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ABSTRÄ.CT

Recently, the importance of boiling heat transfer
has considerably increased the interest in performing

studies which illuminate the heat transfer mechanisms in
bubble-stirred boundary rayers. rn the present, study, aír
bubbles were generated at an orifice on a fr-at prat,e in a

pool of n-hexane. on the plat,e, in close proximity to the
orifice, there trere deposited a series of small fitm
heaters, which arso act,ed as resistance thermometers givíng
easity-distinguishable signals on an oscirloscope. High-

speed cine photographs of the bubbre growt,h and departure

cycre were taken whire simurtaneousry recording the oscil_l_o-

scope trace over the bubble images on the film. This then

al-lowed the relationship between the instantaneous values

of the heat-t.ransfer coefficient, and the bubbre cycle to be

unambiguously determined. rn conjunction with the above

experiment, hydrogen-bubbre frow-visualization stud.ies, ín
the vicinity of an orifice at which air bubbles lrere

generated in a pool of water, indicated the liquid flow
patterns near the heater surface. The behaviour of the

heat-transfer coefficient as a function of ti:ne in the air-
hexane experiment was explained in terms of the bubbte-

rlt



induced liquid motion near the heaters.
rt was found that the method. described is wer_r-

suited to the detail-ed study of the heat-transfer varÍations
with time in barbotage and the data obtained showed that the
maxi:num heat-transfer coefficients are generated at the
moment of bubble detachment from its site.
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CHAPTER 1

INTRODUCTION

1" 1 Background

Boiling heat transfer is of great importance to
engineering since it gives rise to relatively hÍgh heat-
transfer coefficients. Boiling therefore finds application
in systems having high heat-flux densities such as nuclear
reactors, evaporators, liquid-propellant rocket motors and

chemical process equipment.

However, boiling is a complex phenomenon affected
by many variables" The comprexity arises partly because

of the interdependence of bubble evolution and heat
transf er rate. Several au.t,hors IL,2,L3 tl-4,15 t23,29 t3O,
38r39l have therefore sought to improve the understanding
of heat transfer across bubbl-e-stirred boundary rayers by

simul-ating nucleate boiring using 'barbotage' which is the
bubbling of gas through a driLl-ed or porous surface into a

liquid" such systems are attractive for the stud.y of
bubble-stirred boundary layers because the bubbl_e generation
rate is independent of the rate of heat transfer and can

be accurat.ely control-led and rneasured. Frrrfhcr- in hoiling,



there are heat transfer mechanisms involving both l_atent
heat effects and heat. transfer through the riquid, whil-e

in general, in barbotage, only heat transfer through the
liquid is present. This is an ad.vantageous sìmplification
which will no doubt hetp to establish the relative contri-
bution of these mechanisms in boiling.

There is at the present timer'however, still some

confusion as to the rerative importance of the various
heat-transfer mechanisms which occur in boiling. Ar]
mechanisms combine one or more of the following assump-

tions: (i) heat transmission i-s essentially due to
convective phenomena, enhanced. by the bubble formation,
through agitation produced in the liquid [r2,L6,25,34,351;
(ii1 the growing bubble d.ispraces the boundary layer from

the surface; when the bubble detaches a returningi flow of
relatively cold liquid takes place, subtracting heat from

the heating wal-l; evaporization for bubble growth occurs at
the liquid.-vapor interface'and the required heat comes from
the cooring of the superheated liquid layer, being pushed

away by the growing bubbl-e IIOt2l-,42l; (iii) the growing

bubb]e leaves a liquid microlayer adhering t,o the wall;
because of the rapid evaporizat,ion of such microlayers
into the bubbre, removal of rarge quantities of heat occurs

directly from the heating surface whil-e the bubble is
growing IBr3l-,33 r371 "

A number of authors 11r13,L4tLSt29,30r38,3gl have



studied heat transfer in barbotage, dealing with time-
average heat-transfer coefficients. Bard and Leonard t3 l

were the first to obtain local instantaneous values of the
heat-transfer coefficient as a function of time. on the
basis of their evidence they indicated that heat transfer
is most intensive during the time that the bubbre detaches

from the surface. Their concr-usions \.vere based on heat
transfer measurements and other observations, but without
simurtaneous high-speed cine photographs of the bubble
cvcle.

I.2 Purposê and. Scope

rn the present work high-speed cine photographs of
the bubble cycle \,rere taken whire simultaneously using
oscillography to trace the heat transfer behaviour over the
image of the bubbles. This gave a precise and unambiguous

record of the relationship .between h, the heat-transfer
coefficient, and the various phases of the bubbl_e cycle.
rn additionr âs an aid in expraining the heat transfer
behaviour, flow visualization stuclies \,vere made using the
l:ydrogen bubbl-e technique.

rn brief, air was introduced through an orifice in
a plate submerged horizontarty in a pool of hexane. on

the plate, four thin firm heaters were vapor-deposited at
varying distances from the orifice. These fil_ms were used

al-so as resistance thermometers to indicate the temperature
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vari ation orr the heat-transfer surface around. the bubble.

The signal produced by any of the film heaters coul_d be

displayed on an oscirroscope. High-speed motion pictures
were taken showing a continuous record. of the bubble cycle
simultaneously with the signar displayed on the oscilloscope.
The voltage fl-uctuations \¡/ere measured and converted to
heat-transfer fluctuations and then examined in relation to
the bubble cycle.

1.3 Layout of the Thesis

Following a generar review of the work in the fields
of nucleate boiling and barbotage concerning the different
mechanisms of heat transfer in chapter 2, chapter 3 Íncludes

a detailed oescription of the experimental apparatus and

all measuring and photographic equipment used. chapter 4

covers the experimental procedures together with the method

of data reduction. chapter. 5 includes the experimental-

observations and resurts as well- as d.iscussion. The most

important experimental results are shown in Figs. 5.r, 5.3

and 5.7 with the attendant discussion appearing in section
5.2. Finally, conclusions are given in Chapter 6.



CHAPTER 2

REVTEW OF BOILING AND BARBOTAGE

HEAT- TRANSFER MECHANI SMS

2.I Boiling Heat Transfer

Much of the research concerning nucleate boiling
has been conducted during the past several years in order
to determine the mechanisms, evidentry due to bubbl-e

formation, that are responsible for producing the high
heat fluxes associated wj_th boiling.

rt was often assumed. in early work that the viorent
agitation caused by the bubbling process explains the high
heat-transfer coefficients observed lr2,25l . Thus, boiÌing
\^/as regarded as a form of f.orced convection heat transfer.
Gunther and Kreith t16l and arso Rohsenow and crark [34,35]
proposed that growing and collapsing bubbles create rand.om

mi-croconvection currents of high velocity in the region of
liquid adjacent to the heated walr and suggested that this
microconvection is the dominant transport mechanism for the
high heat fluxes observed with surface boiling. Forster
and Zuber trzl favored the movement of the bubble boundarv

whil-e bubbles are stirr attached to the heatinq surface Eo



be the main factor in promoting the heat transfer. on the
other hand, Forster and Greif tlll suggested that a more

efficient heat transfer mechanism occurs when the growing

bubble displaces the superheated liquid rayer entirely
from the surface. cooling then occurs Quring departure when

col-d liquid suddenry quenches the hot surface, increasinq
the heat flux locallv

fn recent years other models have been proposed;

each envisioned some specific flow pattern in the liquid
and attempted to predict ilre heat-transfer coefficient.
rn a theoretical paper Hara trTl traced the trajectories
of fluid particles on the edge of the thermal boundarv

layer- He predicted that each particle moves away from

the bubble while the latter is growing, but reverses
direction after l¡ubbre detachment. There i-s a net step
towards the bubbling site during each cycle. Eventualry
the particle reaches the site and evaporates. Hara

calcurated the heat flux carried by this liquid motion to
the nucleation site and equated it to the heat transferred
from the heating surface to the liquid by conduction and

to the latent heat carried away per unit time, thus

obtaining a correl-ation for the heat-transfer coefficient.
Ruckenstein I301 assumed that the liquid is displaced
horizontally outwards from the bubble sj_te at a velocitv
J-l^^+ ^^.-^f ^ !lrnaE, equals rne rate of growth of the bubbre radius. He

used the general correl-ation for the steady flow along
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horizontal plates to predict the equation for the heat-
transfer coefficient \^/ithout any experimental verification.
The present study, ho\,,/ever, provides evidence that there is
an outward flow during bubble growth but the inward flow at
detachment is more intense and causes the higher peaks of
the heat-transfer coefficienc.

Tien [40¡ hypothesized that the updraft caused by the
rising bubble produces a flow field ín the liquid similar
to a reversed stagnation fl-ow. He emproyed equations for
such flow to pred.ict the heat-transfer coefficients on the
surface" While Zuber 146l did not trace any specifÍc
pattern in the liquid he rather viewed the hydrodynamic

aspect of the boiling process as a case of turbul-ent natural-
convection induced by the lower density of the vapor phase

forming on the boiling surface. He posturated that the
heat transfer mechanism is due to the bubble-induced flows
in the boundary rayer adjacent to the heating surface.

some recent work has cast some doubt on t,he dominant

role assigned to bubbl-e-induced agitat.ion as the main
promoter of heat Èransfer. Moore and Mesler I3r1 have

observed the te.mperature-time fluctuation of a boiling
surface with a high-response thermocouple. They noted
regularly an exceedingly rapíd drop in temperature forlowed
by a small-er rapid rise and a grad.ual reattainment of the
initial temperature. They estimated that a va]ue of heat-
transfer coefficient up to 47,ooo BTU/hr f.L2 oF (6"34



car/cmz s oc) wourd be required in order that sufficÍent
heat be withdrawn from the surface to cause the observed
temperature drop. As these coef f icients \^/ere well- above

what would be expected if convection \^/ere the important
factor, they postulated the existenc" gf a microlayer of
liquid underneath the bubble and attributed the large
rate of heat removal to the rapid evaporation of this
microlayer.

Bankoff and Mason I5l injected steam bubbres

into subcooled water and measured heat-transfer coef-
ficients at the surface of singre bubbles. To account
for the observed transfer of latent heat, varues of the
heat-transfer coefficient over the surface of the bubbl-es

has to be as high as 32oroo0 BTU/yrr ftz oF (44.2 cal,/
cm2 s oC). Theyr âs well as Bankoff l4l concl_uded that,
although the stirring action dominates at rerat.ive]_y
l-ow heat fl-uxes, the l-atent heat transport becomes the
dominant mechanism near t.he upper timit (burnout,) in
nucl-eate boiling.

Rogers and Mesl-er [l:1 , using a technique to phot.o_

graph the growing bubble while measuring the surface
temperature beneath it, showed that the surface cools
during bubbl-e growth and. recovers during bubbre departure;
a sudden temperature drop corresponding to the initiation
of a bubb]e growth occurs. Theír study did no indicare
the reason for the cooling to stop so suddenry when the
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bubble departs as \,,/as observed.

Hendricks and sharp lr8l ar-so suggested that an

evaporating microlayer at the base of the bubble is respon-
sible for most of t,tre high heat flux in nucleate boiling.
They observed that the drop of temperature is during the
growth period and the temperature reaches a minj:num as t,he

bubble approaches its maximum diameter. They al_so observed

a smal-r but measurable rise in heat fl-ux in the area near

the bubble during bubble rel-ease. Thus, they mentioned

that the evidence was not quite concl-usive that the
quenching mechanism due to bubbl-e detachment is ineffective
in ar1 cases of boiling. This conclusion r^/as made since.the
heat ribbons used in their experiments had a very small_ heat
capacity. Hendricks and sharp indicaLed that if boiling
takes place on a more massive solid. it is possible that
the quenching mechanism may be significant.

Sharp I37l demonstrated the exist.ence of an evapo-

rating liquid fil-m at the base of the bubbl-es during
nucleate boiling. The microlayer thickness was computed by

Hospeti and t'4esler lrgl who showed that the bubbi-e behavior
is consistent with the microlayer evaporaLion and. the
microlayer thickness agreed iverl with that reported by

Moore and Mesler.

In pool boiling from a nickel_ wire, Rallis and

Jawurek t3z¡ obtained measurements from which it was

indicated that at high heat fluxes latent heat transport
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by vapor formation near the heating surface may represent
the major portion of the total heat flux. They also
concluded that l-atent, heat transport and convection
together account for the total- frux in saturated nucl_eate

boiling. In a very recent paper, FonLa.na II0l showed that
an amount of heat equal to 60-70 per cent of the total heat
necessary to produce the vapor contained in the bubbl-e is
transmitted from the hot surface to the bubbl_e during its
growth, the area of heat transmission being approximately
the largest contact area of the bubble on the heater surface.
He al-so showed that the remaining 30-40 per cent of the
heat is transmitted during the waiting period from the hot
wal-l- to the tiquid rushing into the bubble site after its
detachment. Fontana observed two heat transfer increases;
one at the beginning of bubb]e growth with a maximum heat-
transfer coefficient of 30r500 41,000 BTU/hr ft2"F
(4-16 5.55 caL/cmz s oc), the second at bubbl-e detach-

ment with a peak of 2t050'- 31050 BTU/hr ft2oF (0.278 -
0.416 cal/cm2 s "C) which is much higher than those

obtained without ebullition. He thus ag,reed with the
hypothesis that the bubble at detachment produces a retrurn
of relatively cord liquid subtracting more heat from the
surface. rt was also found by Fontana that the nucl-eation
strengLhens the thermar exchanges outside the bubbtes area

of contact producing approximatety a doubling of lhe convec-
tion coefficients in comparison to the val-ues obtained in the
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absence of ebullition.

2.2 Barbotage (Simulated Boiling)

The state of confusion, in which our knowledge of
the mechanism of boiling heat transfer'stil-l exists, \^/as

demonstrated above. The cause of this is to be found in
the complexity of the process, in which several inter-
dependent phenomena occur simurtaneously. Thus, bubbl_e

growth d.epends, among other thingsr on agitation due to
bubbl-e growth and motion. rn addition, the process

depends on some stochastic factors such as nucreation,
distribution of bubbl-e sites and their condit,ion at the
start of boiling.

For this reason, one would 1íke to separate heat
transfer and bubble cycre, those being the phenomena

where interaction is the most reciprocar. Therefore,
as already mentioned, several authors II r2 , ]-3 ,l_4 tl.5 ,23 |

29'30r36r391 have sought to improve the understanding

of heat transfer across bubbre-stirred bound.ary rayers
by simulating boiting using barbotage or electrolysis to
produce bubbles on the heat transfer surface. As

expected, the bubbling process promoted the transfer of
heat to the liquid.

Vühen considering barbotage as an analogue of
boiling, various aspects may be e.xamined, which may be
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pLrrely hydrodynamic or may include heat transfer. Zuber

[45], Wal-]is 143,441 and Kudirka t23l have not,ed the
similarities in appearance of the bubbling flow regimes

in barbotage and in saturaLed nucleate boiting. The

similarity of initiation, of growth rates and growth times
have al-so been pointed out 144J. In boiling, a hydro-
dynamic crisis has been postulated to occur at the critical
heat flux (burnout). rn barbotage a similar one has been

postulaÈed and studied 11 r 3 9 ,44 ,45J .

with regard to heat transfer, a first step towards

understanding the connection between barbotage and boiling
is to compare the heat-transfer coefficients in both
phenomena. Mixon, Chon and Beatty I:O¡ produced bubbles

electrolytically and found that erectrorytic bubbl_es,

arthough much smar]er than the usual boiling bubbl_es, are

effective for the enhancement of heat transfer. Gose,

Acrivos and Peterson [14], using both dril-led and porous

surfaces, found that the magnitude of the heat-transfer
coefficient in barbotage increased greatly as the volume

of the gas injected is increased and reaches values of the
same order of magnitude as nucleate boiling heat transfer
at comparable vapor rates. Theyr âs werl as Akturk tll
found that, for the porous plate, the increase in heat-
transfer coefficient stops at, a certain air rate after which

it. starts decreasing. The data of Gose et aL, !üeïe cor-
rerated by sims, Akturk and Lutterodt I:o¡ and showed to
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closely correspond. with boiling d.ata in the case of porous
plates and within an order of magnitude for drÍlled prates.
Sims and Duffield t3Bl defined a ,,heat-transfer-coefficient

through-the-1iquid" which accounts for the same heat
transfer mechanisms in boiling and barbotage. This was used

as the basis of comparison between heat transfer in boiling
and barbotage" They concruded thatr'ât the same dimension-
less vapor/gas flow rates, the dimensionless heat-transfer
coefficients-through-the-liquid are closely comparabre in
magnitude in boiling and barbotage.

Bard and Leonard t 3 I conducted experiments to
determine the effect of air bubb]e traÍns injected inco
liquid (hexane) on the heat-transfer coefficient on the
surface near the orifice as a function of both time and

distance from the orifice. They proposed that the heat
transfer is most intensive during the ti:ne of bubbl_e

detachment from the surface, i.e., the chief contribution
of bubble-induced agitation to the promotion of heat
transfer from the heating surface occurs around the ti_me

of bubble detachment. The phases of bubbl-e growth and rise
have at most a minor effect. val-ues of the heat-transfer
coefficient up to l-,000 BTU/hr ft2 oF (0.136 car/cmz s "c)
were observed in their studies of barbotage experiments
while in actual pool boiring, values between l-50 3,000

BTU/hr fLz oF rc"0204 and. 0.416 cal/cmz s oC) were observed

by Kurihara and Mayers lz4l for hexane and other orqanic
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liquids. Bard and Leonard also postulated that only at
higher heat fluxes does it seem that agitation alone coul_d

not account for the observed heat-transfer rates. rn those
cases latent heat, transfer must contribute significantry.
Howeverr even then, agitation plays an .important role.

rn a more recent experiment Frea and Hamelink tr:¡
studied the heat transfer with gas injection through a

porous wal-I into a pool of liquid, including vaporization
effects. They have found that the heat transfer from the
surface takes place through the action of the two mechanisms,

bubble-induced convection and vaporization into the bubble.
They indicated that gas injection can promote heat transfer
from the surface to an extent such that, in some cases, the
heating surface operates at l-ow or negative temperature
difference from the pool temperature. under such conditions,
the vaporization mechanism produces the major component of
heat f lux direr:ted ârrâ\z f rom the heater.



This chapter

mental- apparatus and

measurements as wel_I

CHAPTER 3

EXPERTMENTAL APPARATUS

presents a description of the e.xperi-

the different instruments used for
as the photographic equipment.

3.1 The Pl-ate

The main part of the apparatus was a circurar prate
on which the heaters were located. This plate could be

fastened to the top of a cylindrical chamber. The assembry,

with the plate horizontal, \^/as i-mmersed. in a small tank
filled with hexane which could then be considered as t,he

bubbling chamber. The pla.te was made of acrylic ("perspex,')

of 1 inch thickness as shown in Fig. 3.1-a. perspex was

chosen since it combines the characteristics of (i) good

machinability, (ii) low thermal conductivity, which
decreases the amount of heat cond.ucted into the plate, and
(iii) good film adherance for deposition of heaters.

A 0-038 in" (0.95 mm) d.iameter orif ice was dritled
through the centre of the plate. The area around the
orifice was reduced in thickness to 0.050 in. (1.27 mm) to

15
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;F
t

Ø of plate

9q"

All dimensions in mm
øo

o' -óo\
(b) Arrangement of Fil-m Heaters

Orif ice

| 425

(a) The Plate

Fig. 3.1 The Heat Transfer plate

Fig, 3.1
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reduce the pressure drop t,hrough

geometry with length to diamerer

one of the crit.eria for constant

Appendix A for more detail-s).

the orifice. The final
ratio of I.32 satisfies
pressure bubbling (see

Four copper thin fiLms, used as surface heaters and

resistance thermometers, were vacuum-deposited at various
di-stances from the plate centrer âs shown in Fig" 3.1-b.

Each copper fil-m was approximately 0.02 in. (0.5 mm) wide

by 0.2 in. (5 mm) long having a resist,ance in the range

30 50 ohms, which correspond.s to a thickness of approxi-
mately 56 34 Â. The firm heaters and plate orifice
dimensions \^iere measured. on a microscope provided with two

micrometers at 90o to each other. The fu]l dimensions aïe
given in Fig" 3.1b and Table 4.r" The fil-m heaters \^/ere mad.e

curved in shape so as to make all points of the film equi-
distant from t,he centre orifice, with the exception of the
innermost one which has the shape shown in order t.o

facilitate connections to the el_ectrodes.

The films were deposited on the plate using the
vacuum evaporation technique Í281. rn order to achieve the
design shown, a copper sheet mask was placed on the plate
during deposition, baring only the spots where the heaters

were to be l-ocated. This mask was made bv a process of
photographic etching.

Thj_n films were used by Foltz and Mesler t9l and by

Bard and Leonard t3] in their experiments. The heaters !^iere



l_B

fnrrnÄ l-n ^;-,-r-Lrurr(r LU grve accurate surface temperatures beneath bubbl_es

and were capable of indicating temperature changes as

fast as 145 oFlms

To facil-itate making electric contact, for each film
heater, a pair of 0.018 in.(0.475 mm) diameter copper wires was

inserted and glued int,o holes dril_led where the ends of the
f il-m would ultimatery be; the wi-res were trimmed and

polished frush with the perspex surface before the film
was deposited. The wires from the heaters were then
connected with another set of wires which reft the plenum

chamber through a ,'Conax" pressure seal g1and.

severa] depositions were tried using nicker and

copper. Although nickel has a higher temperature-coef-
ficient of resistance and higher resistivity, copper \,ras

found to be much easier to deposit because of its l_ower

melting and boiling points. Also, by using copper, the
generation of thermoelectric potentiars at the contacts
with the electrode due to any possible asymmetry in the
orifice-film l-ocations was avoided.

3"2 The Plenum Chamber

The plenum chamber \^zas fastened to the bottom of the
plate. It consisted of a 5.25 in. (133 mm) outside diamecer
Perspex cylinder of \ in. (63 mm) thickness and 6 in. (IS2 mm)

length closed on the bottom end by a perspex plate glued
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63L

All Dimensions in mm

-3.2 0- RING(l/8")

f

0.95 Dio.

t2.7

6.3

for a
manometer

for the 'Conax'
thermocouple

for the rConax'
pressure gland

Fig. 3.2 The Plenum Chambe.r

Fig,3"2
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to.it. on the upper side a 5 L5/r6 in. (150 mm) diameter

flange was also glued to alrow the drilling of hores for
fastening the plaLe, as shown in Fig. 3.2. The chamber

had four side radial- openings to take the "conax" pressure

gIand, a connection for air inlet, a mâ.nometer connection

and a "Conax" sealed iron-constantan thermocouple for
measuring air temperature inside the chamber.

Here, again, to approximate the condition of
"constant pressure" bubbling a further criteria (d.iscussed

in Appendix A) had to be met. That is, the supply ante-
chamber vorume had to be more than 101000 times the bubble

volumer or in other words, the value of the parameter N^

has to be much greater than unity. For the present

case the estimated va]ue of the ratio of the chamber to
bubble volume was about 15r000 (based on a ,4 inch bubbre

diameter) , while N" value was about 2oo, which is f¿¡ -ranror
than unitv.

3 " 3 The Bubbling Tank

The plate and plenum chamber assembly was suspend.ed

horizontally with three perspex rods in the tank, which was

a glass aquarium 7 x 12 x L2 in. filled with hexane and

through which photographs were taken. Hexane was used

because of its low erectric conductivity (see Appendj:< D)

and its physical properties which are reasonab]y similar to
\,fAter.
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3.4 Air Supply System

The schematic of the apparatus is shown in Fig. 3.3.
Air was drawn from the building compressed air suppry at
B0 psi and reduced in pressure to 5 psi in passing through
a pressure regulating varve, air then þassed through a

"SHORATE" Model- 1355 flow meter rvith,a maximum range of
7.8 SCFH (14.1 cc/s) and through a Fisher-Mil1igan gas

washing bottle fill-ed with hexane before finarly going to the
plenum chamber. The pressure inside the chamber \^/as measured

using a manometer fil_Ied with 0.827 sp. gravity oiI.

3.5 Electric fnstruments

The electric circuit, which was essentially a wheat-
stone bridge and is shown in Fig. 3.4r wâs constructed for
the purpose of measuring the firm heater resistance and

recording and displaying t,he resistance fluctuations for
each of the f our thin f irm's. The po\¡rer supply source was

a L2 vort battery connected. in parar]eI with a 2,500 ohm

potentiometer which permits the change of vortage from

zero to L2 volts " An el-ectronic po\^/er suppÌy was tried
but it was found to give a high noise level of 60 c/s
ripple" A Leeds and Northrup DC null indicator Model

cAT 9834 was used in the bridge for nu]l detection. rt.
has a maximum sensitivity of 0.067 pv/mm (0.1 irv/scale
division) and produces a noise l-evel of only 0.1 micro_
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12 volt :5
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f¿I I
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Rl= 26O.Q,

selector swiTch
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omplif ier

visicorder

Ro= looofl

vorio
R
II

=
null indicotor

Fig" 3.4 Measuring Circuit

Fig. 3"4
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volt peak to peak.

For display purposes a Tektronix 453 oscilloscope

was used. rt has two channels and provides a vertical
displacement up to 0.2 cm/mv each" This Tektronix oscillo-
scope was used since it has a high accelerating vortage
(t0 KV) and a Plt screen phosphor which is superior for
photographic applications. A direct:recording optical
galvanometer (Honeywetl 1706 Visicorder) was used in
parallel with the oscilroscope as an aid in setting the

apparatus up and obtaining another form of record as a

check. Before displaying the signal it had to be amplified
to be detectable on the oscil-loscope. This \,üas done by a

Hewl-ett and Packard 2470 A ampJ-ifier which can give gain

up to 1,000 times"

The signal to be recorded was the variabl-e component

of the potential across the fil-m, i.e., the voltage fructua-
tions only. Thus, the signal r\rasmeasured between points
A and B shown in Fig. 3.4. The decade box resistance F. was

adjusted until a zeyo DC reading v/as indicáted by the

oscill-oscope and the null indicator.

All inputs and outputs were grounded to minimize any

60 cycle noise pick-up. Arso, shielded cables \^rere used

for all connections.

Flow Visualization Equipment

rn order to observe the liquid fl-ow pattern around

3.6
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gro\üing and departing air bubbl-es, tiny hydrogen bubb]es
(0.05 0.2 mm in diameter) were generat,ed in water on a

prate similar to the one used in the heat. transfer experi-
ment and described in section 3 .1, except that there \,vere

no heaters" rnstead, four copper wires of 0.008 in. (0.20 mm)

diameter \^/ere inserted through the plate and grued in holes
on a diameter on each side of the 0.ö38 in.orifice, as

shown in Fig. 3"5. The wires on the upper side were trimmed

and polished flush with the surface.

The plate formed the top side of the plenum chamber,

the whore being immersed in distilled water. sodium sulfate
(approximately 4 grams per gallon of water) was added to.the
water making it more conductive. upon application of a

voltage the wires in the plate acted as cathodesr so

generating a continuous stream of hydrogen bubbl_es from

each wire, while a stainl-ess steel plate 2 x 3 in. (51 x 76

mm) immersed in the erectrolyte acted as the anode. The

air circuitry was the same as described earlier, except

for water being in the saturator.
During operatíon, airwas bubbted throuqh the orifice

and the resulting motion of the hydrogen bubbl_es was photo-
graphed. The hydrogen bubbres v/ere small enough that their
motion due to buoyancy during the time of one aÍr bubbl-e

cycle courd be neglected. (The maximum hydrogen bubbre rise
during a time equar to one air bubbre cycle was found to be

about 0.5 mm compared to an air bubbl-e detachment diameter
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of about 7 mm).

3.7 Photographic Equipment

A Hycam Model- 4r-0004 16 mm high-speed rotating-
prism camera was used to photograph the bubbre growth and

departure cycle at the orifice. rt has a speed range from
10 11,000 frames/s and a film capacity of up to 400 feet.
The objective l-ens was a cosmicar 4 in- FL f/2.5 used with a

30 mm 'c' mount extensi-on tube. An auxilliary lens (pentax

50 mm FL t/r"4) was mounted, using a special adaptor, on the
viewing eyepiece to enable simultaneous recording of the
bubble images and the oscilroscope trace. The photographic
film used was 100 feet rolrs of Kodak 4-x reversal-.

The camera is equipped with an event synchronízer
which can be set to any length of the fil-m. The event

switch is triggered to open or c]ose the event circuit as

the fi]m reaches some predetermined position. rt is also
equipped with two timing lights for identification and

frame rate determination. A Redlake Model RLTLG-4 Milli-
mite timing right generatorwas connected to one of the
lights and gives l-0r 100 or 1,000 pulses per second output.

To mark the same instant on the firm and the sicrnal-

recorded on the visicorder, the Mill_imite generator Ì^ias

connected through the event synchronizer switch to the
# ì m.i -^ 'l .i 

-l^+Lr¡rrr-rrg rrgnË and to a second channel_ on the recorder.
when the event switch was triggered at a certain setting,
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a circuit was closed which connected the generator output
to the timing light and to the visicorderr so marking l_ines

on the recorder sheet and marking the film at the same

instant. rt was noted that the mark on the firm was lagging
about 4 frames with respect to the image, due to the
dÍstance between the timing lights location and the imaqe

incidence place.

The light arrangiement used ís shown in Fig. 3.6a.
For ill-umination purposes two smith victor 650 watt (at
1r5 vorts) Quartz Bromine right.s were used. For the heat-
transfer experiment, the lights \,,/ere mounted behind the
tank with a diffusing screen between the tank and t,he

I i nh+c I¡7Ìran nl-rn+n^--^l-.i -.- L.,¡-^-^* L.-L¿!y¡rLÈ. vvrrË¿r photographing hydrogen bubbl-es, experiments

showed that the clearest cine photographs of the hydrogen

bubbl-es were obtained using a br-ack background. with the

lights arranged as shown in Fig. 3.6b. To adjust and

choose the correct combination of firm speed (ASA) , f/sLop
and camera speed, a Pentax Spotmeter III was used.
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CHAPTER 4

PROCEDURE

4.1 Average Resistance Measurement

The forrowing procedure was fotrowed in measuring

the resistance of the heaters with no bubblinq as well as

their average resistance with bubbling.

1. The bubbling tank was filled with hexane at
room temperature" The plate was fastened to the perspex

chamber and placed in the hexane bath.

2. The air-supply valve was opened and the neecll_e

valve set to the desired f 1ow rate, thus obt.aining a

certain bubble freguency which could be determined from the

visicorder trace

3. The heaterrwhose resistance was to be measured.,

was connected as the input in the measuring circuit through

a sel-ector switch. The supply voltage was adjusted to the

desired value which was onry a small va]ue in this case

(less than one volt).
4. The decade resistance R was adiusted until the

nul-l indicator Ìúas as close to zero reading as possibte
(the reading fluctuated around zero). From the tr{heatstone

?n
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bridge balance (Fig. 4 .1) it. f ott-ows rhat.

R1
R-_R

R2

\,'/here

(4.1)

t( .l_ s

Ris
Rr, R2 are

the heater

the decade

constant

resistance, ohms

box setting, ohms

resistances, ohms

R lHo¡J-ar\
\ -¿vq ev4 I

Fig. 4 .I

4-2 Rec:rding -rd photographirg Resistan"e Ffuctu-tior=

The procedure was as follows:
1. As for I" in Section 4.I.
2" As for 2. in Section 4.L.

3 " The selected heater was connected to the input
terminal- of the measuring cj-rcuit through the sel-ector
switch. The supply voltage was set to the oncr¡1-íncr value
(usually -11.0 volts) .

4. The oscilloscope and the visicord.er were switched
on and the amplifier setLing was changed untir a good.
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observabl-e signar \das seen on the scope clearly enough to
be recorded photographically. The paper speed on the
visicorder \,vas 800 mm/s (SZ in/s) which is the fastest
speed.

5. The camera lvas located between the bubblincr tank
and the oscill-oscope" with the auxiliary rens set to
infínity, the bubbles image was focussed with the objective
lens" The objective \,\¡as then set to infinity and the
oscill-oscope image was focussed with the auxiliary lens.
The objective was set back to the first adjusted setting.
The camera was then loaded and the event synchronLzer

adjusted to cl-ose the event switch at about 25 ft of the
fil-m. wit.h the camera running at low speed (20 frame/s)
the maximum, minimum and zero points of the oscilloscope
v/ere photographed. switching the camera to high speed

(usually 2,000 frame/s) the bubbles image and. the osci]lo-
scope trace lvere simul_taneously photographed.

6 - The visicorder was switched on a few seconds

before the camera. After zs ft of film, which was during
the high speed run, the event synchronízer switch was

automatically triggered, connecting the timing ]ight
generator to both the camera timing light (to mark the
film) and to the visicorder (to mark the recorder sheet).

4.3 Temperature Coefficient of Resistance

To measure the temperature coefficient of resistance
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for each heater, the bubbling tank was placed in a larger
aquarium filted with water which coul_d be heated to
different temperatures using an el-ectric heater. The

procedure of section 4.1 was repeated and the resistance of
the film heater was measured at various temperatures

between 62 and l-20"F (measured by thermometer to 10.2"F) .

The resistance of each heater was assumed to be a
linear function of t,emperature, i. e. ,

R = R^ + yt (4"2)o

where

R = film heater resistance, ohms

R = reference resistance at zero oC, ohmso

t = average temperature of film heater, oC

y = temperature coefficient of resistance,

ohm/o C .

The value of y was then computed by the method of least
squares and the values for each film heater are given in
Tabl-e 4.1. rt should be noted that y depends on film heater

thickness and resistance, as werl as on the deposition process

which affects uniformity and continuity of the fil_m heater t2Bl.

4"4 System Gain

Since the heater output signal passed through an

amplifier before being displayed, it was necessary ro check
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the gain of the whole syste.m. A sinusoidal signal of known

magnitude was introduced as an input to the system, instead
of the original signar, displayed on the oscil-roscope, and

measured. The sinusoidal signal was generated by an rEC

Function Generator Model F 51 and the magnitude of the gain
for each film heater is given in Table 4.2.

4.5 calculation of the Heat-Transfer coefficient

The photographic fílms were projected (using an L_W

Model- 900 B Motion Analyzer) on a white paper giving an

i:nage of 6\ x B in (162 x 205 mm) and the signal was

measured in each frame (0.5 ms interval at 2,000 pps fil_m

speed). The measured voltage si-gnal was then transformed
to heat-transfer coefficient using the method given by

Bard l,2l and described. in Appendix B. The computation was

done on an rBM 360 computer at the university of l{anitoba
computer centre with the detailed prograrnme given in
ÀnnanÄ i v E-¿¡Ì-yv¡¿s4õ u.

4.6 Conditions During Tests

For the resul-ts anaryzed, in ord.er to have the same

test conditions (air flow rate, liquid height and suppry
pressure) for al-l the heaters, four fil_ms \iùere taken in
quick succession, one for each heater. The conditions
during tests were as follows:
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Tab1e 4.2

System Gain

Cine Film
No.

Heater
No.

goJll

mv/mv
S¡nna Qa t-{- i n-

mv/div

25

¿o

¿t

28

¿Y

30

I
z

3

4

I

2

10

10

30

t0

30

5

5

10

10

5

10
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Liquid

Gas

: hexane

: air
Temperature of the

liquid pool : 72"8 (22"C)

Liquid height above
heater plate : 2.0 in ( 50 ¡nm)

Air flow rate : 0.94 cc/s*
Supply voltage : l_1.0 voltÈ
Camera speed : 20 frame/s for low speed runs

2,000 frame/s for high speed runs

l_r000 frame/s for flow visualiza_
tion experi:nent

Visicorder papeï
speed : 800 cm/s (maxj-mum avail-ab]e)

* Fi]ms for Heaters I and 2 aL 2.2 cc/s were arso taken.



CIAPTER 5

RESULTS AND DISCUSSTON

ql Observations

During experiments it was found that at air flow
rates below approximately L.7 cc/s, the bubbl_es would come

in a series of two to si-x bubbres, f orlowed by a l_ull_, then
another series of bubbles, and so on; at air flow rates
above L.7 cc/s, regular bubbring occurred.. This may be the
effect of using a smalr plenum chamber and a smal-l- orifice
which suggests that the criteria for 'constant pressure'
bubbling needs more investigation.

A series of four fil-ms vias selected. As mentioned

in section 4.6, films were. taken in quick succession at the
same conditions, one for each heater. on each film about
six or seven bubbl-e series were photographed. since all the
series \^rere armost identicar, one for each heater was

analyzed. Also, tv/o films \,,/ere taken for Heaters I and. 2

at a higher flow rate. Resurts of those two films wil_l
also be presented.

Fig. 5"1 gives a typical reproduction from one of
the photographic fil-ms showing one bubble cycle with the

3B
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Fig" 5.1
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oscilloscope signal clearly recorded on the firm. As any

such signal can be transformed into the heat-transfer
coefficient, h, there can be no ambiguity as to the heac-
transfer behavior aL any instant, in the bubbl_e cycle.

A sampre of the recorded signal .on the visicorder
for Heater I for a series of bubbles is shown in Fig . 5.2.
Fig. 5.3 shows the result. of analyzj_ng a five-bubbte series
for each heater. The plot show instantaneous h versus
time T normal-ized using Tur the detachment time (time from
initiation of a bubble to its detachment) for each individual_

fbubble.' Figs" 5.4 and 5.5 show the variation of h versus T

durÍng two bubble cycles for Heaters l- and 2, respectÍr.ly
at a higher flow rate. The results are also summarized in
Table 5.1.

Examination of photographic firms and recorded.

signals l-eads to the fol_lowing observations:
1. Tn the first stages of growth of the first

bubble in a series, the signar shows a sudden drop in
temperature of the heater, í.e. r än increase in the heat-
transfer coefficient h, whire the bubble interface near
the plate surface is moving outward. As the interface is
decel-erating and going through a reversal in direction, h

starts decreasing and goes through a minimum. The point of
reversal of interface direction at a height of one orifice

+' Tabul-ated data each -0.01-25 T/T^ are also avail-able from'dthe author. u
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radius from the plate is shown in Fig. 5.3 for each bubble

on Heaters I and 2. As the bubbl-e interface is moving

inward a second rise in h, rarger in magnitude than the
first' \,!'as observed. The maximum h is reached as the
bubble was about to detach from the surface folrowed by

a decrease in h after the bubble l-eaves the surface.
2 - The f irst heat,-transf er i¡icrease is most apparent

for the first bubble of each series while it is less clear
or absent for the subsequent bubbles.

3. The heat-transfer rise at detachment was obtained
for all the bubbles for a1r heaters with only a small time

lag between the signat generated by each following heacer,

i"e", from I through 4. This is demonstrated in Fig. 5.3
where it can be seen that whil-e the h peak is just before
detachment for Heater r, it is almost at detachment for
Heater 2 and after detachment for Heaters 3 and 4.

4. The signal intensity decreases with distance from

the bubbte site, that is, the peak values as wel-l as the
average values of the heat-transfer coefficient. This is
arso shown in Fig. 5.3 where the peak and. average values of
h can be compared.

5. The highest value of the heat-transfer coef_

ficient during experiments was 555 BTU/hr f.tz oF (0"0753

cal/cm2s"c) obtained for Heater l- with an average value
of 493 BTU/hr ftz oF (0.067 car/cm2 s oc). The value of
the heat-transfer coeffícient with no bubbl_ing was approxi-



matel-y 114.5 BTU/hr

heaters at the same

47

fLz oF (0.0156 cal-/cm2 s oC) for all the
current. conditions as during bubbling.

5.2 Fl-ow Pattern

To exprain the heat transfer variations in terms of
the liquid motion on the surface, it was d.esirable to
examine the flow pattern near the surface surrounding a

bubble" High-speed cine firms !üere taken of hydrogen

bubbles around the air bubbl-e generated at the orifice in
water. The air flow rate was set at the same value (0.g4

cc/s) as for the heat-transfer experì:nents anaryzed in
detail-. However, it should be noted that t.he bubbre

break-off diameter in water was about 1.5 times that in
hexane according to measurements taken from photographs;

this ratio agreed with that predicted using the correlations
of Zuber t4Sl and Fritz IALJ.

Fig. 5.6 reproduces. four frames from one bubble

cycle in water in the flow visualization experiments. since
individual hydrogen bubbl-es coul-d be identified and fot]owed
during the l-ife cycle of any main bubble, Fig. 5.7 could be

constructed; this figure allows the relationship among the
liquid fl-ow motions, bubble cycle and heat transfer to be

examined in detail " rt r^/ill- be seen that the shape of the
h versus r/Ta curves can be explained by reference to the
liquid flow movement near the heater surface.

rn Fig - 5 -7, the first bubble in a series of fíve in
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Fig" 5 "6 Flow Visualization photographs
(Bubble No" 18-1-1¡ aj.r flow rare
camera speed 1000 pps; T/I^ for(b) a"32, (c) 0.610 (d) 1.U)

0 "94 c "c/ s¡
(a) 0.on

Fig" 5"6
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hexane has been traced at various ,t/Ta from projected photo-
graphic films; the bubbl-e used is the first. one for Heater I
in Fig. 5.3. The int.ervars of tjme between any two succes-

sive sketches (a, b, ct etc.) are approximately equal, the
dashed line in the sketch showing the bubbl_e profile at the
time of the previous sketch. The heat-transfer coefficient
is also shown for the four heaters; Èrre scale is h/hav where

h* is the time average of h incruding the time between

series of bubbl-es. The change in h/huu for any heater is
given above the heater representing the change in h during
the time j-nterval between the previous sketch and the one

under consideration.

The water bubble* shown in Fig . 5.7 is the first of
a series of five and is reproduced in the same manner as the
hexane bubbre. The detachment time td for the hexane bubbre

is 34 .5 ms whii-e that for the water bubble is 28 ms. The

arrows around the air bubble in water show the movement of
individual hydrogen bubbl-es in the time interval between the
previous sketch and the sketch under consideration; similarly
for changes in h/hav shown wit.h the hexane bubbre. For the
water bubble, fictitious heaters are shown in each sketch
at the sarne ratio of distances to detachment diameter Du as

for the hexane bubb]es. The same f igures as well as si¡rilar
figures drawn for the last bubb]e of the series are shown

* ttr{ater bubble'
waLer, 'hexane

here is understood to mean
bubble' would mean an air

an air bubble in
bubble in hexane.
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in much larger scale in Appendix F.

In detail, then, in Fig. 5 .7 , (a) , (b) and (c) show

that,between initiation and r/Ta - 0.6,the flow near the
surface is radially outward and the heat-transfer coef-
ficients increase, with the two heaters,nearest the
bubbl-e where the riquid vel-ocities are the highest, showing
the most marked increases. Between (c) and (d) the flow
near the heat transfer surface begins to decel_erate, causing
a maximum in, and then a decreasing h for Heaters I,2 and

3. At (e) the bubbre interface near the heat-transfer
surface is moving inward and the fl_ow has gone through a

reversal in direction which causes first a minimum in h and

then a rapidly increasing h for Heaters I and 2 as the flow
accel-erates inward. Between (e) and (f ) the bubble detaches

and at Heaters I and 2 the flow is slowed down by the newly-
appearing bubble whose interface is moving outward, thus
causing a decrease in h" At (g), h reaches a minimum, at
least for Heater 1. Note that the maximum in h occurs
approximately at detachment. Heater 3 foll-ows the same

behavior as Heaters 1 and 2 except that there is a time l-g;
indeed there appears to be a definite ti¡re lag from Heater I
to Heater 2 Lo Heater 3. Heater 4, in general, appears to
fol-low the same behavior as the other heaters, but with a

time lag. However' as can be seen in Fig. 5.3, the changes

in h for Heater 4 are small and it is diffír.rrr.r- rn i,rstify

examining the variations in detail.



)¿

As the cycle continues, there are two effects
opposing each otheri one is the inward and upward flow
generated by the detached and rising bubble, the other is
the radially outward flow generated by the growing bubble

at the orifice. As the bubble at the orifice begins its
detachment phase (defined here as beginning when the bubbl_e

interface near the heat-transfer surface starts to move in-
ward, and ending at detachment) trle inward. flow dominates to
give another maximum in h approxj:natery at detachment. The

peak in h at detachment is apparent for alr bubbtes for al_l-

heaters. As for the effect of the bubble growth phase, it is
expected to be more significant at low bubbring frequencies,
where there is enough time for the inward flow to die out
before the formation of a new bubble starts a new cycre.

Af ter the l_ast bubble of the series, the f low

resembles a reversed stagnation flow. This flow d.ecavs

with h dropping roughly l-5 per cent berow its time-average

value before Lhe next bubble series begins, for t.he

conditions shown in Fig. 5.3, ât roughly l-50 ms Later.
The above-ment.ioned reversed stagnation flow a.rrêêq

with Tien's model 1401. However, the model- negrects any

outward cyclic motion (as observed in the present study);
as this outward movement of liquid also generates high heat-
transfer coefficient, Tien's model- should be considered as

a qualitative one.

some of the results of Bard and Leonard aïe shown in
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comparison with the present resurts in Figs. 5.8, 5.g and
5"10. rn Fig. 5.8 the shape of h versus T curves is
examined. The signal produced by Heater r_ in the present
study is compared with that produced by their Heater I
operati-ng under the most simirar conditions (as regards
bubbling frequency, orifice diameter and heater distance
from orifice); the conditions are risted on the figure.
Figures 5"9 and 5.10 present varues of hp._k (the ,peak,

or maximum heat*transfer coefficient obtained for each

heater) and hr' at different distances from the orifice
edge, respectivery. The agreement with the Bard and

Leonard results is good, showing essentially the sarne

shape of h against r with crosery-corresponcling va]ues
ofh andh--av ---- "peak'

Bard an¿ r,eonard reasoned that the d.etachment phase
governed the agitation heat transfer. The present study
does provide evidence that hp"ak is generated at detachment.
However, although it was ob'served in most of Bard's graphs

l2l of h versus T that there are two heat. transfer peaks

for each bubble, he referred to the first peak (the smaller
one) as a "violent fructuation". This first peak certainly
appears to be the same as observed in the present experiment,
i.e., to be caused by the outfrow during bubble growth.

Rel-ation to Boil_ing

The present experimental results indi-cate that the

5"3
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bubb]e-induced agitation plays a significant rol_e in
promoting the heat transfer in barbotage at the stage of
bubble detachment, although to a lesser extent during
bubble growth. Maxi:num values of the heat-transfer
coefficient of approximately 555 B\rJ/hr, f.t2 0F (0.0735

car/cm2 s oc) were obtained at bubbr-e detachment. This
value is about five times that obtained with no bubbling.
Heat-transfer coefficient cl_ose to this maximum value
might be expected over the surface in the presence of many

closely packed bubbling sites. fn pool boiling of hexane

at atmospheric pressure, the observed values for the heat-
transfer coefficient range between 150 and 3r000 BTU/hr ft2oF
(0.0204 0.416 cal/cm2 s "C) depending on the surface
conditions and the amount of superheat l24l " This shows

t.hat the peak values of h in barbotage are within the
range of h obtained for boiring, which suggests that
agitation effects make a significant contribution in
boiling for increasing h above free convective varues.
However, in order to assess the relative contribution of
latent heat effects and agitation in boiring, more data,
currentl-y unavailabl-e for hexane boiling at the same

conditions as in barbotage, is st.iIl_ needed.

As was mentioned in Chapter 2, Fontana ItOi , in a

nucreate boiling experiment wit.h water, observed. two heat
transfer rises per bubbre cycle. He defined h*, an equiva-
lent heat-transfer coefficient, as h* = eO/rrz where
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Q5 is the heat transferred from an area equal t.o the maxjmum

area of contact of the bubbre with the surface, and ru. is
the radius of this maxi:num area of contact. Fig. 5.1r
shows the variation of h*, as cal-culated from Fontana,s
data, plotted against r/Ta where Tu is .the time between
bubbre birth and detachment. on the same graph (to a

different scale) tfre heat-transfer ccjefficient h for
Fleater l- of the present experi-rnent is plotted.

As expected, h* shows a very large peak generated
due to microlayer evaporation under the bubbl_e at the early
stages of bubble growth in nucleate boiling as compared to
a smal-l peak of h due to liquid motion avvay from the bubbl_e

in barbotage. shortly before bubbr-e detachment, the area
of contact of the bubble in Font.ana's e.xperime.nts is
observed to be very small and much less than ,,rrl,, ì thus,
h* would approximate the heat-transfer coefficient from the
annul-ar area around the bubbre base and h* wour_d be expected
to have the same behavior as h of the first heater in t,he

present experiment. Fig. 5.11 shows that h* and h both
have a maximum approximatery at bubbr-e detachment.

rt is evident that the high heat-transfer coeffÍcient
values obtained during bubbl-e growth in boiring due to micro_
layer evaporation is also aided by agitation induced by the
bubbre, although it should be noted that agitation affects
a larger surface area over a longer time period than does
microlayer evaporation. At the time of bubble detachmenr



o/l lf)c)\.,, o
;

70P

60Ë
õciô ovv )<

40

()
o
L
E

ôl
E

õ()
Y

2600

2500

2400

2300

2200

2too

2000

r 900

r 800

| 700

r 600

r soo

| 400
o.2 o .4 0.6

T/T ¿

t20

ilo

roo

90

30

20

to

o o.B r.o

Comparison of the present Barbotaqe
Results with Fontana's Resul_ts of
Nucleate Boil_inq in Water

,/-'
,t\

,t\

i \{ Fontono (boiling)

/r
/\
/\
/\
/\

\

l---
,lt

I
t
I
I
ì Present study

Bubble 25- 3- I
I

t

I

I

I

I
I

I

I

I

I

I
\

I

I

I

I

/-\-
,t 

--..

\r'--\/\:,_ __/

Fig. 5.11

Fig. 5 .11



60

the high heat transfer observed is only a resurt of the
bubbl-e induced agitation on the surface.

5.4 Suggestions for Future Research

l-. For a more precise description of the heat_
transfer behaviour over the different,hearers, attempts
shourd be made to photograph the different signals generated
by all the heat.ers on the same firm together with the
bubbl-e image.

2- Flow visuarization studies with the same riquid
(hexane in the present case) and performed simurtaneously
with the heat-transfer experiments would be advantageous.

3. carryíng out simi-r-ar experi-ments with an actuar-
boiling site substituted. for the orifi-ce using the same

liquid at the same temperature shourd allow the relati_ve
contribution of agi-tation and ratent heat effects to be

estabrished- rt wourd be instructi-ve as werr to use

simultaneous flow visualization in such an experiment.



CHAPTER 6

CONCLUSIONS

1. The method of combined high_speed cine
photography, oscilrography and the described frow
visualization techniques provides a method werl-suited to
the detail-ed study of heat transfer and fl-ow patterns in
barbotage. rn particular, it is possibre to exprain the
shape of the instantaneous heat-transfer coefficient versus
time curves in terms of bubbre-induced liquid motion near
the heaters.

2- The present resurts give strong evidence that
the agitation createcl by the bubbre during its l_ife cycre
has a great effect in promoting the heat transfer on the
surface during bubble growth and detachment phases.

3. In barbotage, the maximum heat_transfer
coefficj-ent is generated at detachment.

61
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APPENDTX A

TYPES OF GAS FLOW IN BARBOTAGE

As regards gas flow into a bubbre drrrinn rnrm¡ti^n
there are tvro limiting cases 126l:

(a) Constant gas flow rate; which pertains to
bubble formation in which the rate of gas flow into the
bubble is essentially constant.. such has been found tA.tl
to be the case, for example, for bubble formation at the
tip of a long capillary tube. The flow rate of gas is
governed by the pressure drop in the capirtary, and perhaps
some control-ling device upstream of the capillary. Never-
theress, the pressure fr-uctuations at the top of the
capillary which result from bubble formation aïe not
transmitted upstream. Thus, the ftow is essentially
independent of the bubbte formation process.

(b) constant pressure; which pertains to bubbre

formation at an orifice which is supplied with gas from an

ante-chamber (defined as the vor-ume of the gas supply
system from the orifice to the point where a large pressure
drop occurs in the system) at constant pressure. This case

is approximated in practi-ce when an orifice is suppried
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with gas by a very large ante-chamber. The rate of gas
flow into a bubbte for such a system has been found to varv
throughout the formation period IA. U .

An actuat bubble formation system wir_l operate under
conditions in between the aforementioned rimiting case of
flow and, therefore, wil_l- exhibit., to some extent, a

coupling of the bubbr-e formation mechanism with the gas
supply system as well as a possibte dependence of the
process of bubble formation upon (i) the vol_ume of the
ante-chamber, and (ii¡ the L/o ratio of the orifice channer.
Hughes et aL- ta.z1 have derived two dimensionress groups
to charact,erLze the infruence of the gas supply system upon
bubbl-e formation by considering the acousticar_ capacitance
of the ante-chamber and the resistance to frow of the
orifice channel. These are:

q(p- o )v.t\ÌYU
-- t^ lr-'c A O c- (4. l.l

.og

and

where

N^ = L/Dr(O

g = accel_eration of gravity
pL = density of the liquid

Og = density of the gas

V^ = ante-chamber volume(.;

Ao = orifice area

(A.2)
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. c = acoustic speed in the gas

L - length of the orifice channel

D = orifice diameter
^

Val-ues of the ante-chamber volume which make N^<<l-

approximate the condition of 'constant flow rate' , whereas

those which make Nc>>1 approximate the condition of a

constant-pressure one. Further, it has been observed IA.3l

that an ante-chamber volume 10,000 times that of the bubble

volume is required to approximate the condition of constant-

pressure bubbling. The influence of the orifice channel,

on the other hand, has been observed [a.Z] to be signj_ficant

only when NR>100 or Nn.l. Though not thoroughly tested,

the parameters Nc and N* have provided one means of

characterizíng the types of gas injection systems for the

two limiting cases of flow.

In the present experiment, in order to operate

under constant-pressure conditj-ons, the volume of the ante-

chamber was designed to give a val_ue of 200 for the

parameter Nc. The value of the parameter ND was I.32
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APPENDIX B

CALCULATION OF THE HEAT_TRANSFER COEFFICIENT

This appendix gives t,he method for converting the
vortage signal produced by the heaters into heat-transfer
coefficient- The meLhod foll-ows exactly that given by

Bard lzJ except for the point discussed in sections 8.2
and 8.3.

8.1 Surface Temperature Computation

As mentioned before, the signal was measured for
each frame from the photographic film projected on a paper
screen. The sca]e between this measured signal and the
actual signal was determingd as folrows: before photo-
graphing the bubbles, the camera was set to photograph the
scope screen only, through the auxiriary lens. using the
level control- of the oscil-loscope, the trace \^/as moved to
the extreme upper positÍon of the screen which is equiva-
lent to a known vortage depending on the oscÍrloscope
setting. The camera was then run at low speed (20 pps)

photographing this upper limit. The procedure was repeated
photographing the lower lirnit and the central point of the
screen. As the film was projected the three lines \{ere

7I
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marked and the scare of projectÍon of the signal was

determined. accordingJ-y in volts /cm of projection.
The surface temperature of the heater can be cal_cu_

lated at each ti:ne interval in the for-rowing uiay. Let. the
voltage across the heater be given by v.. Referrinq to
Fig. 4.1 we get

ph

- R+R. '-- ' r' j

R1
v = E(I -;-;=-) . /R rl-L(tt(t \u'¿l

Differentiation yields the voltage fr-uctuation dv thar
resul-ts from a small resistance f]uctuation dR;

ERr
dv=-dR , (8.2)

(R +Rr) 2

(R+Rt ¡ 2

dR = ____=;__ dv
JlÃl

Since R = Rl + y0, theno

d0 Im=Y ,

i.e.,
,:lA _ d0 ¡D (R+Rr ) 2
uv - ãR uÃ - -Enrt- ov I

aìr

Ã _ Àa (R+Rr ) 2o
- ERryó (8.3)



where

É-¿ Conversion of Fluctuations to
Heat-transfer Fluctuat.ions

To establish the relation
and the heat-transfer coefficient
a film of infinitesimal_ thickness
2a is placed on the upper surface
thick plate and immersed in fluid

D

0

Ris

VIÞ

is the record.ed signal
is the proportÍonar-ity between the recorded

data and the actual_ siqnal
the average resistance o,f the film
the average te.mperature of heater with
respect to bulk liquid temperature.

Film
L

Fig. B. l_

assumed that Fourier's
t.hrough the solid, that
is constant, at t=0, and

between the temperature e

h. Bard t2l assumed. that
, infinite length and width
of an infinitely wide and

(Fis . B. 1) "

FIuid

1aw governs the conduc-

the bulk temperature

that the heat transfer

a --'l

tion of

of the

It is

heat

f l-uid
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from the solid to the liquid is proportionar- to the dif-
ference between the sor-id. surface and bur_k f ruid temperatures.
Thus, in the plate:

ât ,à2i- â2t.
ã-T = cr (ã*z + *z) (e.a¡

where o = # is the thermal diffusivity of the plateP"Ð

material" on the firm (x=0, -asySa), the heat generated
per unit area s (y) is carried away by conduction into the
plate and by convection into the fluid, thus

(8.5)

(8.7)

ClearIy

p(y) = t3 v
\7

on the lower face of the plate which is considered at
x=ær the condition is

+-^u-v

AIso, it follows from symmetry that

<a
>a

t (Trx,y) = t (T,x,-y) and # = 0 at y=0 (e. e)

(a) Steady state behavior

At steady state ffi = 0, i.e., t(T ,x,y) = to(x,y)
and Equation (8.4) reduces to



ât 2 at 2

o + o - o rp q\
ðx2 âyr 

\u'r'

Separation of variables leads to the solution

ao,À= (ae-Àx + g"À*) (c sin Ày + D cos Ày) (8.10)

whereÀisaconstant.

By Equations (8.7) and (B.B), C=0 and B=0, thus,

(8. 11)

Differentiation vields

ât rco

--ã; = I ^o 
,^, "-À* "o" Ày dy (8. 12 )

0'

Substituting from Equations (8.1I) and (8.I2) in (8.5),
we obtain

tæf -1.,t^ ì = I a(f) e "^ cos Ày dÀvr/\ |
0'

r*
| (h+icr) A(r) cos Ày dÀ = F(y)

ot

.fæ
(h+kÀ) e(¡,) = i I F(y) cos Ày dy'ilI

U

(8. 13 )

Thus F (À) is the cosine Fourier transform of (h+kÀ) a(¡,) .

By the well known inversion formula we get
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Iz
lTo

rT f'

Ilq
J

sin aÀ

cos Ày dy

-Àx

Therefore,

(8. 14 )

(rJ.J_5J

(8.16 )

to (x,y) sin aÀ/ñ= 
- T ,I-

The quantit.y actually measured. by

not to(0ry), but its average over
film, designated by Ooi that is

the thin film heater is
the whole width of the

't

va

¡a
I t^ (0, y) dy

0'

2q f-sinÀa fa- ra ) ÀIET[¡-)- | cos ÀY dY dÀ
o. o l

A _ 4qa f* l--cos r,- -._oTIkl" oJ ll/- (ìJ.,+ß)

Where rf = 2a)., ß = ff ana is di¡rensionless. Note that k
is the thermal conductivity of the sol_id plate; thus ß is
not the Nussel_t, number.

EquaLion (8.16) is suitabre for the computation of
0o if 3, and hence h, are known. fn factr 0o is measured,
and h is sought. Let 6 = e/Oo be the 'apparent, heat_
transfer coefficient (negrecting heat r_oss due to conduction
through the plate) and E = +E , then rearrangement of
Equation (e.f0) would yield

cos ìy e
(h+kÀ )
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\.Ð. r- /,f

values of E ..tt be eval-uated and plotted as a function of
ß by numerical integration. This plot (Fig. 8.2) may be
entered at an observed value of ß to obtain the true val_ue

of ß, and hence h. The resur-ts are also plotted in
Fig. 8.2 in the form ß/E = h/ñ versus E which is a more
convenient form. values are ar-so given in Table 8.1.
rncidentally, g/ß is the fraction of the total heat that
is transmitted to the liquid directly from the film,s
surface. Note that as ß**, ß/g-rtr âs one would expect.

(b) Dynamic respolse

Let f (s) denote the Laplace transform of f (T) .

Transforming Equations (8.4), (8.7) and (B.B) yietds,
respectively

sr* r = ,À1:**fn*(r=o) = (ã"= * frË ) x>o , (8.18)

tr< = 0 x=@ , (8.19)
and

ât*-ão = o o=o (8.20)

Assuming that both t and h are subject to reratively smalr
variations from their steady state values, they can be

represented âsr
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ßtß = h/h
o.4

E

Apparent Vs True
Coefficient

o.2 o.6

Fig. 8.2 Heat-Trans fer

Fig.8"2
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h(r) = ho * ñ(r)

where to(xry) is given by Equation (tt.15). Thus,

Therefore,

and

t't

and condition (8.5) becomes

t (T,x,y) = to (x,y) + È (r,x,y)

:-. .r2i* rzi*st* = 0( - + S) x>o , (8.2r)ox- ây-

at y=0 , (8.22)
À+*

^-- - voy

ât x=co , (8.23)

F(y) = lho * ñ(r)] tro + Ëtrll o(+ * *l

^t-=ht +Ër +h; L"-o_v ãt. ^!"O"O ' "tO -r t'O" o -â* - K ãx at X=0

where the second. order term ht has been neglected. But

r(y) = hoto - +
and therefore

at x=0
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or after transformation

th*+

whence

{-)k | ¡ ¡r rL" i ^t,ri e
0'

/,, . 
=-{^- + - x

at x=0 ,

at x--0 | (B "24)

cos Ày dÀ \tr. ¿J )

cos Ày âÀ \ö. ¿o )

A(À)lcos Ày dÀ = 0

, (8"27)

X
dÀ (8.28)

ñ.o+noi k*=o

, oLt{ 

- 

: tt
dX

/^2 S-vA -r - xn

l^ L+

As before, Equation (8.21) may be solved by means of
separation of variables; this time yielding (with conditions
(8.22) and (8" 23) )

at*--r: -orç

Substituting

/t2VA

- zqñ* (= )
]T

A(À) e

oA(l) * k

,S

(8"15), (8.25) and (8.26) into (8.24 ) yields ,

ñ*(s) + hf- ,2q sin aÀ

o J t TIf-fE;TfTf

Therefore

1- ^.:.zq srn aÀ ñ* ¿_r
nÀ (h^ + kÀ) (rr^ + L,/iiì-El " \Ð'/

t..¡Oo..'

and

Ë*(s,x¡y) =

0

.t-

^.i '^ ^ lÞ¿Jr <1 
^

cos Àv e

r--.--=
-,/x2 + |

À(ho +

widÈh

kÀ ) (ho
r-klxz +

with the average over of the fil_m beinq

0,'
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õ* ("1 = ] l" r* (s ,o,y) dy' a J ' 'J'

= qñ* (" ) i* _r cos 2i-iã- 
rJ ,u^ 

(8.2e)

Values of ñcrl and õ tr) may be regarded as an input and
output to the thin firm rsystem', respectively. The trans_
fer function of this system is, by definition

H(s) = 9.,"1 = # f- -- 1 - cos 2ar - u.,. ,ñ* (s) nt o) 
^z 

(ho + k^) (ho + k (À, * gD

or

H (s) = - 2qß' f- 1 - cos r/ 
o,,,

'n3 oJ du (B'30)

- 2atwhereß='o"o,
k

¡n't ho
-.¡s rl - --:

,zr0cp

The negative sign of H(s) i-s expected; when h increases,
t decreases.

The frequency response of õ trl to ñ (rl may be

obtained by substituting iur for s in (8.30). The resul-t is

M(o)=H(io)=-+* i ;.: ::t-"oiú ,,,-u,l,(8.31)nh; o) ú'(ß+ú)(ß + /r1,, + ißr:$)

Typicar frequency response curves are protted in Fig. 8.3
where the integration in Equation 8.31 is evar-uated
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B4

numerically using the Gauss method.t

The function õCt), as given by Equation (8.3) and

hence ñ(rl are very nearly periodic functions, as the
signaÌ repeats itser-f with each bubble or each series of
bubb]es. Thus õ and ñ can be represented Ín a Fourier
porynomial and H(s) is thus best expressed in its frequency
response form. Bard t3l has set a technique to erimina.te
ju¡np discontinuities which appear in derivatives of õ trl .

He claims that a series of such a function with jump

discontinuities convergres srowry and the partiar sum mis-
represents the function at the points of discontinuities.
The procedures suggested by him were found here to be

lengthy and impractical since it v¿as carculated that such a
function convergfes quite rapidly and gives an error of only
2 Lo 3 per cent at the point of discontinuities, âÈ r-easc
for the case of a triangular wave which has such jump

discontinuities. Thus õtrl can be represented directly as

-n
ti Gl = rio ao (sin T t * br.) (8.32)

where p is the period of the signal for the bubbre or a

series of bubbl_es. Now ñ(rl can be calcul_ated as

_ n â.,-
rrCrl = ¡ $sin(2nkr*rk=o eK p 'k ÚL) (B'33)

where

t Handbook of Mathematical Functions, Edited by MiltonAbramowitz and frene A. Segun. p. BB7.
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o, erÚk = Ml2rk)
k --L 

D t

which is t'he frequency response at each particurar frequency.
The constant= -k and. bO are determined by the formula

dk = i i!; õ: =" 'j*n

"k = I ii: ã, 'o= 
?jr'n

and

-k= (ef + uil\

e-
b,- = ¿¡s¡¿¡ (=5yK 'd.

K

where N = number of time intervals in a period. Forr-owi_ng

the magnitude of ñtrl at any time can be ca.cur-ated as the
sum of the series in Equation (8.35). Before doing any
calcurations the data measured from the films rvere smoothed
to el-iminate spikes and other gross random f r_uctuations.
The procedure applied successively at alJ- points of the
period chosen for analyses was as foll_ows. Let Vn_2 |
v \/ =¡¡l \I l-ra fnr,-"n_l , ,n crrtu. . n*l lvu¿ successive voltage feadings.
The quantities

x = r¿(v - + v ìn-l- 'n*f '

v-2V - -v- n-I - n-2

and
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were calculated and

If min (x, y)

IfV <minn

IfV >max
n

The procedure is il

V* was adiustedII
( tt / 

': u., : max (xry) ,

(xry) , V_- is set'n
(xry) , V-, is set'n
lustrated in the

as follows:

V' is unchanged.

equal to min (x,y)

equal to max (xry)

figure bel-ow.

V

n-2 n-1

8.3 Com utation of the Mean Values of Surface
Tem rature and Heat-transfer Coefficient

since it. is necessary to know the totar varue of the
heat-transfer coefficient þ we need to calculate the average
heat-transfer coefficient (time mean) ho. Al-so, ho is
needed for computation of Equations (8.30) and (8.31). The

rerat'i-on between the mean surface temperature and the mean

ho is given by Equations (8.16) and (8.17).
Thus, to calcul-ate ño , combining the relat,ions

R = Rr * vÊo ¡'o

0.239 v2A = --Ë- cal/s

rangie
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where A is the

^v

n
o

surrace area of f.he f i lm lra=*-or rnrilr¡gq. LÞ! , cttlLl

we get
n ??q a/R = Rt + v'aJJ I

al

^^o
(8. 34 )

The quantities y and A are constantsi thus, Bard claimed
that wit.h ño independent of the heat f l_ux, a plot of R

v2versus F t" a straight tine. Val_ues of R and S ,r"
calculated and the value of ño is computed using the least
square approximation.

The assumption made by Bard that ñ is independento
of the heat fl-ux could be correct in the case of bubbling
especially for the heaters near the orifice (l and 2) where

the flow is highry agitated, but this assumpt.ion is ress
likely to be correct for the far heaters and is not correct
for the no bubbling case where the heat transfers by free
convection and ño depends on the heat flux, i.e., 

"" F
Therefore, the car-cutation of h^ is performed using theo
following method: the resistance of each heater was

measured at the l-owest and the highest voltages (0.1 and

11.0 volts' respectively), the latter actuarly having been
used for recording the fructuation d.uring the bubbling
experiments. At the lorvest voltage the heat generated is
so small- that the firm temperature is considered approxi-
mately equal to the bulk hexane temperature. The hiqher

-.2
;-
-t1
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reqistance reading corresponds to the average temperature

of the film heater either during bubbling or with no

bubbling at 11.0 volts. Usinq the relation

R=R'+y0
fì'^

the average temperature of the film heater 0o can be

cal-cul-ated and hence ñ^ from the rel-ation ñ = ? witho __ ___ __ __o 
oo

values of ho then being obtained from Fig. 8.2. values
of ñ^ and h^ are given in Tabl-e 8.2 .oo
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Values of

Table B-2

Mean Heat-transfer Coefficient h
ar

l{rr ¡'low
Rate
cc/ s

há^Cal/cñ' s o C

h¡¡^
CaI/ã,2 s oC

2

Al-1 Four
Heaters

0"94

0 .94

n o/v. J=

0 .94

2.2

11L.¿

0
(no bubbling)

0.069

0.0s54

0.038

0.0335

0.090

0.063

0.030-0.033

0 . 0515

0.0365

0.0206

0.01_78

0.067

0.0435

0. of5B*

The average value for the fourthe maximum deviation from theindividual heater is t 22.

heaters is given;
averagie for any



APPENDIX C

ERROR ANALYSIS

C.1 Signal to Noise Ratio

The signar-to-noise ratio is measured for each heater
from the recorded signal on the visicorder sheet. rt is
defined as the ratio between signal ampritude, peak to peak,

and noise amplitude, peak to peak. The ratio was found to be

Heater No. Signal-to-noise Ratio

3

=

40

35

L2

22

The low ratio for Heater 3 may be d.ue to poor connection
between the heater and its two electrodes. Thus, the
maximurn error introduced due to noise is less than l0
per cent"

C"2 Computational Errors

The met,hod in Append.i-x e introduces some approxi-

qn
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mations. These are discussed below.

l-. The assumption of an infinitery thick prate was

discussed by Bard. who performed calcurations for the case

of a finite plate and found that Lhe results did not dj_ffer
by more than 3 per cent in the range of interest, though the
method is more complicated. Therefore, litt,le error wilt
resul-t if the infinite thickness resrll-ts are used.

2. The geometry of the fil_m heaters is not exactl_y that
assumed in the derivation. They are not infinitery long.
since, however, their length is approximatery ten times
their width, heat loss from the ends may be neglected.
Arso, some error may be introduced in the carculations for
the innermost heaters due to (a) the heaters curvature, and

(b) the proximity to the orifice, which contïavenes the
assumption of an infinite p1ate.

3. considering the erroï introduced due to neglecting
ñË in deriving Equation (8.24) , it was found in experiments
that È turned to be small ielative to t_ (Table 5.1-), ando
h was of the order of 30 per cent. of ho. Retaining the term

ñË woutd reprace ñt^ wirh ñ1t^+Ë) in Equation (e.zq). sinceoo
this is the only term involving ñ, the expected rel-ative
error in ñ is approximatery I which was found to vary'o
between 0.2 and 9.3 pet cenL.

C.3 Measurement Errors

r. Resistance measurements: the measurinq circuit
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al]owed the resistance measurement within 0.01 ohm. since
the range of resistance change during operation \^/as about
1 tr ^l^*^ r1^^r. f, ()funs, Ëne error introduced in ñ^ and y measuremenr waso

only about 0.7 per cent.

2" Signal measurement from photographic fil_m: the

oscil-loscope trace was about l- cm wide on the projection
screen. The mid point of the tine wãs approximat,ely traced
for each frame within about two millimeters. vüith the

projected signal having a magnitude of about 15 to 20 crì,

the error introduced in the varue of the measured signal
amounts only to l_. I.4 per cent which is negligible.



APPENDIX D

PROPERTY VALUES

Listed below are the propertiès of hexane and the
other materiars used in the present experiment, wh_ich is
actualry used in the calculations. The properties of water
are also l-isted in comparison wÍth those of he.xane.

D. 1 Properties of n-hexane and trVat,er I22l z

Property

Temperature oC

Density gm/cc
Thermal Conductivity

cal/cm s oK

Specific Heat cal/gm oC

Viscosity Cp

Surface Tension dynes/cm
Boiling Point

(atm. press. ) oC

Prandtl- Number

El_ectric Condl'^+ -i...ï +,.
mho/cm 

reLrvrLY

water

20 I00

t 0.96

14.3x1-o-* r6.5xl_o-a

1.0 1.0

1.0 0.31

72.75 58. B

100 100

7.0 1.9

ro-7-to-8 (oistilled)

hexane

20

0 .66
. ^- ¡+

J. J-JXI-U

0.6

v.5zo

18.43

69

a 4Ao.¿+

r n-I4 r n-] IIU _IU

93
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D"2 Properties of Perspex t27l

n^* ^.: !-.uElrÞr Ly

Thermal Conductivity

Specific Heat

Electric Resistivity

gm/cm 3

caL/cm

na1 /nmvs¿/ Y¿rr

ohm-cm

^ o^

oî

S OC

I 10

4 . f,Xt-U

ô ?<

1rì-"

D.3 Properties of Copper t6l

Density

Thermal Conductivity

Electric Resistivity
Specific Heat

Temperature Coeffi-
. cient of Resistance

Boiling point

gm/cm 3

cal/cm

ohm-cm

caL/gm

oc

B .94

0 .920

1 .^ " ^-6I"Oõ X IU

0 .092

0.0039

+
¿)óz

OC

* Boiling point of nickel is 3380.C.



APPENDIX E

COMPUTER PROGRAMMES

This appendix gives a sample of the computer

prograrnmes used for calculation of values of ß against F

from Equation (8.17) and for the conversion of the voltage
signals into heat-transfer coefficient followins procedures

given in Appendix B.

8.1 Calculation of ß versus S

The various symbols used in the following progranìme

have meanings described as follows:

FCN = integrand in Equation (8"17)

AB = lower limit of integration
AC = upper l_imit of integration
I = ß values

HA = l{ \7â | lìêCv vq+uuo

R - ratio of ß/B

95
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00') I
0002
OL)tl 3

0c04
000 5
0ccó
000 7
000 I
000 9

c tq !'J"¡ B
,IIAL TIi TEG
l:XTER'1^L FCÀl
Â3=0.0
ÀC= 50
DO I I=lrIO
B=0,C1*l

0 [ r"[.Ns tJòt z ( 401 ,7 ll+ol

A= I¡lf EG ( AB, ÂC a FCr,t I
t0t0 .BA=3.1+/12I'A!_ -.
00ll R=B/BÂ
0012 IR'ITEI(tt2l lltnA'R
0ot3 2 FCR,I AT (5Xr3Fl5.5l
0cl4 I cotlÏl\lllE
001 5 STEP



97

c SUBR^[-lT lr'rÊ f:crJ
0001 FU\CIIîN FCl.t(Pl
ool2 r)I¡'EliSIî.t Z{4ot,zz(401

._...-....0003 cf_.r.î.lî\ B
0004
000 5
0006

0008
OOOT RETUR,:I

r)l=1-crrs{Pl
l))= lpztl I * ( B+P )
FCN=i)l/D2

Er\r D
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8.2 Conversion of Volta e Signal to Heat-transfer Coefficient

The srrmlro I s

the first page

in this programme aïe all

prog'ranme.

used

of the

listed
1n
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APPENDIX F

COMBINED HEAT TRÀNSFER AND. FLOW

VISUALIZATION RESULTS

This appendix presents the various sketches comprising
Fig" 5.7 (first bubbte of a series) in much rarger scale in
order that the hydrogen bubbl_es movement (as indicated in
the water bubbl-e sketches by the arrows) may be clearly
seen; this material is shown as Figs. F.I(a) to F.l(g) .

Also presented here as Figs" F.2 (a) to F "2(t) is similar
material- for Bubble 25-3-5 in hexane and Bubble lB-1-5 in
water, each is the last bubble of a five bubble series.

The detailed behavior of the fl_ow and h was discussed
in section 5.2 for the first bubbr-e of a series (rig. F.l) .

For the last bubble of the series (Fig. 8.2) the heat
transfer behavior during the bubble cycle is sj:nilar to
that during the first bubble except for the following:

(i) The heat-transfer coefficient h does not undergo

a marked increase as did h for the first bubbl_e of a series
in the same phase of growt.h (while the bubb]e interface is
moving outward) as shown in Figs. F.2 (a) to F.2(c). This
is observed to be the case for arl intermediate bubbl_es as

wel-l.

IUf,



106

(ii) as the bubble departs from the surface the
flow can be seen to resembre a reversed. stagnaLion flow as

described in chapter 5. This is clear in Figs . 8.2 (f) |

9.2 (9) and F.2 (h) " The fl-ow starts decav.i ncr arþar F. 2 (f )

causing a decrease in h"

(iii) The sudden rise in h for the fÍrst heater,
shown in F"2(g), is due to the smalr bubbl-e being drawn

below the surface of the plate and the liquid rushing in to
replace it.

(iv) The signal rever- is higher for Heaters 3 and 4

than for the same heaters with the first bubbre of the series;
this is no doubt because t,he frow in the vicinity of these
heaters becomes significantly agitated after the third
bubble of the series.

other than the above four points the heat-transfer
coef f icient variations a.re almost the same, having a maximum

h at approximately detachment for Heaters l_ and 2 and

lagging after detachment for Heaters 3 and. 4.
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