repeating this method ¢ can be obtained suitably
in each case. In a practical matter, such as the ventilation for a window,

d =100 (cm) as given in Table 16, it is best to consider the constant of a = 0,65

at < 0,3. When we have to deal with a ventilator or a lattice for ventilation

with d = 10, 1 (cm), it would be necessary to assume that those coefficients of
discharge have a range of 0,65 - 0.9. In these cases we have to consider first the
nature and object of the ventilation, as dealt with in 1,6 of Chapter 1, and
accordingly the calculation of the ventilation should be carried out, choosing either
the large or small value of @ given in Table 16, so that the amount of ventilation
remains within reasonable limits.

R=1ud/v ~ 6 x 10° 6x 10°~ 2 x 10* 2 x 10* ~
o 0.65 ~ 0.90 0.60 ~ 0.75 0.60 ~ 0,65
Table 16

Coefficlent of Discharge (1/d < 0.3) of Windows & Openings

When ventilation by cracks is dealt with, the object of the calculation being
taken into consideration, @ is chosen from among the figures given in Table 21 by
the same procedure as before. For the ventilation of a room with openings and
cracks of different descriptions, it is necessary for us to consider those basic
points which have been discussed here, and thus to simplify complicated conditions.

' 5.1.4 Coefficient of Discharge of Cracks

(1) The results of the measurement are given in Fig. 74, (a), (b) and (c).
On the whole the relationship can be expressed by log G o log AP.

(2) II - A (Fig. 74, (a)).

iof d=6 3and 1 (mm) is almost the same, above AP = 10 (mm Hg); that is
to say, the amount of air flow, Q, is proportional to the area of the cracks. The

smaller d, the smaller a. ((a) in Fig. 75).

When the amount of air flow Q is considered, it is found that for 4 =3 (mm),
it is 4 - O times as much as for d =1 (mm); and for d = 6 (mm) it is 8 - 26 times
as much, As for d = 6 (mm), it is 2 - 3 times as much as for d = 5 (mm), and is

almost proportional to the area (Table 17).

Ref, 40. Handbook of Mechanical Engineering, p. 795, (1937).
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' Fig. 74. Relatlon of U to AP
AP (rm Hg) Qe/Q4 Qa/Qs Qe/Qa
0.1 26 9 3
1.0 15 6 2.5
8.0 8 4 2 e IFH
0.8 )
d rac N Gh iy 1T et
© H A
WMAMM 06
I-A > ]
o o I @bl HATL I
: . \ < s T
ITI - B: ((b) in Fig. 74). & /“‘LHJ'H
02
Tne difficulty here is that the section of the

path through a crack is not always the same. Let us e R L)

' ar, H
therefore assume that the area is A = d x ‘300 (mm?). @ E("',;" 9)
Fig. 76 (a). Breadth of
Above AP = 1,0 (mm Hg), @ of d = 1, 3 (mm) is cracks, d, and .

almost the same.  For values of AP < 1,0 (mm Hg),

d =1 (mm), becomes smaller. @ for d =3, 6 (mm) are
parallel, and contrary to the case II-A, G for d = 3 (mm)
is larger. ((b) in Fig. 75).
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As regards the amount of air flow, Q, d = 3, 6 (mm)
is almost the same. From this it will he seen that the :
friction which occurs at the centre of the rabbet is a , iaren
controlling factor. The ratio for d = 3 and 6 (mm) to ,:: 1] LY
d =1 (m) is 3.0 - 5.4, and it is noted that the effect 4 4
of breadth, d, is very small compared with II - A.

(See Table 18).

Ratio of Gtod
8 & o > T
> a o M

AP (mm Hg) Qa/Qa Qs/Q4

e
~»

1 0.96' 6.4 o6 0704 02 o4 Ohatio 2 4
N 4P (mm Hg) .
O~ 0,98 4.0 () I-B
1 0 ' Flg. 75 (b). Breadth of
TQQLL@-!—-—MH—J] . . cracks, d, and 1.
Alr Flow (II - B)

0.
i

II - C: (Fig. 74, (c)).

The curves G of d = 1, -3 and 6 (mm) become
straight lines more or less parallel to one another
and i decreases as d decreases, as represented by (c)
in Fig. 75.

S
-

As regards Q, the amount of air flow, d =3 and
6 (mm) are 6,5 - 9 times and 14 - 43 times as much
as d = 1 (mm), respectively, and d = 6 (mm) is
3.5 - 4,5 times as much as d = 3(mm). (See table 19).

X

°
L3

N ta) /e il
(__"- 7 )
~J@A&, THH ”

14

°
*
2

Ratio of Gtod

N ). fah

[
n

Ap (mm Hg) Qe/Q Qa/Qs Qe/Qa
0.1 31 6.5 4,5 ] + s 810

0.3 43 9.3 4.3 o wor oz o4 okofr0 2
L] . . AF(mm Hg)
8.0 14 7 3.5 () I -C

L1171

1 T t Alr Flow Flg. 75 (c). Breadth of
(IL = C) * Cracks, d, and .

Suppose d = 1, -3 and 6 (mm) correspond to the
top, middle and bottom of the fixtures in a house,
then we see that the amount of air flow varies from
one to another in the ratio of the order of
multiples of 10. -

K

j-¢

Ny
]
i
\

°
3

Coefficient of
Discharge,d
o
-

°
-

(3) The coefficient of discharge for d = 6,
3 and 1 (mm) is shown in Fig. 76 (a), (b) and (c)
respectively.

o
N

°
»
-
-

L] 1o 12 14 % " 20
. - . A T
When the relation between ¢ and T is examined, Zd.‘;’”""'{"“)

we observe that where U is small, d is also small

1.2
(contrary to the case of circular openings); and e
the form of the curve resembles the case of Ty L SINEN
nozzles (Fig. 68). R A = S
8 Qoel-A - -
a4 = a.Rn ‘ (72) $§041 =
. 1 ' 3‘1} o 43
where R = ud/v a = ¢4 (=) and, taking into 2
consideration the equation (68), o2+ 6 8 W i@ w18
\ QA 2 a(m/sec)
1 - - _ (6) d:3mm
() ta/0)» (ules te/p)=12) = 1 (73) ger
T vos ]
‘Logarithmically expressed, 35’ = ET
&~§01 ] ja-8) Ay
log u=log a’ *+n(l-n) 'log d+ {2(1-n)} “1log AP (74) 55”*’% }
where a’ = {av"'n (xgg/p) 1/2> 1/ (1-n) ot :);A ;Efm;lsealr .o
<) «Imm
From the straight lines in Fig. 74, Flg. 76. Coefficlent of

Discharge of Cracks.

k = log(uy/u,)/log (AP s/ 0P,) (75)
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n

When the above is obtained,

(2k-1) /2k (76)

n:
The values of n are set forth in Table '20.

As d increases, n decreases. With the
exception of IT - B of d = 6 (mm), the values

Form II-A II-B II-C
d = 6 (mm) 0.04 0.13 0.07
3 0.15 0.13 0.15
1 0.36 0.39 0.39%

* 0,4<0P<10 (mm Hg)

Table 20.

o = a,Rl

of

n in the three forms II - A, II - B and II - C are near to one another for

corresponding values of d.

oll e

When d = 1 (mm), n
approaching QaAP,

0.4, and from (74) u =

CAPO. 83

C:

constant (77) thus

As the models are full-sized, it is possible for us, by the use of Table 21,
to discover the coefficients of discharge of cracks in fixtures which correspond

to the parts in the model already studied.

1 - - 11 -
(mm) (m/sec) II - A II - B I1-¢C
~1 0.8 0.15 ~ 0.2 0.95
6 1~5 0.8 ~ 0.9 0.2 0.95 ~ 1.0
5~ [V | [} 1.0 ~ 1.1
~ 1 0.4 ~ 0.8 0.35 ~ 0.35 0.35 ~ 0.55
3 1 ~5 0.8 ~ 0,95 0.35 ~ 0.45 0.55 ~ 0.65
5~ 0.8 ~ 0,95 0.45 0.65 ~ 0.7
~1 0.2 ~0.3 0.15 ~ 0.2 0.15 ~ 0.2
1 1~5 0.3 ~ 0.8 0.2 ~ 0.45 0.2 ~ 0.4
5~ 0.8 ~ 0.7 0.4 ~0.45 0.4 ~ 0.45
Table 21

Coefficlent of Discharge of Cracks

5.2

Coefficient of Discharge in the Ventilation by Tempe

(Ref. 48)

rature Difference.

The writer has measured various factors, each separately, of ventilation by

temperature difference; .

and has ascertained, by means of a cylindrical model, the

fact that the values he had obtained in the experiment can basically satisfy the

formulae in connectiion with ventilation,

Items of measurement include the amount

of ventilation, distribution of temperature and distribution of pressure difference.
For the coefficient of ‘discharge, we are referred to the results of measurements

described in 5,1.-3 of Chapter 5.

5.2.1 Experiments with a cylindrical model

The diagrams in Fig. 77 indicate a
cylinder and various points for measurement.

The wall of the cylinder is of tin
plate and is lagged with asbestos packing.
The top and bottom covers are of veneered
board, 10 (mm) thick. - When the ventilation
experiment is carried out, the middle of the
top and bottom covers is fitted with
veneered board 5 (mm) thick, 13 x 13 cm? with
four circular holes, 32 mm in diameter,
arranged at a distance of 80 (mm) from centre
to centre. These circular holes are the
same as those used in the model of the room
and introduced in 3.2.,1 (B) in Chapter -3.

At a height of about 30 mm from the
bottom, Nichrome wire is stretched, and it
is so arranged that the inside is uniformly
heated. It is further arranged that the

Rer, 48. Shoaa: Architectural News, No. 5 (Jan., 1950)
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currents and voltages under normgl conditions can be read, and the distribution of

internal temperatures and the distribution of pressure difference on the outer wall
can be measured at the same time. For the temperature the alcohol thermometer is

used, and for the pressure, Chatock's inclined tube pressure gauge.

v

5.2.2 Various Factors in Ventilation by Temperature Difference (Measured Values

and Formulae)

(1) Distribution of Temperature.

An example of the distribution of temperatures is 'set forth in Table 92.

When there is no Ventilation
1-5 6 - 10 11 - 15 Mean Level
47.1 " 46.5 43.5 45,7
AT = 21.5 45.5 . 46,5 *43.5 45.2
ty = 45.3 45.2 47.2 42.9 45.1
to = 23.8 46.5 47,2 42.9 45.5
46.2 49.5 40.0 45,2
When there 1is Ventilation
1 -5 6 - 10 11 - 15 Mean Level
44.8 44,0 41.0 43,5
AT = 14.9 44.0 44,0 42.9 43.8
ty = 43.8 43.8 44,0 43,0 43.8
to = 28.7 44.2 44,2 44.0 44.1
29.0 47.9 40.5 43,4
Table 22

Distribution of Temperatures (Cylinder)

Referring to this table, it will be noted that the mean temperatures on levels
are more or less the same. The more ventilation and the larger the temperature
difference, the less the uniformity in Temperatures. (3.1.3 and 3,2.2 in Chapter 3),

(2) Distribution of Pressure Difference

The distribution of pressure difference when there is

ventilation is represented in Fig. 78. « oobmuty
14 o
When the mean temperature in a room is tj; = 65 (c), 2
and the outside temperature t, = '25.2 (C), AP = (po-pji)h = ) .
(1.184 - 1.043) x 0.77 = 0,11 (mm Hg), and the measured " R
value 0.12 (mm Hg), thus showing agreement. The “
distribution of pressure is rectilinear, and the neutral 71
zone is situated at h/2. As the opening ratio is m = 1, °::
the equation (18) in 1.3 in Chapter 1 is satisfied. y ]
4 o.a6ma Hy
(3) The Amount of Ventilation. ti=65°, tox 25-2°c

AP *(Pa=P1) = 0. (mm Hg)
AP = 0.12(mm Hy)

i i i i heat
The amount of ventilation is obtained by he Fig. 78. Distributlon
calculation. From the equation (43) (3.1.4 in of Pressure Difference.
Chapter 3),

3600 CppQ = H'/AT - Hy/LT (78)
The measured value is represented in Fig. 79. ,
- . : 1
The relation between the amount of ventilation and y N siwsora
AT*/? is rectilinear, as is clear in Fig. 80. JL vyn
. s
From Fig., 80, N
Q = 0.00045 ATi/Q (ms/sec) (79) 366 ke 30 40 w0 o 0 b0
! 2 Flg. 79. Amount of
Cpp = 0.3 and the area of outlet A, = n(0.016) % x 4. Ventilation and the
Amount of Heat
Supplied.
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i =0.87 (m/sec).

* When ti = 65 (C), to =25.2 (C), AT = 39.8 (C),

3 :

If we take K, = K, = K or @ = K*?, m=1in I r,»//

equation (11') in 1.2 of Chapter 1, S, P

- * Pl
Q = d (endT/To) */ A, (60) < P
"

3 4 5 ¢
where @ in this case is the mean coefficient of Jar '

discharge of -AT<40 (C).
Flg. 80. Amount of
Ventilation and

When o is obtained from equations (79) and (80) Temperature
with h = 0.77 (m), T, = 300 (ab. C), g = 9.8 (m/sec?), Difference.
%= 0.9 or K = 1.25 (81)

According to the measured value (see I - B curve in Fig. 73 in 5.1.3 of -
Chapter 5) of the coefficient of discharge of a circular opening, AT = 39,8 (€);
that is to say, when @ = 0.87 (m/sec), & = 0.7. Below this velocity, the
coefficient of discharge suddenly increases. For this reason 0.86 - 0,9 are quite
conceivable values for .

Thus we come to the conclusion that, if we use coefficients of discharge
determined taking Reynolds' number into consideration, the equations (80) and (26)
become generally practicable as formulae for ventilation by temperature difference.
Special attention is called in such a model experiment; when ¢ = 0,63 and &” = 0.9,
K =2.5and K" = 1.25. Therefore, in our experiment, the amount of ventilation by
temperature difference at AT/, can be calculated if Q is obtained by equation (80)
with o = 0.63.

CHAPTER 6

VENTILATION BY WIND (TSUFU)*

Ventilation by wind for buildings or rooms is controlled by various factors,
such as the pressure of wind, direction of wind, position of window, size of
window, resistance to the path of wind, etc. In this chapter the writer proposes
to use the term 'tsufu' for ventilation by wind,

Wind pressure has already been considered in 1.4 of Chapter 1, and the writer
is not quite sure whether the wind pressure acting on buildings can be expressed
by coefficients of pressure distribution, even when the windows of such buildings.
are open. Further, in ccnsideration of the effect of ventilation, the distribu-
tion of wind velocities in a room is an important factor. A number of experiments
have been carried out with models on ventilation by wind; for instance, for
classrooms (Ref. 49), factories (Refs. 50, 51 and 52), dwellings (Ref. 53) and for
grouped buildings (Ref. 54). Further, there are instances in which the distribu-
tion of wind velocities in a room was taken into counsideration and research has
yielded some quantitative results., (Ref. 55).

% Translator's Note: The word ventilation 1s elther 'Kanki' or 'Tsufu' in the Japanese language.
Technically speaking there 13 some difference between the two, but laymen never distinguish between
them. Prof, Shoda, the iwriter of this booklet, appears to define 'tsufu' as ventilation by wind.
In fact *fu' in 'tsufu' means wind. From Chapters 1 - 5 the writer used mostly 'kankl', but in
this chapter, the new term is used throughout.

.

Ref. 48, 1Ito: Architectural Review, No. 3, pp. 68 — 75, 1936;.
Ito: Archltectural Review, No. 3, pp. 58 - 85, (1936).
Ito: Archltectural Review, No. 5, pp. 271 - 280, (1937).
Ito: Architectural Review, No. 6, pp. 44 - 53, (1937).
Ref. 50, Sato: Architectural Review, No. 13, pp. 360 - 389, (1939).
Ref. 51, Ito: Architectural Review, No. 17, pp. 94 - 102, (1840).
Ref. 52 Kimura: Journal of Sanitary Engineering, Vel. 15, No. 4, p. 221, $1941 o
Ref. 53, Watanabe and Shoda: Architectural Review, No. 31, pp. 145 - 153, (1944).
Vatanabe and Shoda: Architectural Review, Nos. 32 - 35, pp, 43 - 46, (1647).
Ref. 54, S. Shoda; Architectural Review, No. 5, pp. 261 - 270 (1937).
8. Shoda: Architectural Review, No. 26, p. 38, (1942).
Ref, 55, Hltomasu; Architectural Review, No. 1, pp. 254 — 261, (1938).
Eltomasu: Architectural Review, No. 31, pp. 40.- 44, (1944).
Eltomasu: Journal of Sanitary Engineering, Vol. 17, No. 9, (1043).
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In the present experiment, apartments, school buildings, etc. are considered, -
and the main object .is to examine sizes of windows, their combinations and the
effect of these factors on ventilation. In the measurement of wind velocities the
thermic ray Kata thermometer was employed (2.3, Chapter 2). This experiment was
carried out at the laboratory of the Institute of Industrial Science, Faculty of
Science and Engineering, University of Tokyo.

6.1 Method of Experiment

A model of a three storied building was. introduced into a wind tunnel in which
there was a certain velocity. Changing the conditions, such as the direction of
wind, position of rooms, windows and openings in partitions, the wind velocities in
the rooms were measured,

6.1.1 Arrangement for Experiment
(Model of a Three-Storied building)

The model is of floor space 42 x 49 (cm?), and is 54 (cm) high. It is
divided into a centre room and unit rooms on each side. One unit room consists of
two (front and back) rooms. The sizes of the windows on the outer walls of the
front and back rooms and the openings on the partitions are of four grades, as
detailed)in the diagrams. The model is a 1/15 reduced scale model of an apartment
(Fig. 81).

%
H N
------- IR At H —
il 3 T £y
e ——— A, H H—t<
G-
.
------ =
A B BN
i i —g,
g
o ——- ———— H H = B
][] :
L ———— H 14 -—4;
EX
2 1185 27 O TZ{ R z 3 Fy
- H—-«za—ﬂ‘ﬁ ot ﬁ—-nr——| JE e {2 205 {
T23 486
SectionA-A Sectiong-8

o2t 243 25
'T?ﬁ?ﬁ ’
= o AT e 7ot 4y,
|
re ]
H reizre « 34,

i

I I X
| D TSNS s 24,

A bl
1, + — v D reud2s a4, o i ' “ o
e T Fig. 82 (b
Aan Arcas of speajngs 8. )-
/ndicates positions of Bulbs of Thermic Ray
Kata Thermometer,

Thermic Ray Kata Yhermometer

Fig. 81. Model of a Bullding.

In each room there are five points for measurement
of wind velocities on a central line in the room, as
illustrated in Fig. 8l1. Kata Thermometers are
suspended between sliding scales, as illustrated in . =] —
Fig. 82 (a) and (b), and'are installed at the positions
mentioned. The model is placed on a plate and
introduced into a wind tunnel, as illustrated C)
diagrammatically in Fig. 83 (a). For convenience of
measurement, small wind velocities are mainly chosen,
and the outlet of the tunnel is covered with wire net Efffﬂ“’
(mesh 0.5 mm, and wire 0.18 mm in diameter).

Fig. 82 (a).
The wind velocity at the outlet is kept at Bulbs gr'mwﬁmL:Ray
V = 1,57 (m/sec), and in each unit room, a wind is Kata Thermometer
raised and the wind velocities in the room are
measured,
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Filg. 83 (a). Wind Tunnel.

6.1.2 Formulae for the Amount of Ventilation Fig, 83 (b) Wind Tunnel.

The amount of ventilation in each unit room of the model is now considered,
taking into consideration equation (25) in 1.4 of Chapter 1, and the friction factor
dealt with in (a) in 3,1.6 of Chapter 3.  The amount of ventilation, Q, is.

Q =ud = a(l +my? +ny?)"2(C, - Cy) " 4VA, (82)

where u = mean wind velocity in the room, A = area of section of the room,

K, =K, =Kz =K, a-= K”"z, m, = A;j/A, m, = Ay/A,, Ay, A,, A, = areas of windward
windows, openings in partitions and leeward windows, C,;, C4 = coefficients of
pressure distribution at windward and leeward windows, V = external wind velocity.
Hitherto, the amount of ventilation by wind has been calculated in the following
manner: - :

Q = cVoh,, Vo = Veos 6 (83)

where V = external wind velocity, ¢ = constant and A; = area of a windward window.
For example, according to Randall (Ref. 1), the values of c are as set forth in
Table 23,

(a) (b).

Path of Wind

In Ventilatlon vV v
I S

Direction v
of wind \
y,. V.
§=45° 5=45°
Randall 0.50 0.30 0.60 0.35
Equation (85) 0.46 0.32 0.58 0.40
Table 23

Values of C



With A, = m,A, the equation (82) is .
Q = amy(1.+ my? + méz)—”z (C:."Ca)—1/2VA1 (84)

When (83) and (84) are compared,
c = omy (1 + mx.z, + mz.z)—ilz (Cx‘ca)"i/2 (85)
For the path of wind as indicated in Table 23, ¢ derived from the equation (85) is
(a): C4-Cs=1my =1m,=0a=0.,6506=0and 45”°, (b): m =12, and the rest is
assumed to be the same as (a). If so, the values from (85) agree quite well with

Randall's figures, as is clear in Table :23,

If A, = n,A,, A2 = ﬁ,Ad, Ay =n,A, are teken for the areas of the openings, (82)
produces

(U/V) (1 +my2.+ "iz'z) /2 kn

(W/V) (1 + mg? + mz?) * (m,)™* = kn,
(w/V) (1 + m? + my?) 2% (my)~* = kn, (86)
where k = a (Cy=Cg) ™22 (Ag/A)
6.1.3 Groupings. of Observations
In the experiment the direction of [ T 1
wind, positions of unit rooms and il s
openings are combined in various ways; 21 | 20 1 L )
thus there are ‘34 combinations falling w | 10 AL AL A
. I3 /e
into § groups. - The pumbers and symbols inn Direction — f:TP 4, 1A,
are given in Fig., 84. 3 /(/g of Wind Positions of Rooms »
2 Open/'ny:
I: When the direction of wind ° ’
rection Position Openings
changes, Example  OF Wind of Roorn J
: ' : (0] 2
(020242), (120242), (220242), 20 4
(.320242)_ Fig. 84. Numbers & Symbols.

II: For unit rooms .in different
positions,

(010242), (020242), (030242),
(011242), (021242), (031242).

III: When windward windows, openings in partitions and leeward windows are
of the same size,

(020444), (020333), (020222), (020111).

IV: When only the leeward windows change, the others remaining unaltered,
" and windward windows only change, the others remaining unaltered,

(020244), (020243), (020242), (020241).
(020442), (020342), (020242), (020142).

V: When the windward windows and leeward windows change in the same ratio,
and openings in partitions are 44y, Ag,

(020444), (020343), (020242), (020141).
(020414), (020313), (020212), (020111).

VI: When the openings in partitions change, windward and leeward windows
remaining unaltered,

(020242), (020232), (020222), (020212).
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6.2 Results of Experiment

The writer proposes to call the ratio of u, wind velocities at the points in
the room, to V, the external wind velocities, u/V, tentatively the 'ventilation
factor'. As the six groups of combinations are all associated with one another
through a common link, each result can be compared with any other by means of the
ventilation factor.

6,2.1 Wind Velocity before a Window

When the outlet of the wind tunnel is at a wind

velocity of 1.57 (m/sec), all the windows of the model ¢ agm
are closed. What happens then? Points of measurement _,—ﬁ?ﬁ‘ 7
for the wind velocities at a position 3 (em) in front "'jiffﬁﬁ:
of the central window and the condition of flow in the ’::,{ﬁ,k,y L
vertical plane round the building are illustrated in v-157%.3" /e s
Fig. 85. The angle of wind direction in this case is T v et 1 -
8 = 0. ' - O]
® Indicates the positions of the
Referring to the stream lines in Fig. 85, the Thermic Ray Kata Thermometers
continuous lines are the results of the observation

. . Fig. 85. Wind Velocitles
made by means of string, and the broken lines are & Be?omga Window.

imaginary. The ratio of the height of the 'turning

point' to that of the building is 0.35. This is.

small compared with Prof, Taniguchi's figure, which is approximately 0.6 (Ref. 12),
but there seems to be no appreciable difference in the form of the stream line."
So(the win? velocities before a window are 0.4 - 0.53 (m/sec), that is 1/4 - 1/3 of
V (Fig. 85). .

6.2.2 Measured Values of Wind Velocities in a Room ) A .

The measured values at the five points on the central line, when the external
wind velocity is V = 1,57 (m/sec) and up and up representing the wind velocities of
the windward and leeward rooms respectively, are graphically represented in Fig. 86,
(a) to (f).

0192 4 2 20242 £20292 122232
OO VT A 71 ¢ T #s /70 N /T E/7 /T
’7: §=0° £2225° §45° S5 "f;:r
10
o A ve
" 0-6
A R 1 [ -1 oy
. RSN VRS
0 ~ 1Y <~
(a) Measured Values of
Wind Velocities in rooms I.
0/’9:1.42 %;tolz.qz (2[;!0].::‘1
A A ry
A,
Y A
10 10
I8 04
e P 0.4 0307397 ::;:333 020222 | [020777
Lo _ O\ ” sl T4 £ 1 44 /Y /Y Tl | Ld
14 N~ b ﬁ/, ol
’1 AN 0" 2 0 Iro
o ' 0 o8 a8
07T ZF3% DZTEIFT| [(OITZF3Z 04 ,A'I\\ s 4 -6
df Tdo| [FTATY [ZrTge,, 0% =N~ AN e
7/: -2 g1 o _\__-—--.-.. 02
) IA 10 0 o
o0 0-g (¢c) Measured Values of Wind
04 f= “"/X 06 Velocitles in Rooms III.
0% F rl' " 0. 4
a1 ”\’L\"‘f\ 7~ {01
9 0

(p) Measured Values of Wind
Velocities 1in Rooms II.

Fig. 86. Distribution of
Wind Velocitles in Rooms.
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(e) Measured Values of Wind
Velocitles 1in Rooms V.

Fig. 86. Distribution of
Wind Velocitles in Rooms.

6.2.3 Direction of Wind and Ventilation, Group I

The opening form 242, consists of four sections of a window, 9 feet high, the
central two of which are opened. As m, = 0.5, it may be said that in this form
there are no sections in the partition.-

(1) The distribufion of wind velocities is asymmetrical when there is an
angle of wind direction, 6. (Fig. 86 (a)).

(2) The values of the ventilation factor u/V are given in Table 24.

: ‘Wincward Rooms (ug/V) Leeward Rooms (up/V) Mean

Combinations (ayv)
Max Min Mean Max Min Mean of 2 rooms

020242 0.37 0.20 0.27 0.24 0.22 0.23 0.26

Group 120242 0.55 0.15 0.28 0.21 0.12 0.18 0.23

I 220242 0.70 0.07 0.24 0.29 0.08 0.19 0.22

320242 0.49 0.00 0.14 0.15 0,04 0.10 0.12

Table 24

Values of Ventilation Factor u/V (I)

(3) Windward rooms have larger mean ventilation factors than leeward rooms.

(4) When the angle of wind direction, 6, increases, the ventilation factor
for the whole decreases. In the case when the angle of wind direction is 6 = 45,
a maximum value 0.7 of the ventilation factor appears in the windward rooms.
(Table 24, Direction of wind 2).

(5) When the maximum velocities of the front and back rooms are joined it
will be seen that the path of ventilation definitely changes with the direction of
wind, as is evident from Fig, 87.
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Fig. 87. Direction of /’]
Wind and the Path of
Ventilation. 0 02 o+ 08 08 10
Cos 6
The position of unit Fig. 88. Direction of
room is 20. Wind and Ventilation
Factor I.

(6) The mean ventilation factor of the front and back rooms, U/V is approxinately
proportional to cos 6.  (Fig. 88).

6,2.4 Position of Unit Rooms and Ventilation, Group II

(1) Even when the angle of wind direction is & = 0, the distribution of wind
velocities in the first, second and third stories at the ends of the building is
asymmetrical. (Fig. 86, (b)).

(2) The values of the ventilation factor u/V are given in Table 25,

Windward Rooms (ur/v) Leeward Rooms (ub/V) _Mean
Combinations éu/v) of
Max Min Mean Max Min Mean rooms
010242 0.49 0.39 0.43 0.31 0.25 0.28 0.36
020242 0.37 0.20 0.27 0.24 0.22 0.23 0.26
Group 030242 0.14 0.09 0.12 0.13 0.08 0.12 0.12
11
011242 0.69 0.15 0.36 0.41 0.17 0.29 0.33
021242 0.24 0.12 0.17 0.26 0.11 0.18 0.17
031242 0.28 0.13 0.18 0.14 0.07 0.10 0.14
Table 25.  Values of Ventllation Factor u/V (II)
(3) The windward rooms have larger mean ventila- T

tion factors than the leeward rooms.

(4) The ventilation factor is slightly smaller

for unit rooms which are at the ends of buildings than 0.4 e oCentre] |
for those at the centre. The maximum, O.69, appears P N N * o
when the position is 11. (Table 25, position of N N
-2
room 11). ., Sy
(5) The higher the storey, the smaller the
ventilation factor. (Fig., 89). v Z,-,n:’f:m;“ "

Flg. 89. Number of Storles

(6). When the path of ventilation in a room is ana Ventilation Facton It

considered in terms of three dimensions, taking into
account the features indicated in Figs. 85 and 87,
the results mentioned in-(4) and (5) will be easily
understood.

6.2.5 Areas of Windows and Ventilation, Group III

The conditions are: the angle of wind direction, 6 = O; +the position of the
room, 20; Ay = A, = Ay = 4A,, 3A,, 24,5, Ao, my = m, = 1. (Fig. 86, (c)).

(1) The values of the ventilation factor u/V are given in Table 26 and in
Fig. 90.

Windward Rooms (ug/V) Leeward Rooms (ub/V) Mean
Combinations (4/V of
‘ Max Min Mean Max Min Mean 2 rooms
o 020444 | 0.47 | 0.30 | 0.38 | 0.42 | 0.33 | 0.37 0.38
Group 020333 0.386 0.25 0.32 0.42 0.38 0,35 0.34
I1I 020222 0.33 0.25 0.27 0.36 0.22 0.28 - 0.28
020111 0.25 0.10 0.14 0.18 0.18 0.17 0.18

ble 26 o

Values of Ventilation Factor u/V_(III)
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(2) The mean ventilation factors of windward and ‘

leeward rooms are almost the same. o ,
4 7
~ (3) The relation of the mean ventilation factor L p
of the front and back rooms to the areas of windows is ot —pp—
rectilinear under n, = Ag/A, = 3, as shown in Fig. 90, otl—y °§"/' '
but above that, the rate of increase diminishes. In ! odsty
actual buildings, many correspond to conditions below ° ,,;,,’ *
A, = 2A,. © At Azx A 4A0,3 A,
240 ., Ao
6.2.6 Areas of Windward and Leeward Windows and = mee
¢ Ventilation, Group IV . Fig. 90. Area of Windows

and Ventilation Factor III,

The angle of wind direction, 6 = 0, and the
position of the room is 20, Two sub-groups, (a) and (b), are compared. They are
(a) Ay = 2Ag, Ap = 4 Ay, A, = 4A,, Ao, 2A, end Ao. (my = 2, 1.5, 1, 0.5, m, = 1,
0.75, 0.5, 0.25); (b) Ay = 4A,, B3A,, 28, and Ag; A, = 4Ay, Ay = 244, (m, = 0.5,
0.67, 1, 2); my, = 0.5).- (Fig. 86, (d)).

(1) The values of the ventilation factor u/V are set forth in Table 27 and
represented graphically in Fig. 91.

Windward Rooms (ug/V) Leeward Rooms (uy,/V) Mean

Combinations (W/v) of

. Max Min Mean Max Min Mean 2 rooms
- 020244 0.55 0.28 0.41 0.28 0.22 0.25 0.33
(a) 020243 0.47 0.26 0.36 0.24 0.23 0.23 0.30
020242 0.37 0.20 0.27 0.24 0.22 0.23 0.25
Group 020241 0.17 0.09 0.11 0.17 0.10 0.13 0.12
v : .020442 0.22 0.14 0.19 0.30 0.23 0.25 0.22
(b) 020342 0.33 0.20 0.27 0.29 0.22 0.24 0.26
020242 0.37 0.20 0.27 0.24 0.22 0.23 0.25
020142 0.38 0.15 0.20 0.13 0.08 0.10 0.15

Table 27

Values of Ventllation Factors u/V (IV)

(2) 1In both the cases of (a) and (b), with o
my; > 0.5 - 0.6, the windward room tends to have jagv

a large ventilation factor, but with my < 0.5 - /’/ ufv
o . 2.3 0.3
0.6, it is the leeward room which has this vt L, s i !
tendency. (Fig. 91). Z, _ 3::“%/
ey

(3) At the mean ventilation factor of the | | 1 J |
front and back rooms the leeward window (when Asjro 4,/,;0
Ay = 4A;) is about 1,5 times as large as the o hnerteion et pab e drrrmriiigh v
windward window (when A, = 44A,); and at the Arvza, A2st4, Ay« 2h0 A2:4d
ventilation factor of the windward room it is Flg. 01. Effects ot Windward
“approximately twice as much. (Fig. 91). and Leeward Windows, IV.

(4) As A, of the leeward window increases,
the ventilation factor, too, increases, but at
Ay =3 - 44, (m = 1.5 - 2,0), the rate of
increase diminishes. :

(5) When the size of the windward window
changes, the maximum véntilation factor is

in the neighbourhood of Ay = 2.5A, (my = 0.8). o | J&low 8
If A, is increased beyond that, the ventila- So ?“ e lon
tion factor rather decreases. (Fig. 91, , NE"-- % 3o 2 (/
Iv (b)). § o+ §os %
. %“ %wz /]

(6) From (4) and (5) it may be judged 'S 3
that the most suitable area-ratio between the oot :/AJ + 5 o ZA/:‘ 4+ 3
leeward and windward windows is my = 1 - 2 ¥ (a) 3% I (b) i/ Ao

(7) If u/V in the equations (86) is
replaced by G/V, we can observe a more or
less straight line, as represented in Fig. 92,
thus obtaining the value k = 0.19 or 0.17.
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B
6.2.7 Area of Windows and Openings in Partitions and Ventilation Group V

The angle of wind direction, & = O, and the position of the

room is '20. Two

sub groups, (a) and (b) are compared. They are V(a): A, = A, = 4A,, 3A,, 24,,
' V(b): Ay = Ay = 4A,, 3h,, 24,
Ay, A, = A (my = 1, my = 4, 3,2, 1). (Fig. 86 (e)).

Aoy A, = 4Ao, (my =1, m; = 1,.0.75, 0.5, 0.25);

(1) The values of the ventilation factor u/V are given in Table 28 and Fig. 93.

Windward Rooms (up/V) Leeward Rooms (up/V) Mean
Combinations (V) of
Max Min Mean Max Min Mean 2 rooms
020444 0.47 0,30 0.38 0.42 0.33 0.37 0.38
(a) 020343 0.42 0.27 0.35 0.38 0.33 0.35 0.35
020242 0,37 0.20 0.27 0.24 0422 0.23 0.25
Group 020141 0.38 0.08 . 0.24 0.11 0.07 0.09 0.13
v 020414 0.17 0.12 0.14 0.10 0.20 0.49 0.32
(b) 020313 0.19 0.18 0.19 0.70 0.24 0.40 0.29
020212 0.21 0.17 0,19 0,37 0.20 0.26 0.22
020111 0.26 . 0.10 | 0.13 0.19 0.16 0.17 0.15
Table 28
Values of Ventilation Factor u/V (V)
. (2) When openings in partitions are large | F/v
(A, = 4A,), the mean ventilation factors of the P of
windward and leeward rooms are almost the same, o4 — o+ ~
and the ventilation factor increases in propor-  ,,|. 4 03 Al
tion to the area of windows (Fig. 93, (a)). 02"”" 4 oz _
However the rate of such increase diminishes ey 7 Lt
from A, = 34, onwards. " °'@ﬂ ST
o 2 3 4+ S5 o 1 2 3 4 5
(3) When the openings in the partitions 7 43/A0 ) Az/Ao
are small (A, = A,), the ventilation factor of émmwmfﬁbﬁms Tpernngs inpareitions
the windward room is exceedingly small compared Apr#Ay A=Az Az:=40.4,:4;
with ?hat of the leeward room. ‘ (Flg.‘93, V(B)). Flg. 93. Sizes of Openings in
In this case there appears a point of a very Partitions and Ventllation of

large ventilation factor in the leeward room.
(Fig. 28, opening form, 414).

(4) When openings in partitions are small,
windows larger than the openings produce almost
no effect on the windward room.- (Fig. 93,

V(b) Gf/V curve).  On the other hand, the
ventilation factor of the leeward room increases
in proportion to the area of windows. (Fig. 93,
V(b), Tp/V) curve).

(5) If k is obtained from (G/V) by the
equation (86), k = 0.19 and 0,27 are the resulis.
(Fig. 94).

6,2.8 The Arca of Openings in Partitions and
Ventilation, Group VI

The conditions are: The angle of wind.
direction, & = O, the position of the rooms is
20, Ay = Ag =2Ag, A, = 4hA,, 3Aq, Ao, Ao
(my = 1, m, = 0.5, 0.67, 1, 2).  (Fig. 86, (f)).

Windows V.

N ; /]
oW *\_\’a £ < |o.27 }/
o E “N I
NEX) e el Kos T
& 06 A "to 6 7
3 N /
¥ 0.4 \t‘o.v-
5 // N ﬂ/
NG 20.2
3 0
A =~
o ( 2 3 4 5 o 1 2 3 4 5
A3, Ao A3/Ao
I/a) (L)

Fle. 94, Values 27 K v(a) and V(h).

(1) The values of the ventilation factor, u/V are given in Table 29 and

Fig. 95.
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Windward Rooms (ug/V) Leeward Rooms (up/V) _Mean
Combinations (u/v) ot

Max Min Mean Max Min Mean 2 rooms

020242 0.37 0.20 0.27 0.24 0.22 0.23 0429

Group 020232 0.36 0.26 0.29 0.29 0.19 0.23 0.28
VI 020222 0.32 0.25 0.27 0.36 0.22 0.28 0.28
02,05;12 0.21 0.17 0,19 0.37 0.22 0.27 0.23

Table 29 )

Values of Ventllation Factors u/V (VI)

(2) The mean ventilation factors of the
windward and leeward rooms are 0,2 - 0.3 and
the mean value of the two rooms is very nearly
a constant. The maximum is found to be in

the neighbourhood of A, = 28, (m, = 1) ig | | #eoze |,
(Fig. 95). Thus from the point of view of . o4 | r-o A//
ventilation, the most suitable condition is L <772 7
that when the sizes of openings in partitions 32 o i},‘ //
are the same as those of windows. 0.1 Qo v
: D
&Y
(3) Fig. 96 gives the values of K; o 2z 7 +5 "¢
K = 0.24 when obtained from @/V by (86)." A2/40 o 1 £ 3 4 5
Fig. 95. Area of “2/4o
6.2.9 Amount of Ventilation Openings in Parti- Fig. 96 Values
tions and Ventila- of k VI
The amount of ventilation is Q = uA tion Factors VI.
(equation (82)). If 4 = au is taken,
k = ak - Y
where k = o (C4-Cqo) ™2 (8g/A) (87)

Ao/A = 75 x 42,5/225 x 150 = 0,0945, and as the wind velocity at the opening is
under 3 (m/sec), we arrive at o = 0,7 from Table 16 in 5,1,3 of

Chapter 5. Reynolds' number for the model in the experlment carried out by

Prof. Taniguchi (Ref. 12) was of the order R, = 4 x 10°  However, in the present
experiment, Reynolds' number is of the order 8 x 10*, so0 we put C, - C, = 1,2, then,
k = 0.06. The values of k in Groups III - VI are as given in Table 30, and the
mean value is 0,21.

From k = 0,06, k = 0,21, we reach o =3, 5. - Groups k

That is to say, the mean ventilation factor (G/V)
of unit rooms amounts to approximately -3.5 times %él (a 8:?3
as much as the value calculated from equation (86)." v bi 0.17
When the changes in the vertical direction of the v ga 0.19

. . : . c o . . v (b) -0.27
distribution of wind velocities in a room is taken VI 0.24
into consideration it is quite. conceivable that
the mean value of the measured values of wind Mean 0.21
velocities-an a level in the centre of a room is
larger than the mean wind veloc1ty of a section Table 30
of the room. Values of k

" There are a number of cases in which Uf and up, the means of the measured
values of windward and leeward rooms are not.equal (Fig. 86).° The writer suggests
that this must be due to the fact that the flux tubes. are formed in the rooms and
the pressure is built up where the mean velocity is. small; and the mean value of
the two rooms is proportional to the mean wind velocity across. a section of the
rooms.

Suppose u = the mean wind velocity of a room, V= external wind velocity,
P, = density of air and coefficient of viscosity respectively, Ai, Agy Ay A =
areas: of windward windows, openings in partitions, leeward windows, and section of
a room, where the opening ratios are m, = Ag/A,, m, = Aj/K,, Ay N\, = shape factors
of buildings, As, A4, Agy, Ag = ratios expr6551ngtbe positions of windward and
leeward rooms, then by dimensional analysis,

Cods (Ru) gz (By) fa(ha) g (Ks) Bo (Mo)f o (W/V) (M) B ulma) frulhs/A) =1 (88) -

DS 79963/1 - E ‘ 54



When the above is compared with (82)3 s

C’dy(Ry) = &% C”¢2(RV)¢3(A1)¢4(X?) fe(he) = (C1~C3)1/2

Bo (0/V) = w/V fglm)Bulms) = (1m 2m,?) 124 [(A/A) = Ag/a)~*

When Ry, Ry, Aq...... Mg, are the same it is possible to make comparisons regarding
other quantities by equation (82) or (86). From the results of experiments, too,
it can be seen that k is approximately constant. (Table 30). Therefore, this
procedure can also be applied to full-size objects.” The amount of ventilation
itself can be calculated by (82), but there are points of detail on this subject
which require fuller studies in the future.
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