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Ca Apparent coefficient

Ty Drischarge coeflicient

d Crack mwkmss (wwa%a) {m}

o Velome fow of fuid Uwough 2 orack (m¥—Y)

Oap  Adventivious volume fow (m¥%—%)

@ Total fow (@ = @ + Qap) (m¥)

bew  PBeyoolds Number besed on hydrsulic
digmeter

&, i:mm Hne vewmy through a crack (ms—?)

! over area 4 (ms™

mersatic viscosity (m%—%)
d mwman oprrator

1 INTRODUCTION

The work being cerded out on the ventilaution of
dwellings veceasitoles un socursie koowledge of the
sssociated with typicsl

tmm mmm% m a5 @@mﬂ m windows. Any
wh : ate ventilation

s bnowledge
tics of cracks as-

at present relies on bal-

Ww commputer mwﬁ 3
wowdng Beow rates Yeroweh o nomber of openings vsing
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i law normally applied to flow through thin
pwc orifices. Bocause the flows normally associated
with adventitious ventilation are rather different from
the wrbulent conditions of orifice plate flow it was
considered useful to investigate the Reynolds Number
dependence of such flows. This would enable a semi-
eapirical result to be used in the computer method
which was more representative of the types of flow
experienced.
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Fig la: Straight through cracks.
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Fig 1b: L-shaped cracks.
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Fig 2: Arrangement of test box.

Three main crack forms are normally found in &
dwelling (see Fig. 1). The first is a “stenight through™
erack where air passes directly through an opening;
for example the gap between s door and the floor.
The second is an “L-shaped™ crack where the air has
to pass round a right-angle bend, an example being 2
casemment window shut aguinst the frame. The third
is a “multi-cornered” crack where there are two
right-angled bends, such as those in the groove of a
sash window.

WVarious crack geometries were tested with crack
thicknesses varying from 0-5 mm to 75 mm, these
Himits being the ones likely to be found in a dwelling.
A, ventilator test box, shown in Fig. 2, normally used
for finding the open area of proprictary air vents,
was utilized to draw air through the cracks.
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2 THEORY

it was found in laboratory tests® that the rate of air
flow through such openings as ventilators and the
crucks around windows and doors is approximately
proportional to the sguare root of the pressure
difference acting across the component. This shmple
law also applies to the flow through a thin plate
orifice which for a coefficient of discharge of 0-65 is
given by:

14 ¢ R ¢

Ay = = ¢ (1)

5o if the rate of flow @ through a component is known

for & given prossure 4p across it, the ares 4 of the thin

plate orifice to which the component can be regarded
as bring equivalent may be caleulated.

If this refationship is true in practice there will be a

straight lne relationship between @ and +/Zp.

However, this is not the cuse, as shown in Fig. 3.

There can be a number of ressons for this deviation

from theory:

1. The open aren A increases, as the pressure difference
4p incresses, due to distortion of the crack or
cracks being invediigated.

2. In equation 1 the numerical constant contains a
discharge coefficient equal to 0-65 23 mentioned
carlier; if there is any variation in the discharge
coefficient then this constant will vary, giving rise to
a devistion from the theory.

3. The square law approximation is not strictly trus
for all types of crack, crack geometries and

Work was carried out in 1953% in which the flow-
pressure curves were Stted to guadratic equations. In
1970% o study of patursl ventilation by the HVRA
produced an equation of the form:

fbeing the total length of the crack and » an expo
equal to 146 but which might take on values anyw
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between | and 3, C is an air leakage coefficient.
Considering the above results, experiments performed
by British Gas in 1972 showed that equation | with
an exponent of 1-65 would give satisfuctory results
for on-site rmination of adventitious open areas.
This was not, however, sufficiently accurate for
insertion imo a computer prediction technigue for
ventilation rates within dwellings.

To further clarify the situation an investigation has
been undertzken inmto the varistion of discharge
coefficient with Reynolds Mumber for the types of
crack likely to be found in a dwelling.

The eguation of motion for the centre-line velocity in
a rectangular erack is given by:

& J
Wl 1¥ cwy

az Bz

From this eguation, the pressure drop across the crack
may be given by:

z

PR e

Where (p, — p.) is the pressure drop across the crack.
This equation has been integrated by Han® and the
pressure drops have been related to a non-dimensional
parameter

V4
Rey. Dy

where Re, is Reynolds Number based on hydraulic
dizmeter D, and Zis the contre-line distance.
For enginecring purposes equation 3 can be written as:

Po — Py = CAZ
tout  Reyly

Where Ca is an apparent coefficient which varies with
aspect ratio and Reynolds Number,

The losses for a rectangular crack with abrupt entrance
and exit may be expressed in terms of kinetic energy
as:

pe = Ko
where K, is an empirical constant.

The total pressure drop across the rectangular crack is
therefore given by:

b Gz, K
fout  Rey Dy,
where
dp = Ape P - P
Also
Ap _ i
teir G

where C, is the discharge coeflicient of the crack.
So
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Equation 4 relates the discharge coefficient to the
dimensions of the crack for a given Reynolds Number,
I this relationship holds in practice it can be usefully
employed in a mathematical model to calculate the
correct value of the constant in equation 1.

It has not been possible to test this equation in field
studies due to the complexity of cracks found in a
typical room. It was therefore considered necessary
to study the validity of the equation for given crack
types under simulated natural conditions.

Fig 5: Front view of box.

3 EXPERIMENTAL INVESTIGATION

Twelve forms of crack were used, four of these being
of the simple “straight through” type, six being
“Leshaped” and two “multi-cornered”. In order to
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three

osbtan
thichnesw for cach of the “L-baped™ cracks it was
pevesars fo have @ "female” portion and three “male”™
PR,

repnowntaiine  sarmions m orach
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Fig 6 “Loslwped vrork.

For securacy and ease of handling the portions were
made from 6 mem Perspen as shown in Figs. 4 and 6.
Fhe portions were fxed to the front of the vemilaior
test box as shown in Fig. 5.

For flow rates below 3 w®h (000083 m%s), air was
drawn into the box and through o rolameter, for fow
rutes bn excess of 3 m®'h the Sow rate was measueed by
a Roots meter. The pressure di
crack was messured using o micy
ing up to 100 N/m® and o sloping guuge measuring up
to 500 Nim® using o plezometer ving situsted in the
internal frame of the test box and a tapping on a
shichded extension point of the box.

Te obiin a degres of scouracy in the experi-
mants, & wethod of subbructed adventitious Bows
was adopted. The adventitious Bows were obtained
by sealing up the crack and setting up the reguired
pressure differences between the inside and outside of
the box. and messwring the flow. Then the fow
through the crack was obinined by drawing air from
the box at a known rate and-sublracting from it the
adventitions flow at that particular pressure difforence.
This method was used for the twelve orack grometries
with 2 new adventitious volume flow test being made
for each new set of veadings. From the results of these
eaporiments the discharge coefficient, €, and the
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Bewvnolds Sumber. Re,. were obtwned as dowrihed
in the Appendin,

4 RESULTS AND DISCUSSION

The theoretiwal commderations of this work have
produced. i oguation 4. 3 relationship between the
dimensions of the crack and the discharge cocflivient
in terms of the Reynolds ™Number. This is for an
ordinary rectangular orifice and does not ke into
consideration such peculiaritios as right-angled bends.
This relationship therefore was not considered to be
an exact represeatation of the practical case. Using
this as a base for obiaining a graphical reprosentation
of the empirical data. curves are shown which are
typical of the three types of crack employved.

Fig. Ta gives results for a -straight-through” crack such
an thut found beneath o door. This is essentially a
long rectangular orifice the results for which are in fuir
agreement with those of previous workers.

Fig. Te gives a typical result for an “L-shaped”™ or
right-angled bend crack such as that found around a
door. The curve is not smooth as suggested by
equation 4: this deviation from a smooth curve can be
explained in the following way. At low Revnolds
Numbers the flow is laminar along the whole length
of the crack. i.c. in the entrance length before the bend
and in the exit length afier the bend with laminar
separation occurring at the sharp edge of the corner.
the flow emerges as o jet (in cross-section) from the
inside of the crack. As the Reynolds Number is
increased. laminar separation remains as above, but
taminar reattachment at o well-defined point occurs
tprovided the exit length is sutficiently long) and
subsequent development of a laminar flow profile
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¢ Danble bend is referved to in text a3 “multi-cornered.’)

along the rest of the crack. Further incresse in
RaynoldsNumbcrcaumthcﬁowaﬁerthebmﬁm
2 unstable and gives vise to & wavering motion.
ms%vmwmammwbymmmﬁwm

resulting in & rise in E[&l} 50 fmx&g a hmp in the
curve. Further increase in Reynolds Mumber brings
about the deterioration of the flow pattern after the
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bend. A circulsting Bow is set up in the separation
region and the separated Sow beoomes turbulent, this
transition resulting in reattachment being distributed
over an sres rather than being concentrated 2t a

¢ point. The transition raisesthe hydraulic
once wmore, resulting in another hump
ing to a relevant Reynolds Number. This
exphmmn was arrived at by the observation of flow
patterns, in a cross-section of the crack, usmg flow
visusbization by means of smoke. Fig. 7c gives a
typical curve for a ‘multi-cornered’ crack and
shows the same charscteristics as the “L-shaped’
cvack except for the extva bump. The cxplanation
for two of these humps is the same as above, the

g place in the exit length beyond the
m bend. The third hump is caused by some
effect which oncurs in the middle length of the crack.
The sbove anslysis is purely on a qualitative basis, fora
quantitative analysis it was necessary to obtain values
of Ca and K, of equation 4 for each family of cracks.
These values were obtsined for each crack from
graphs of 1/C* agninst log Z)Re, Dy, cach slope gavea
value of Ca and each intercept a value of K,. Fig. 8
shows curves of Ca against sspect ratio for each type
of crack from which the relevant value of Ca may be
obtzined. Fig. 9 shows the spread and trend of the
values of K, obisined for each type of crack.
Taking an average value of aspect ratio for cach
family of cracks and using the values of Ca and K,
obtained from Figs. 8 and 9, for given values of
Z|Be Dy, the corresponding values of 1/C,® can be
obtained. Figs. 104, 108 and 10c show semi-empirical
curves obisined in this way compared with the experi-
mental points for “straight-through”, “IL-shaped”
and ‘multi-cornered’ cracks respectively.

The values of Ca, and K, obtained in this way give
close meugh ‘agreement to ennble the equation to be
used in o g an independent value of the dis-
charge ¢ t for each type of crack for a given
Reynolds Mumber and may be incorporated into the
computer techuique for predicting the effect of com-
binations of room components on the ventilation of a
building.

It is necessary to use an iterative method to arrive at
the correct value of discharge coeflicient using equation
I in the new form:

dp + ‘%Q:.u

where
ek

5 CONCLUSIONS

i. A Sguare Law Flow relationship is not valid for
small openings, but a 1-65 powcr law gxm sat:

factory wresults for the 2

adwzmmm open areas.

duct theory, but which could be explained from
changes in the flow pattern that was observed,
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Fig &: Curves for obiaining the relevant value of Ca.

3. The experimental and theoretical study has given
semi-empirical results for three types of erack
found in dwellings. This semi-empirical result will
be written imto the mathematical prediction
technigue for ventilation rates within dwellings.

The suthors would like to thenk their colleagues at
Watson House for their assistance in the preparation
of this paper and British Gas Corporation for per-

migsion to poblish it.
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APPENMDIX
EVALUATION OF Fe and Dy
gr = &Nt
where
xﬁk = Wt’r
825
Rea= 2%
where
g=0 — Q>ﬂ.

@, is the flow messured directly and Qup i3 the adventitious
flow for that particular crack and pressure difference.

For a cench with length { width d:

1.d
2l +d)

h&“

which reduces to:

R,

b& = Jd
Values of 4 were obinined from the experiments

resulls using:

@ #

ﬂ\:lﬂ-ll it

Aky Ldp
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Afernoon Sess

Chairman: Mr K W Bale

B B tFaberst: (You said that you are aim-
ing o book ot § and Kb In your fra cguations you
showed the eguation AQ + BOP. Those two terms
are really cach describing the proportions of the
laminar and twebular parts of the flow, for a partic-
plar type of crack. As you showed. the two terms can
be compounded inte & single pover law AP and '
will vary for differemt crachs. Howewer. you have
chosen to hold “»° cominne for s cracks. The 'n
really s what telb vou about the split. Why have you
eheeted o do it in this round-about way, as it soems
o e’

g Liase Fintly, we wamed to have a simple
equation for the types of crack that we are dealing
with, Thewe cracks are guite small and for the ficld-
work we have oblained some good agrecrment between
the eguations and results by keeping K constant and
nominating the value of 1.65 w . For our computer
prediction wehnigue, however, we wanted to look at
varions fow rates through differemt cracks. This
problem becomes rather complex in it simulstion in
the program and we thought that this cqguation ap-
proach was the bost way to go zbout it

k. e (Morth Thames Uash: In abowt 1965
Watson House did some work on thc same Hnes on
adventitious ventilation and published two special
booklets which gave nomagrams for caloulating the
effect of adventitious ventilation when assessing re-
guirements for rooms. Was any reference made to this
former work when this study was undertaken, and. if
e, what is the basic difference between what you are
doing now and the results achioved then?

' Y We are nware of the earlior work at
Watson House, However, we considered that the
original work did not really delve into the flow mech-
anics of the problem, and we endeavowred to take a
ditferent slomt by looking at the Boynolds Mumber
dependence of the flow. | am wnot saying that the
cartier work s now useless. What we are trying to
do is to pet & bower insight into what is happening
and therefore 1o update the data abready available to
prople Bhe voursell in Morth Thames Gas.
rRw (BREY The authors are o be con-
eratulated on producing 2 large quantity of data and
experiments. Do they ntend to publish their results?
This document only contains the results for three
particular cracks. It would be very intevesting if
they would do so. I believe that Haa's eguations
referred to laminer flow. in which case when you
were plotting C. against % for the straight through
opening one would perhaps expeet it as Z goes to
infinity. to approuch of value of 96, which would be
the value expecied for the very long plane crack with
lnminer flow. Your values seem to be well above this.
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D Biurri-Dams: The answer to vour first quostion i
Yes, we will be publishing the results of this and abw
future work that we hope to carry out in this par-
ticular Beld. One of the conditions that we have not
vet boked at is the flow through a crack which has
foam-backed weather stripping in it This prosents a
rather more advanced fow pattern.
With regard to the value of C.. this was a point that
worried me. quite honestly. | agree that our results are
higher. | think there is 2 possibility that Haa's resulis
are libers! for laminar How. We would hope that at
this particular point we are dealing with pure laminar
fiow. Perhaps we sre not. | would be interested to
hear aftcrwards your comments on that facet of the
research. | do not think we have talked about it yet
e B B W (BREY I belicve you said in your
introduction that you were intending to use the
derived equations for a programme. One of the
problems in using such an cgustion is that the
Reynolds MNumber involves the volume flow rate. Do
you envisage any diflicultios with a large number of
different cracks?
Wir L Hophine: This work is still at the experimental
stage and this is a problem that we are still thinking
about. However, we hope that an interative technigue.
within the program. will overcome any foresepable
difficultics.
Wiy Wood: Is M a varisble. or is this the higure 1.6,
and. i so. on what basis have you surmised that that
should be the figure?
Secondly. can vou amplify in your appendix the
formula Q = ¢, — Q. with Q. as the flow measured
directly and Chy as the adventitious flow? Is that the
total flow or the adventitious flow, to which some
other caleulating amount has to be added?
Wir L. Blophkins: As was said before, the n can vary
anywhere between 1 and 2. but we performed some
tests in the fickd on adventitious open arcas, extracting
air from rooms and measuring the pressure differences
across 2l the components in the room. By plotting a
graph we obtained an exponent of 1.65 which we
intended to use for the sizes of cracks that we were
investigating.
With regard to the formula Q = Q) —Qu.. this was
a method we used for finding the volume How rates
through the cracks in the actual laboratory experi-
ments.
The crack was tightly closed and then air was drawn
from the box and the adventitious volume flow
measured. The box obviously contained some small
perforations and cracks which could not be scaled up
with paint and tape. Having taken many flow and
pressure drop measurements we drew a graph relating
the adventitious flow to the pressure drop. We opened
the crack and did our test, then in order to get the
correct flow through the crack at a particular pressure
drop we substracted the adventitious flow. obtained
from the graph. from the mcasured flow. This ensured
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the crack as the Gow o :
arcas i the box

Wlr A F Wiitbwend (Morth Thames Gas Board): [ am
trying to relate this o the previows paper. | think 1
am right i sepposing that thb means that an ad-
wentitions arcx of say 10 in° at 2 wind speod of 10
mph would not be 10 w® 2t a wind speed of 5 mph.
B that s corvect. can you say what b the order of
differcnce?
Gle. 1. B w2 3 you bad an open nres concentrated
in the form of a circulsr bole in the wall then | would
agree that the ares would not change. no matter what
strempth of wind blew on it But you pust appreciaie
that the cracks that we are dealing with sre not con-
centrated into one place. they are distributed over
the whole wall Up 1o now, many people have wied
ssing varbous How prossure
eguntinns. What we !mw wigd to do b o we oy own
Bow pressure oguation to Bad oul this open area
varies. i we have 3 very small crack then for 2 small
prowsure across iowe shall only gor o small fow
throagh it But as the prossure builds up the flow
witl go up vl from the equation we can soe that the
vpen arca will appear o open up. Although we can-
not measure it it doos bave an apparently large open
arvs when there by 3 large pressure difforence across
. With regard to the guestion. the answer will do-
pend on the nature of the crack.

: | oam only talking sbout the order of

through

y the adventitious

shos: We would bave to ook mio the

British Gas Corporstion. Midlands
Rescarch Siationd: I we are assuming that the aim by
to reduce adventitiow ventilation, js it better to hawe
3 sevies of Leshaped cracks or would it be botter to
bave one long thin crack around windows and doors?
Bz L s That is 8 vory good point! With a
sories of kmg thin cracks we are back to the draught
problem. With an L-shaped crack. alithough there i
no apparent sestriction to the flow, there s a pose

BR[O VOLUME 4

M&y of the flow being broken up. deponding on the
: ry of the crack. We have noticed that the flow
mm wrbalont in the cxit keagth of the crack and
it can be quite unstable over a range of Reynolds
numbers. On the whole | think it would be better
from the question of reducing the adventitious von-
tifation to have a serics of L-shaped eracks.
A spealer (7 Housing Departmenth: § have nover yot
scem a crack with uniform polishod sides. Surcly with
amy irvepularities your exporimentation techaigue
would be completely irrelevant?
L Wophins: Mo. You will appreciate that this i
based on a theoretical approach and 10 be able o
repaat tests we had to use a comsistent form of crack.
We bope in the future 1o et nm:guhdy finished
cracks to see what sort of error is mduced with
nmghmx elec.
calews | am not st all sure that [ fully under-
stamd wk&t the experiments have beon about. We have
on the board an expression relating prossure drop and
the volume. and cxponent o,
%, Blophims: | am wing n cqgual to 168 as men-
tiomed in the text.
The spesbevs | would suspect that on the whole you
could have related your results by variation of n.
e, 52 As b osaid, we would do that for our
fickd measurements. The agreement is quite close
when assessing the open arca in a room using n ==
1.65. For our computer program we decided that we
needed more accuracy and so we required more detail
about cach individual crack.
The spealer: | think you are aiming at pseudo.
accuracy. A speaker in the discussion said that the
crack may close up or increase in size, and you are
wipposed to take that into account.
Bir J P Coclrolt (Building Services Research Unit,
University of Glasgow): Do you have any ideas as to
how you would measure the width of these cracks as
they ocour in practice?
Wir Hophism: You might be wondering how we ar-
rived at these thicknesses. We went round a number
of howses with fecler gauges, measuring cracks to get
typical values.

s Mame not given
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