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~“Full scale and model studies were performed to examine air exchange

L4

. flows Ehrquﬁ residential- doors. Buoyancy-driven flow produced by an

. .

indoor-outddor temperature difference was found to dominate the e§change

procéss except for émall’ temperature differences. Pumpihg exchange“

produced by the swiné effect of the exterior door was found to be

\Eignificant only at these ' small tempe:éture differenoes and therefore

o>

negligible when estimating heating enérgy losses.

-

Full scale exchange experiments using tracer ‘gas and thermocouples

were condugtéd at the Alberta Home Heatiﬁg Research Facility.m.Steédy .

buoyancy-driven flow was found to be proportional to the square root of

»indoor-outdoor temperature difference with & discharg%'“coefficient Cq,»

¥

- of 'approxiﬁétely 0.6. Interfacial mixing ‘between the incoming and

'odtgoing streams was found to reduce ~the net exchange,rates and an

orifice coefficient K was defined including a mixing coefficient Cy as

A

o

- K=Cq(1-Cp). Undér_relati&ely calm dutdoor conditions, Cm'&as found to

ﬂﬁvary from 0.35 at small temperature differences to approximately zero at

large temperature differences. Wind* induced exterior turbulence'w?s
’ - . . . L

found tO'iﬁcrease interfacial mixing, thereby reducing the net exchange

rate. ' ' ‘ ' . ?
Buoyancy driven exchange flow during the opening and closing periods

z

could be accurately approximated by integrating the steédy_bUOyancy'flow

o

equations with a variable orifice width as a function of time.

The flow rate was found to decrease when the cold gravity current

£y
3

, (1v)
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wave front had traveled‘across the interior froof surface, was reflected
éff tﬁe interior ;alls or partitions, and returned to the entrance. The
wave return time was found to be inversely :proportional to " the
square root of the . fractioﬁall density difference’.  Theoretical
A ' . ‘ T ,
prediction of the wave return time agreed well with experimental

>
.

results. -Kn.expression for dgcreasing flow was deVeloped‘to.predict the
total exchange volume after the wave return.

An " empirical rgiétionship betweéhk "swigg spé?d, temperature
difference and pumping éxchange -was found for residential doors.
Qltﬁoygh the additioﬁal éxéhaggé contribution due to door;swing pumping
was found to be insignificant in*the context of _energy losses, it may
haverimportant applications‘far aif quality and confémiﬁantvtranéport.">

A 1:20 scale model using salt water and fresh water was used to
simulate vfuil scale experiments. Model . and }ull scale densimetric’
Froude numbers wére maféhed and é tﬁgbretical time scale of 4.47
Adetermiged. Experimental meésurements of ﬁpdel and full scale gravity
curreﬁt flows confirmed similitude Qsing this theoretical time scale.

Thé model'densimétric Reynolds number was approximately seven times
smaller than‘the‘full scale densimet?ic 8eynolds number, causing red;éed
inteffatial vmi¥ing bétween the counﬁerflowing streams in ‘the model.
This -conclusion was substantiated by~-comp§§isons of model salinity
’_profilgs with 'fuil scale temperature 'brofile&. Reduced interfacial
mixing resulted‘in increased net éxchange rates in the model compared to
iull scale, particularly at small fractional density diffeféncés. The
scale model studiés‘supported and-helﬁeq confirm many of the‘fuli scale

. » . ~
observations concerning the effect”of interior volume on flow rate.

(v)
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NOMENCLATURE

- J
Af Flo;r area
Cc. Contraction coefficient
(bd Discharge coefficient
Cy Velocity coefficient o "
Chn Mixing coefficient . S < .

Ch,ref . Reference mixing coefficient

Cp . Specific heat coefficient -
: .
c .~ Concentration ;
E Exchange ratio, .
' . 7
Ecr“' Critical ekchange ratio
Enax ngimum;excgange ratio
Fr Froude number' T ¢
Fre® Frontal Fréﬁdetgumber N
Frp . Densimetric Fréude number h N
ot v N
Gr Grashof number ' : ‘ o \\\\\
PR
Gryp Densimetric Grashof number L
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CHAPTER 1

INTRODUCTION

. - : .
The transport of mass and energy‘through open doors can contribute
e o .

significantly to\?hé energy loads on structures and enclosures. Energy

{ .

loss application§ range. from the flow of warm interior air out of
oo T % ! .

residential’ structiires or ‘industrial hangers, to the flow of cold air

dkywalk-in freezers. Increasing energy costs, combined

w

Air flow througﬁtéﬁoorways is also important in the fields of air

KS

quality and contaminant trahsport. Applications include the transport

of bacteria into or out of operating theaters, transport -of dust into
microchip clean rooms, escape of/]contaminated air or gas from
containment structures, supply of fresh air to rooms which suffer from

insufficient ventilation, and interior transport of life threatening

smoke during residential and commercial fires.,

Regardless of whether interest lies 'with energy losses or air
i
quality, an accurate understanding of exchange flows.is required to

develop methods of estimating exchange rates and flow characteristics.
This insight is essential for the development of designs to reduce flow

rates or modify flow characteristics. Without this knowledge, it is

also impossible. to determine energy loads or estimatq indoor air
»

N

. quality. ' .



- This investigation is"devoted to the study of the air exchange flows

that occur through axterior entries typical of those found in

residential  structures. Many of the ' theories, equations and

-

observations presented, can be applied directly to other similar flow

conditions.

s

Buoyancy-Driven Exchange Flow

Buoyancy-driven exchange ﬁugws ‘are caused by a»différence between
“indgor and outdoor air densityxin the pressnce of a gravitﬂmfield. In
residential structures, the density difference is generally ‘produced by
a tehperature difference. This condition causes warm buoyant interior
air ‘to flow out the top of the door opening, while cold ékteriqr air
ﬁlows»in‘the gqttom of the opening,‘apross the interior floor surface.
Stead& flow persists until the door is closed or untilithe cold gravity
current is reflected by interior  walls back to the entrance:-.The
arrival of the reflected gravity current at the doorway will be called
the wave return time, after which the flow ragg Gegins to decrease.

Steady buoyancy-driven flow will be found to scale with the

‘effective acceleration of gravity, defined as:

1

g =8 (Ao/o:ef)

where
g = local gravitational constant

Ap = the indoor and outdoor density difference

pref = reference density (indoquoptdoor average)

" For’cold outdoor temperatures Sf\LZOQC to -30°C, fractional dengity
differences Ap/praf, range from 0.15 to 0.2. The upward flow of air

from the top of the door can be compared to the downward pouring of

4
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water into air from a pitcher. 'The primary difference. is that the warm

bu&?ant air‘flow expefienceé a gravitational force approximately 1/5 as
large as the force experienced‘by the downward fouring w;ter.'

E‘It will be shown that the buoyanﬁy flow’raie fs'approximately
proéortional, to- the square root of the temperature differénce; S0
doubling .the temperature difference will produce 4 40% increase in the
flow rate. Energy losses however, depend on the product of flow rate
and temﬁerature difference; and thus ’energy losses fvary with the
. temperature aifference to the 1.5 power. So, doubling the tempepaturé
difference will increase ‘tﬁe energy loss by a factor of 2.8,

illustrating the dramatic increase in\energy'losses at’ large temperature

- differences.

L
Inertia-Driven Exchange Flow - o

Inertia-driven exchange flows are caused by the input of energy from
sources such as the swing motion of an opening door or internal
circulation  caused by mixing fans. The ‘importance " of these
contrifutions compared to buoyancy-driven exchangé depends on the
relative magnitude of the inertial  forces compared to the buoyéncy

S \'-“5:“ ' ’ v . , /
forces. Because inertial forces are almost invariant with temperature

difference, their Trelative contribution will be shown to decrease with

increasing temperature difference.

Development of Exchange Equatioﬁs

l§ﬁ<;_An inviscid analysis will provide an equation for stratified

c6ﬁ*§erflow- through a typiﬁal Openingl This equation will then be

S~ - .
modified to account for viscous effects, variable orifice size during

door opening and closing, and the decreasing flow caysed by a limited

3
i



interior volume. . Classycal lock exchange equations will be introduced
to estimate the cold gravity current velocity and wave retﬁrn time. A
model will be proposed to describe the decreasing( flow rate after the
gravity current has returned to the entry. |

The importance of buoyancy exchange during door opening and closiné
compared to inertial B}mping exchange will be exam{sed. An empirical
relationship will be developed between door swing speed'énd fractional

density difference such that an estimate of the exchange volume over and

above that predicted by buoyancy alone can be made.

"Full Scale Exchange Flow Experiments

4

Confirmation of the proposed models and equations is essential to

1}

establish confidence in their prediction of ethange rates. In some
cases, important parameters can only be determined from experimental
. r V. N

results. Experimental measurements of exchange flows were performed at

-

“the Alberta Home Heating.Research Facility. Tracer gas techniques were

used to teasure exchange volumes for several interior geometries over a
range of door opening durations and temperature differences.
1 1 " ‘

Thermogouple measurements were used to obtain an insight into the local

4

characteristics of the exchange process.

Scale Modelling of Exchange Flows

Full scale testing was found to have numerous 1imitations, including
. - ‘ \
. ,

limited measgrement accuracy, tiﬁe consuming tests/ uﬁcontréllable
environmentéi influences and a* lack of- iﬁexpensivé ways of test;ng
modified entries o; comﬁlicéted.geometries.{ These problems’motivatedg
" the development ‘ahdv testing of a 1:20 écale model., The ﬁrimary
objective of the modél testing was to éxamide’the~ degree of similarity

)

1
!
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~ * “ 5
between model and full scale results by rgpﬁating tests in the model
that had been examined in full scale. These experiments confirmed thgt
scale modelling is a valuable design and experimental tool in studieé of

exchange flows.

W
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CHAPTER 2

AIR_EXCHANGE THEORY .

.flﬁ this chabter thedretica1 Imodeiéfand Fqgatiohs will be developéd
tBAdescfibe air flow through residential dOOrs."An inviscid analysis of
bﬁpyancy—driyen brifige flow will be used to deveioﬁ a steady state.
exéhange flow edﬁétiéh. Visoahé and turbulent mixing effects will then
be discuséed énd introduced into. the basic inQiéEid equation. The
- unsteady buoyancy flow that occurs during the »doorvopening and Elosing

period will also be considered in-context with the steady state buoyancy

Ry
equation. z
The decreaseq}in flow rate that results from the effect of limited

. »

intlerior volume will then be examihed. The analysis will be based on a
- flow model.ubat assumes that the réduction in flow rate occurs when the
c lq gravity current has traveled across‘thé interior flqor éurface,
reflects off interior pa;titions and returné to the entry, Tge
functional féfm of _éhe decreasing flow will aiso'be‘consideréd and a
thebretical expression prdbosed. | y |
Fihally, the effecﬁhof‘GOb?ﬁpumping will be considered. The idea of
a residual pumping volume will bebintroduced to account.for the exChangé
" volume that is ip exéess.of‘the amount predicted by the steady state
equation. ; o
: } % ' ,
Before beginning the inviscid buoyancy analysis it is instructive to

examine first the exchange process for a typical dOorucyéie.
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" have been identified in Figure 2-1.

Bubyancy—Drivén Air Exchange During a Typical Door Cycle
Figure 2-1 -illustrates the volume exchanged as a function of time
for an idealized exchange cycle. The curve represents the exchange

process that occurs when a residential door is swung open, left open for

. some period of time and then shut. The interior could be, an entry

vestibule or large room (without multiple levels). Four time periods,

-

s §5p§%ing Period (t,)+ This period begins)with the initial motion of

the door and ends with its-arrival at 'a-90 degree §u11y‘open position.
“The most. impoftant characteristic of this- period is the increasing
opening width, causirg an increasing exchange rate as indicated on

Figure 2-1. . , S ‘ .

Fully Open Steady Flow Period (tg)- During this period, continuous

steady state flow exists for the fully open orifice configuration. This
flow rate will persist until the "orifice size begins to decrease due to
door closure or until the interior volume is partially exchanged and a

cr%ﬁical ppint' is reached where - the exchange rate starts to decrease.
f { ) ) . . :

The time at which this occurs depends on the steady state flow rate, the

interior volume and interior geometry.

Decay Period (tgq)- The decay period only exists if the door is open

" sufficiently long that a reduction in flow rate begins due to a limited

interior volume. The 1érger the inﬁerior volume, the longer the 5oor
must be opég for this period to exist.q The flow rate decreases such
: i % . .
that the total exchange asymptotically approaches a maximuﬁ_volqu.
The total time thaf th; .dqot is open 9Q degrees or more is

identified on Figure 2-1 as the hold time tp, and is simply tgt+tyq. If

the door is not open long enough for the decay period to exist, then
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predict the buoyancy exchange flows will now follbwf

o

tg=th and td=0.

Closing Period (tC)Q'This._périod begins when the opening width

starts to decrease as the door is closing. This period’ is similar to

- ]

. { . . : o
the opening period in reverse, beginning as the door passes the 90

degree open position while closing. The volume exchanged during this

'périod ,dépends both on the variabl®e orifice width and on the steady

~

state fldw‘rate that exists when ¢he door ﬁ%gins to close.

i

The, buoyancy volumes exchanged during each of. the respective periods

aré identified as V,, Vg, Vg and V¢ on‘Figure 2-1. This typical
. . . ! . uk“ .
volume-time curve gives .some insight into the factors that effect

buoyancy = exchange. The development of quantitative relationships to

L4 N
® »

i -

Inviscid Stratified Orifice Flow

©

Figure 2-2 .illustrates a simple sealed room *with one vertical

- opening of height H, and width W. ~If the thickness W, of the opening 1is

~ small in comparison to the height. and widt~ of the opening, then a

control condition occurs at the entry which sets the flow rates at all

other pbints in the. system. This condition of choked orifice flow may

W \

be considered as the upper bound on flow rate through the -entry. This
flow ‘condition will be modelled as two symmetric weirs by making the

following aésumptioﬁs:

o The preésure across the outgoing fluid at pq, is hydrostatic at

a

outdoor.conditions across section hj.

. .
3 ¥

o The pressure across the iﬁcomgng fluid at py, is hydrostatic at

.indoor .conditions across section hg.
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FIGURE 2-2: - Velocity and Temperéxure Difference Profiles on the

Vertical Centerline of an Opening into a Sealed Room for
Stratified Counterflow without Interfacial Mixing
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> o : A

o The indoor and outdoor pressures P; and R, are in equilibrium

along the interfacial streamline that divides the incqminé and

Lo
A

" outgoin flowé.g ¢
preoing B

A

o Ideal inviscid Bernoulli‘ flow.

The complete inviséid'analysis is shown in Appeﬁ ix A as developed
by D.J. Wilson (personal communication), ‘and results in the following

expressions for the inward and outward velocity profiles. »

3

- 40.5 ,
2gz Ap : y ,
> Uy = | —— L (2-1)
L . - |
- 05 J .
 [2ez 00] , .
RN i o (2-2)
’ i Pi i ( &
Bo = py-pj | ' o (2-3)

.

- where. ' , : - o
. z = absolute distance from neutral level. f_‘—////

o - 3
inviscid incoming outdoor air velocity

(=]
o}
Il

air velocity

=
-
0l

inviscid 6utgoing indootl

g = local gravitational constant (9.81 m/s2)

v

Pi = indoor air density
* Py = outdoor ‘air density
Ap = indoor-outdoor density difference

Integrating and equating the volume inflow Q,', with the voluyme outflow
- )

Qi', yields:

0.5°

Q'= — (gH3 8p/p')" (2-4)



1/3,3
(l+(po/pi) / ) , .
p'= Py : (2-5)
- ) 8 .
3 IS
T 1/3
Po S
== (2-6)
. hi . pl . .
.where ‘ .
Qv =‘Qo' = Ql'
Q,' = gross inviscid inflpw‘rate
Qi' = gross.inviscid Outflowﬂrate
hy, = thickness of inflow layer
hy = thickness of outflow 1ayér

©
]

reference density

‘TbjPreferehce density p', may be approximated by the average dgnsitylal

given by Equation 2-7, with a maximum "?%ror of 0.47 at a _temperature

diffefence of 60°C.

P p = —— (2-7)

where _
p = average indoor-outdoor air density

The fractional density difference may now be defined és:

5= 8p/0o (2-8)
where _ ' o
A = fractional density difference
The ideal gas law holds and Equation 2-8 can be written in terms of a
fractional temperature difference as:

»
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— Ti‘To' : ,
e — (2-9) .
(T+To)/2 o ‘
where | . .
Ty = indoor temperature
.+ 1o = outdoor temperature

Fotﬁpractical applications such as energy losses frém homes it is
often better to specify temperéture difference rather than fractional
'vdensr@y difference. From? Equatiop 2-9; however, it is apparegt'that
?ébécifying the abs&lgte temperature ‘difference (T{-T,) alone is
insufficient. For this reasoﬁ the temperatﬁre diffefence is specifiéd

telative to some indoor reféregce’gemperature as given by Equation 2-10.

A

_ AT .
A = - (2-10)
"Ti,ref - AT/2

v
Ad

where :
AT = reference temperature difference

Ti,ref = indoor reference temperature; 295 K (220C)

’.

As suggested in Chapter 1, it is convenient “to think of the.
. , . . ‘ } \"\J _
fractional density difference a% a modifier to the gravitational

acceleration such that the effective gravitational acceleration is

defined as:
: g' =4 g . (2-11)

and Equation 2-4 may be written as:,

4

o

y | .
Q'=—3—(g'H3)O'5 S (2-12).



The inviscid analysis for orifice flow does not account for viscous

Lo

energy losses or contraction effects. As illustrated in Figure 2-2, the

magnitude of the actual velocity profile U, is smailer than.the inviscid

profile ' U'. These effects can be ‘compensated for with a velocity

‘coefficient Cy, and a contraction coefficient OCg, Roberson and’

Crowe (1980). Only the combinedjeffects of * these coefficients can be
determined experimentally and therefore it is most convenient to combine
them into a single discharge coefficient Cq. The discharge coefficient

3

rélates the inviscid flow rate to the actual flow rate,.

M

Q = Cq Q; - o (2-13)

where . ‘ : :
Q = is the actual volume inflow or outflow rate

Cq = discharge coefficient

The discharge coefficient applies.to the volume flow Q' determined
from the integrated inviscid ve}ocity profile and}not the local inviséid
o;ifice velocities. The reduced velocity préfile U, shown in Figure 2-~2
shopld not therefore be"interpréted as directly proportional to the
inv;scid velocity.profilé U'.

Disqharge coefficients for rectangular weir flows range from 0.58
to 1.00, depending on the amount of flow contracfion and on”the weir to
free flow thickness ratio. Typic;l entry geometrieé suggest substantial
comraction on the iqflow stream‘and modified coﬁtraction on the outflow
stream depending on the door position and entry shape, suggeéting

discharge coefficients closer to the limit of 0.58, ASME (1971).

14



Energy Losses

" Also shown in Figure 2-2 is the temperature profile for a

‘sharp-edged orifice with no mixing between the two counterflows. The

total energy loss rate may be expressed in the general from given by:

g

h=H -
q =fw U(h) p(h) Cp (T(h)-Ty) dh  ~ (2-14)
h=0 . -‘ o 7
B, ; .
where
U(h) = actual flow velocity at some orifice height
T(h) = temperature at some height in the orifice
p(h) = density at some height in the orifice

"

Cp = specific heat of air at (h)

q = energy loss rate

If there is ne mixing between the incoming and outgoing streams, as

shown in  Figure 2-2, thatfon'Z—l& simplifies due to the zero

temperature difference in the inflow stream and constant temperature

) . - ‘ ' <
difference in the outflow stream.

h
- oy

q = Q Po CP (T]_—To) ' \ " (2—15)

- Interfacial Mixing

Aithough.Cd accounts for the viscous enérgy 1osses and cbngractign
effects, it does not account for a secondary viscous effect, that of
mixing. The deri?ation of Equation 2-13 and 2-15 assumed that the two
counterflowing streams .have no mixing across the interface. If
interfacial mixing is occurriné, as shown 1in Figure 2-3, momentum

transfer across the interface causes a decrease in the velocity

15
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——- No Mixing

W T Wish Mixing

T =Ty = AT

Temperature Difference Profile
~
FIGURE 2-3: Velocity and Tempéé;ture Difference Profiles on ‘the

Vertical Centerline of an Opening into a Sealed Room for
Stratified Counterflow with and without Interfacial Mixing
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magnitudes of both streams within the mixing region. A velocity
{ . ’ .
reduction occurs because the transferred air is traveling in an opposite

direction relative to the stream intq which it is transferred, resulting
> Y ~ e

in momentum cancellation. .

Interfaéiél'mixiﬁg also causes a modificatioh' of the temperature
‘profilé. The‘_ouﬁflow stream is now élightiy cooler - than roém
temperature in the- mixing ;egion due to the presence of upwardly mixed
air from~the incéming stream. Conversely, the inflow stream is slightly

warmer than outdoor temperature in the mixing region due to the presence

of downwardly mixed air from the outgoing stream. The amount of.indoor

/
s

and outdoor air at any location can be determined from the local

temperatu;é by ‘"assuming adiabatic mixing. For example, if Ti=200C,

T,=0°C and at some location in the inflow stream a -parcel of air has a

temperature of T=5°C, 257 of‘that\volume of air must.have transferred

from the outgoing stream to the ihcoming stream and is returning inside.

!

~From this discussion it is apparent that interfacial mixing Has .two

effects. First, a reduction ‘in the gross flow rate Q, due to the
’ ~ 7

momentum transfer across the ‘interface. Second, a reduction in the net

flow rate because some of the incoming air is returned outdoors and some

<

of the outgoing air is returned indoors. Equation 2-16 is an expression

17

for the resulting net exchange flow rate Q,. It should be kept in ‘minq'\

that these devivations are-all based on conservation of vqlume not mass.

h=H
- T(h)-T, »
Q =fw U(h) ——— dh S
Ti_To. P
h: T e l

where ' ,
Qi = net flow rate™,,



Combining Eqﬁation 2-16  with ‘Eduat{on 7-14 results in a simple

expression for the energy loss based on net flow rate.

. ‘ / 4
Q= Q Cp pg (Ti-To) . (2-17)
When there is no interfacial mixing, the net flow rate Q, and the
immiscible flow  rate Cde, ‘are equal, As fmixing increases, the

immiscible flow rate is reduced by an amount Qp, defined as:

Q4 = CQ' - O o (2-18)

where _ . .
Qp = the effective interfacial mixing flow rate ,

<

Qp is referred to as an effective rate because it, includes incoming air
that transfers to the outgoing stream as well ds any reduction 1in the
flow rate caused by momentum transfer. The mixing coefficient Cp, is

defined.gs} ‘ 3

On = Cn Q o (219

‘If-Cm=Obthen the two streams are ifimiscible and ‘the nat flow rate is

equal to the gross flow rate Cy4Q'’.. -
Combining this definition of mixing coefficient- with the inviscid

expressiqn given by Equation 2-12 results in: L
i ’ _ e e — — . IR S L \

Cq (1-Cp) ' - (
Q S - W (g'H3)O"Cf _ (2-20)

\ . V ’
\ .

Molecular diffusivity and-thermal condiictivity across the interface
between the incoming and outgoing flow streams can also reduce the nat

mass and energy exchange. An analysis was performed to determine the

>



importance of both molecular diffusivity and thermal conductivity

compared to convective exchange. The analysis revealed that convective

s

-~

transport is “several orders of magnitude more important than either

diffusivity or conductivity and thus their contributions may be’

negiécted. .

Al

Asymmétric Interfacial Mixing
, - .
Interfagial(mixing,is further complicated by both indoor and outdoor

turbulence levels and - physical layout. The presegfe ~of indoor

N '

ventilation and exterior wind both influence the rate at which mixing
4

. L 4

occurs, alfering the magnituae of Cp. The physical layout will

determine the interfacial contact area, relative velocities and:.probably

the layer thicknesses, all of which influence‘fnterfacial transport.

v . -
For example, the presence of ap interior ceiling and floor restrict

o
the interior counterflowing streams, unlike the exterior Situation where

‘the buoyant outflow from the top of the door rises upon exit, limiting

its’ contact with the exterior ‘inflow. Figure 2-4 illustrates this

situation for a 1long interior hallway. . For simplicity the interior

] -
ceiling is shown,at the same height as the door. The incéming and

outgoing streams  will remain in contact down the entire length of the

-hall with velocity profiles fpat remain similar except for the morfentum

transfer caused. by mixing. §The asymmetric .temperatufe profile at the

orifice should ‘be  noted. This profile shape"will.be confirmed by
y - v‘ . -
experimental results.

2

. v B ' - €
Before considering other factors that influence the mixjng and
e 'S 4 £l

<

discharge coefficiepts it is convenient to first define several

[

i . oo i
ST

nondi'r"nensionaI'v parameters,

19
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Nondimensional Numbers

*
0

¥or the flow problem under consideration, three types of forces need

' }
to be considered.

Viscous Forces Q ULu - ’ -
. 2.2 :
Inertia Forces PUTL :
. . ' 3 i '
Buoyancy Forces -, g PL
l"‘
where . )
L = characteristic length scalF ‘ '
. U = characteristic velocity scale
C . ¢
U = dynamic viscosity

The following - nondimensior}al n&rs can be defined in terms of force

ratios:
NUMBER” FORCE RATIO
Reynolds €¢Re) - Inertia/Viscous UL/v
Froude - (F;) (Inertia/Buoyancy)o'S , U/(g'L)O ?
“Grashof (Gr) - (Buoyancy/Viscous)2 o (g'LZ/\’U)_2 &

where ~ i
' = kinematic viscosity

When con31der1ng gross orifice flow a length scale based‘on or1f1ce
dimensions is most approprlate .The varlatlonsiif/gbe flow field fof
stratified counterflow are most 31gn1f1cant in the vertical dlrectlon
and'tﬁus it is reasonable to select.a chgra;teristic lgngth which is

based on orifice height H, not the orifice width. This is consistent

with the convention found throughout lock “ exchange literature, and in-

-

other similar applications.

o o

3
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The densimetric velocity scale is given by Eduatibn 2-21 as: .

Uy = (g'L)°7 o (2-21) o

where ¢

Up = densimetric velocity scale )

%4

Combining the length scale H, and the densimetric velocity scale Uy,

with the definitions of Reynolds, Froude and Grashof numbers results in:

 Rey = (8830 (2-22)
Gry = (g'H3/M) o (2-23)
Fry = (1)0-5 = 1 (e

8 . . “

Comparing these definitions, demsimetric Reynolds -and Grashof are

related directli-by:
.
Rey = Gr, 0> (2-25)

¢

Anothér‘chéracte;iStic velocity scale can be defined as the average
inflow or outflow velociiy; This can be thnght  of és a'uhiform
vglocity‘ovef‘half of the orifice surface WH/Z3 such- that:

‘ - _ . ) :

U= — : o (2-26),

- U = average inflow or outflow velocity

i

Using this experimentally determined velocity scale and a characteristic

length scale of H, three new nondimensional numbers are defined.
” o \

)

o . | R : | .Ahﬁ . /}///
" Rey = | " (2-27) ,

Wv

&



.<j
2Q
Fry = = (2-28)
W(g'H:})O'S -
g3 | °
Gry = (2-29)
2Q '
whefé :
Rey = average flow Reynolds number
Fry = average flow Froude number
Gry = average flow Grashof humber

RN
w T e

Equation 2-20 may now be written in the following nondimensional form.
2

Rey = — Cq(1-Cp) Rep - (2-30)

Orifice Coefficient N ) o . /.

The discharge coefficiedt Cq, is. dependent on ' the nondimensional

<

" flow parameﬁers iﬁ Equation 2-30. The value of C4 will depend on the

flow rate, fluid viscosity and orifice geometry. It is common_ practice

in the _li'urev to expreés the discharge coefficient as a function of

~flow Reynolds number using  a. family of curves to represent various

?

contraction geometries. For large area contraction ratios, typical of

residential and commercial .entries, orifice discharge coefficients

" exhibit only ysmall variatigné wittheynolds number ASME(1971), and a

power law approximation is adequate.

.VCd = Cy ReHQ’ ‘ . . oo | . (2-31)

" where

~.

JC1 = empirical céhstant_

-
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Thé mixing goéfficient Cp, also depends on the flow Fétg, fluid
viscosity and geometry, but may efhibit greater sensitivity to the
orifice height compared to the discharge coefficient and thus deserves
épecial attention. ) . /
At one extreme, the mixing process may be dependent entireiJ\‘on thé
local velocities and gradients near the neutral level, ‘a d be

" ' R
independent of the door height. In this case the mixing rate,, is

"constant and Cp=C,(H). At the other extreme,. if the thickness of the

mixing layer and Qp, scale directly with the height of the door, then Cy
is constant and Qm=Qm(H). v ; ,y' . Co
The following definition proves convenient:

n
Href

Cn = Cm,ref

where the two extremes are "given by n=0 and n=1.5:

If n=0 Cp is 5 constant | and - Qp scales with‘Hl-5

If n=1.5 Cy scales with-H~1-5 * and ' Qp is constant

Complete -study'of ‘this relationship is beyond the scope of this

study, but it " is 1likely_ that the actual variation of the mixing

coefficient 1lies between the two- extremes of n=0 and n=1.5.

In this study all. experiments were conducted with a door height of

&2

©2.06 m. Selecting this height as ‘the reference height reduces

Equation 2-32  to  Cp=Cy rfef, thereby eliminating “any. functional
dependence on n. The mixing coefficient values determined in this study

apply 0nl§)to»re$idential type déors,' further experiments are required

-

I
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to extend these results to taller or shorter openings.
Assuming that the variation of Cp can also be related to the flow

v t

Reynolds number byra power law:

(1-Cm) = C) Rey" (2-33)
where ' . ,
Cy = empirical constant
Experimentally it will prove ‘difficult to separate the combined
effects of the two coefficients and therefore an orifice céefficient K

is used, where:
K = Cq(1-Cqp) S - (2-34)
combining Equations 2-32, 7-33 and 2-34 results in:
. ’ N

K = Ky Rey" o (2-39)

where
o Yy=a+8

K{ = empirical constant

\@ecalling-Equation 2-30, it is easy to show that if K isupropoftional tb?

' Réy to some power Y, then it must also be proportional to Rep to the

pdwer . ’ v R
: _ ¢ ‘ (2=
where ‘ ~ \ | \ ’
o b=y /1y _ ‘ ¢

Ky = K11+9-“(2/35¢

The orifice coefficient correlation with densimetric Reynolds number 1is

-

a more useful relationship for flow prediction purposes because it

1 4
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depends on the fractional density difference, not the measured flow
rate. FEquation 2-20 may now be written as:

1 - _ 3‘05‘ : . ,

Qp=—— KW (g'H>)™" o (2-37)
3 . : '
If the vériation in K is small, then it 1is possible to correlate K

linearly with temperature difference. This -approach was taken by

Fritzsche (1968) in his measurements of flow through cold ‘room doors.

He proposed the following correlation:

3

K = 0.48 + 0.0043 AT - (2-38) "

o~
An empirical approach was taken toward thé same ﬁroblem by Brown, Wilsdn
\and Solvason (1963), and Brown and Solvasén‘(1962) for the range éf I
0.19 < w/H < 0.75 and 103 < Rep < 104, resulfingnin the-correlatioﬁ:

. . 3 )\‘ .
~ " Reg = 2.32(1.0-0.6u/H)Re, 0 34C — 430

.

which may be rewritten iL terms of orifice coefficient variation as:

K = 3.48(1.0-0.6w/H)(BgH3/v2) 077 _ 6us(agu3/v2) 0" .

. = . 6 N Ay
One final note concerning interfa¢ial mixing. °*Research by Rozovsky,

Shabrin,vand Markov (1972)’Hetermined that a critical stability limit
exists below which interfé;ial mixing 1is strongly suppressed. From
their experiments, yfransition ffom étable flow to dnstable flow Qith
interfacial mixing occurred fof densimetric Reynoids numbers in the
rangev of 5 x 10% < Re, < 103, Thié will late;"be significant. when

comparing full scale and model results.
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‘allows Equation 2-39 to be written as:

Buoyancy—D}iven Exchange During Door Opening and‘Closing~
An estimate of the buoyancy-driven air exchange that occurs during
the door‘dpening andudoor‘ closing periods can be made by assuming quasi

steady flow. Writing Equation 2-37 in integral form for the period when

t 4 3 .
the door is moving from a closed position to 90 degrees open.

”
S
& .

t=tg

o KW (g0 |
Vo = [ dt (2-39)
<‘i, 3
t=0
whére
‘ W' = orifice width at time t <
.Yy = volume exchanged during door opening

e
(@]
]

door opening time

It is easy to skéw that the orifice width varies with the angular

position of the door as:
W' = W cos(8) o . (2-40y

Using this relationship and assuming that the orifice coeffjcient

<

‘and mixing coefficient both apply during the variable geométry period

¥

-

t=ty s
: .
U, = — K W (g'83)0 _/~ cos(g) dt  (2-41)
| 3 |
h . t=0 -

It shéu%d be kept in mind that this is a simplified analysis agd thus

the orifice coefficient is taken as constant. Data will be presented in

Chapter 4 to support this approximation.
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The Valhe of the integral "will depend on the variation of angular

position with time and can be solved for any particular motion. For
. ‘

many practical applications, the door motion can . be approximated by a

constafft swing speed with rapid initial acceleration and rapid final

deceleration. In this case, d0/dt = constant = (2/1)/t0, and

Equation 2-41 reduces to:

1
o= K (' HH 2w (2/1) v, (2-42)

v

i

From Equation 2-42 the exchange that occurs during the variable geometry

period can be considered as:

a) Steady state flow through an average orifice of
width (2/1)W for time t,. '

b) Steady state flow through an orifice of width W
for a time (2/1)t,.

I
-

The second approach with a fixed width of W and modified time will

-prove to be most convenient. Using this approach Equation 2-42 becomes:

VO: Qn teq | (2-43)

where , '
teq = equivalent opening time\? to(2/1) for do/dt=constant

,
For most'praﬁtical applications and in’all the expe;iments discussed in
this study the opehing and closiﬂg motions are nearly identical and thus
teq will bg thé‘same‘for both opéning'and ciosing.

'If the door c¢loses before a reductipn in the steady state‘ flow%e

is caused by the presence of interior walls, then the total buoyancy

volume exchange for the opening period (tg), closing period (te) and

28



steady period (tg=ty) can be determined using Equation 2-44,

]

VB Vo + Vh + V¢

i

Vg = Qn (th + 2teq) (2~44)

where 4
Vg = Total predicted buoyancy exchange volume

Two factors that influence buoyancy exchange have beén neglected in
this analysis. First, as the orifice (enlarges, some time 1is required

|

for the flow to accelerate to the increased flow rate associated with

the enlarged opening size. Because the opening. is continuously

ﬁqs?larging, the real flow rate lags the predicted flow. This ‘results in
a;ﬂgverestimation‘of the exchange during the opening period.

The secondkgactOr neglected in:this analysis is tﬁe variation of the

orifice coefficient during opening and .closing. The variation 1in,the

" geometry suggests that the fully open orifice coefficient K, may not

apply during thé variable period and thus associated errors will result.

Examination of experimental results will show that the errors associated

with neglecting these factors are small.

v

Departure From Steady State Flow

For a finite interior’ volume, steady flow<°can only exist for a

limited' period of . time before it begins to decrease, ultimately
approaching zero flow rate. The time at which departuré from steady
state flow.rate begins is related to the time required for the cold
front to advance across the floor to the interior walls, reflett‘off and
return to' the  entry. Figure 2-5 scheﬁatically illustrates ‘the
progression of a gravity current as it flows down a 1ong‘hallway,

-

strikes the end wall and is reflected to the doorway.” The wave return
h
{

~



t Flow Down a Long H

: Gravity Curren
Reflection and Return Wave
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FIGURE 2



-+« Benjamin (1968) .

time is very important in the determining of the effectiveness of an
entry in limiting energy losses or contaminant transfer. A theoretical
A »

approximatiop”%uf the wave return time will be developed by utilizing

existing channel flow equations.

GCpld Front Flow Down a Long Hall &

, From iock .exchange studies it has been shown that the frontal

velocity of a gravity current may be approximated by Equation02—45,

—— e 4§ L
8
Ug = Frf2/3 (2-43)
We
Pi-p \
e 1o (2-46)
Pi

where .
Uf = frontal velocity

Frg = frontal Froude number

We

flow width

‘L' fractional density difference baséd on indoor density
The frontal Froude number Fr¢, depends on the fractidﬁal depth of
the counterflowing streahs. In lock exchange problems the top anq
bottom flows move in opposite directions approximétely symmetricélly and
Frg is iaund‘to be 2-0.5 = 0.71. 1In situations where the freé height
above the inflow is much greater than thé inflow thickness itself, the
value of Frf approaches 20.5 . 1.4, Benjamin (1968), ahd» Wilkinson and
Wood (1972). Invthis case, the front is advancing into a stagnant air

mass. Flow down a long hall, as illustrated in Figure 2-5, is sf%ilar

31



to pure counterf}ow. Experimental results will indicéte a frontal
' \
Froude number near the lower limit of 0.71.

Combining Equations 2-45-and 2-46 with the expression for flow rate

given by Equation 2-37 results in:

, .1/3
o5 | K WA 202 |
Up = Fre2/3 (gi)™ (2-47)

. : 3Wf :

Equation 2-47 can be further simplified by approximating A' by A, so
%0.5 T L .
that 4'A becomes A", this results in an error of less than 47 in Ug

at a temperature difference of 60°C.

A characteristic flow length Lf, is now defined as the distance ffom‘

.the orifice to the reflecﬁing/surface. " In the case of a long hallway

this is simply thé/total 1ength of the hall. A critical:-wave return

time may fdow be defined in terms of the frontal velocity and the

e

hallway length as:

ter = 2 Lg / Ug i © o (2-48)
where ' o , '
ter = critical departure time from steady flow

Experimental results will be used to determine the validity of the

critical departure time model which is based on reflected gravitx

wave return time.

Cold Front Flow Into a Complicated Inyerior'Geometry

When c¢dld air flows through a doorway into an interior geometry

which is more éomplicated than the simple hallway discussed above, it is
more g}fficult to develop a simple model for the occurrence of the wave

ki

return®” Even a simple four sided room with no interior obstacles is

I}
|
K
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. _ / ) . ’
difficult to analyse. Radial"spreading causes the frontdal velocity and
' ; . “ " | " ) N
layer thickness ta be a function of distance’ from the orifice.” The
: : [
arrival of various reflected waves from the end and side walls will' tend

-

to smear out the distinct departure point typical of one dimensional

- R

S

flow. For these reasons a single characteristic length is difficult to
define. . a ‘ | B AN

A general model proves more convenient than Equatlon 2- 48 for

T gy

o
e

“decrease. The basic assumption is that the volume exchanged at~’ 'fhé

approximating the critical time at which the flow rate begins t qA :
' - : & it 4

'!
,"&fv
vow

i
1

Cma »«&?%%"*&ﬁ

G
critical time is related to an idealized maximum .exchange volume A The o
& .
b
1deal volume VH, is defined as the 1nter10r air volume that lies, Below a
.

horizontal plane level with the top of the door. For a one level

interior, this value is simply the floor area times the door height. If

"

some of the air which is buoyantl§ trapped above this level is entrained

by mixing, then the actual exchange volume can sljghtly exceed Vy. This *
idea mofivates the definition of the exchange ratio, E. .
- o . " 4
: E=V/Vy | (2-49) -+ | & '
where : ' \ Q . i 7 iﬂ
E = exchange ratio . ! ‘ ) e R

VY = interior air volume below a horizontal plane at height H.
Two important values of exchange ratio are defined as:

Ecr = critical exchange ratio at t., and V.,

o
W

Epax = maximum exchange ratio at infinite time, t_

“

. )
'Applying this concept to - ene dimemsional hall flow with Wg=W, by
combining Equations 2-47, 2-48 and 2-49 results. in: °

2



s F A3 | 3
| | (2-50)

-

=2

Ecr
. 3Frf

3

For an ideal hall with K = 0.58 and Frg = 0.75 the value of Eqr can

be determined as approximately, 0.81. Experimental results will be used

’ . g o , . o
to determine the actual critical exchange ratios fot various geometries
. , =X 0!

L

including the long hall case. An estimate of the c;itical~departuré

time can be made using Equation 2-51.

Fer Vi o .
| tey = ———— v, (2-51)
: 1 ‘ | . . Qn )

Decreasing Flow Rate Caused by a Finite Interior. Volume

Once the criticad departure time is reached, a decay in the flow

rate begins. To gaih some insight into the.decreasing flow process an

- idealized case "shown in Figures 2-6 and | 2-7 can be considered. The

LA

exchange is represented by a series of discrete éra?ity currents of
decreasing thickness, proportiohal to the unexchanged volume below

hei&&t‘ H. The ,fesulting reduction in flow will be approximated by a

L Ye
i

purely empirical. exponentiél} function of = the .form shown. in

Equation 2-52.

¢
E = By ( 1-e ARy (2-52)
where N - . |
o t > teqtts §\%
, ) 7, .
Applying the following boundary conditionst
. ‘ . ,
. . i

a
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FIGURE 2-6: ,Idealized Decreasing Flow Assuming a Series of
Discrete Gravity Current Inflows; See Figure 2.7
for Time Definitions :
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® Times Correspond b
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Shown Ib Figure 2.6
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FIGURE 2-7:  Volume Exchange as a Function of Time for the Series of

. Discrete Gravity Current Inflows Shown in Figufe 2.6

N
A



| dE 0
at t=t.p - —_—— ”
‘ dt = vy
¥ ' }
at t=tep E=E

at t > t_ E + Epay
Results-in the folibwing values of the constants. A and B:

- Qn/VH ‘
A=z ———————— ‘ o - (2-53)

Enax ‘.Ecr

- s Ecr 1n(1 - Ecr/Ema#) » . ‘
Bz —— 4 — ' (2-54)

 Expérimentai data will " be usedf‘;o determine the validity of
quuatidr{JZ—SZ;and~ ﬁhe.vvélues of E.; and Eméx for various*interior
geométries.' o |

o ° 4

: : B
Interior and Exterior Turbulencé

JTurbulence 1is caused by the 'presence of interior circulation flows

or exterior wind. The flow patterns and turbulence levels are strongly
: ; ' . Corh, »

dependert on the number, size and position of fans or circulation vents,

and the strength, direction and gustineﬁ@”of the‘wind. ° N

To gain some insight into thé magnitude of air transfer through open

doors due to circulation effects, Shaw's (1976) experimental results

from tests “on -operating rooms can be considered. Shaw conducted -

experiments in a well mixed operating room and found that if the
exchange rate was qgvided by half of the door area, then the worifice

- 5 < ‘ g :
face velocity was approximately O.l14 m/§/ Based on his literature

1
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survey, this value was typical of well .mixed rooms.
e Shaw's results indicted that for well mixed conditions, turbulence
. : ; oW

fgﬁimduced exchange was insignificant-above 3°C. He allowed C4 to absorb

"t

“the effect of the exchange induced by room turbulence plus the buoyancy
exchange. At AT=OOC, the value of (4 must go to'infinity ,beéause,Q
»approaéhes ‘a” congtant value:., For <xample :at  AT=iOC, a discharge
_coeffitient of 0.9 was found, compared to 0.6 for;AT>30C, indicating
‘that at AT=19C, buoyancy still acﬁogpted‘fof 2/3 of the exchange flow.
From Shaw's results, interi¢r circulation fléws‘ do not ﬁerit

“intensive 1investigation in the context of energy losses through doors

and thus interior ventilation effects were not sﬁudiedl

»~ .

Wind induced turbulence however could not be eliminated and tests

revealed the surprising reshilt that exterior _wind,$§hile'prodpéing
negligible exchange at small temperature differences,,is responsible‘fdy
signifiégnt reductions in buoyancy-driven exchange flow. It will be =~

shown later that exterior winds cause increased interfacial mixing which

in turn results in reduced exchange flows. In this context, future

studies may' show that strategically placed interior circulation'vepté

may also reduce buoyancy flow rates by“incfeaéing interfacial mixing. \.

3 . |

N ‘r,:3l< . . ‘ . . \\

Door -Pumping Exchange R4 B ‘ . : \
1Y .

When a door sWiﬁgs openy air is drawn in behind the door. At the

same = time, air is forced from behind the opening door, around the

*

leading edge and out of the openinng‘Thisugenerates vorticity and
turbulencérat the leading edge, inducing air-exchangé.:
The amount of exchange produced depends op the, speed at which the

-

" door swings, the size of the door and the temperature difference. If



o2

the buoyancy forces produced by the temperature difference are large

combared to the inerg}al forces produced by the. swinging door, then'the
developing counterfiow currents rapidly carry away the vorticity and
turbulent air from the orifice. This redpces the air exchange that
results from the swingveffeqp. At the other extreme, if the buoyancy
forces are very small, a éfanding vortex is. generated which will remain
intact for some time near thé orifice, promoting transfer. ‘In a.similar

manner , inertial exchange also occurs during the closing period. It is

< convenient to quantify the net transfer in terms of .total exchange for a

[

complete pumping cycle.

The manner in which the buoyancy and pumping coﬁtributions combine

and the degree rto which they influence oné another is»difficult.to
‘ detérmine. ' The turbulence pfoduced .at small temperature differences
inte;feres,with the buoyancy exchange process, feducing it below the
amount  predicted using Equation 2—43;( Figufe é—8 "illustrates the
difference bétween the predicted and aétuai buoyancy éxchange as wéll as
5 ‘ ’
the difference between the residual pumping exchange and actual pumping
contrijbution,. The concept of residual pumping exchangeAVp, as the
differencé 7bet§eeh the predicted buoyancy 'exchangeyAand thecactual
exchange wiil bé useful. ‘ ' ’

Two Ymportant intefcepts are identified on Figure Z—é; =0 pumping

volume Vpy,, and critical fractional density difference, Acy.  The

residual pumpinhg volume‘dépends on the door height, door width§ swing

speed and fractional density difference..
Examinat@on of this problem will be limited to the development of an
empirical relationship for -application to residential doorwayé where

H=206cm, W=9lcm and tgy=t.. Full scale and model data will be used to
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show that residual volume pumped Vp, . can be approximated by a linear

variation from a value of Vp, at =0 to a value of 0 at A... Both Vpg

and Eér will be shown to vary inversely with swing time, with cg¢nstants’

of proporﬁionality determined from model and‘full scale expeﬂime s such

that:
Ber = P1/t, : . - (2-55)
Vpo = Pa/ty (2-56)
Vp = Vpo(1-A/B.p) for & < Agp (2-57)
where :
Vp = residual pumping exchange volume
Vp, = residual pumping exchange volumé at AT=0°C
e ' Py, Py = empirical constants

Occupant Motion

The movement of a person throqgh’the opening cédses entrained air to
be transfer across the orifice plane. ° Study of.this transfer was
conducted by Shaw (1976) using a door 0.90 m wide and 2.05 m high at
AT=aOC. The exchanged volume ranged from 0.286 m3 - for a fast walk to
0.0873 m3 for a sléy walk. The size of door that Shaw tested is nearly
identical to the entry examined in this studyl and his results can be
compared to pumping exchange volumes.

The significance of this iﬁertial effect 1is expected to diminish
rapidly as increased temperature differences are considered. Similar to
veﬁtilaeion or pupping éxchange it likely héé little effect above 4°C to
5°c. If larger entries are\considered the nét effect of occupant motion

becomes even less significant.

o
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CHAPTER 3

FULL SCALE EXPERIMENTS

A

Full scale air exchange experiments were performed to meet the

.followhﬁgbbjectives:

(0]

~Measure the energy losses associated with exterior doors in

residential  structures over a wide range of temperature

differences.

Obtainl sufficient data to test the wvalidity of the exchange‘
equations, ‘
Obtain appropriate data for compari;on with 1:20 scale modei
simulation to determine the degree of similitude and correctness

of theoretical time scales and equations.

" -

Experimental Parameters » :

. Numerous factors influence the exchange of air through doorways.

These include:

O 0O 0O 00O OO0 OO 0

door height

door width -

interior floor area and levels

door swing characteristics

interior turbulence intensity and scale

exterior wind speed/, angle and turbulence intensity and scale
interior partition geometry

temperature difference

interior and exterior air stratification

The number of factors in this 1list dictates that only a limited

number of‘parameters be tested in full scale. The focus of this study
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is on energy losses through typical entries and thus énly‘thelmost
influential parameters in this context will be varied. "Very large and
very small H/W aspect ratios fail.in the same class of problem but are
not typicai of residential entries and thus will not be considered
experimentally. A review of Rfevious research aléo assists in reducing
the number of varied test parameters. ShaQ (1976) showed that for a
rénge of door widths from 0.1 m to 1.4 m, that fiow rate was directly
proportional’ to door width W, with negligible effect on the orifice
coefficient K.

The féllowing parameters were kept constant, or as close to constant
as poséiblé in all tests:
door height and aspect ratio
door opening and clasing swing speeds

interior turbulence intensity and scale
interior stratification

O O O O

The following parameters varied hetween tests: ' _’//

fully open hold time .
“indoor-outdoor temperature difference
interior volume and geometry

wind speed and direction

o O O O

I
o 4 .,
Exchange Flow Measurement Technigues
Accurate measurement of exchange rates are not easily achieved.

Several techniques are available but each has some disadvantages in

terms of accuracy, equipment requirements and measured quaritities.

Two of these alternatives will be compared .

Velocity Profiles- The measurement of flow velocities and flow
, N K

directions in doorways was used with sdme success by Shaw (1976) to

determine exchange rates through operating room doorways, and by

W

Fritzsche (1968) in measuring flow through open cold-room doors. The

43
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technique reqﬁires'the measurement of velocities 1in the doorway opening
as a function of time. Integration of these velocities provides
valuable time dependent volume flow information.
JUnfortunately this technique has two major drawbacés. First,
simultaneous multible velocity measurements of the necessary accuracy
and number are very difficult and expensive to perform. Traversing
methods could be employed, but only‘for steady state flows that last for
a sufficiently iong duration to allow a compléte’traverse éf the oi}fice
area. Shaw emgloyed 40 hot wire anemometers aﬁd smoke generators in his
operating room experiments. Even if accurate 1local veloéities,gan w"be\,

determined, this information is insufficient to determine net mass

transfer if significant mixing between the two air streams occurs. As
[
i

‘shown in Chapter 2, it 1is necessary that the local temperatures or
tracer ‘concentration (if oné air mass is> marked) be measured
simqltaneously to determine the net mass transfer.

Tracer Gas- Tracer gas i ;%troduced into the interior air volume,
mixed thoroughly, and a'conc ntration reéding taken before and after thé
exchange has occurred. fhe reduction in concentration 1is proportional
to the net mass transferi The primary advantage of this methéd is . the
minimal amount of equipment required, but the method prov#des no
~information concerning the time dependent tharacteristics of the
exchange. This problem may be overcome by using a séries of
experiments, each with the same iﬁitial con&itiops, but varying the door
oben time in e;ch consecutive test. This allows a correlation between

total exchange and open time.

& .
For this study, the tracer gas method was selected as the most

fo



appropriate technique, both in terms of measurement accuracy and
equipment availability. To compensate for the lack of flow detail

afforded by the tracer gas method, copper-constantan thermocouples were

used to provide some insight into .the structure of ' the exchange flow.
‘ , )

Test Facility

Full scale air exchange experimentﬁ‘ﬂére conducted at the Alberta

Home Heating Research Facility, located south of Edmonton on open’

agricultural terrain. The fiagility consists of six unoccupied houses

\:‘ﬁ’ 1"

each constructed using different energy conservation strategies.

Figure 3-1 1illustrates a plan view of the facility including the

I
position of two meteorological stations providing wind speed and wind
direction data. Each module has a single room main floor with a small
entry and full basement.

Two factors were considered in the selection of the most appropriate

module for  .~hange experiments, natural infiltration and thermal

resistance. was important that natural infiltration be as small as

possible to limit its effect on t} cer gas concentration. Selecting

o

the module which had the highest le™a of thermal resistance reduced the

cooling of. the house during test periods. (during which the furnace and

its circulaéing fan were shut off). Module 3 was selected on the basis
of these requirements. _ N

Figure 3-2 illystrates the overall dimensioné of module 3.
Windbreaks were erected in the locations indicted on Figures 3-1 amt 3-2
to reducetﬁhe mean wind speed outside the entrance of module 3. They
extended from ground level to the roof bovérhang and were attached

 between module 3 and the adjacent module. Although the mean wind speed
/
/

A’g‘
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was still present outside the
Y . R v _‘ . ) ;u Il

>§i¥ significantly reduced, turbulence
ntyaﬂce due to.windé*

e

’ !

Figure 3-3 shows three of the interior &éometries tested ahd

Table 3-1 lists the physical .volu@es and areas associated wijith each. ’

i . . %

' . . : Y
The three geomefries were obtained using tarpaulins, the inner entry

door and a remo?able panel. The tarpaulins were sealed at the floor,

ceiling and walls with duct tape. The basement was not included in any

. of the geometries. ' This separation was. accomplished by sealing both the

1

floor vents“and the stairwell opening.

Experimental Eguipmeﬁt

Gas Analyser- A;Miran 14 I;frared‘vasorption Gas Analzier was used

with sulphﬁr hekaflouridev(SF63 as the tracer gas. Complete details o;

{

i . : h ' . ""x
calibration and specifications, and a typical " calibration curve can be

@

found in Appendix B. Oyg; the six month periodkbf data collection} 14

calibrations were \perfoghed, with a calibration preceding each active

testing, period. v

Mixing Fans- Two 19 cm diameter axial fans with 150 watt motors were
. n S
employed to ensure complete mixing of the.tracer. gas with room air prior

to and following an exchange experiment. Fan positions were selected to
o o T . ol ; R
provide . maximum mixing for each test geometry. The mixing fans were

turned off prior - to each exchange experimenf to allow interior

 turbulence to dissipate, .

: _£ohtrol$of _the exterior door. ﬁBoth swiﬁg time (tg and te) and fully

’

Dopr Control- Thg’physical laYogt of the experiments requiredvrembté

open hold time (tp) had to be ad justable and the door motion had to ‘be

/

repeatable’ from . test to test. This was accomplished with a-simple

48
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A Sealed;StairWell'

v

Full—House.Geomeﬁry

vHall/Geometry
N s

" FIGURE 3-3: Interior Test Geometries; Full-House, Hall and En;ry

]

v

»
v Ly
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:

TABLE 3-1:.Interior Voluméé of Test Geometries

s

3

L}

Geometry Af . HeAs Vp vy

-m? m3 m3 m3

. . 5 ~ .
Full-House 46.2 ©110.9 106.7 91.4
Entry 2.67 6.42 6.42°  5.53
Hall 8.63 . 20.70  20.70  17.85
A¢ - Floor area. o
HcAg - Ceiling height x floor area.
. s -~

Vi - Gaseous interior volume. ’“éﬁﬁ =

- Vy - Interior gaseoué volume beneath door héight,fH.

50
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system consisting of a 3/8 inch electric hand drill mdunted on th€ lower

.interior door surface. The drill drove a wiré‘ﬁfush traction wbeel‘ﬁRaJ
. : O
. o . . .“’, Ll
griping the carpeted floor surface. Micro switches were mounted to
T - .

detect fully open and-fully closed positions. Timing.and speed were set

on the door control wunit and the door position was monitored with a

>

potentiometer mounted on one of the door hinge pins. A typical door

position curve is shown in Figurd 3}-4 illustrating the nearly conﬁpadt
. Y *
. . . 4 i
opening and closing swing speed. : L.

. ®

Wind Speed and Direction- Wind speed and wind direttion  were

_ : kY

determined at the north wmeteorological station for each exchange

experiment. The remote location of the north. tower relative to the |,

efitrance of module 3 suggests that this information:is only useful as a -
‘ A ;

qualitative estimate of the turbulence level outside the entrance. .

 Exchange  theories "and eqdatipns developed in Chapter 2 apply

4

’ o 7 . .. . .
quantitatively to low wind speed conditions and therefore testing was

concentrated at low exterior wind speeds. Most tests were conducted for-

B

wind speeds less than 15 km/hr.

'

Temperature Measurements— All temperature measurements were made

: . . P '
with-copper-constantan thermocouples referenced to an "ice point cell,

Outdoor . temperature was measured at the door midheight 2 m south of the

entry door as shown in Figure 3-2. The exterior thermécouple junction
. N o . . - .

was placed in a radiation shield.mounted ~on the exteridr ,wall. - Indoor

S

temperature was measured :at .a central location within the test. geometry
. I '

_QalfWay‘Betweeﬁﬁthe flogr and ceiling. It should be Ao6ted that due to

a
7

‘active air mixing prior- to 'the door opening, stratification was-

minimized and was less than 0.2°C from floor to ceiling, even for largeo

N

temperature differences.



52

I0SUSS UOTITSO] suﬂz_vmusmmwz 3AIN) UOTIOK 100 TeITdAL -i%—¢ HYNOIJ

) s swr | w
g1 . 8 g . y . 2 . 0
T L4 v — T ¥ —ﬂ — —4 1 4 LS &
ﬁ | “
]
| I I e
1 1 I
I 1 I 22
| 1 [
| I | uv
| [ | (o
| | | - C
— e — . — et S
| | | Ay [0 F 7
1 1 I R
| i | . =)
" —
: ()]
I I . I b
| e | a3«
. | 1 7
o L | °
1 b UOTAON .
. I “ | I e3Dy 3IUD3ISUO] 1 g8 -
. — ., — — oO-
“ | I ) w
I o < — %2 .— —-1.
i “ I I , 1
1 ] 1 77 N



53

In addition to the indoor and outdoor temperature measurements taken

l\/

before and after exchanges, as many as 21 thermocouples were employed

during the exchange process, to measure vertical temperature profiles
and record the_ratewat which the cold air front moved across the floor.

>

These thermocouples were 30 gauge, with a response time constant. of

approximately 0.5 s. _ .

..

[ : - Q~ - . T
Data Acqulsltlon and Storage~ The collection amd*st?rage of data was

accompllshed using an HP-85 Microcomputer, HP 30508 Multlchannel Sc nner
and HP 3025ﬁ Multimeter. Collected data was storédm>h magnetic‘taﬁé at
the facility and later transferred to 5 1/2 inch floppy disk. Chart
recorders wgré also f@mployed to provide a backup hard copy of door
position and tracer gas 'conceﬁtration, and prov{&e opgrétioﬁal

information durirg experimentation.

Experimental Procedure

At the start of any exchange test the follbwing descriptive
information was recorded: time, date, test #, geometry #, thermocouple
layout #, fully open hold time setting and swing speed setting.

With mixing fans operating, tracer gas was then injected into the //////

. . T

T

test volume until a concentration of approximately 5 ppm was achieved.
. e .

Tracer gas concentration levels and wind informa;;gn//WE?é then sampled

e

over a 3 miﬂﬁte beriod, 'fol%qygdfiby”ﬁiﬁdoor and outdoor temperature
readings. A 3 minute'éémpieAwaé‘ required to measure the decay in SFg
concentration caused by natural air infiltration, . this information was
used to correct the measured exchange volumes for the veffect of naturgl
infiltration. The mixing fans were then turned off ‘approximately 45

seconds . prior to door opening Lto - allow the small scale turbulence
‘ P _



|

to dissipate, eliminating its possible effect on interfacial mixing.
Door motion was triggered manually from the door controller. The

door then quickly accelerated to the swing speed selected on the

»

controller. After arriving at the fully open position, it remained for
,; }

the selected duration,é'and then closed at the same speed as‘opening.

The door position potentiometer voltage and thermocouples were read

14

approximately 13 times per second. throughout the door cycle. Often,

sampling was continued after the door was closed so that final mixing.

transients could be determined. - -

" On completion of both the door cyclfzfmd the thermocouple sampllng,
the mixing fans were restarted to ensure complete mixing of the residual
interior air (marked with tracer gas) with the unmarked cold air. When
mixing was . complete and the gas analyser sample"ehamber fully purged,

typically 2 to 4 minutes, another 3 minute sampling identical to the

first was started.

AT-Sets of Exchange Tests

Characterizing net volume exchanged as a function of time using
tracer gas methods requlred a- series of tests with the same geometry,
same temperature dlfference and varylng‘ tully open hold time. A AT-Set
consists of 10 to 12 exchange measurements takep at varylng fully open
hold dimes with very similar. temperature, differences. Table 3-2
indicatesothe fully open times used forﬂeach AT-Set, theAselected'times
depended on the geometry type as indicted in Table 3-2.

Exten51ve use was made of series of teste)ln which the second decay

measurement was used as the first depay of the next %est. If the

temperature difference was small and the interior volume large, as many
.\~

@ﬁ.“ R L
‘ R

54



TABLE 3-2: Fully Open Hold Times in Each AT-Set

Geometry # of AT's Hold Times for Each
’ : Exchange in a AT-Set
[s]
Full-House 17 - 0.5, 2, 3, 5, 10, 20,
34, 50, 67, 120
Entry S9 0.5, 1, 2, 3, 5, 7,
10, 20, 34, 50
Hall 13 0.5, 1, 2, 3, 3.5, 5,

10, 20, 34, 50, 67, 120

55



as 10 to 15 consecutive tests could be condugted before the SF6

]

concentration was to small to ‘be accurately measured. At the other

“extreme, if the temperature difference was large and the interior volume

small, one or two door openings cauld reduce the SFg concentration by

P

90% and require the addition of SFg. The stabilization period and

o

initial decay were always required after the addition of SFg.

The thermal mass of module 3 and the energy from the mixing fahs and

\ ‘ ] . . '
interior lights warmed —the cooled air mixture very quickly. Only for

extremely low outdoor temperatures and large percent ékchanges was it
neceséary to halt tésting and restore the indoor temﬁeraturé‘with the
furnace. As will be shown in a later section, i&_is pogsible to
successfully correct for the small variations in temperaﬁure #ifferences

between tests in the same series.

3

Temperature Measurements

Two types of temperature measurements were made. First, a vertical
: .

array of 19 thermocouples spaced 10 cm apart on the vertical cepterline

.of the door opening (located 4 cm outside the closed door) were sampled

sequentially to measure the inflow and outflow temperature profiles.
Second, 21 thermocouples arranged horizontally on the hallway centerline
15 cm above the floor, spaced 25 cm apart, were used to determine the

rate of cold front advancement down the length .of the hall geometry.

gegs 3 '

o . . @ .
a 0.5°C reduction below indoor temperature was found, the time was

The thermocouple closest to he ‘doot was was sampled continuously until

recorded and sampling was shifted to the next thermocouple in the line.
|
This procedure allowed the determination of the cold front position as a

function of’tim%éhy comparing the relative response of each thermocouple

56



to the first. Because each thermocouple was compared to the first
thermocouple in line, the thermocouple time response constant was not
important in determining an accurate measurement of the gravity front

position,



CHAPTER 4

FULL SCALE DATA ANALYSIS AND RESULTS

Approximately five hundred full scale’ éxchange experiments were
conducted over a 6 month period providing a temperature differehce range
from 0°C to 45°C. The method of‘?educing tracer gas concentration
results lto determine ‘exchange volumes will be ‘considered  first.
Experimental resulté Will then be exqmined in context with the equations

and theories presented in the Chapter 2. s

Data Reduction

Figure 4-1 shows a typiéal SFg concentration cung‘for an e#change
test on .the entry geometry. The rate of exﬁonential decay depends on
iﬁhe wind conditions, temperature differential, interior volume, tracer
gas concentration and tgghtness of the en;elope'of the volume being
tested. The 3 minute measured concentrationwdeddy provided sufficient
information to establish the constants in aﬁ exponential decay caused by

natural infiltration as described by Bassett, Shaw and Evans (1981).

tB N

c(t) = Ae - (4-1)
where ]
c(t) = tracer concentration at some time t
A;B = constants

Extrapolation of the initial decay curve from Equatics 4-1 to time
t1, established the SFg concentration at the instant the door began to

open. In a similar manner, extrapolation of the final decay to time tp,

© 58
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establlbhedffﬁhe effaaﬁXWGAEbdcentrdtLon of SF6 at

B

closed.

cp=hye (4-4)
where (
ty; to = time of door opening and closing
cl;5 € = concentration of tracer gas at.tj and t) : Q» -

Vi = total interior volume

b

Ai; By constants from first decay fit

[

Ap; Bog = constants from second deéay fit

Thermal Expansion of Incoming Air

. ‘ .o
Exterior air that is transferred into a house will absorb:energy

»

from the interior surfaces, expand and produce exfiltration. Thegﬂeat & f:*
transfer process is moét significant after the door is cloééd an&.the ;ﬁ ;
mixing faﬁs .a;ez started. The effect of this procesé on tracér gég";:;f  ;
conéentration is illustrated in Figure 4-2 using a simpiifiéd scena£;§’t e

[ P , LL) e ® [ I
. ” - - . N
in which the natural infiltration rate is zero. A 50% exchange occurs,. ® =
B . ) L

Phi

indoor air at 20°C  and outdoor air at -20°C are adiabatically mixeavby’f@ v

the fans soon after the door closes, the resulting indoor temperabprenis e

9°cC. The m%xture gradually warms back to 20°¢C resulting‘}in.éir%f;fﬁVl}
- ) . ‘ ‘e'e' i i;'ﬁ
exfiltration. The actual process in an integral process, whereas 'the

’?‘;," -

simplified case shown in Figure #%-2 assumes that all exfiltrating air is



) 4 -

y
s Y

-

)

«  a
€ .-
» o SO R 4
-

“““‘7Interi;rkVolume = V]

61

T,=20°C, To=—28°C

“ :"‘ _“““‘C%SPPm,
S@% Air Exchange
S~ 4 e
« ¢ a ;;f—_ﬂ— c=Sppm, T=28 C
T =0ppm T=-20°C
Adi;botio Mixing
v N | o
- >7 N =2.5 T%m°c'
| } . Sppm, ,
Warming Of Interior Air
N v < : . )
’ L‘ o . o
' » —t+—— ozd34ppm, T=20 C
v 1 .4 ‘ .
TS - ‘ ’
\ j\b\\\‘ Exfiltration Volume

FIGURE 4f2:

Effect of Thermal Expansio}' f Outdoor Air on
Tracer Concentration During tinal Decay Measurement

N

2.07V1, At T=2B°C
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‘at ZOOC This results in a reduced tracer gas .concentration which

4
causes an error of 3 27 in the measured volume exchange.

s Eortﬁnately, warming effects are measured simultaneously W

/ ; -
.

natural infiitratihn effects. Both infiltration and thermal expansion

the

éffects are accounted for by the second 3vminute decay measurement.

B [¥]

‘§teady State Flow for the Fully Open Door Position )

" 4

‘As shown 1n Chapter 2, steady state“faow prov1des the foundation for

&

’predlctlng total buoyancy—drlven ) exchange VB, and thus represents a

logical starting point for data analysis.‘ Redalling Equation 2-44 with
2 : / . 5 )

: LI o _ o -
V=0 (th +2te) ot (244

where

<

T

KW

N Qn =— »(g'H3)v s N ‘ #® 62_37) , v

3

. " . i . ' @

For any AT-Set of full scale test data the fully open hold time th, -

r

was varied and the” assoc1ated volume exchange detegmlned ;Llnearly
. . ® .

correlatlng the measured volume exchange v, w1th th for each set of data

alloved the net steadyvfstate flow rdte Qn, to be determlned for the,

L"\ . E . P s
. i

i condltlons of each setr

g

@ )\.; .

- -dc ’.'

N st

cénstant between every tfest in a AT Set It was p0351b1e to"adjust'the
A _ . o
value of V *such that eachwtest i8 corrected to the average valueuof g'

o e . » \'\

for‘ the set The correctzoﬁ was.méde by rewrltlng‘ Equatlon 2 44, li

.- e ‘ o ‘L %t

. Onre small compllcatlon 11es in the fact“that the value.of‘g"is,not

62

-t

® . . ' LT :
terms _of Vcorrected at g' avg and,'then ftaklng the ratio of” the two 4.
~ 4 o . » . Lo ‘. g o : . .

equationX. . S Gi_’ e - : )
. N N ~ . . .

‘%
®



Veorrected = V'(S'avg/g'?O'S . / - (4-5)
. - | ] ‘ ,
where \ . - .

VCOrrected.= volume exchanged V, corrected to‘g'avg

8 "avg = aVerage value of g' for the set of tests

For example, if ATavg = 32 C and ATtest = 36bC - the corrected value

“of exchanged “volume is 1. 03V from Equatlon 4- 5 Thus the volume
exchanged would have . been 3% hlgher' 1f the temperatuée d1fference had
. been 32 C (the set average) rather than 30°C. In general, corrections

‘ Were not any larger than shown_ln this example and most were less than

one ercent , Lo R R - ,
‘ p :ﬁ. . " %‘ " Lo 5 ?

Flgure . 3 }agystrpt@s %F éT Sets of data for the full house
. #
o ¥
‘geometry, Each set‘hgg a dlfferent average temperature difference and

.-

average wind speed. All other parameters were malntalned as constan% as

.0

possible ”for~each test~ in the set. A least squares llnear regre551on

g g1ves the steady state flow rate for the average test conditions.of'the
‘set. The ‘good quallty of fit shown in Figure 4-3 1is typicalkof most s

test ,resultsc, cFigure 4—4 illustrates the steady state flow rdtes

‘determined in this mamner for the full-house geometry. Tf@ average wind
: . » o, L . 3 ) [ .
sbeed*héé been'included for- each flow rate. . R _ @
The repeatability of exchange volume measurements.was examined us¥ g

a series of‘tests with the same door motion aﬁH as similar as»possible
“wind speed- - wind directiOn and . temperatuye ‘difference.  Maximhm - .
" RS . B .
. - J‘ - . : . ) . °
varlatlons :in measured exchange volumes ~were found to be approximately
. BN ' ‘ L

i,aISZ Of the interipr volume,with'typical variatdons in the order of 3% to

':;5%; ‘It should be kept in mlnd that th1s represents measure

» - -

errors
‘as well ‘as dlf%erences 1n the’ actual exchan%
. - . \ '-v, _n.y‘ M

t . f N o .
. . P . - N . - NN
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Orifice-Coefficient Analysis

o ' &
Having obtained the value of the steady state flow rate for each of

the exchange sets, it was a simple matter to determine the orifice

coefficient for each. Rearranging Equation 2-37 results in:

> ‘ ' (2 37)
Ww(g'u3)0-> ~

y _ . vﬁ

'The orifice coefficients detérmined from Equation 2-37 are‘shown in

- Figures 4—5; 4-6 and 4-7 for the full-house, hall and entry geometries.

Once again, the average 'wind speeds have been included (bracketed) for

each point, There is insufficient data to conclusively comment on the

efﬂt‘ of wind speed, but it does appear. that smaller orifice

coefficients are associated with larger wind speeds. . To eliminate this
L "

effeCt,)the combined data is shown in Figure 4-8 for wind speeds less

)

than 10 km/hr. v PN L .
. The _orifice coefficiene"decreases from about K=0.6 at the large

Y ’ :

'temﬁsrature dlfferences toward K= O 4 Qt the smaller tempera ¥

*%ifferences. Iﬁ%&s apparent that the entry geemetry orlfice coeff1t1ent
. ol g S ﬁ 1 ‘

lies consistently below both the fudl h ese and the hall geometry.

" Because of the entrdies small size the steady flow perlod was brief and
T - R
thus significant uncertainty is" assoc1%ted with the llnear regre531ons.
’ . . ¥ in, .

Ly N A\

For this reason, the entry geometryéis=gg! included with the hall and:

full house geometrles in the correlatiorns- that follow. + N .
\ e
.- - »»» 5’“

In Ghapter 2 it was proposed that K could be approx1mated by\a power

function of either the den81metr19 Reynolds number or average ﬁﬂow
o ( : o
Reynolds number. - Using  Equation 4-6 to approximate the average

indoor-outdoor VisCositx, the valués of both the densimetric Reynolds

L. - .
o . . .

ey

o

o

e
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number and the average flow Reynolds numbers can be determined.

5

v = 1.49x107> = 1.8x1077 AT O (4-6)

]

Figure 4-9 illustrétes the orifice coefficient plotted as a function
of &he - flow Reynolds number. A power law relationship appears ai a
stréight line on a .1og—logA plot allowing a linear regression to Be
applied to determined the constants 'in the correlation. The data
correlates well in this manner with an ékpongnt 6f\0.l7‘and ;onstant_of
proportionality of 0.072. As discussed in Chapter 2, correlations with
densimetric.yReynolds number (Equation 2-22) or témperature difference,
are mgre useful becéuse they depend oﬁ predetermined test conditions énd
not meaéured flow rétgé as with f%py Reynol&s number (Equa;ion 2-27).

Figure 4;10>.;iiustrétes g%e orifice Mgéefﬁgq1entk‘glotted as a
function of the densimetric Reynolds numbéf and Figu&§A4~}1'léhows the
same data as 'a;mfunctibn 9f temperatur%_ difference. the;best;fit

correlations for the full-house and hall déta are:

0.18

~
|

= 0.055 Re’
oA <o

v Y
R

~
[t}

- i‘t-‘;'f(
B

040 '+ 0.0045 AT
| o

K :

Data obtained by Ffitzsche (1968) from tests ona 2.5 m high and 1.8 m
wide cold ;oém door are’also shown for comparison on both figures. ' His
orifice coefficient is ais§ pased'on‘the net flow rate Q, as determined
from integral temperature—velogéty measurements: He determined the best

h
fit correlation as:
: K = 0.48 + 0.0043 AT .. (2.38)

Fritzsche's data appears to define ¢ an upper bound -relative to the

71
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house data, with nearly the same slope. Fritzsche's data may lie higher

than the house data because of a higher discharge coefficient'agising
frqh geometry differences, or due to a smaller amount of integfacial

mixing relative—to the gross flow rate, A smaller level of3interfaeial

o . .
mixing could‘.result from either lower turbulence 1evels or from the,

é effects of his 207 higher door as 1llustrated in Equatlon 2-32,

3

]

F4

It is very important to note that both Fritzsche 8 data and the data

v

presented here for orifice coefficients . are based on the net flow rate
o s '
Qn,» and thus include the'effects . of interfacial mixing. Shaw (1976) on

)

-~

the other hand, examlned gross flow-rates- from veloc1ty proflles only
and as a result found the discharge coefficient as a constant 0.62 for
his test range from 3 to 10°¢, (below 3°C circulation effects ificreased

v

K as discussed in Chapter”2).

These observatiens~lead o the idea that -the discharge coefficient ;

. [ ) . .
is nearly constagt' at - 0.6 and the mixing coefficient varies with

S, ‘ o
temperature difference. The 'possih;lity that interfacial mixingiﬁs
N ) . ' ‘ i
. C : ‘ o
responsible for the overall variation in orifice qoefficient will now be
examined. o ' . !
} : . / et wc,
) y \ Yo

Temperature Profiles and Interfacial Mixing 8 B

S . . v .

\, -

5

k{’}

(

The orifice- coefficient. rEﬁresents “the  combined effeeﬁ ?bf’the'-

discharge toefficieht and the mixing coeff1c1ent as K Cd(erm ‘The
i . L] - D ;"‘& 2" @
coefficients canno® be determined ° 1ndependently from ekperlmental

resulbs but it 1s p0831ble to examlne the’ temperature proﬁlles to galn{

, - o / v
an 1n51ght into the variation of the m1x1ng ‘chﬁﬂ&gient As suggested

N ¢

in“ Chapter 2 thex shape of these prof1les yind éatew the amﬁunt of

ot o

1nterfac1a1 mixing wh1ch is E‘k1ng place. | T A -,

A -
= . .
: ’ 4
“ - . - . N N kg ;-'(1,

75



o

Figure'4¥T7\ illustrates  several normalized temperature profiles

o . R .. TR . - ' N . .

obtained from the vertical thermocouple array "for varying temperature
e . . <

differences. The 19 thermocouples were monitored %equentially at a ratg

of 13‘ samples a second, resulting igieach point being read every 1.5

\\secohds. A 15 second averége of the;e readings will be examined.}or a

«

period when steady state flow was fully established. Many profilés‘were

. ’ . Lo . - .
ébtained; .but the three- shown in 'Figur% 4-12 are sufficient to

illustrate the important points. N .

Beginning with tﬁe profile that is shown for the 28.6°C temperature
: : ‘

1 : .
difference, it is apparent that the incoming air enters in a relatively
unmixed' condition. This.is indicated by the nea constant normalized’

o E ) . '
o h § \

f of the ~ doeor,

temperature ratio across the lower

(T(h)—TO)/(Ti;TOj=O; " Thé upper portion df the pfofile is not symmetric
& " ) :
with the lower profile. As discussed in Chapter 2, this skewed profile

can only result from interior interfacial mixing as jllustrated in

’

Figure 2-4.
Obse?ving ﬁﬁé‘;profiles associatéd, with _the smaller temperature °
diéferences; it is apﬁ?fent that the ﬁi&ing region is tﬁiéker. In. fact,
,fog —Eae AT=5.80C profile, the»entirg'profile indipates soﬁe‘degree of'
<mixing at alY levels within tﬁé doér obeninéf lIt,is interésting that
ghe odtflOw_Eerile does not change susstan;ially (upper half), b@t the
_iﬁfléw profilefbecomeé mﬁch less blunt and is shifted weii'to the‘right.
Thié suégesté éhat exterio; mixing becomes more important'at‘theismaller
temperature differences. The three vsampie profiles shown were all
obtéined.duriﬁg tests which had.wind spe?ﬁs of less th%trlo km/hr.; Iti\\
is reasonable to suspect that largef wind speeds would. further enhancédv
miking. | |
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: / N , : ' '
Based on these obéérvations, it, appears that increased interfacial
. . ) ' “ . 7 ) . .
mixing accounts at least in part, for the decreasing orifice coefficgent

L} ' .o~

.at small temperature differences. If all the vériation in K was due to ,

Cm; and if Cy, was near zero at thé largest temperature’differences, that’

w

would suggest that Cd =0.6 and that Cm varies from zero at AT= 4ij §0

\
approx1mate1y 0. 35 at small values of AT

-

*Additional %uppqrt for this theory w111 be presented in the small

sdale model analysis sec%ion. It will be shown that the model flow lies

—

below the critical stabilitx,?alué with very 1ittlé,mixing occurring, as
" supported vby proftile measurements. The orifice coefficient will be
found to be ' constant at K=0.6 for these conditions, where Cy4=0,6 and
m" - : ~
' J o N

Air Exchange During Door'Opening and Closing Periods

©In Chépper 2 fit was proposed >that the air exchange duriﬁg the

. 1 .
opening and closing periods could be approximated as the fully open :flow

rate for a-modified period of time teq. a@s given in Equation 2-43,

-

, Vo = Vo= Q teq - ‘ (2-43) LA

4

Using the tracer gas technique it was not possible to sepafate the
air ‘exchange associate with the opening and closing periods. If the
fully open hpld time is set to zérov then the expected buoyancy—driti)

exchange is given by: o

VB, (ty=0) = Qn 2teq (4-7)
From Figure 4-3 the experimental value of V(th=0) can be determined

. as the intercept on the vertical axis for each AT-Set of exchange data.

78 .
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, : p B - o ,
This method reduces the error associated individual exchange #ests. - For

’
N

each AT-Set of data then, the fully open flow rate was determined in the;.’
r"x' \ ' . . . .. ]
last section from the slope of the least-‘squares curve fit and the total

N

zero hold time exchange volume WaSs déte}minéd from the intercept: The"
equivalent time method can ‘now be tested using ‘the ratio of total&
A\eichange to p{edicted exchange as given by Equation 4-8, The full scale

_opening and closing time varied slightly ffdm»3.5 s to 4.0 s and thus

teq=2.4 S. -

"Intercept(=V)

. L (4—8)
Slope(=Q,) * 2teq ’ '
@

-

 Figure 4-13 illustrates the ratio of actual exchange_ﬁo buoyancy

N &

prédiction given by  Equation 4—81 as' a function -of temperature
difference. Scatter.aroundfa réti; of 1.0 indicates that ’;hg'@%rying
buoyéﬂﬁy flowwrate caus§d by the changihé oFifice size can be acc;;ately'
estimated wusing the equ%valent time concept. This‘ also cdonfirms tha;

inertial startup and orifice coefficient variation can be neglected.

Several data point?.for'temperature differences between zero and SOC

% S ~
J . N Do
1ie much  higher ‘than all of the others. The source of the extra
exéhange is the inertial pumping contribution. The - important

* . observation. is that inertial pumping is not significant above 4 or 5°C

for a door swing speed of approximately 3.75.s.

'Pﬁmpinngxchangg . R

Figure 4-13 demonstrates that inertial pumping is only important for

small temperaturé§ differences, Figure 4-14 illustrates the total
exchange volumes from .fﬁaividual tests -as a function of temperature .

[

S

o
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’ 7 .

+

difference for the shortest hold times rested in . full scale, th=0.5 s’

The predictel bdoyancy exchange curve is also shown for this swing speed
from Equation 2-44. The_buoyancy prediction is dgcurete to approximately
4°C, below which; the data and the prediction curve diverge. The
difference between the total exchange and the budyanc} predicted
exchange was defined in Chapter 2 as Ehe residual exchange, Vp. As the

1

temperature difference approaches zero, the value of Vp approachés

Vpo=0,45 m3, ™ . S .

The criticel-fractional density difference is easier to identify if
~ the ratio of actual volume exchange to buoyancy pred}ctlon V/Vg, is
plotted agalnst fractional density dlfference as shown in Figure 4-15,
The crltlcal fractional density dlfference for this sw1ng time of "3.75 s
is identified as approximately 0.012 correspondlng to AT=4°C.. This is
the temperature at whlch pumping contrlbutlon becomes detectable. From
Figure‘4~15 it is possible to determine the temperature at wh1ch Vp=Vpg
by _noting tha't V/Vp=2, at the same point. ThlS value corresponds to a
fractional den51ty dlfference of approximafely 0.002 or a temperatire

difference of AT=0,5°C. This clearly illustrates .that the contribution

of pumping exchange to energy losses is negllglble

]

for Vp 'between A=0 and Acr- Also bagduse only one swing speed was

tested, it is not possible to examine the relationship between the

.

values of Vp,, Ker and swing speed. These points will be pursued

: [
further in the modelling section.

There is insufficient full sca%p data to determine a functional form

A2
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’
» Cold Front Velocity

’ A’theoratical expression was developed in Chapter 2 which allows the
calculation of the gravity current frontal velocity for ‘one dimensional

flow. It was suggested in Chapter 2 that it is the return of the

- »

reflected cold gravity wave‘tu“:he entry that sets the time at which’

v :
deparfure from steady state flow begins., The first step in gvaluating

these ideas is to cOmpare the experimental velocity results to the

theoretical expression forvfrontgl velocity,

» \

‘The progress of the cold front down the length of the hall was

-

measured using the horizontal thermocouple technique,6 described in

, e
Chapter 3. These experiments determined the position of the cold front -

~

in the hall as a function of time. Applying a linear regression to the

postion-time data allows theiaverage frontal velocity to be determined.

Figure 4-16 shows 5 such sets of experimental results including the best

fit linear regressions from which the frontal velocity is determined. A
‘ s
total of 31 such sets of data were taken over the six month ;xperime’kal

period providing a range of temperature differences from 0 to 45°cC,

This set of frontal velocities willbbe compared to the theoretical
expression given by:
¢
— 1/3
o kWA
Up = Fre2/3 (gi) " | ———— (2-47)
: 3 Wg
Substituting the experimental parameter§: into Equation 2-47 and

.

‘assuming a value of K=0.6 results in:
, A : \

Us = Frg 1.22 30°° " (4-9) -

Figure 4-17 illustrates the frontal velocity data from the

B4
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thermoéouple experiments as a function of temperature diffurenqa.
Equation 4-9 i{s shown for the theoretical maximum and minimum frontal
Froude numbers., A frontal Froude number ’of 20'3 is Bxpected if the
gravity current is proceeding beneath a étagnant léyer much thicker than
iiself and a value of 2_Of5 is expected if symmetric counterf*pw is
occurring. Although the functional form appears to be inaccurate for
the ve;y small and the very large temperature differences, in the
central region a _ frontal Froude number "of qpproximately 0.75 v?rovides
;he best fit. This value Ps reasonable for hall flow whjich is expected
to be near the extreme of symmetric counterflow. The fact that the
ceiling is slightly higher than the door would cafée the outflow layer

to be a little thicker than the inflow layer, this may account for a

Froude number being larger than the counterflow limit of 0.71.

Prediction of Critical Departure Time
v

Equation 2-48 was developed in Chapter 2 for application in a long

hall to-predict the departure time on the basis of the time required for
the gravity current to travel the length of the hall, reflect off the

end wall and return to the opening at frontal velocity Ug:
Y

ter = 2 Le / Ug (2-48)

Combining Equation 4-9 with 2-48 and setting Lf=7.1 m and Frg=0.75
results in the following approximation for the critical time of the hall

geometry.

ZO’S

ter = 8.7 | (4-10)

This expression indicates- that the wave return time is related to the

87



1‘\
square root ol the fractional density difference.

g

Critical Départure Time from Fxperimental Data

The theoretical critical departure time given by Equation 4-10
assumes that the gravity current starts instantaneously at speed Ug,
with an orifice wiath of W. In practice, the opening door will restrict
the initial motion of the current, reduci?g its progress. Comparison

_—-with full scalg r;sults is further complicated by the fact that onl;
corplete¢ door cycle exchanges. were measured. For this reason, the
cr.é}gal time’in Equation 4~10 will be compared to th+2teq. Noting that
th>>teq suggests that opening and closing effects shoﬁld not be to

important for the hall geometry,

Combining Eqﬁations 2-37 and 2-464:

gW2H3 0>

Vg = K A -3 (th+2teq) (4-11)

9

Noting that _if the total volume exchanged is  plotted against
]

ka0

(th+2teq), then data for all temperature differences will fall on
a line of slope (g\«72H3/9)0'5 = constaht. |

‘ Figure'&—%S shows measure« exchang% volumes for the hall geometry
plotted in this manner for the full fénge of hold times and fractional
density differences. A distinct departure point is clearly discernable.
Recalling the theoretical expression for critical debartqre time, ba§ed

on frontal velocity, and notiag that the average orifice coefficient K

is approiimately 0.55’results in:

<

ter 507 K= 8.7 x 0.55 = 4.8 s

HH
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This ' value is shown on ﬁigure 4-18. It accurately defines thgﬁ

experimental departure point, confirming the', relationship between wave
‘ ) ~ [¢] //
return time and steady flow departure time, T 7

A
f

Extending this approach to more complicated geometries is difficult.

For example, if a door enters into the middle of a room, the frontal

. y , o
velocity and the thickness of the radially spreading flow will depend on

the distance the front has traveled into the room. As the/gravity 'wave

reflects off various interipr surfaces, different sectiqﬁs return to the
. . ’ ' . ‘ (J ¢
entry at different times, tending to smear out the depértﬂ?e point. ‘For

this  reason, it is difficult to arrive at 'aufappropriate frontal
2

velocity or characteristic length to wuse _fin conjunction’ with

v

Equation 2-48. Rather than trying to develqﬁ a characteristic length

'based on geometry considerations, it is morg"convenien%x and simpler to

k

consider the concept of normalized critical departure volume.

"

A

Critical Departure Volume

In Chapter 2 it was suggested that the percentage volume exchéngéd
. ‘ P

at - the critical departure po%ﬁ? is similaf for all interibrs
irrespective of the shape, gd&umé, flow rate, or fractional density
- difference. I% an estimate /éf the’ orifice coefficient: (and. thus the
flow rate) can be made, thgé the departure time can be found: It was
pré?osed 'that the impoféan? characteristic volume is the ai; volume

{

beneath_a horizontal plahe levél with the top of the door, VH.

<

The entry geometry data is plotted im Figure 4-19 in the same manner

as the hall data in Figure 4-18. More scatter in the data is apparénf

for this geometry due to the smaller volumes measured. The deparfure

volume appears to be between 3.5 and 4.0 m3, Similarly, Figure 4-20

!

2

<90
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illustrates the full-house results. - Unfortunately  the 'exchange

experiments were not of sufficient duration to conclusively describe the’g
‘ . !

. \
departure region. Based on the limited number of points present,

.8

departure appears to occurs at about 40 to 50 m3.

Normalizing these volumes with the value of Vg given in Table 3-1

results in the following critical exchange ratios.

Hall - ‘ 0.67 - 0.(?3
Entry . 0.63 - 0.72
' Full-house - 0.4 - 0.55 S o.

C e
o

-To properly understand the significance of these results it is

necessary to consider the effect of interior geometry on the critical

_ ’ . O
departure point . The hall geometry shown in Figure 4—18 exhibits a well

. S . .
- defined inflection point with an immediate reduction 1in flow rate

N : - ' . .
(slope),ofAlo to 20%. In this situation, the frontal wave reflects off

the end hallway\wall and returns unifbfmly to ' the entrance causing.an

[}

abrupt reduction in flow rate. More cpmpliEaped geometries will send
. N ‘

.

back numerous reflected waves, the strehgth éﬁ&xﬁiequenCy of which

R . ~ to
determine how smooth or how abrupt the flow reduction iéf\\Eigure 4-21
illustrates these ideas graphically.” Critical .departure may\beg}n
sooner for the full-house geometry because of the return of an

intermediate reflected wave.
& e

-

Decreasigg'Exchangg Rate

For practical applicatiohs, it is reasonable to ignore the abrupt’
. s - - ~ . .
change in slope that occurs for some geometries (like the long hall) and

use a general form which smoothly departs from the linear region at a

“
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lovwer value. In Chapter 2 an exponential function was proposed that is

tangential at E., and  asymptotically approacbes Emax - -
. ‘ Al \v\
' ~A(t-B
E = Epay (1 *(57®)) (2-57)
where . i
t > teqtts \
. ) . ‘ \\\
. Qn/Vy |
As —— 2. ‘
Fnax ~ Ecr )
‘ »
. | N {
’ . : Qn/VH A ’

®

‘Plotting E against KKO'S(Zteq+th)/VH results in the data following a

siope of (gW2H3/§)O'5 until the departure point E.,. and then
asymptotically approacheé Epax. The advantagé of this apbroach is that
it aliows a direct compyrison Qetween geometries of decreasing flow rate
éfter departure. Fié; e 4-22 and 4-23 illustrate the data from the

hall and entry geometries in the normalized format.

- . . o
Equation 2-52 fits the decreasing flow region very well for both
. i ) ! I v ‘
geometries. The function does not represent the distinct change in
-, slope characteristic of hall flow but 1is a 'good approximation. - The

-

curve fit for the hall case could be improved Aif the exact debarture
point was usedcand thé function began witﬂ a élope abo&k 10 to 207
‘smallet. The slight improvement that would be provided by thié
tréétment does not juétify the loss of ééﬁ;rality which would result,.
The best fit values of E.r and Eﬁax are:

\
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Geometry ; Bep (fit) Fmax (£it)
Hall 0.45 1.08
Entry ) " 0.35 1.06 N
Full-House N 0.34 : —

3

For all the geometries, the function departure point E.,. is lower

PR 14 7 ,
than the value of Vcr/Vﬁ determined from the exact inflection point in

the previous section. = F&r exampie, the inflection point for the long

+ ¥ 3

hall geometry was betweég, 0.67 and 0.73 compared to the function fit

4!
value of E..=0.45, Th gf

bwer departure point is necessary so that' the
functlon approaches the 1:«
~  The exchangg

excess of Vy,

This is only possible .if air above the door height H, is downwardly

mixing during the exchange. A value for Ej,, is not given for the-

k)

full-house geometry because the exchange experiments were not of

sufficient duration to provide th¢ necessary decreasing flow data.
For comparison, the hall and entry data, and their respective
. .
correlations are shown in Figure 4=24. The similarity between the two

sets 1s strong, considering the differences between the geometries.

Based on the 11?1ted results available, it appears that the functional

form of the  decreasing flow period 1is very 51m11ar for different

geometries. The form of this decay is well described by Equation 2-52

with constants in the order of Ecr20.4 and Ep;4=+1.07.

98 '
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Summaly «
I . K . , ., -, ,
* Combining the information gained in these experigents, the following

simplifjed calculation for determining buoyancy-driven {low through

entries ts proposed,

For a given problem the following information must be provided

Ti. Ty, W, H, to(=tc)' thy Yy

Calculate
B = 2(T{-To)/(T{+T,)
AT = 295 A/(1+4/2)
K = 0.4 + .0045 AT
feq =v(2/ﬂ)to (for d6/dtsconstant) N
Oy = K (gw2n3/9)0-° 59-° ) ’
t = 2teq + th
Buoyancy Contribution
If  Qut/Vyg > 0.4 then Vg = 1.06 Vy (l-e“A(t‘B))
where A= 1.50Q,/Vq
. ’
B = (0.4V4/Q,) - 0.474/4
If  Qut/Vy < 0.4 “then Vg = Qput

100



CHAPTER 5

SCALE: MODELLING THEORY AND EXPERIMENTS

The theoretical equations (with an empirical orifice coefficient K)

s *a

are éatisfactory'for predicting the exchange rates for relativel; simple
geometries and calm ambient conditions. Exténding these equations to
;ore specific problems, in terms of gross exchange rates or for local
flow characteristics (such as gravity current flow), would réquire

extensive full scale testing. One attractive option is the construction

and testing of a small scale model.

Scale modelling of air exchange flows has the following advantages:

o reduced experimental time and expense
o complete control over experimental parameters

o use of alternate measurement techniques not possible in full scale

&
s

#

o easy and inexpensive modifications

'If confidence in the accuracy of the model results. can be
established, then modelling provides a valuable tool for experimentél
investigation. The primary objective of this study is to determine the

degree of similitude between the full scale and model exc#nge flows.

|
/

Dynamic Similarity

» "i .
The most important consideration in scale modelling is the question

v

of dynamic similarity between the full scale and prototype. The - closer
B )
the similarity, the more valid ‘the application of ngpdel results to the

full scale condition. .The fundamental principles of similarity were
|



. .
[N K

first established by Osborne sReynolds and stated as follows by

H. Schlichting (1955):

For two flows about geometrically similar bodies with different

fluids , different velocities and different linear dimensions,

to be similgr, it is evidently necessary that the following

conditions should be satisfied : at all geometrically similar

points, the forces acting on a fluid particle must-bear a fixed
‘ratio at every instant of timé.

-

In Chapter 2 the important forces involved in air flow through doors

were identified and two nondimensional parameters based on ratios of

these forces defined as the Reynolds number and Froude number. Writing

@ .

the two parameters with velocity in1 fundamental units of time t, and

length L, yields: /
* \ V
Reynolds number L¢/tv - (5-1)
Froude number (L/g'tz)o's : (5-2)
where '

1

g' =g.0p/ o
}

Model and full scale parameters will be given subscripts F and M
respectively. Having identified the Reynolds:number and Froude numbers
as the most ' important paraméters, and invoking Réynolds criterion for
similarity; requires that Rey=Rep and Fry=Frg. Expressing . these

conditions using Equation 5-1 and 5-2 results in:

-

Ly? Lp2
o = . (5-3)
' tM VM tp vg°
105 Lg0-5
‘= - ' (5—4)
ty g M0 5 tp g'g0-5

102



Defining the scale factors as:

Ls = Ly / Ly (59

L I (5-6)
| Ag = bF / By . " (5-7)
vg = VE / vy o - (5-8)

a

Lg = length scale
tg = time scale
Ké fractional denéity difference scale

»
5H3 -

N \vg<% viscosity scale
LT
Using these stale factors, Equatiom 5-3 and 5-4 can be rewritten as:
. Lg? - -
= 1 5(5-9)
“ tg vg : /
LSO'SV o
‘;o : = b ‘ . (5-10)
AC. )
ts 8s .

If an appropriate model size and workiﬁg fluid are selected, then
Equations 5-9 and 5-10 can be Zsatisfied, ensuring complete similitude;

Unfortunately, physical limitations make this task impossible.

N
e

Selection of Model Parameters
The following values are representati?é of " full scale conditions

during tests at'thé Alberta Home Heating Research Facility.

1.4x1045 me/s

Air viscosity ' Vp =
Length max, (house length) Lp= 8m

. . ‘*-\ . Y
. Fractional density difference range »Z} =0-0.2 (ATpax = SOOC)

Event time range - ~tp =1-100 s

103



104
Physical considerations make it impossible to seléét ; modél working
fluid, model éize and fractional densityvdifference wﬂich will satisfy
all of the conditions of‘similarity.'<Some of ‘the consideratioris which .

influence the selection of the model working fluid are dénsity range

available, fluid viscosity, expense, . diffusivity, measurable
“+ characteristics (eg. concentration) and flow visualization potential. *

quhg‘model fluid selected was water with dissolved sodium.chloride to.
-pfgdgge tth@fﬁ@Cesséryffraction?I density differénge. Ai;gough the use
o£ salt wéter did not allow . an éXactvmatch of bot _Froude Jand Reynoldé
n‘umbers",\&s it did provide a satisfactory compromise. Tge viscosity of
salt water is épproximately 1.1x10-6 m2/s. From vKuatign 5-8 the
viscosity ratio can be determined: as approxiﬁately vS=12.71 This

scosity scale combined” with EQuations 5-9 and 5-10 reéults in the

following condition for chplete similitude:
Lgl-5 = 12,7 / 30.5 " | (5-11)

. Selecting a frgctional density difference sCale‘of 1,\~implie§.that
thelsame fégétioné{ density difference is used in model as exists in the
full scale. Based on Equation 5411, a length scale of 5.5 would be
required to insure complete similitude. To model the fuli scale house,
which is approximatelyk8 m in.length, would éequire a model‘l.S m long.
A model of that size is impractical due to both construé;ion expense and
1imi£ed test fécility size. . : |

The opposite approach may be taken by selecting a léngth séale whicﬁ
is small enough to minimize construction expense and testftank size

‘requirements, but which is large enough to still allow accurate

measurements to be made. A length scale of 20 for example, will result



in a model length of about 40 cm and require a fractional ‘density

dif ference scale -of AS—O 02. To modei full scale - fractional density

dif ferences in the. range of zero to O. 15 (AT=0- 40 c), would require ‘a

model fractional density_ difference 'f;nge of zero to 7.4, which is

impossible with saltwater solutions. The maximum fractional density
: n

i

difference which can be achieved with saltwater solutions is about 0.2

4

105

and’ therefore the minimum fractional density difference scale 1is .

-

approkimately 1, if a full scale rarge of temperatures is to be
, ~ 0 ' o

modelled. These examples show that avoiding a mismatch of one of the

‘nondimensional parameters is very difficult.

<3

The best alternative is to match the most important parameter and

then theoretically vand expérimentally determine the significance of the

mismatch in any other relevant'parameters‘ Full scale results clearly
¢ ‘

:1nd1cated that the exchange process is domlnated by buoyancy forces and
thus the match of Froude numbers has the hlghest priority. Using a
length scale of 20, a fractional density difference scale.of 1 and
setting FrF=FrM, aa given by Equation Sin,'produces a buoyancy time
scale of 4.47.k This timevscale indicates- that inviscid buoyancy flow
“wiil occur approximately 4,47 times as fast in the model as in the full
scale. A comparison of model and ffull scale results wiil allcw the
accuracy of this time scale to be determlned,

Substituting Lg=20, tg=4. 47 and wg=12.7 into the LHS of Equatlon 5-9
results v1n a ratio of 7 indicting that 7RéM ReF It is interesting to
ncte that the mismatch;‘would have been much larger if the yiscosity

e

ratio did not-help compensate for the large denominator in Equation 5-9.
- .

For example,~if helium was used rather than water as the model £luid,

then the. viscosity ratio would be about 1, with a Reynolds number



~mismatch of 90 rather than 7.-. ; - ; ’ . AN

‘For very small fractionél dehsify differences Qhere buoyaﬁcy'fofCes
are negligible, ;n inerfial time scale is required which matches
Reynolds numbers. Solving for the time scale in Equation 5-9 using the
length scale . of 20, and tﬁe viscosity scale "of 12.73, results in‘én
inertial pumping time scale of 31.° This'suggests that for the inertia
domi&ated pumping exchange, a time sc%;é of 3;} will provide\complete
similitudé. This ;dea will be examined in context with experimental
data.

It is interésting to note that the molecular diffusion ogisodium and

ae
chloride ions from the outgoing flow to the incomin. fresh flow reduces

the . net exchange rate .in exactly the same manner as the diffusion of.

~

interior air or SFg and the conduction of energy across the counterflow
é - )

bQQndary. It was noted in Chapter 2 that diffusion and.conductiQity

were negligible in full scale flow. If a similér=gnalysis is performed

]

using the diffusivity of NaCl in' water ~which is approximafely

v1.5x10‘9 m?/s, the resulting ratio of buoyancy driven transfer to

molecular diffusion transfer ranges from 6x104 to 102, for an equivalent ‘

temperature difference range of 10 to QOOC, Clearly molecular diffusion

¥

in the model can also be neglected.

Model Design

v The first dimportant consideration in model development was the.

p .
question of which solution, the fresh water or the salt solution, should
b, .

Fpets) . - e :
be usé@n to represent indoor air? At first glance this may appear

s

obvious; Should not the dense “salt water represent the dense outdoor

air? The major problem with this approach.is the prohibitive amount of

- .
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o 0 : : ‘
“salt that would Have to be added to the test tank to achieve the density
difference needed to simulate temperature differences up to 50°C.
Adding the salt solution to the model and using fresh water if-$he
. .
test tank is far more cost effective and convenient, but the densities

are reversed. To solve this problem, the model was placed in the tank

upside down so that salt solution poured out of the door toward the
il ‘ -

bottom of the reservoir which will , be "up", relative to the inverted

model coordinates. ' ;
There was a second advantage.to placing thegsalt solution within the

model and the fresh water in the reservoir. Because the reservoir
/ B . ! .

volume was lafge:compared fo'the modelyvolﬁﬁe, repeated dddition of salt
water - from the ’moaél into the reservoir gh?t occurred during the
- lexchange experiments did significantly alter the‘ fresh wafer densify
frqm 1.00 and therefore it was not necessary . to continuaily monitor and
replace the reservoir contents;_ This allowed thevreservoir density of:
1.00 to.Be used as a reference density in the same manner that the full

scale indoor temperature was set to a reference condition of 295 K. .

The foilowing design criteria were used in model design development:

o must allow easy addition of sélt soiution or,sélt‘
'o préferaﬁly'elear‘to allow flow visualizaﬁion
o access to allow modification of interior geometry N
o gebmetrically simiiar to full scale geometry
o reliable and repeatablevscale door operation
"o minimal.léakaée g
o} abilify to measure exchange voiumesi preferably time&dependent

o must have a mixing device to eliminate stratification



Ty
3

-

o must fit in water channel of width=0.68 m fand depth=0.44 m
(total channel volume = 5 m3)

-
i

In light of the various rﬁ”uirements listed above, the model shown
in Figure 5-1 was designéd and constructed. . %he" extensive use of

plexiglas provided. visibility of the exchange flows. Access to the

.interior was afforded either through the opening port in the floor

surface or by complete removal of the floor 'section. With the floor

section removed, different interidr partitions could.be installed. A

removable roof section was also constructed which éktached independently

tg the ceiling section. \&
) . ~., } -
The door control system componenE;) are 'visible' 1in Figure(g—i,
including the vertically mounted D.C.‘ftgpping motor, fully open and

closed position optical micfoswitchs, .and position rheostat. The

speed-duration control unit allowed a wide range of opening speeds and

108

fully open hold times to be selected. r—‘“f//// :
Figure 5-3 illustrates a typical door postion-time curve for the

model door. The linear motion shOuld‘be noted. Comparing Figure 5-3 to
Figure 3-4 which‘illustqateq a typiCaI door position curve for the full
scale experimenté;“suggests that the oniy difference. between the full
scale and model motion is a slightly slowefvstafting acceleration’ in the

N\

full scale caseS

‘Temperature, Density, Salinity and Mass Relationships

The model was filled with salt-‘solution 'of density py and the -

) /
channel filled with water of density pg. The. model fractional density

difference for the inverted model may be written as:
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COLOURED PICTURES
.Images en couleur

kO

_FICURE 5-1: 1:20 Scale Model House, Interidr Dimensions
35.6 cm x 32.5 cm x 12.0 cm

v
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deasured in the 1:20 Scale Model

-

Typical Door Mot';

-

FIGURE 5-3:
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2(pM-pc)
= — (5-12)
(pM+oC)
where |
PM = the density of the fluid within the model
bc = the channel fluid density
Recalling Equation 2-10: .
| _ . aT i
L [y — (2-10)
295 - AT/2

-

and combining with Equation 5-12, results in the following relationship
between the model ~ densities and equivalent reference temperature

difference.

—_——1 (5-13)
"
Noting that the channel density is maintained at a density of pr=1.000
allows Equation 5-13 to be written in terms of the‘giecific gravity of

the salt solution as:

AT = 295(1-1/SG;) (5-14)

where
SGj = initial specific gravity of model salt solution
. \

A similar " analysis can be done to determine the equivalent local
temperature in-the model as a function of the local specific gravity as

given by Equation 5-15,
SGy . I
T = 295 (5-15)
SG4 ‘
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where
SGy = local specific gravity .

Ty = equivalent lpcal indoor temperature
The total volume exchange can be determined from a mass balance as:

SG; - SGf ~

Vo= Vy (5-16)

S6; - 1

where
SGf = final specific gravity after exchange

VM = model interior volume

’fThe total mass exchange can be expressed as:
")
Am =V (pc-PM) (5-17)

where : _ 8
" Am = total mass change

&

The sign of this result 1is negative because the model becomes

< lighter as the salt water is replaced with fresh water.
" . 'y .

Exchange Flow Measurements

Sever;1 measuremenﬁ\ techniques: were used 1in the model exchange.
e%periments. The -measurement system employed in any particular test
dependedbon the'density difference, the duration of the exchange and tﬁe
information desired. Each §f the measurement techniques will be briefly

described with some comment on the advantages and limitations of each.

Weight Measurement'Systemf This system proved to be very effective

' /
for those exchanges that had q?%gss’change of greater than 20 g. The

outstanding feature of this system is its ability to determine the

" actual exchange volume as a function of time throughout the experiment.

®



\The apparatus consists of a suspension harness and counterweight
system with a 4 element differential strain gauge transducer load cell
arraAged as shown in Figure 5-4, Most of the submerged moleAweight is
balanced by the counterweight assembly. The remainder of the load is
transferred to the 1load cell via the adjustable lever—afm system. As
the salt water pours from the model and is reélaccd by frésh water, the

net model weight decreases and the differenﬁial mass change is measured

by the load cell. Equation 5-17 allows the calculation of the

/
instantaneous volume exchange from the loaﬁ cell output.

/ .
Problems arose for this system whén”simulating small temperature

¢

differences. FEven if the door hoid du;étion was long enough to allow a
large percent”volume exchange, the absglute weight change‘was'relatively
small, The gain of the 1oad cell amﬁlifier could be adjusted‘to provide
sufficient resolution to mea;hre these smallv‘changes but the real
problem was caused by background\ noise (weight fluctuations), not
measurement sensitivity. These background weight fluctuationé resulted
from internal,éhanneL waves and model vibration‘caused by door opening
and closing. In so&e experiments the weight fluctuations from these
sources were many times larger than the total weight change, b?scuring

~

the transient information.

Specific Gravity Measurement- The initial and finai specific\

gravity, and the model Qolume, is sufficient inférmation to calculate
the gross volume exchange according to Equation 5-16. This is analogous
to the full scale experiments in which the initial and final tracer gas
concentrat%on and the interior volume were use ﬂo calculate the total
exchange volume. The initial and final speﬁific gravities were

Y

determined from hydromeéSr readings taken in samples drawn from the
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FIGURE 5-4: Counterweight and Differential Load Transducer System
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model before and after the exchange.

This method was always used in conjunction with the weight system?

The total exchange volume determined by this method was compared

t N
directly with the total volume exchange found with the weight system,
‘ ' ' L . ,
If a signiYiqant difference was found, the constant in the calibration

curve was modified such that the difference betweqp the total volume

exchange was ¢split, The modified constant was then used to calculate

the intermediate exchange volumes from the transducer outputg This -

reduced experimental errars associated with, either method independently.

In general} the two methods agreed within 3% to 5% of one another.

Similar to the weight system, this method was also unable to-

accurately determine the exchange volumes .associated with small weight
and specific gravity changes. Limited ééchracy of ghe~hydrometer
L2 ' .

readings was the major problem. For this reason, an alternate system
had to be>used, particulaﬁly for examination of-the short duration door

pumping effects. : s

Salinity Probes; The output voltage of the electrical conductivity

-

prébes;“dependéd on the concentration of sodium and chloride ions in the
sglt solution.” Once this relationship was established, the salinity
probés could be used to détermine t local concentration of salt from
which the 1local density (or .equivaleht ’temperature) was determined. A

complete description of the physical and electronic characteristic of

the probes can be found in Bara (1985).

°
"

. The .probes were, used for two applications. The first was to.
determine the total volume exchange. This was accomplished in a manner
-

which is identiéal to the specific’ gravity method except that the gpgh§§g

and,fa predetermined calibration curve were utilized to measure the

>
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specific gfavity at the start and end of the test.
v .

In the second application, the probes were used to provide local

H

- /‘ . . « .
salinity concentrations within the exchange flow. , Two tests of this

type were done; one.examined the frontal .elocity dqwn the hall geometry
pypkiles on the vertical centerliﬁe of the dbor during exchanges.

For low salt concentratioﬁs, a relatively linear calibration curve
could be determined from p;emixed ,calibfation“solutions stored in
bottles. Unfortunately, for modgrate to large salt concentratioﬁs,nthe
calibration curves were ‘néﬁlinear. More'importantly,_the same Voltaée
could not be ' expected.in both the model (located in the-chénnel) and an
isQ}ated bo£t1e of the same concentration solution. The reason ﬁbr this
broblem waé,related‘to differences in elecfficaifgrognding. Althohgh it
was not ﬁossiblé to solve this problem, thedp;bbéé céuld" still be qséd
if th; calibration was done. directly in the water channel. To do this,
spécific grévity méasurementsﬂ,dfi ﬁhe model sélution were takeh'whilg
notiﬁg the vpltage output from a kpro?eviocated in the model. This
procedure was repééfed;oVer_a. fange of specific gravities without the
probe gain or span"being altered, allowing an in—chanhel‘calibrétiqn

curvé to be obtained. . B ’
u o

Model Experimental Procedures »

ﬁThe time scale of 209.5 indicates that an event in the model will

occur 4.5 times faster than in full scale. For example, an eight second

3

door cycle time in full scale, had to. be accelerated to 1.77 seconds in

b

the model. To accurately record door position, .transducer output and

oA

probe . output, the assistance of the same computer data acquisition

w

B r"\ * .
layout, while the second utilized the probes to determine the salinity

117
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: .
system employed in the full 'scale experiments, and -~described in

Chapter 3, was required.

The exchange tests performed on the model fall into several

categories. A brief description of the procedurenused in each of the
a g

- categories will now be given.

Long Duration Weight System Experiments- This general groﬁp of

El

experiments used the weight system to fneasure the volume-time

re}atiénship for variogs geométries;\ over a wide range of fracfional
density differencesi " The door hold time Was shfficiently long to
determine the steady state flow rate and in some cases, fhe departure
time and functional form of the decreasin} low period. -

\’ Af£er leveling and aligning the model in the waterchannel, salt was
poured into the model through the opening port and the mixipg unit

turned on. Once the salt was fully dissolved and the desired, specific
. i ,

grévity reached (determined by hydrometer readings taken in extracted
. ¢

-

" samples), the port°was closed and the initial specific gravitylrecorded.
Any disturbances in-the water channel such as internal or surface waves
, : : ’ ' o

were then allowed to dissipate. When the voltage output from the load

cell stabilized, a load cell calibration was performed as follows.

An estimate of model weight reduction was made from the selected .

door hold duration  setting and the fractional deﬁsity difference,

providing some indication of the range over which the transducer was

éxpectedvto read. Weights were then gently placed on the top surface of-

a1odel, in ten increments, each weighing approximately Q.I of the
expected weight change. Measuring the transducer output for each weight

added allowed a calibration curve to be determined. The weights were

left on .the model during sithe exchange <o that as the model weight



W

Ll

~decreased during the experiment, the transducer output would lie

entirely within the range for which it was calibrated. A typicall

calibratipn curve is shown in Figure 5-5; fhe linearity shpuld Bé noted.
| . The mixing motor was restarted after the calibration procedure to
remove any stratificatign which may haQe;developed. Once mixing was
complete, the motor -was stopped and fluctuations were allowed to
diséipate. deor motion was initiated wi£H. a manual switch on the

control unit, ~which also triggered the computer to store the start time

and bégin continuous"éampling of the transducer voltage. It was not

119

necessary to sample the door position during the exchange since the —
/ : .

Y

repeatability of the doqf/ motion was ;Very good and thus could be
=J ] 2 ,
determined ' by an indepehdent calibration. This allowed the Computer to
b . : ‘
sample only the transducer output, providing a maximum: sampling rate.

Figure 5-6 shows the inverted model 1in the water’channel during an

~ exchange experiment, ..

After the door was firmly closed  and the transdgcer.sampling
complete, the mixing unit - was restarted. The femaining salt water and
fresh. inflow were throughly mixed andldthe ‘fina} sbecifié gravity
Eeasured. ‘The final specific gravity was not absolute;y necessary. for
detéfmininé the vélume exchange. . The total leuﬁe exchaﬁge could bé;
‘calculatedb difééiiy Vfrom the étarting épgcific gravity, calibratioﬂ
constant and the voltage chadge: Thebjadvantage of taking this. last
reading, as discuéged previously, was that the total‘éxchange could be

4

determined dirgctly from the first and last specific gravity values,
8

th%%;iproviding ar  independent check on the  accuracy of the load cei;//

!

method.

P
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Short Duration Weight Measurement Experiments- In addition to the

long dﬁration exchanges, the weight syétem was also used in the bumping
exchaﬁge measurements. Accurate information cogld only’ be determined
for the lafger' densipy‘diffefences. The procedure was‘similar to fhe
1ong duration experiments except that a series of openings were
pérformed .with gémpleteb mixing 6f .exchange fluid and fesidual fluid
after each exchange in the series. This resulted in series of tests in
which each cbnsecutive test had a slightly smalier fractional density

difference. A single transducer’ calibration was performed and a

n

specific gravity reading taken at the start and end of the series. This

s

-

information, plus the transducer’ readingé from each test, made it
possible to determine the equivalén} température difference at the start
of each opening cycle, and the volume * exchangéd fdr each opening cycie:
Four different swing speeds were tésted, 0.81, 0.69, 0.56 aﬁd“O,AB s, in
model time units. . |

. }
Short Duration Salinity Probe Experiments- 'The salinity %robes

fuﬁctioned poogiy in solutions with high salt concentrations due to
saturation and @riftvproblems. _Fortunately, the weight ;yétem was able
~ to obtain\rea%pnably good results for the larger fraﬁtional density
differences. The probes did function well in the moderate to small
: ffactional density difference range ovaD/Er< 0.07. The same brocedure
was used with the probes as was employed with the short duration weight
.system, except ‘that probes were used to determine the concentration
after each exchange with frequént specific Dgravity samples to provide
the necessary informatioﬁ to develop célibration curves fgr the probes.

Very Small and Zero AT Exchanges Using Salinity Probes- For» very

e

small fractional density differences, the salt concentration became

L4



unmeasurable. This problem was solved by using a model solution which

‘éonsisted of a mixture of water, salt. and alcohol. The proportions of
' ‘ : /

each ingredient were balanced so that any desired buoyancy could be

achieved with a measurable salt concentration, This allowed sufficient
salt to'bé_added such that it could be used as a tracer in the model in
exactly the samé manner that the SFg was used in the full scale case.

Frontal Velocity Measurements- Determining the frontal velocity of

the density current flowing along the hallway floor of the model was
important for comparison with the full scale thermocouple results.’. To
achieve these measurements in the model, two probes spaced 92 mm apart

‘were inserted. through the floor of the model. The‘prObe tips were

positioned such that they were on the same line as the thermocouples

locafed in the full scale house, 15 cm off thé floor (full scale units)
on the hall bcenter line. | As the fresh ;ater inflow passed over. the
probe tips a discrete drop in the probe volEage_would occur. By
monitoring the two°proPe Yoltaées as.a function of time and knowing the

separation distance, the flow velocity was easily'determined.

Salinity Profile Measurements- Temperature profiles in the full

scale doorway were measured with a vertical line of thermocouples. - The

&

resulting information provided some insight  into the effect of

downstream and upstream mixing. It has been shown that a local salinity

concentration in the model is a direct analogue of the full scale’

éemperature at the geometrically similar 1ocation 

The ideal way of determining the salihity profile in the entry of
the model would be to employ a vertical line of probes which, when read
simultaneously, would provide the ‘average salinity  profile.

Unfortunately, this was not possible because the probes only provide

123
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correct absolute readings if wused individually. -The next best
»
alternative consisted of traversing a single probe through a steady flow
: ) . . N 40 . .
at a constant traverse speed. This provided useful  information

concerning the amount of interfacial mixing tQat was occurring in the

model.

124



CHAPTER 6

SCALE MODEL RESULTS AND ANALYSTS

In this chapter, model . results are compared to the full scale
results presented in Chapter &4 to determine the accuracy of theoretical
time scales and the implications of mismatched Reynolds numbers. The

comparison of results will begin with steady state buoyancy+driven: flow.
% o
,\'“

Steady State Buoyancy-Driven Flow

The 1lpad transducer system described 1in Chapter 5 was used to

measure the exchange flow in the model for long duratioﬁ, fully open

hold times. Full scale testing required a series of separatewmk

measurements to obtain the same time dependent information‘ébtained in a
single test using the load cell transducer system. A totél of 29 long.
duration model experiments were conducted for direct comparison with
fﬁil»scale results. In these experiments, the full-house geometry was
tested over the same.rangé of fractional density differences experienced
during full scale égsting. The full-house geémetry was selected for the
most rigorous comparative tésting bétause it has the 1argestA-internal
house voiume, resulting in the maximﬁm weight.change for a‘long duration
experiment, and thus the maximim measurement resolution.

Figures 6-1, "and 6-2 illustrate the net volume exchange as a
fUnction‘ of time for equivalent temperature differences of NN ané
1.5°C.  The model ‘exchange ‘volume’ was determined by converting the.
transducgr' output voltage to a mass change ﬁsing the load cell

calibration curve and . then converting this to a volume using

125
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Equation 5-17. Throughout this chapter Qhe model data will be converted
to full scale units® %Uvallow direct comparisons between model and full
“scale results, For}tgié reason .the model exchange volume and time are

converted to full scale units using Equation 5-5 and Equation 5-6.

I3 * Lg3 = L3 (5-5)
ty ¥ tg = tp ‘ - (5-6)

where
Lg =20 (actual)

tg = 200.5° (theory)

A, mismatch of  the model and fuli scale data“will result if thé :
theoretical time scale used fo‘ modify the model results is‘incorfect.
It is important to keep in mind that differences between the model and
full scale results may 'ndt be due exclusively to time scaling errors.
In fact it will be shown thaf thg time scale is very accurate and that
‘querved differences are a result of a combination of Reynolds number
and outdoor turbulencejlevel mismatches.

One obvious difference between'the curves in Figures 6-1 and 6-2, is
the inc;ease in  signal fluctuations at the smaller equivalent
témperaturé Aiffefence. Tﬁié variation is an inherent characteristic of
thé weight measurement system as illustrated by the following example.
For a volume exchange of 20 m3, from Figure 6-1 (AT=44.4°C) the net
weight change was approximately 440 g, compared to Figure 6-2 (AT=1,50C2\
-where, for an equivalent volume exchanée of 20 m3, the Weight change was
only approximately 20g. A typical background weight fluctuatign level
of 5 g. causes a variation of 5m3 (25Z) for AT=1.50C, but only a

variation of about 0.2 @3 (1.0%) for AT=44.4°C.



Except foy very small density diffe;ences, a region of steadyostate
\

flow 1is easily distinguishable. This allows the wuse of simple linear
regression to determine the slope and thus the flow rate for each
individual experiment. Determining .the flow rates and equivalgnt
temperature differences for all 29 model exchange tests allows difect
comparison of the model steady staté flow rates with the full scale f1low
\fﬁates first shown in Figure 4-4,
A comparison of full \scale and model flow rates as a function of

temperature difference is shown in Figure 6-3. The model results appear

to lie on the uppef bound of the full scale results with significantly

less Scatter present in the model rgsults compared to the full scale
data. To gain a bettet perspective of the diffefences between the full
scale and modé& results, it proves ‘convenient to cdmpare‘the‘ s;ead;
state érifice coefficients. The orifice coefficients for the model

experiments are determined in exactly the same manner as the full scald

results using Equation 2-37.

3 Qn

K= ————

(2-37)

Figure 6-4 1illustrates the model orifice coefficient for  the

full-house geometry as a function of temperature difference. An orifice

coefficient of 0.6 appears to represent the model data well for the

<

entire range of temperature differences. The increased scatter in the

model orifice coefficient at small temperature differences is the result

of a decrease in accuracy of the load cell system at small dénsity

differences. ;Ihe full scale orifice coefficients for both the

S

L
full-house and hall geometries are also shown, plus the correlation with

'
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temperature différence'from Chapter 4. The model and full scale results

- have similar orifice coefficients of K=0.6 for large ﬂemperaturé

. . o b
differences. However, the full scale‘coefficients diminish toward 0.4

at small tempefature differences with the model coefficients remaining
constant at 0.6.

Time scale errors /ébuld be responsible for a constant difference
between the full scale and model orifice coefficients but not for the
variable difference. In Chéptﬁr 4 interfacial mixing was identified as
the primary cause for orifice coefficient reduction at small temperature
differences, based on the ekaminaﬁion of. temperature profilesw To

further assess the cause of the orifice coefficient mismatch, model

salinity profiles will be examined.

Interfacial Mixing ' .

Recalling the discussion of orifice coefficient variation in
Chapter 4, it was suggested that the full scale discharge coefficient

was approximately 0.6 and that the mixing coefficient varied from about

~¥

Cp=0 at large. temperature differences, to about C; =085 at smaller

temperature differéncés. It was .proposed that the variation in the
mixing coefficient was caused largely, if no£ entirely, by increased
interfacial mixing at the lower fractio;al .density differences. Tﬁis
idea was strongiy suppbrted by temperature profiles measured on the
vertical :centerline of the door opening. The correlations éhown_in
nguré 6-4 can be explained if the-modgl&éischarge coefficient is 0.6
and if little;or no interfacial mixing was occufring, such that Cm=d.

To examine this theory, the' "analogy between local. salt

~ concentrations in - the model and local temperatures in the full scale

[cS

i
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1 ? .
* be measured. S -

o

will be  utilized. This analogy allowed salinity profiles on the
centerline of the‘model orifice to be compared directly to full scale

‘temperature profiles, providing an insight into the question of relative

interfacial mixing. 5 | e
Measurements of the salinity profiles were accomplished using the

traverse technique outlined in Chapter 5. Salinity data was then

1133

converted into local equivalent temperature differences using

Equation 5-15. Despite the fact that local -averages could not be

determined by traversing through the steady counterflow streams, the
results are still very illuminating.

It was important that the traverse speed be fést enough to measure
the ‘entire profile before the reflected wave returned to the ‘door, but
slow endugh to allow the probe time to reqund to local concéhtrations.

For these reasons, the shorter thé Treéquired traverse distance the

better. Numerous preliminary tests showed that the upper portion of the

orifice (bottom of the doorway due to inversion) through which the freshA 

water was flowing into the model, contained -absolutely no trace s
. T

Traversing the region of constant composition 1in every &S&

redundant, so traverses were started at -about O0.3H from th

surface. This still allowed a small portion of the nonmixing region to

agt T ) &

A

Twenty three vertical profiles were measured over a full 'range of

i

density diffe;énce ratios. Of these profiles, three were*selected which

best matched “the temperature differences of the full scale measurements

ﬁ&pgqunted'in Figure 4-12. "Each matched pair of model and full scale

ES

profiles are shown in Figures 6-5 to 6-7, representing average

temperature differences 26.5, 18.7, and 5:7°C respectively. -
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The model profile in Figure 6-5 for AT~26.50C, indicateé that the

™
[y

inflow stream is virtually unmixed over the entire lower half of the

door implying no interfacial mixing outside the house. The outflow

stream 1is unmixed over the upper 3/8 of the door but a thin mixing

region is apparent just above the neutral level between h=110 cm and
. ¢ ) . ‘ kS
140 cm: This layer 1is the result of a small amount of interior

interfacial mixing, The full scale profile indicates slightly more

mixing 4in the inflow stream  as indicaéed by the.smoother curvature

between h=80 cm and 100 cm. ! This curvature may bébin part due to the
effec£ of time averaging. -~ The full scale outflow profile indicates
interior. interfacial mixing right to the top of the door. These
Ngfofiles suggest slightly more mixing in the. full scéle cdmpared to the
model at this temperatu;e difference. |

. Figures 6-6 and 6-7 show the profiles for AT~18.7°C apd'5.7OC

, - g'e
regpectively, There 1is  very little' change in the shape of model
profiles 'with decreasing temperature differenée. The full scale

profiles however show a dramatic increase in exterior interfacial mixing
. .

as discussed at length in Chapter 4. This is precisely the information

required to confirm the hypothesis. The model orifice coefficient is

constagt at K=0.6 because  very little interfacial mixing is occ rring
14 . ne yrrine

such that Cy=0.6 and Cp~0. The variation of the full scale orifice

137

coefficient is the .result of increasing interfacial mixing with .

decreasing temp?rature difference such that Cy4=0.6 and Cm=Cm(E).
Thg, final ‘question that remains to be answered is;‘ Why does the
mod- . not exhibit the same amount of interfacial mixing as the full

o
scale



. . . \

Interfacial Stability  and Reynolds Ndmber Mismatch' .

To understand the reason for the difference in the aﬁount of
interfacial mixing that occurs in the full scale compared to the modei,
it is necessary to consider the implicatidns of the mismatéh in Reynolds
number. Studies performed by Rozovsky, Shabrin,‘and Markov (1972),
indicated that iﬂterfacial mixing depends on the stébility of the
interface and that a critical_stability transition region exists below
which very little or no intérfacial mixing takes place. They found that
the critical stability region'was in the range; 5x10% < Rey < 105,

In Chépter 5, it was shown that °for any particular fractional
density difference, the modei Reynolds number would be approximately 1/7
of the fulle scale Reynolds number. Witﬁ these ideas in mind, the
é‘ifice éoefﬁiéients for both the full scale‘and the model exchénges are
plotted és,a function of densimétric Reynolds number in Figure 6-8. The
upper and lower béunds of the stability region, as proposed by Rézovsky

et al. are also shown. A very important observation can now be made;

the model results lie exclusively within the stable region, whereas the

full scale results lie above the upper stability bound.

. This result,‘combined with the absence of outside turbulénce in the
chaﬂnel to actively promote mixing, accounts for the invariant orificé
coefficient of 0.6 for thé ﬁodel results. This explains why the full
scale tests exhibit substantial in;erfacial mixing  despite the
relatively low exterior wind speeds of less than 10 km/hr .

b

Effect of Outside Wind on Model Exchange Rates

It is important to note that' the stability concept does not

necessarily imply absolutely no mixing under all flow conditions. The

138
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of a windbreak in the model allowed mean flow effects to be included

important conclusion to be drawn is that for any given mixing condition
ih.full scale, less mixing is likely to occur in the model due to its

v

lower Réynolds‘ number . For similar experimental parameters then,
slightly Higher net flow rates will occur in the model compared to the
full scale.

To 1illustrate this point, Figure 6-9 shows the reduction in the

model orif%ce coefficient that results when an exterior turbulent flow

passes the door. The model door opening was 150 mm (3 m full scale).

from the channel side wall, such that the exterior flow was parallel to
the door opening. The average flow speed between the door and thé éide
wall was found‘to be equivalent to a full scale speed of 20 km/hr (using
the buoyancy time scale). The temptation to make an absolute comparison
,betweeﬁ the model .and fQil scéie results should be avoided because no

’attempt was made to match scales of turbulence or flow speeds (the lack

i with turbulent effects).

The.two important observations are; first, that exterior turbulence
can .produce mixing in the mode} and second, that the reduction in
orifice coefficienf_ is greater for small temperature differences than
for 1large tempera£ure differences which 1is 'similar to the observed

effect on the full scale orifice coefficients.

1

Modelling of Cold Front Flow

In the previous sections, steady state flow conditions for the model

and full scale have been compared. It has been shown that the

theoretical time scaling is accurate but that the mismatch in Reynolds

number and turbulence levels cause measurable differences in the net

140
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v

flow rates. Attention will now be focused on the gravity current flow

_ characteristics to further validate the theoretical time scale and also

to deférmine the importance of the mismatches on these flows.

Density current velocity “represents -an | ideal parameter , for
comparison between the‘model and full scale. The hall frontal veloci&y
was detgﬁggned in the full scale tests using thﬂ'mbcouples, the results
of which were presented in Figure 4-17. The model frontal velocity was
measured using the dual’ probe mggbpd described‘ in Chapter 5. The
frontal velocity results for both tﬁgymodel and full scale experiments
are shown in Figufe 6—10.l Once again the results are shown in full
scale units, with the model results conveérted to full scale using the
theoretical time scale of tS=200-5 and the iength scale Qf Lg=20.

Although the full scale data becomes increasingly scattered for the
higher frontal -velocities, the agreement over the engire range of

equivalent temperatur: differences is extremely good. These results

strongly support the niacy of the theoretical‘time scale. It appears

that gravity current -frontal velocity

o

‘yglﬁaffected by the Reynolds
'S - D
N

number mismatch. The theoretical expression% QL frontal velocity given
by Equation 2-47 w%ﬁh a frontal Froﬁde number of‘O.75L was first shown
with the full scale‘data in Figure 4-17. The expression agrees well in
the moderate to large temperature difference region but is in error for
both the full scale and model results below about AT=7°C.

Simpson and Britter (1979) showed that the gravity current frontal
velocigy is unaffected by the head entrainment rate. This probably

explains why there is such good agreement between the model and full

scale frontal velocities despite the Reynolds number mismatch.

I1f accurate full scale information is required about the motion of
/
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gravity currents for particular [low geometries, it appears that model
. . \ . . . .

measurements will provide accurate and valuable information. Certainly

for the simple geometry configuration tested, the model results match

the full scale results much better than the theoretical expression.
o

Decreasing Exchaﬁge Rate ’ g

The confirmatign of similarity for steady state flow and frental

velocity suggests that the onset” of the decreasing flow, and its

144

functional form, also model satisfactorily. The data for several of the .

long d;ration model tests on the full-house geometry are shown in
Figure 6-11. The plotting format is identical to that used in Chapter 4
in Figures 4-22 .to 4-24, As with the full scale results, the
normaliéing procedure causes each of the individual tests to collapse to
a single curve with an initial slope (W2H3g/9)0'5. .

The best fit correlation of the theoretical decay function given by

Equation 2.52 1is also shown on Figure 6.11. As was the case with the

full scale results, the theoretical form can be seen to fit the model

data very well. The values of E., and Ep,y k '7 provide the best

correlation are 0.38 and 0.99 respectively. Comparing full scale and
N , ) i .

"ﬁ&de#ﬁfesults:
Eep (fit) Fpax (£it)
- Model (Full-House) - 0.38 ’ 0.99
Full Scale (Full-House) 0.34 . *
Full Scale (Entry) 0.35 ‘ 1.06 '
Full Scale (Hall) 0.45 1.08

*##*  Insufficient data to accurately estimate maximum normalized
exchange volume Ep...
4

4‘;'

-
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The_mos£ significant difference between the model and the full scale |
decay turves are the maximum exchange values. The value of Epax=0.99
f§£ the model implies that the maximum vexchange volume is 997% of the
interior voiume beneath a horizontal planetwhich is leve; with the.top
| of the entry 'dépr. The value of Ema¥=1'07 for the full scale results

£

implies - B8 of the air  trapped above the top of the door level

.must. be mIreN inith the outgoing. air. This difference is probably

another result of the Reynold§ number mismatch. The reduced - level of

. mixing that has)“Béen shown to  exist in the model results in less

trapped fluid becoming entrained and‘@arried outdoors.

o

" Equivalent Opening and'Closing Time

r

- In Chapter 4, it was shown’ that the buoyancy exchéngé which takes

place during the opening and closing periods can be determined using the
fully open flow rate and a fmodified ‘opening and closing time. The

<

equivalent time for a constant Swing motion was shown to be t,2/1 and

{

’tC?/ﬂ, or 2teq if the opéﬁing land closing motions are the same. The

| . A

total buoyancy exchange ‘fog{ the opening and closiné period was

3

accu;ately predictgd‘as Qniteqi
In Chapter 5, the procedu%e fog mgasuring ﬁhé‘short duration pumping

exchange volumes was descggbed. , ;t included the use of sevgral

measurement .techniques iﬁélﬂding thé transducer system for the. large -

v , : / _ ‘

fractional density'\differ%nces; a .series of probes calibrated over

different ffianges_ for the moderate . to &mall fractional density

_differences and the spécial alcohol-saltwater mixture for the AT=0

extreme.

-

Udlike‘ the fuil scale tests, in which only one swing speed was



147
9

eﬁamined; the model pumping experiments were conducted with 4 different
swing speeds. The four swing times. tested in the model were O.81,t0.69,

0.56 and O.Qghg, with a hold time of 0.24 s between opening and closing.

g the bub?éncy _time scale is applied to these vélues, then the

-

equivalent full.scale opening and closing times can be calculated as,

3.6, 3.1, 2.5 and 1.9 s, and a hold time of 1.1 s, in full scale units.

Fighre 6-12 illustrates the exchanged volumes \over the complete

’

equivalent temperature difference. range for the swing speed of 1.9 s.
Each data point'fepresents the average of two or three exchange'teéts to

reduce scatter prodgéed by eéxperimental variability. The data blends
: . ‘ . °
well from one measuring device range to the next.

The buoyancy predicted‘yolume exchanged curve given by Equation 2—44-

with teq=(2/ﬂ)l.9 s;and thp=1.1 s is also shown. '  “§%§-:'

VB = Qu (2teq +tn) -~ . - (2-44)

The correlation provided by Equation 2-44 is accurate down to a critical

.

temperature difference of approximately 6°C, at whish point inertial
pumping begins to contribute to ~ the exchange volume.  Similar L

correlations using . Equation 2-44 are obtained for each of the other."

swing speeds tested, éxdépt that the critical ﬂffactional density
. . . . . R v o 5{
e zero AT exchange volume depend on swing speed .and are

difference angag

different for each correlation. The variation of critical fractiomal -

N

density difference and zero AT exchénge volumé, with swing = speed, are

. . ' O
examined in the next. section: -

!

h

<

e
£



S N148

RS

S [°'1=9WT] PIOH ‘S 6 [=2WT] wcazm 19ous1933T(Q danjeradua],

YlTm sa8ueyoxy uoTieing 1I0YS JO uoTie[aixo) TedtdA] :71=9 FYNOIA

{

. eoueus 4 31(] Ovn3pdedwe| . |y

°

@s Sy gy GE pE - G2 a2 Gl 1 S @
L] T L4 L — .N [ | L4 ¥ — T T L4 T —.— L 4 LS — L4 LR ~\,— T L] T LI ~ L] L L4 L — T T LU — L4 T T L — A L L4 ¥ &!&
_2 uotapnb <.
ry-2 3 . cg
%._&.ﬂ =z
0
: &
Sl <«
2
B2 5
b e
L. ? O
. , . . T
Empmxw Jueweunspep [[e] proT CIV > @712 ] g€t m
. I 3eS eqedd @712 > 1V > @711 | @
2 %S °qedd P°Il > LV>G€e |77
. Eaeseqedd SE > V>pT |l s
OUNIXTY _..OLOG~< ‘v 385 eqodd 2@ > V. 1 W... $€
> . C'Y

ey



vy

Inertial Pumping - ' : .

Both the model results "and the full scale results have shown that

below a critical fractional density difference the total exchange volume

is in excess of the amount pfedicted by buoyancy alone. The additibnal

exchange volume was identified as the residual pumping exchange volume

Vp. This volume was shown the be negligible at Z;r and to represent the
total exchange volume at AT;O,Aidentified as Vpy. - These two points can
be identified on_  Figure 6-12 as the deparﬁure point where the data
diverges from the prediction line at about 6°C, and at the data
intersection with the vertiéal axis at a value of appfoximately O.§5 m3.
The relationship.between these two points aﬂd swing §peed 'will now be

examined.

Critical Fractional Density Difference— The method used in

Chapter 4 to enhance the critical fractional density difference
departure point was to plot the ratio of total volume exchanged to the
buoyancy predicted exchange, using a semi-log format as 'seen in

Figure 4-15. Following.the same procedure with ‘the model data for each

of the four swing ‘épeéds allows the critical fractional density

difference to be determined for each. Fiéuré 6-13 illustrates this for

the fastest swing time of 1.9 s, witkiﬁge critical fractional density

difference identified as approximately 0.019. In a similar manner thé
critical fractionai density differences were determine&@’fOr the’other
swing speeds as 0.013, 0.011 and 0.009 for the swing speeds of 2.5, 3.1
a;d 3.6 s ‘respectively. The full scale critical fractional d;nsity

difference for a swing time of 3.75's was determined in Chapter 4 as

!

T

approximately 0.012.

The critical fractional density difference is found to vary

-
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pumping exchange contributes can be neélected.
: ) Y

¥
»li‘\" »

1 . o

: b , ' , .
inversely with the swing time, with a constgnt of proportionality P;, of

approximately 0.0325 where:

\

P, = 0.0325 = 1

cr to - - ‘ (6-1)

It is important ‘to note that even for the fastest swing-speed theé

critical temperature difference at which the inertial effect just begins

to contribute 1is only 5 to 6°C. Observing Figure 6-13, the point at
which predicted buoyancy driven exchange equals the residual volume
exchange occurs at a fractional density -difference of 0.006, this is

equivalent to a temperature difference of approximately 1,80C. Clearly

from the .view of energy losses, even for the fastest swing speed,.

S"[:q

The model and full scale critical fractional density differences are
similar considering that the accuracy of the full scale temperature
measurements are only within 1 to 2 degrees.

AT=0 Volume Pumped- The pumping experiments were also conducted for

very small fractional density differences using the alcohol-salt water
solution and salinity probes. The volumes pumped at each of the swing
speeds were determined to be 0.43, 0.52; 0.61 and_OQ72 m3‘ for the swing
speeds of 3.6, 3.1, 2.5 qnd 1.9 s respectively; lThé>§ﬁli scale pumping
volume was determined in Chapter 4 to be 0.45 m3yf6r theoswing speed of
3.75 s. ' ‘o /

f%e pumped exchange.volumé at a zero fractiqnalHdensity‘difference

\ .
was also found to vary proportionally to swing speed with a constant of

proportionality Py, of approximately 1.55, where: o

Py = 1.55 = Vp, to L (6-2)
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The buoyancy time"scale appears to apply at AT=0, as indicted by the

similar exchange volumes of 0.43 m3 in the modgi compared to 0.45 m3 in
f scale for swing times of 3.6 s and 3.75 s respectively, where the
model swing time is converted to full scale using the buoyancy time
scale. This 1is very ﬁconvénient, however, it does not agree with the

inertia time scale of 31 determined 'in Chapter 2 by matching Reynolds

numbers.

Combined Buozancy—Pu@piggﬁRegion— An empirical relationship can now

be developed between the residual volume, swing speed, and fractional

density difference by noting that Vpt, must diminish from a value of Py

at Xt0=0, to zero at KEO=P1{ -Figure 6-14 illustrates Vpto as a function
of XEO. The data converge at the vertical intercept of Po=1.55 sm3  and
[4

the horizontal intercept of P}=0.0325 s. The intermediate data was

kappfoximated by the following linear relationship.

Py _
Vpto = P2 - —— Ato
P
or rearranging
P2 Xto
Vp = — 1 - — (6.3)
to Py .

Caution must be used when determining residual volumes with this
relationship for it only applies for dooré with H=206 cm and W=91 cﬁ,
and is ‘largely based on model results which have not been fully
confirmed in full scale. Further experimental work with varying sizéd

doors may allow a complete dimensional treatment such that the constants

are nondimensional and functionally dependent on the values of W and H.
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One final caution; the residual volumes given by these equations assume
a relatively short hold time, but if the hold time is large, then the

actual value of Vp may be greater because the turbulence would have a

greater period of time to promote exchange.



CONCLUSTIONS AND RECOMMENDATIONS

Full scale air exchange experiments were conducted at-the Alberta
Home Heating Research Facility using tracer gas and thermocquple
techniques. Similar experiments were then conducted using a 1?20 scale
model with salt water and fresh water solutions to simulate full scale
indoor-~outdoor temperature-differencesf The following conclusions and
recomhendations are based on the experimental results obtéinéd during

the course of these experimental studies.

Steady State Buoyancy-Driven Flow ‘ ‘ ’ a

1) Steady state buoyancy-driven flow is proportional to the
square root of the indoor-outdoor fractional density difference as
predicted by the theoretical inviscid analysis.

2) Viscous, contraction and vélocity effects can be accounted for by
21 mixing éoefficient Cpn, and 1a discharge coefficient Cy, whefg
K=Cq(1-Cp). The discharée coefficient was fouﬂd to be approximately
0.6. The mixing coefficient was found to vary from zero to 0.35 over a
temperature differgnce range of 40°C to OOC; for wind speeds less than
10 km/hr. The variation in mixing coefficient was found to correlate
linearly with temperature difference and as a power function with
dgnsimeﬁric Reynolds number to the Q.l8 power.

3) The yariation in the mixing coefficient Chn, was caused by

interfacial mixing of fluid across the counterflow interface. At large

temperature differences, virtually no exterior mixing occurs due to the
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rapid wupward flow of outgoing fluid but a small amount of interior
interfacial mixiné occurs due to the lérge’ interfacial contact surface.
V\At small temperature differences, substantial interior and exterior
interfacial mixing takes place, causing a large reduction in net

exchange rates, reflected in a reduced orifice coefficient, K.

\ .
4) Exterior and interior turbulence tend to increase the amount of

interfacial mixing, reducing the net exchange rate and orifice
coafficient. Smaller temperature differences ane more significantly
affected\ by a ;g;ven turbulence level comparednto large temperature
differences. This reflects the relative strength of the buoyancy férces
prbmoting stability and the inefﬁial forces pro@oting mixing.

5) Buoyancy flow exists during the period when the doof is opening
and closing,‘and can be accurately‘predicted by integrating the steady

flow buoyancy equation for varying orifice width.

Steady State Flow Departure and Decreasing Flow Rate

1) Frontal velocity flow rates down a 1long hall agree with the
theoretical predicﬁions from lock exchange theory with a frontal Froude
number of approximately 0.75, which is near the pure counterflow‘limit
of 0.707.

2) Long hall ekperiments confirm tﬁé} theoretical model which
predicts that departure from stéady state 'flow will begin when the
gravity current has tr: =led the length of the hall, reflected off the
end wall and returned to the entry at frontal speed Ug. Simplg one
dimensional flow produces a well defined inflection point in the volume
excﬁange curve at the wave return time,

3) For complicated geometries which have two dimensional spreading
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‘the return of. numerow& refinﬁhﬁq waves ‘from multlple reflection
"&e t‘" -
surfaces tends to blur the dlstlnce 1nf1ecti0¢ pe
R . i
. ,.'“,mffé R
’ IR
Ty

dimensional case. ‘ O

PR )

it obqe?ved in the one

4
4) A CTlthdl departure volume can be,;oughly estlmateﬁ 19 607 to

70% of the air volume trapped beneath a horlzhg;akgwﬁape level. wf%hﬁ?the

top of the opening. Estlmatlng the flow‘retewgkﬁées a critical time to
) S .\,

be approximated - without considering fronth ve10c1t¥ or characteristic

flow length.

5) After the critical time, the flow rate decreases until the
exchange volume asymptotically approaches a maximum exchange volume
slightly larger than the gaseous volume beneath a horizontal plane level
with the top of the entry, Vy. The volume exchange in excess of Vy
depends on the amount of buoyantly trapped air above the horizontal
plane which is mixed downwardly. -The values' obtained in this study
indicate total exchanges of approximately 1.07Vy, for 1imiieq interior

circulation. If interior circulation is strong, the total exchange

volume may approach the total interior volume.

Inertial Pumping Exchange
C r
1) The exchange produced by the pumping action of a typical

residential swinging door is totally negligible below a critical
fractional density difference. The relationship between the critical
fractional density difference and 90 degree swing time was determined

emplrlcally as Acr =0.0324s/t,, for a typically sized residential door.

For a typical swing time of 2.5 s, the critical temperature dlfference

-

is approximately 4°C  and _the temperature difference at which the

residual exchange produced <Eby pumping is equal to the theoretical




buoyancy exchange is approximately 19¢ (during opening and cloging).

Pumping contributiqis can be totally neglected in calculating heating
energy losses.
2)‘w: the “extreme of a zero temperature difference the pumping

volume exchange was also found to be inversely proportional to the swing

time. The constant of proportionality was détermined empirically for a

‘typically sized re31dent1al door resulting in Vpg=1. 55sm3/to

y "y

i~
3) The value of residuaj, exchange Vp, (that is the exchange volume

during opening and closing over and above that predicted using the

buoyancy exchange analysis) was found to vary linearly with fractional

density difference, decreafing from a value of 1.555m3/tO at a
fractional density ratio of zero. to a w~value of zero at the critical

density ratio of K£r=0.0325/t0

Model Similitude
1) The theoretical buoyancy time scale - based on matching Froude
numbers was determined as>LSO-5 and .was confirmed for both the gross
flows and local frontal flows,
s 2) A densimetric.Reynolds number mismatch of approximately a factor

of 7 resulted from the combination of seleé&ed length scale and

1modelling fluid. The primary effect lqﬁ.yﬂiﬁlrelatlve interfacial

stability.  Model den51metr1c Reynolds numbers were smaller than the

vstability transition range of 5x10% - 10° as defined by Rozovsky,

Shabrin and Markov (1972) and the full scale densimetric Reynolds
numbers were larger than the stability transiﬁionlrange. For this
reason, the full scale tests exhibited sign%fidantly more interfacial

"

mixing than the model. These results were confirmeggpy temperature and

L
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salinity profiles. Full scale results exhibited more interfacial mixing '

! ' . .
ay small tempeératur¢ differences than at large temperature difference

A3

.~ For these reasons the model will over predict the full scale exchange
rates due-to the relativg¢ lack of interfacial mixing;»particularly at

. ismall fractional density ‘diffefences. If howevé;, fﬁe iocal model’ and
fUll scale'geypblds number are_both above the t}ansifion ra;ge, théﬁ thé
mismatchf;éx beqomghless significant. %
;' 3) Thé;theoreticél timg scalg‘of 31 fo;fiﬁérﬂ{;l pumping, based on a

,Reyngld; nﬁmber match at a .zero fréctional’density differénce, was found

to be inqorredf; The. ekperimentally determined inertial pumping time

S

scale of 4.?8 lis.qnly 6% different than the“buoyaﬁcy time scale. This-

B - .

allows the samé time scale to be-used over the entire fractidnal.density

difference range.
. ’ ) ’ : S : . 2
©4) The time of departure from steady' flow and the fﬁnctional'féfm of

s . A ¥

‘decreasing flow were' found  to be similar for thé‘model and full scale
using‘ the: theoretical fime. scale. of LSO-5.' ‘Thé( Pnly significaht
Qifférence”%as’ fhat the  maki@ﬁm'vdlﬁﬁe ex;hangevin ‘the model was vy
c0?pared»to approximatéiy.l.Q7VH iq’full séale." This was thé gésuit-of,.

fihterfacié} stability ‘in thé mbdeif:limi;ing.the.mixing of fluid above *

the horizonéai;plane level with the top of the door. -
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Recommendations ] /

/

/ ,
1) For air exchange calculations in houses.thé orifice ‘coefficient

should not be taken as constant at 0.6 but as K = 0.4 + 0.0045AT.
_ 0 _ _ .
Further  study should be conducted to determine the quantitative

. influgnce of wind on interfacial mixing as a function,off'wind speed and
wind dngle. ’Because zwiAA ?nduce& turbulence reduces buoyancy e}ghange;
the caléqlated exchaﬁgé usiﬁg the expression abolve will- résult in aﬁ

.ovefes;imate of both energy requiremepts and f;esh air supply.

2) Further model studies shouid be performed to examine the merits

t
b
5

of modified ent}y configuratiqns such as sunken entries.
. ) . A : Ty QP‘“& " - .
3) Model studiles of.ligger;ggiud%ureé would require increased model
o8 v - , - A . e
SR T I S
length  scales resulting hl*%%&reQSed Reynolds number mismatches.

il

Furthér study should be directed toward determining the possibility of s
generating .model. turbuience levels to induce the correct amount of

interfacial mixing. The dependénce of -interfacial mixing on door height

s CE .
K

: should.also~be:examined.

~4) A vibration ‘damping system for the model should be developed to
. improve the weight measuremeﬁéksystem-for small weight changes. &

- Iik‘\‘" ) N [ A . .
.4 ‘ I
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APPENDIX A

DENSITY- DRIVEN FLOW THROUGH AN OPEN DOOR

‘ P

AN INVISCID ANALYSIS

A

Pt
el ,‘ir

Buoyancy-drivens ‘flow through an open door can be modelled as two

ventilated weirs: sas shown 1 Flggie Al.v..Making',the follmwing

\
assumptions:

o The pressure across the outg01ng f1u1d ‘QV‘pl is hxﬂrostatlc at.
~outdoor conditions across section A C wlth Pa.d ttlng' theﬂvg
presSure variation. " R

P I O

o The pressure across the 1ncom1ng fluid at po is hydrost@&ic at
indodr conditions across section B-C with o5 setting the pressﬁxe“:

varldthp
o The . door and outdoor pressures P; and' P, are in equ111bru1m
ualong~ "the interfacial streamline and for appl cations to this
study P QP

5 ,
¢ By syflmetry, the solution for these two weir flows is identical-with
densiti$s interchanged. '%“one flow needs to be considered, which for

‘ A S
convenience will be the infiltration flow Q,' from the, outsgjde to

&

inside

Because all streamllnes or1g1nate from a reservoir that is stagnant

at pg, they ‘all have _thgsame Bernoulll \eonstant TﬁBm

equation crossing streamlines from . points "O" to "2" as indicted on

5I .

SN P Py U2 -
| —=—+—+38z) . "R

‘Figiite Al, can be written as:

o

KT o]
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N
P E
&

Py is determined from the static pressure variation inside the room at

k

pi so that:
P2 = Pi ~pigz2 . - (A2)
Combining Equations Al and A2, and letting Ap=po=pi results in:

Po U22

Py =Py + —— + g(bp)zy ? (A3)
2 1

\

Solving Equation A3 for U,' at any distance from the neutral level z and

" setting Pj=P, results in:

on
,.l N
s 9

) ) » 3 ;‘mg:)f' L
Ap o ' e T
Up' = |28 —z » (AL
Po e

’}ntegrating the velocity profile over width W, to find the volume flow

results in :

e
z=hg
,Qo' =on' W dz
z=0
0.5
W 2g Ap
. Q"= hol-2 (A5)
3 o
The sqlution for the exfiltration flow Q;' and velocity Uif‘ is exactly-
the same with po and p; interchanged so that:
- : /‘
0.5 T
Ap . )
Ui' = |2g — 2 ' ‘ (A6)
Dl . .

B3
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0.5
W 2g o

Q' = —hyl:d (A7)
3 P

. .
Comparing Equations A4 to A5 it is found that the velocity profiles are

not symmetric but differ by (pi/pb)o-s. Because the flow is
incompressible the continuity equation applies for an enclosure with no

other significant flows:

o

Qi' = QO’ (AB)

o ,
Using the conwinuity equation A8 with A5 and A7 allows hj to be related

to hy as:
1/3 B
ho Po : . o
—_ = |— L L (2-6)
hi  |ei - _ b

I , - ¢ . : »
For a total door height of H=h;+h, Equation 2-6 can,be written as:

hy = : L (A9)
1T . (Do/01>1/3 : . w

5. ,
ST e

Combining Equation 'A7“with'A9 results in the follow{ng expression for
‘inviscid incoming dnd outgoing flow rate..
W

(e 80/p")0 2 (2-4)

Q.'

(1+(po/p5)1/3)°
8

v P o=0p4 (2-5)
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APPENDIX B ‘e

MIRAN Al INFRARED ABSORPTION GAS ANALYSER CALIBRATION LT

A Miran Al infrared absorption gas ahalyser was used in conjunctiqn
with sulphur hexaflouride (SFg) as a - tracer gas to determine. air
exchange volumes. The following calibra'Ton) procedure was used to ..

determine the relationship between voltage output and SFg concenﬁration.
) , - ‘“;@'a ,
o The Miran Al and closed loop calibration pump are purged
completely with pure air and interconnected. The total internal
volume is 5.64 1.

o The zero is set so that pure air registers a voltage output of
0.0 volts -
) A 503 ml cylinder is purged with pure air and septums placed on
the two injection ports. - , -
: , . & .
o A 10ml air sample i§ drawn out of the cyllnder ‘using a
sample syringe, 1eav1ng it slightly depressurizgd. oo
) sy
v o A 10 ml pure SFg sample is drawn from a storage bqttle and ﬂs
géntly injected into the cylinder causing the pressuﬁﬁ sto return
to atmospheric and is mixed completely with - the aid 'of a ball
located inside the cylinder. , ' ™
.o 15 consecutive 1001 samples are drawn and injected into the
closed loop .volume thrdugh the pump injection port., - After
allowing time for the sample to become thoroughly’ m1x1ng the
m1ran voltage 1s recorded . ) :
FY , Ty IO )
o Each injection produces- an increase in concentration of 0.352 ppm
for a full range of O.to. =5.3ppm indjcted by an,outpur range
from ® to 1 volt s ) ’ o
. 3
0 ‘A“ curve of the form; (Conc ) A+§§(Volts§C is determlned for the .
- range of 1 ppm - 3 ppm, as 1llustrated in Flgure 32

Spandard Miras Settings:

F;

Path length . - 1.71
Wave length - 10. 7 :
~ Slit width - 1) u
P Absorptiohn -0. 1.

Time Response -10.

"'a“;-'vv-; : s B
Wy Lo
.
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