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the table throughout the O3 mfall For convenience the fixed
Pivot was placed 1\\0 thirds of the way along the mam Imk(of
length L mass AfJ so that free fall of that hnk without
counterweight caused the longer end to fall with the local
acceleration of gravity g. With a counterweight of mass m
placed(jJL)tothenghtofthefixed PI\Ot the acceleratron of the
table of mass AfT ISaT where

aT/g = 1- [3fi12 +(3fiI2)2]III/[MT +MJ4 +(3PI2) 2m]

or smce M T ISmuch the largest mass

aT/g ::::: 1- [3fi12 +(3PI2)2]mlMT

so ar ISless than g. If PIS posiuve and reaches a maximum
greater than g. when PIS- 1/3 Effective gravity fields of +4%
to -1% g. were therefore obtained by using a counterweight
ofmass approximately 7% of the mass ofthe table and varying
Pfrom 028 to -033 Negative gravity could of course be
obtained alternatively by invertmg the test apparatus but It
was often simpler to move the counterweight

OPERATlO,\ AI\D II\STRUl\IEI\'TATION

Air resistance causes appreciable upward force and vanous
means exist for reducing Its effect such as dropping
simultaneously an inner test package and a separate outer
drag shield [4] Such addiuonal comphcation was avoided
here since the residual effective gravity was measured many
case (as descnbed below) and a compensating downward force
could be applied using the hnkage WIthout hnkage the
amount ofresidual gravity was nearly constant at about 0 4%
g. implying a nearly constant air resistance of 04% of the
weight ofthe table A constant resistance ISperhaps surpnsing
but It could ansefrom mvrscideffects since it rs known that to
Impose an acceleration a, on a massless sphere in mfirnte
mviscid fluid will requrre a force 0 5111da, where md ISthe mass
of displaced fluid [5] The mass ofair effectively displaced by
the irregularly shaped table was not clear but might well be of
order 0 2% of the mass of the table In addition VISCOUS effects
must anse mcreasing In magnitude as the velocity Increases
Early expenments With the longer fall suggested that effects of
VISCOUS drag and/or wake caused additional resistance
roughly proportional to the square of the velocity which
became mcreasmgly Important after about 0 2 s offall [I]

Transducers to measure small effective gravity are highly
developed for rockets and space craft but a simpler cheaper
and very robust fly ball system was preferred for these tests
taking ad vantage of the presenceofthe cme camera Ifa body IS
restmg on a spnng on the table before release then at the time
of release the body effectivelyloses ItS weight and the spnng
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expands throwing the body into motion relative to the table
The irnual relative velocity IS (g.8)112 where 8 IS the mural
spnng deflection and by suitable choice of parameters that
velocity can be a few mm S-I The body used was a steel ball
and Its flight was confined to a transparent box which moved
with the table The ball was therefore In very nearly free fall
since the air resistance due to such low relative velocity ISvery
low indeed If cine photographs then showed the contmumg
relative motIon between ball and table to be a steady velocity
then the table was also in free fall Devianons from steady
velocity mdicated residual effective gravity In the first such
design for use by Pike [I] on the longer fall the field of Viewof
the CIne camera was spht to provide simultaneous
photographs of bubble and fly ball the latter having a relative
flight path of75 mm For the 0 25 s drop table a more refined
compact design was developed for use by Chandrattlleke [3]
Witha relative flight path of8 mm occupying almost all ofthe
Cinefield dunng special cahbratron tests The posiuon of the
ball could then be measured to 10 Jim and the motion could be
seen to differ little from a steady acceleration To deterrnme
deviauons from that steady acceleration would need further
refinement of measurement to a fewJim There was no point in
doing so in these expenments since the bubbles were of order
10 mm diameter and could not be expected to be sensitive to
such small deviauons from steady acceleration
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11'\TROD UCfIO'\

OBSERVATlO'! of bubbles In boilmg may be much affected by a
version of the phenomenon of the mirage or total reflection
It IS a refraction effect commonly seen when light falls at
glancing mcidence on a hot flat surface such as a road on a
sunny day The light IS bent upwards by refraction not
reflection though It looks as If reflected from a pool of water
the 100\er part of a distant vehicle cannot be seen the upper

part may be seen twrce once reasonably undrstorted through
nearly Isothermal air and agatn inverted In the apparent
reflection The cause IS well kncwnm outlme as the arr near the
road has a 100\er refractive Index J1 (greater light velocity) than
the cooler air Immediately above It Light therefore follows
a path which IS curved concave upwards Analogous
phenomena of waves travelling 10 regions wuh varying wave
\ elocrty anse In many fields rncludmg propagation of sound III

the atmosphere and through geological strata which have
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been much studied Techniques are available involving ray
tracing and use of the eikonal equation Optical analyses
Include an engaging explanation of the merman of Norse
legend [I] and a detailed analysis [2] related to boilmg For
boilmg where the temperature field IS generally much
confused by flutd motion an expenment and a Simple rough
calculation and assessment are gl\ en here since they may be of
more value than a complex precise analysis

TEMPERATURE GRADlE1\TS I"l BOILIl\G

The problem may anse In the detailed study of grow th of
vapour bubbles at a wall when the bubbles are viewed In the
customary way from the Side at a small angle to the wall It
does not anse If there are no initial temperature gradients e g
If an individual bubble grows In a system In which the
temperature ISimuallyuniform throughout the hquid and wall
[3] Under those circumstances photographs taken from the
Side can show the whole of the penmeter of the bubble
including detail at the wall Usually In boiling the mitral
temperature field ISnot uniform partly because the wallis hot
being the source of heat and also because other bubbles
disturb the hquid Such a situation ISconfused but there IS
often the possibilrtyof sufficienttemperature field for a mirage
to be seen In a Side View

A more controlled situation has been studied here In recent
expenments on individual bubbles grown mto a temperature
field which had been carefully estabhshed in a stagnant hquid
and was accurately known [4] As discussed In ref [4] a
mirage \\ as Immediately observed and the method of taking
measurements was adapted to accommodate Il though the
true shape of the base of the bubble remained unobservable
and that bedevilled part of the analysis of growth

The variation of mean temperature with distance from the
wall has been measured In boihng by Marcus and Dropkin
[5] and others as discussed In [4] who found temperature
changes of order 5 or 10 Kv in D5 or 02 mm implying
temperature gradients normal to the wall (-dT/dn) of order
10" or 5 x lOs K m - I strongly dependent on heat flux
though not Simply given by (heat flux)!(IIqUid conductivity]

SI'lPLE ANALYSIS

It ISreadily seen by considenng motion ofa wavefront that
a ray of light truly parallel to the wall would follow a curved
path with radius of curvature at that POint given by

R =_J_I_
p (dJl/dn)

Empmcal expressions descnbe how Jl for a liquid vanes With
temperature and they indicate that VI-I) IS nearly pro
portional to density so we can take It that

dJI I dp
-""(Jl-1)--= -(Jl-1):x
dT pdT

and

dJl dT
-"" -(Jl-1):x­
dn dn

where x ISthe coefficientof volumetnc expansion Forour test
hquid n hexane values of JI and ex are 133 and 14 x 10- 3

K- I so

Jl 3 X 103

VI-1):x(dT/dn) "" (-dT/dn)

and this IStypical of many hquids
As the path curves away from the wall 1Is radius of

curv ature Increases but It can be seen from Rp alone that a ray
\\111 be senously affected rfu is expected to travel through that
temperature gradient for a distance of the order of Rp In the

expenmentsreported In ref [4] a con trolled tcm perature held
was estabhshed over a region of 30 x 30 mm \\1Ih tem
perature gradient oforder lOs K m- I hence Rp was 30 mm so
the observed mirage was to be expected

EXPERI'lE1\T

The apparatus In ref [4] was SUitable for further tests
without boihng as It was designed to produce firstly a uniform
temperature To throughout the hquid and wall then a rapid
Jump 11T" in wall temperature and maintain that for a second
or longer while the temperature field diffused above Il forming
an error function

T= To+I1T" erf(z/2Jld)

where II. ISthermal diffusivity A steel ball 4 mm diameter was
supported at a distance of 0 4 mm above the heated wall and
movies taken at 50 frames S-I showed the onset of the mirage
and ItS development After a time the error functron had
grown upwards so that the bottom of the ball was seen
reflected m the mirage [Fig l(a)] Later the mirage moved
higher the bottom of the ball was obscured and the reflection
of the ball merged with the direct view of the ball grvmg the
appearance of a sphere with a neck attaching It to the \\ all [Fig
l(b)] Many photographs of bubbles In boiling have appeared
to Include a stage hke Fig l(b)

On Figs l(a) and (b) lmes are sketched to show roughly the
height where a Simple honzontal mirror should be placed to
produce much the same reflection The position ofthat eq UIv
alent mirror IStowards the top ofthctherrnal boundary laycr->
a loose phrase but It would be misleading to Imply greater
precision The temperature gradient at these levels ISeven less
accurately determinable as the slope of the error function
changes rapidly there but It IS approximately 10" K m- I

so Rp would be approximately 300 mm
MOVies were continued for several seconds dunng which

time convecnvernovement ofthe liqutd must have started The
sirnplrcity ofthe temperature field was then lost and the Image
of the ball and wall went through a variety of shapes some
sketched m Figs 2(aHf) Many of these are recognisable
among pictures of bubbles growing at a hot wall As shown In
Figs 2(e)and (f) some 2 s after the heating started the Images
of the ball and wall appeared to separate again and then move
steadily apart The combination of thermal dIffUSIOn and
convection had reduced the temperature gradients below the
ball so that hght could again pass beneath the ball and Into the
camera lens
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FIG 1 Sphencal ball beanng above a plane wall } = 0
photographed through temperature field T = To
+11T" erf [}/2(ht)I/2] at times t shown Scales of x and} differ

due to refraction at the cylmdncal test vessel
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FIG 2 Sphencal ball beanng above a plane wall
photographed through a temperature field which ISdecaying

m a comphcated way at times t shown

DEP \RTURE OF BUBBLES

Dunng the growth and departure of a bubble at a wall the
rmpossibilityof observing the base ofthe bubble may prevent
observation of the actual detachment of that base from the
wall What appears to be detachment may m fact occur when
the base of the bubble breaks through the top of the thermal
boundary layer It may appear then that the bubble IS
connected to the wall by a neck, which thins down and breaks
off apparently allowing the bubble to depart while part ofthe
neckis left behind to retreat back to the wall But what is really
happening may be that a complete bubble had m fact already
detached from the wall and It IS now passing through the
stages of Fig I(b) then Fig l(a) as It moves away from the
equivalent mirror at the top of the thermal boundary layer It
ISnot easy to deterrmne which explanation IScorrect since the
normal technique oflookmg m the ObVIOUS direcuon (from the
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side) ISfundamentally prevented when Rp ISsmall compared
with the size of the bubble Sonic mvcsttg-iuon would meet the
same problem Optical mvesnganon from below would be an
unwelcome cornphcatron and IS generally not so effective
Detailed analysis would require know ledge of the ternper-uure
field not usually available m boilmg

CO'\CLUSIO'\S

When interpreting movies of bubbles at a hot \\ all m boilmg
the possibility of a mirage should be borne in rmnd and a
useful rough guide may be obtained by the simple calculation
of Rp for companson with the distance hght travels through
the temperature gradient
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THER\lALLY DRIV['1 larnmar and turbulent flows anse
frequently m numerous configurations and shapes of
engmeenng interest A literature review [1] shows that the
heated flat plate and the rectangular enclosure are among the
shapes most extensively mvestigated Recently the heated
open cavity configuration has also become the object of
intense and concerted research m relation to for example the
ventrlauon of rooms and corridors [2] the spread of flames
and smoke in buildings [3] and the evaluation of convective
losses from solar thermal central receiver systems [1 4]

With the view in mmd of extendmg the transient 2 dim
laminar flow calculation procedure descnbed 10 ref [5] to the
turbulent flo« regime \\ e hav e been concerned with obtainmg

a clearer understand109 of the nature of thermally dnven
turbulent flow 10 a strongly heated open cavity of rectangular
cross secnon The purpose of this note IS to report some
srgrnficant find ings concermng the pulsating nature of this
flow for certam condinons A more detailed exposiuon of these
findings mcluding measurements of temperature in the cavity
configuration ISavailable [6]

For the purposes of this study an expenmental apparatus
has been constructed as explained 10 ref [I] The flow test
section shown m FIg 1 IS an open rectangular cavity of
vanable aspect rauo (ajb) and onentauon angle (:x) alb = 0
corresponds to zero cavity depth (flat plate condinons) and
:x = 0 corresponds to an orientation wrth the cavity aperture




