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ABSTRACT

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 layers. In the present study, air
bubbles were generated at an orifice on a flat plate in a
pool of n-hexane. On the plate, in close proximity to the
orifice, there were deposited a series of small film
heaters, which also acted as resistance thermometers giving
easily~-distinguishable signals on an oscilloscope. High;
speed cine photographs of the bubble growth and departure
cycle were taken while simultaneously recording the oscillo-
scope trace over the bubble images on the film. This then
allowed the relationship between the instantaneous values
of the heat-transfer coefficient and the bubble cycle to be
unambiguously determined. In conjunction with the above
experiment, hydrogen-bubble flow-visualization sfudies, in
the vicinity of an orifice at which air bubbles were
generated in a pool of water, indicated the liguid flow
patterns near the heater surface. The behaviour of the
heat-transfer coefficient as a function of time in the air-

- hexane experiment was explained in terms of the bubble-
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induced liquid motion near the heaters.

| It was found that the method described is well-
suited to the detailed étudy of the heat-transfer variations
with time in barbotage and the data obtained showed that the
maximum 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 risé to relatively high 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 complexity arises partly because
of the interdependence of bubble evolution and heat
transfer rate. Several authors [1,2,13,14,15,23,29,30,
38,39] have therefore sought to improve the understanding
of heat transfer across bubble-stirred boundary layers by
simulating nucleate boiling using 'barbotage' which is the
bubbling of gas through a drilled or porous surface into a
liquid. Such systems are attractive for the study of
bubble-stirred boundary layers because the bubble generation
rate is independent of the rate of heat transfer and can

be accurately controlled and measured. Further, in boiling,



there are heat transfer mechanisms involving both latent
heat effects and heat transfer through the liquid, while
in general, in barbotagé, only heat transfer through the
liquid is present. This is an advantageous simplification
which will no doubt help to establish ?he relative contri-
bution of these mechanisms in boiling.

There is at the present time, however, still some
confusion as to the relative importance of the various
heat-transfer mechanisms which occur in boiling. All
mechanisms combine one or more of the following assump-
tions: (i) heat transmission is essentially due to
convective phenomena, enhanced by the bubble formation,
through agitation produced in the liquid [12,16,25,34,35j;
(1i) the growing bubble displaces the boundary layer from
the surface; when the bubble detaches a returning flow of
relatively cold liquid takes place, subtracting heat from
the heating wall; evaporization for bubble growth occurs at
the liquid-vapor interface and the required heat comes from
the cooling of the superheated liquid layer, being pushed
away by the growing bubble [10,21,42]1; (iii) the‘growing
bubble leaves a liquid microlayer adhering to the wall;
because of the rapid evaporization of such microlayers
into the bubble, removal of large quantities of heat occurs
directly from the heating surface while the bubble is
- growing [8,31,33,37].

A number of authors [1,13,14,15,29,30,38,39] have



studied heat transfer in barbotage, dealing with time-
average heat-transfer coefficients. Bard and Leonard [3]
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 bubble detaches
from the surface. Their conclusions were based on heat
transfer measurements and other observations, but wiﬁhout
simultaneous high-speed cine photographs of the bubble

cycle.

1.2 Purpose and Scope

In the present work high-speed cine photographs of
the bubble cycle were taken while 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 wvarious phases of the bubble cycle.
In addition, as an aid in explaining the heat transfer
behaviour, flow visualization studies were made using the
hydrogen‘bubble technique.

In brief, air was introduced through an orifice in
a plate submerged horizontally in a pool of hexane. On
the plate, four thin film heaters were vapor-deposited at
varying distances from the orifice. These films were used

also as resistance thermometers to indicate the temperature



variation on the heat-transfer surface around the bubble.
The signal produced by any of the film heaters could be
displayed on an oscilloscope. High~speed motion pictures
were taken showing a continuous record of the bubble cycle
simultaneously with the signal displayed on the oscilloscope.
The voltage fluctuations were measured and converted to
heat-transfer fluctuations and then examined in relation to

the bubble cycle.

1.3 Layout of the Thesis

Following a general review of the work in the fields
of nucleate boiling and barbotage concerning the different
mechanisms of heat transfer in Chapter 2, Chapter 3 includes
a detailed description 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 results as well as discussion. The most
important experimental results are shown in Figs. 5.1, 5.3
and 5.7 with the attendant discussion appearing in Section

5.2. Finally, conclusions are given in Chapter 6.



CHAPTER 2

REVIEW OF BOILING AND BARBOTAGE

HEAT-TRANSFER MECHANISMS

2.1 Boiling Heat Transfer

Much of the research concerning nucleate boiling
has been conducted during the past several years in order
to determine the mechanisms, evidently due to bubble
formation, that are responsible for producing the high
heat fluxes associated with boiling.

It was often assumed in early work that the violent
agitation caused by the bubbling process explains the high
heat-transfer coefficients observed [12,25]. Thus, boiling
was regarded as a form of forced convection heat transfer.
Gunther and Kreith [16] and also Rohsenow and Clark [34,35]
proposed that growing and collapsing bubbles create random .
microconvection currents of high velocity in the region of
liquid adjacent to the heated wall and suggested that this
microconvection is the dominant transport mechanism for the
high heat fluxes observed with surface boiling. Forster
and Zuber [12] favored the movement of the bubble boundary

while bubbles are still attached to the heating surface to



be the main factor in promoting the heat transfer. On the
other hand, Forster and Greif [11] suggested that a more
efficient heat transfer mechanism occurs when the growing
bubble displaces the superheated liguid layer entirely

from the surface. Cooling then occurs during departure when
cold liquid suddenly quenches the hot surface, increasing
the heat flux locally.

In recent years other models have been proposed;
each envisioned some specific flow pattern in the liguid
and attempted to predict the heatwtransfer coefficient.

In a theoretical paper Hara [17] traced the trajectories
of fluid particles on the edge of the thermal boundary
layer. He predicted that each particle moves away from
the bubble while the latter is growing, but reverses
direction after bubble detachment. There is a net step
towards the bubbling site during each cycle. Eventually
the particle reaches the site and evaporates. Hara
calculated the heat flux cafried by this liguid 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 correlation for the heat-transfer coefficient.
Ruckenstein [36] assumed that the liquid is displaced
horizontally outwards from the bubble site at a velocity
that equals the rate of growth of the bubble radius. He

used the general correlation for the steady flow along




“horizontal plates to predict the equation for the heat-
transfer coefficient without any experimental verification.
The present study, howe&er, 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 coefficient.

Tien [40] hypothesized that the updraft caused by the
rising bubble produces a flow field in the liquid similar
to a reversed stagnation flow. He employed equations for
such flow to predict the heat-transfer coefficients on the
surface. While Zuber [46] did not trace any specific
pattern in the liquid he rather viewed the hydrodynamic
aspect of the boiling process as a case of turbulent natﬁral
convection induced by the lower density of the vapor phase
forming on the boiling surface. He postulated that the
heat transfer mechanism is due to the bubble-induced flows
in the boundary layer adjacent to the heating surface.

Some recent work has cast some doubt on the dominant
role assigned to bubble-induced agitation as the main
promoter of heat transfer. Moore and Mesler I3lj have
observed the temperature-time fluctuation of a boiling
surface with a high-response thermocouple. They noted
regularly an exceedingly rapid drop in temperature followed
by a smaller rapid rise and a gradual reattainment of the
~ initial temperature. They estimated that a value of heat-

transfer coefficient up to 47,000 BTU/hr ft? °F (6.34



cal/cm? s °C) would be required in order that sufficient
heat be withdrawn from the surface to cause the observed
temperature drop. As these coefficients were well above
what would be expected if convection were the important
factor, they postulated the existence Qf a microlayer of
liguid underneath the bubble and attributed the large

- rate of heat removal to the rapid evaporation of this
microlayer.

Bankoff and Mason [5] injected steam bubbles
into subcooled water and measured heat-transfer coef-
ficients at the surface of single bubbles. To account
for the observed transfer of latent heat, values of the
heat-transfer coefficient over the surface of the bubbleé
has to be as high as 320,000 BTU/hr ft? °F (44.2 cal/
cm? s °C). They, as well as Bankoff [4] concluded that,
although the stirring action dominates at relatively
low heat fluxes, the latent heat transport becomes the
dominant mechanism near the upper limit (burnout) in
nucleate boiling.

Rogers and Mesler [33], using a technique'to photo-
graph the growing bubble while measuring the surface
temperature beneath it, showed that the surface cools
during bubble growth and recovers during bubble departure:
a sudden temperature drop corresponding to the initiation
- of a bubble growth occurs. Their study did no indicate

the reason for the cooling to stop so suddenly when the



bubble departs as was observed.

Hendricks and Sharp [18] also suggested that an
evaporating microlayer a£ the base of the bubble is respon-
sible for most of the high heat flux in nucleate boiling.
They observed that the drop of temperature is during the
growth period and the temperature reaches a minimum as the
bubble approaches its maximum diameter. They also observed
a small but measurable rise in heat flux in the area near
the bubble during bubble release. Thus, they mentioned
that the evidence was not quite conclusive that the
quenching mechanism due to bubble detachment is ineffective
in all cases of boiling. This conclusion was made since the
heat ribbons used in their experiments had a very small heat
capacity. Hendricks and Sharp indicated that if boiling
takes place on a more massive solid it is possible that
the quenching mechanism may be significant.

Sharp [37] demonstrated the existence of an evapo-
rating liquid film at the base of the bubbles during
nucleate boiling. The microlayer thickness was computed by
Hospetl and Mesler [19] who showed that the bubble behav1or
is consistent with the microlayer evaporation and the
microlayer thickness agreed well with that reported by
Moore and Mesler.

In pool boiling from a nickel wire, Rallis and
- Jawurek [32] 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 latent heét transport and convection
together account for the total flux in saturated nucleate
boiling. 1In a very recent paper, Fontana [10] showed that
an amount of heat equal to 60-70 per cent of the total heat
necessary to produce the vapor contained in the bubble is
transmitted from the hot surface to the bubble during its
growth, the area of heat transmission being approximately

the largest contact area of the bubble on the heater surface.

He also showed that the remaining 30-40 per cent of the
heat is transmitted during the waiting period from the hot
wall to the liquid rushing into the bubble site after its
detachment. Fontana observed two heat transfer increases;
one at the beginning of bubble growth with a maximum heat-
transfer coefficient of 30,500 - 41,000 BTU/hr ft2°F

(4.16 - 5.55 cal/cm? s °C), the second at bubble detach-
ment with a peak of 2,050 - 3,050 BTU/hr £t2°F (0.278 -
0.416 cal/cm® s °C) which is much higher than those
obtained without ebullition. He thus agréed witﬁ the
hypothesis that the bubble at detachment produces a return
of relatively cold liquid subtracting more heat from the
surface. It was also found by Fontana that the nucleation
strengthens the thermal exchanges outside the bubbles area
- of contact producing approximately a doubling of the convec-

tion coefficients in comparison to the values 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 beiling heat transfer'stili exists, was
demonstrated above. The cause of this is to be found in
the complexity of the process, in which several inter-
dependent phenomena occur simultaneously. Thus, bubble
growth depends, among other things, on agitation due to
bubble growth and motion. In addition, the process
depends on some stochastic factors such as nucleation,
distribution of bubble sites and their condition at the
start of boiling.

For this reason, one would like to separate heat
transfer and bubble cycle, those being the phenomena
where interaction is the most reciprocal. Therefore,
as already mentioned, sevgral authors [1,2,13,14,15,23,
29,30,36,39] have sought to improve the understanding
of heat transfer across bubble-stirred boundary layers
by simulating boiling 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.

When considering barbotage as an analogue of

boiling, various aspects may be examined, which may be
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purely hydrodynamic or may include heat transfer. Zuber
[45], Wallis [43,44] and Kudirka [23] have noted the
similarities in appearance of the bubbling flow regimes

in barbotage and in saturated nucleate boiling. The
similarity of initiation, of growth rates and growth times
have also been pointed out [44]. In boiling, a hydro-
dynamic crisis has been postulated to occur at the critical
heat flux (burnout). In barbotage a similar one has been
postulated and studied [1,39,44,45].

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 [30] produced bubbles
electrolytically and found that electrolytic bubbles,
although much smaller than the usual boiling bubbles, are
effective for the enhancement of heat transfer. Gose,
Acrivos and Peterson [14], using both drilled and porous
surfaces, found that the ﬁagnitude of the heat—-transfer
coefficient in barbotage increased greatly as thg 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. They, as well as Akturk [1]
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. were cor-

related by Sims, Akturk and Lutterodt [39] and showed to
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closely correspond with boiling data in the case of porous
plates and within an order of magnitude for drilled plates.
Sims and Duffield [38] défined a "heat-transfer-coefficient
through-the-liquid" 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 concluded that, 'at the same dimension-
less vapor/gas flow rates, the dimensionless heat~-transfer
coefficients-through-the-liquid are closely comparable in
magnitude in boiling and barbotage.

Bard and Leonard [ 3] conducted experiments to
determine the effect of air bubble trains injected into
liquid (hexane) on the heat-transfer coefficient on theé
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 time of bubble
detachment from the surface, i.e., the chief contribution
of bubble-induced agitatioh to the promotion of heat
transfer from the heating surface occurs around the time
of bubble detachment. The phases of bubble growfh and risé
have at most a minor effect. Values of the heat-transfer
coefficient up to 1,000 BTU/hr ft® °F (0.136 cal/cm? s °C)
were observed in their studies of barbotage experiments
while in actual pool boiling, values between 150 - 3,000
"BTU/hr ft? °F (0.0204 and 0.416 cal/cm?® s °C) were observed

by Kurihara and Mayers [24] for hexane and other organic
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liquids. Bard and Leonard also postulated that only at
higher heat fluxes does it seem that agitation alone could
not account for the observed heat~transfer rates. In those
cases latent heat transfer must contribute significantly.
However, even then, agitation plays an important role.

In a more recent experiment Frea and Hamelink [13]
studied the heat transfer with gas injection through a
porous wall 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 low or negative temperature
difference from the pool temperature. Under such conditions,
the vaporization mechanism produces the major component of

heat flux directed away from the heater.




CHAPTER 3

EXPERIMENTAL APPARATUS

This chapter presents a description of the experi-
mental apparatus and the different instruments used for

measurements as well as the photographic equipment.

3.1 The Plate

The main part of the apparatus was a circular plate
on which the heaters were located. This plate could be
fastened to the top of a cylindrical‘chamber. The assembly,
with the plate horizontal, was immersed in a small tank
filled with hexane which could then be considered as the
bubbling chamber. The plate was made of acrylic ("Perspex")'
of % inch thickness as shown in Fig. 3.la. Perspex was
chosen since it combines the characteristics of (i) good
machinability, (ii) low thermal conductivity, which
decreases the amount of heat conducted into the plate, and
- (1iii) good film adherance for deposition of heaters.

A 0.038 in. (0.95 mm) diameter orifice was drilled
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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reduce the pressure drop through the orifice. The final
geometry with length to diameter ratio of 1.32 satisfies
one of the criteria for éonstant pressﬁre bubbling (See
Appendix A for more details).

Four copper thin films, used as surface heaters and
resistance thermometers, were vacuum-deposited at various
distances from the plate centre, as shown in Fig. 3.1lb.
Each copper film was approximately 0.02 in. (0.5 mm) wide
by 0.2 in. (5 mm) long having a resistance in the range
30 - 50 ohms, which corresponds to a thickness of approxi-
mately 56 - 34 A. The film heaters and plate orifice
dimensions were measured on a microscope provided with two
micrometers at 90° to each other. The full dimensions are
given in Fig. 3.1lb and Table 4.1. The film heaters were made
curved in shape so as to make all points of the film equi-
distant from the centre orifice, with the exception of the
innermost one which has the shape shown in order to
facilitate connections to the electrodes.

The films were deposited on the plate using the
vacuum evaporation technigue [28]. In order to échieve the
design shown, a copper sheet mask was placed on the plate
during deposition, baring only the spots where the heaters
were to be located. This mask was made by a process of
photographic etching.

Thin films were used by Foltz and Mesler [9] and by

Bard and Leonard [3] in their experiments. The heaters were
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found to give accurate surface temperatures beneath bubbles
and were capable of indicating temperature changes as
fast as 145 °F/ms. |

To facilitate making electric contact, for each film
heater, a pair of 0.018 in. (0.475 mm) diameter copper wires was
inserted and glued into holes drilled where the ends of the
film would ultimately be; the wires were trimmed and
polished flush with the Perspex surface before the film
was deposited. The wires from the heaters were then
connected with another set of wires which left the plenum
chamber through a "Conax" pressure seal gland.

Several depositions were tried using nickel and
copper. Although nickel has a higher temperature-coef-
ficient of resistance and higher resistivity, copper was
found to be much easier to deposit because of its lower
melting and boiling points. Also, by using copper, the
generation of thermoelectric potentials at the contacts
with the electrode due to ény possible asymmetry in the

orifice-film locations was avoided.

3.2 The Plenum Chamber

The plenum chamber was fastened to the bottom of the
plate. It consisted of a 5.25 in. (133 mm) outside diameter
Perspex cylinder of % in. (63 mm) thickness and 6 in. {152 mm)

length closed on the bottom end by a Perspex plate glued
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to it. On the upper side a 5 15/16 in. (150 mm) diameter
flange was also glued to allow the drilling of holes for
fastening the plate, as shown in Fig. 3.2. The chamber
had four side radial openings to take the "Conax" pressure
gland, a connection for air inlet, a manometer 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 (discussed
in Appendix A) had to be met. That is, the supply ante-
chamber volume had to be more than 10,000 times the bubble
volume, or in other words, the value of the parameter NCA
has to be much greater than unity. For the present
case the estimated value of the ratio of the chamber to
bubble volume was about 15,000 (based on a 4% inch bubble
diameter), while Nc value was about 200, which is far greater

than unity.

3.3 The Bubbling Tank

The plate and plenum chamber assembly was suspended
horizontally with three Perspex rods in the tank, which was
a glass aquarium 7 x 12 x 12 in. filled with hexane and
through which photographs were taken. Hexane was used
4because of its low electric conductivity (see Appendix D)
.and its physical properties which are reasonably similar to

water.
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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 supply at
80 psi and reduced in pressure to 5 psi in passing through
a pressure regulating valve, air then passed through a
"SHORATE" Model 1355 flow meter with a maximum range of
7.8 SCFH (14.1 cc/s) and through a Fisher-Milligan gas
washing bottle filled with hexane before finally going to the
plenum chamber. The pressure inside the chamber was measured

using a manometer filled with 0.827 sp. gravity oil.

3.5 Electric Instruments

The electric circuit, whichwasessentially a Wheat-
stone bridge and is shown in Fig. 3.4, was constructed for
the purpose of measuring the film heater resistance and
recording and displaying the resistance fluctuations for
each of the four thin films. The power supply source was
a 12 volt battery connected in parallel with a 2,500 ohm
potentiometer which permits the change of voltagé from
zero to 12 volts. An electronic power supply 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 null detection. It
“has a maximum sensitivity of 0.067 pv/mm (0.1 uv/scale

division) and produces a noise level of only 0.1 micro-
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volt peak to peak.

For display purposes a Tektronix 453 oscilloscope
was used. It has two cﬁannels and provides a vertical
displacement up to 0.2 cm/mv each. This Tektronix oscillo-
scope was used since it has a high accelerating voltage
(10 KV) and a Pll screen phosphor which is superior for
photographic applications. A direct-recording optical
galvanometer (Honeywell 1706 Visicorder) was used in
parallel with the oscilloscope 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 oscilloscope. This was done by a
Hewlett and Packard 2470 A amplifier which can give gain
up to 1,000 times.

The signal to be recorded was the variable component
of the potential across the film, i.e., the voltage fluctua-
tions only. Thus, the signal was measured between points
A and B shown in Fig. 3.4. The decade box resistance R was
adjusted until a zero DC reading was indicated by the
oscilloscope and the null indicator. |

All inputs and outputs were grounded to minimize any
60 cycle noise pick-up. Also, shielded cables were used

for all connections.

3.6 Flow Visualization Equipment

In order to observe the liquid flow pattern around
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grqwing and departing air bubbles, tiny hydrogen bubbles
(0.05 - 0.2 mm in diameter) were generated in water on a
plate similar to the one.used in the heat transfer experi-
ment and described in Section 3.1, except that there were

no heaters. 1Instead, four copper wires of 0.008 in. (0.20 mm)
diameter were inserted through the plate and glued in holes
on a diameter on each side of the 0.038 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 whole 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 cathodes, so
generating a continuous stream of hydrogen bubbles from
each wire, while a stainless steel plate 2 x 3 in. (51 x 76
mm) immersed in the electrolyte acted as the anode. The
air circuitry was the same as described earlier, except
for water being in the saturator.

During operation, airwas bubbled through £he orifiée
and the resulting motion of the hydrogen bubbles was photo-
graphed. The hydrogen bubbles were small enough that their
motion due to buoyancy during the time of one air bubble
cycle could be neglected. (The maximum hydrogen bubble rise
“during a time equal to one air bubble cyclewas found to be

about 0.5 mm compared to an air bubble detachment diameter
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of about 7 mm).

3.7 Photographic Equipment

A Hycam Model 41-0004 16 mm high-speed rotating-
prism camera was used to photograph the bubble growth and
departure cycle at the orifice. It has a speed range from
10 - 11,000 frames/s and a film capacity of up to 400 feet.
The objective lens was a Cosmicar 4 in. FL £/2.5 used with a
30 mm 'c' mount extension tube. An auxilliary lens (Pentax
50 mm FL £/1.4) was mounted, using a special adaptor, on the
viewing eyepiece to enable simultaneous recording of the
bubble images and the oscilloscope trace. The photographic
film used was 100 feet rolls of Kodak 4-X reversal.

The camera is equipped with an event synchronizer
which can be set to any length of the film. The event
switch is triggered to open or close the event circuit as
the film reaches some predetermined position. It is also
equipped with two timing lights for identification and
frame rate determination. A Redlake Model RLTLG-4 Milli-
mite timing light generatorwas connected to one of the
lights and gives 10, 100 or 1,000 pulses per second output.

To mark the same instant on the film and the signal
recorded on the visicorder, the Millimite generator was
connected through the event synchronizer switch to the
timing light 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 visicorder, so marking lines
on ‘the recorder sheet and marking the film at the same
instant. It was noted that the mark on the film was lagging
about 4 frames with respect to the image, due to the
distance between the timing lights location and the image
incidence place.

The light arrangement used is shown in Fig. 3.6a.
For illumination purposes two Smith Victor 650 watt (at
115 volts) Quartz Bromine lights were used. For the heat-
transfer experiment, the lights were mounted behind the
tank with a diffusing screen between the tank and the
lights. When photographing hydrogen bubbles,‘experiments
showed that the clearest cine photographs of the hydrogen
bubbles were obtained using a black background with the
lights arranged as shown in Fig. 3.6b. To adjust and
choose the correct combination of film speed (ASA), f/stop

and camera speed, a Pentax Spotmeter III was used.
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CHAPTER 4

PROCEDURE

4.1 Average Resistance Measurement

The following procedure was followed in measuring
the resistance of the heaters with no bubbling 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 needle
valve set to the desired flow rate, thus obtaining a
certain bubble frequency which could be determined from the
visicorder trace.

3. The heater, whose resistance was to be measured,
was connected as the input in the measuring circuit through
a selector switch. The supply voltage was adjusted to the
desired value which was only a small value in this case
(less than one volt).

4. The decade resistance R was adjusted until the
null indicator was as close to zero reading as possible

(the reading fluctuated around zero). From the Wheatstone

30
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bridge balance (Fig. 4.1) it follows that
R =—R (4.1)

where
R is the heater resistance, ohms
R is the decade box setting, ohms

R:, Ry are constant resistances, ohms

Sno L

=k y

?R ?R (Heater)

Fig. 4.1

4.2 Recording and Photographing Resistance Fluctuations

The procedure was as follows:

1. As for 1. in Section 4.1.

2. As fbr 2. in Section 4.1.

3. The selected heater was connected to the input
terminal of the measuring circuit through the selector
switch. The supply voltage was set to the operating value
(usually ~11.0 volts).

4. The oscilloscope and the visicorder were switched

on and the amplifier setting was changed until a good
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observable signal was seen on the scope clearly enough to
be recorded photographiqally. The paper speed on the
visicorder was 800 mm/s (32 in/s) which is the fastest
speed.

5. The camera was located between the bubbling tank
and the oscilloscope. With the auxiliary lens set to
infinity, the bubbles image was focussed with the objective
lens. The objective was then set to infinity and the
oscilloscope 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 synchronizer
adjusted to close the event switch at about 25 ft of the
film. With the camera running at low speed (20 frame/s)
the maximum, minimum and zero points of the oscilloscope
were photographed. Switching the camera to high speed
(usually 2,000 frame/s) the bubbles image and the oscillo-
scope trace were simultaneously photographed.

6. The visicorder Was switched on a few seconds
before the camera. After 25 ft of film, which was during
the high speed run, the event synchronizer switch was
automatically triggered, connecting the timing light
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 filled with water which could be heated to
different temperatures using an electric heater. The
procedure of Section 4.1 was repeated and the resistance of
the film heater was measured at various temperatures
between 62 and 120°F (measured by thermometer to +0.2°F).
The resistance of each heater was assumed to be a

linear function of temperature, i.e.,

R =R, + vt (4.2)
where
R = film heater resistance, ohms
RO = reference resistance at zero °C, ohms
t = average temperature of f£ilm heater, °C
Y = temperature coefficient of resistance,

ohm/°C.
The value of y was then coﬁputed by the method of least
squares and the values for each film heater are given in
Table 4.1. It should be noted that y depends on film heaﬁer
thickness and resistance, as well as on the deposition process

which affects uniformity and continuity of the film heater [28].

4.4 System Gain

Since the heater output signal passed through an

amplifier before being displayed, it was necessary to check
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the gain of the whole system. A sinusoidal signal of known
magnitude was introduced as an input to the system, instead
of the original signal, displayed on the oscilloscope, and
measured. The sinusoidal signal was generated by an IEC
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 films were projected (using an L-W
Model 900 B Motion Analyzer) on a white paper giving an
image of 6% x 8 in (162 x 205 mm) and the signal was
measured in each frame (0.5 ms interval at 2,000 pps film
speed). The measured voltage signal was then transformed
to heat-transfer coefficient using the method given by
Bard [2] and described in Appendix B. The computation was
done on an IBM 360 computer at the University of Manitoba
Computer Centre with the detailed programme given in

Appendix E.

4.6 Conditions During Tests

For the results analyzed, in order to have the same
teét conditions (air flow rate, liquid height and supply
pressure) for all the heaters, four films were taken in
"quick succession, one for each heater. The conditions

during tests were as follows:



Table 4.2

System Gain

36

Cine Film

Heater Gain Scope Setting

No. No. mv/mv mv/div

25 1 10 5

26 2 10 5.

27 3 30 10

28 4 30 10

29 1 10 5

30 2 30 10
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Liquid ¢+  hexane
Gas :  air

Temperature of the

ligquid pool : 72°F (22°C)
Liguid height above
heater plate : 2.0 in ( 50 mm)
Air flow rate : 0.94 cc/s*
Supply voltage : 11.0 volts
Camera speed : 20 frame/s for low speed runs

2,000 frame/s for high speed runs

1,000 frame/s for flow visualiza-
tion experiment

Visicorder paper
speed : 800 cm/s (maximum available)

* Films for Heaters 1 and 2 at 2.2 cc/s were also taken.



CHAPTER 5

RESULTS AND DISCUSSION

5.1 Observations

During experiments it was found that at air flow
rates below approximately 1.7 cc/s, the bubbles would come
in a series of two to six bubbles, followed by a lull, then
another series of bubbles, and so on; at air flow rates
above 1.7 cc/s, regular bubbling occurred. This may be the
effect of using a small plenum chamber and a small ofifice
which suggests that the criteria for 'constant pressure'
bubbling needs more investigation.

A series of four films was 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 bubble series were photographed. Since all the
series were almost identical, one for each heater was
analyzed. Also, two films were taken for Heaters 1 and 2
at a higher flow rate. Results of those two films will
also be presented.

Fig. 5.1 gives a typical reproduction from one of

the photographic films showing one bubble cycle with the

38



—= Voltage and temperature increasing
=— Heat-transfer coefficient increasing

Fig. 5.1 Typical Photographic Film in Heat Transfer
(Film No. 30, air flow rate 2.2 c.c/s,
camera speed 2000 pps.)
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oscilloscope signal clearly recorded on the film. As any
such signal can be transjormed into the heat-transfer
coefficient, h, there can be no ambiguity as to the heat-
transfer behavior at any instant in the bubble cycle.

A sample of the recorded signal on the visicorder
for Heater 1 for a series of bubbles is shown in Fig. 5.2.
Fig. 5.3 shows the result of analyziﬁg a five-bubble series
for each heater. The plot show instantaneous h versus
time T normalized using Td’ the detachment time (time from
initiation of a bubble to its detachment) for each individual
bubble.Jr Figs. 5.4 and 5.5 show the variation of h versus T
during two bubble cycles for Heaters 1 and 2, respectively
at a higher flow rate. The results are also summarized in
Table 5.1.

Examination of photographic films and recorded
signals leéds to the following observations:

l. In the first stages of growth of the first
bubble in a series, the siénal shows a sudden drop in
temperature of the heater, i.e., an increase in the heat-
transfer coefficient h, while the bubble interface near
the plate surface is moving outward. As the interface is
decelerating 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

Tabulated data each ~0.0125 T/Td are also available from
the author.
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radius from the plate is shown in Fig. 5.3 for each bubble
on Heaters 1 and 2. As the bubble interface is moving
inward a second rise in h, larger in magnitude than the
first, was observed. The maximum h is reached as the
bubble was about to detach from the surface followed by

a decrease in h after the bubble leaves the surface.

2. The first heat-transfer increase 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 all heaters with only a small time
lag between the signal generated by each following heater,
i.e., from 1 through 4. This is demonstrated in Fig. 5.3
where it can be seen that while the h peak is just before
detachment for Heater 1, 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 bubble site, that 1is, fhe reak values as well as the
average values of the heat-transfer coefficient. This is
also shown in Fig. 5.3 where the peak and averagé values df
h can be compared.

5. The highest value of the heat-transfer coef-
ficient during experiments was 555 BTU/hr ft2 °F (0.0753
cal/cm?s°C) obtained for Heater 1 with an average value
"of 493 BTU/hr ft? °F (0.067 cal/cm? s °C). The value of

the heat-transfer coefficient with no bubbling was approxi-
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mately 114.5 BTU/hr ft® °F (0.0156 cal/cm? s °C) for all the

heaters at the same current conditions as during bubbling.

5.2 Flow Pattern

To explain the heat transfer vafiations in terms of
the liquid motion on the surface, it was desirable to
examine the flow pattern near the surface surrounding a
bubble. High-speed cine films were taken of hydrogen
bubbles around the air bubble generated at the orifice in
water. The air flow rate was set at the same value (0.94
cc/s) as for the heat-transfer experiments analyzed in
detail. However, it should be noted that the bubble
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 [45] and Fritz [41].

Fig. 5.6 reproduces. four frames from one bubble
cycle in water in the flow visualization experiments. Since
individual hydrogen bubbles could be identified and followed
during the life cycle of any main bubble, Fig. 5.7 could be
constructed; this figure allows the relationship among the
liguid flow motions, bubble cycle and heat transfer to be
examined in detail. It will be seen that the shape of the
vh versus T/Td curves can be explained by reference to the
liquid flow movement near the heater surface.

In Fig. 5.7, the first bubble in a series of five in
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hexane has been traced at various T/Td from projected photo-
graphic films; the bubble used is the first one for Heéter 1
in Fig. 5.3. The intervals of time between any two succes-
sive sketches (a, b, c, etc.) are approximately equal, the
dashed line in the sketch showing the bubble profile at the
time of the previous sketch. The heat-transfer coefficient
is also shown for the four heaters; the scale is h/haV where
hav is the time average of h including the time between
series of bubbles. The change in h/hav for any heater is
given above the heater representing the change in h during
the time interval 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 bubble. The detachment time T. for the hexane bubble

d
is 34.5 ms while that for the water bubble is 28 ms. The

arrows around the air bubble in water show the movement of

individual hydrogen bubbles in the time interval between the |

previous sketch and the sketch under consideration; similarly
for changes in h/haV shown with the hexane bubble. For the

- water bubble, fictitious heaters are shown in each sketch

at the same ratio of distances to detachment diameter Dd as

for the hexane bubbles. The same figures as well as similar

figures drawn for the last bubble of the series are shown

*'Water bubble' here is understood to mean an air bubble in
water, 'hexane bubble' would mean an air 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 T/Td * 0.6,the flow near the
surface is radially outward and the heat-transfer coef~
ficients increase, with the two heaters nearest the
bubble where the liquid velocities are the highest, showing
the most marked increases. Between (c) and (d) the flow
near the heat transfer surface begins to decelerate, causing
a maximum in, and then a decreasing h for Heaters 1, 2 and
3. At (e) the bubble interface near the heat-transfer
surface is moving inward and the flow has gone through a
reversal in direction which causes first a minimum in h and
then a rapidly increasing h for Heaters 1 and 2 as the flow
accelerates inward. Between (e) and (f) the bubble detaches
and at Heaters 1 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 follows the same
behavior as Heaters 1 and 2 except that there is a time lag;
indeed there appears to be a definite time lag from Heater 1
to Heater 2 to Heater 3. Heater 4, in general, appears to
follow 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 difficult to justify

examining the variations in detail.
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As the cycle continues, there are two effects
opposing- each other; one is the inward and upward flow
generated by the detachéd 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 bubble
interface near the heat-transfer surface starts to move in-
ward, and ending at detachment) the inward flow dominates to
give another maximum in h approximately at detachment. The
peak in h at detachment is apparent for all bubbles for all
heaters. As for the effect of the bubble growth phase, it is
expected to be more Significant at low bubbling frequencies,
where there is enough time for the inward flow to die out
before the formation of a new bubble starts a new cycle.

After the last bubble of the series, the flow
resembles a reversed stagnation flow. This flow decays
with h dropping roughly 15 per cent below its time-average
value before the next bubble series begins, for the
conditions shown in Fig. 5.3, at roughly 150 ms later.

The above-mentioned reversed stagnation fiow agreeé
with Tien's model [40]. However, the model neglects 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 are shown in
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comparison with the present results in Figs. 5.8, 5.9 and
5.16. In Fig. 5.8 the shape of h versus T curves is
examined. The signal prdduced by Heater 1 in the present
study is compared with that produced by their Heater 1
operating under the most similar conditions (as regards
bubbling frequency, orifice diameter and heater distance
from orifice); the conditions are listed on the figure.

Figures 5.9 and 5.10 present values of hp (the 'peak'

eak
Oor maximum heat-transfer coefficient obtained for each
heater) and hav at different distances from the orifice
edge, respectively. The agreement with the Bard and
Leonard results is good, showing essentially the same
shape of h against T with closely-corresponding values
of hav and hpeak'
Bard and Leonard reasoned that the detachment phase
governed the agitation heat transfer. The present study
does provide evidence that hpeak is generated at detachment.
However, although it was observed in most of Bard's graphs
[2] 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 fluctuation". This first peak certainly

appears to be the same as observed in the present experiment,

i.e., to be caused by the outflow during bubble growth.

5.3 Relation to Boiling

The present experimental results indicate that the
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bubble-induced agitation plays a significant role in
promoting the heat transfer in barbotage at the stage of
bubble detachment, althoﬁgh to a lesser extent during
bubble growth. Maximum values of the heat-transfer
coefficient of approximately 555 BTU/hr ft? °F (0.0735
cal/cm? s °C) were obtained at bubble detachment. This
value is about five times that obtained with no bubbling.
Heat-transfer coefficient close to this maximum value
might be expected over the surface in the presence of many
closely packed bubbling sites. 1In pool boiling of hexane
at atmospheric pressure, the observed values for the heat-
transfer coefficient range between 150 and 3,000 BTU/hr ft?2°F
(0.0204 - 0.416 cal/cm® s °C) depending on the surface
conditions and the amount of superheat [24]. This shows
that the peak values of h in barbotage are within the
range of h obtained for boiling, which suggests that
agitation effects make a significant contribution in
boiling for increasing h above free convective values.
However, in order to assess the relative contribution of
latent heat effects and agitation in boiling, mofe data,
currently unavailable for hexane boiling at the same
cbnditions as in barbotage, is still needed.

As was mentioned in Chapter 2, Fontana I10], in a
nucleate boiling experiment with water, observed two heat
transfer rises per bubble cycle. He defined h*, an equiva-

lent heat-transfer coefficient, as h* = Qb/ﬂr; where
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Qb.is the heat transferred from an area equal to the maximum
area of contact of the bubble with the surface, and r is
the radius of this maximum area of contact. Fig. 5.11

shows the variation of h*, as calculated from Fontana's
data, plotted against 'I‘/Td where Td is the time between
bubble birth and detachment. On the same graph (to a
different scale) the heat-transfer céefficient.h for

Heater 1 of the present experiment is plotted.

As expected, h* shows a very large peak generated
due to microlayer evaporation under the bubble at the early
stages of bubble growth in nucleate boiling as compared to
a small peak of h due to liquid motion away from the bubble
in barbotage. Shortly before bubble detachment, the area
of contact of the bubble in Fontana's experiments is
observed to be very small and much less than "ﬂré"; thus,

h* would approximate the heat-transfer coefficient from the
annular area around the bubble base and h* would be expected
to have the same behavior as h of the first heater in the
present experiment. Fig. 5.11 shows that h* and h both

have a maximum approximately at bubble detachmenﬁ.

It is evident that the high heat-transfer coefficient
values obtained during bubble growth in boiling due to micro-
layer evaporation is also aided by agitation induced by the
bubble, 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 detachment
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the high heat transfer observed is only a result of the

bubble induced agitation on the surface.

5.4 Suggestions for Future Research

l. For a more precise descriptidn of the heat-
transfer béhaviour over the different‘heaters, attempts
should be made to photograph the different signals generated
by all the heaters on the same film together with the
bubble image.

2. Flow visualization studies with the same liquid
(hexane in the present case) and performed simultaneously
with the heat-transfer experiments would be advantageous. -

3. Carrying out similar experiments with an actual
boiling site substituted for the orifice using the same
liquid at the same temperature should allow the relative
contribution of agitation and latent heat effects to be
established. It would be instructive as well to use

simultaneous flow visualization in such an experiment.



CHAPTER 6

CONCLUSIONS

l. The method of combined high-speed cine
photography, oscillography and the described flow
visualization techniques provides a method well-suited to
the detailed study of heat transfer and flow patterns in
barbotage. In particular, it is possible to explain the
shape of the instantaneous heat-transfer coefficient versus
time curves in terms of bubble-induced liquid motion near
the heaters.

2. The present results give strong evidence that
the agitation created by the bubble during its life cycle
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

coefficient is generated at detachment.
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APPENDIX A

TYPES OF GAS FLOW IN BARBOTAGE

As regards gas flow into a bubble during formation,
there are two limiting cases [26]:

(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 [A.1]
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 capillary, and perhaps
some controlling device upstream of the capillary. Never-
theless, the pressure fluctuations at the top of the
capillary which result from bubble formation are not
transmitted upstream. Thﬁs, the flow is essentially
independent of the bubble formation process.

(b) Constant pressure; which pertains to.bubble
formation at an orifice which is supplied with gas from an
ante~chamber (defined as the volume 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 practice when an orifice is supplied
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with gas by a very large ante-chamber. The rate of gas
flow into a bubble for such a system has been found to vary
throughout the formation.period [A.1].

An actual bubble formation system will operate under
conditions in between the aforementioned limiting case of
flow and, therefore, will exhibit, to some extent, a
coupling of the bubble formation mechanism with the gas
supply system as well as a possible dependence of the
process of bubble formation upon (i) the volume of the
ante-chamber, and (ii) the L/D ratio of the orifice channel.
Hughes et al. [A.2] ha&e derived two dimensionless groups
to characterize the influence of the gas supply system upon
bubble formation by considering the acoustical capacitance
of the ante-chamber and the resistance to flow of the
orifice channel. These are:

glp, = p )V
= 29 ¢c (A.1)

and N_ = L/Do (A.2)

where

g = acceleration of gravity

Py, = density of the ligquid
pg = density of the gas

VC = ante-chamber volume
A = orifice area
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¢ = acoustic speed in the gas .
L = length of the orifice channel
DO = orifice diameter

Values of the ante-chamber volume which make Ng<<1
approximate the condition of 'constant flow rate', whereas
those which make N>>1 approximate the condition of a
constant-pressure one. Further, it has been observed [A.3]
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.2] to be significant
only when NR>100 or Ngp<l. Though not thoroughly tested,
the parameters N, and NR have provided one means of
characterizing the types of gas injection systems for the
two limiting cases of flow.

In the present experiment, in order to operate
under constant-pressure conditions, the volume of the ante-
chamber was designed to give a value of 200 for the

parameter No. The value of the parameter NR was 1.32.
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APPENDIX B

CALCULATION OF THE HEAT-TRANSFER COEFFICIENT

This appendix gives the method for converting the
voltage signal produced by the heaters into heat-transfer
coefficient. The method follows exactly that given by
Bard [2] except for the point discussed in Sections B.2

and B.3.

B.l Surface Temperature Computation

As mentioned before, the signal was measured for
each frame from the photographic film projected on a paper
screen.i The scale between this measured signal and the
actual signal was determined as follows: before photo-
graphing the bubbles, the camera was set to photograph the
scope screen only, through the auxiliary lens. Using the .
level control of the oscilloscope, the trace was moved to
the extreme upper position of the screen which is equiva-
lent to a known voltage depending on the oscilloscope
setting. The camera was then run at low speed (20 pps)
photographing this upper limit. The procedure was repeated
.photographing the lower limit and the central point of the

screen. As the film was projected the three lines were
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marked and the scale of projection of the signal was
determined accordingly in volts/cm of projection.

The surface temperature of the heater can be calcu-
lated at each time interval in the following way. Let the
voltage across the heater be given by v. Referring to

Fig. 4.1 we get

_ RE
V T RrR,; 1
or
R)
v = E(l - m—l-) . (B-l)
Differentiation yields the voltage fluctuation dv that
results from a small resistance fluctuation dR;
ER,
dv = ——— dR , (B.2)
(R +R;) ?
or
(R+R;) ?
dR = ——E-R—l-——dv
Since R = Ré + v8, then
o _ 1
dR Y !
i.e.,
_ de _ (R+R1)?2
de —a—ﬁdR—'—E‘:E-Y——dV ’
or
2
§ = g6 = {R+R1)°D (B.3)

ER1v¢




where
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the recorded signal

the proportionality between the recorded
data and the actual signal

the average resistance of the film

the average temperature of heater with

respect to bulk liquid temperature.

B.2 Conversion of Temperature Fluctuations to

Heat-transfer Coefficient Fluctuations

To establish the relation between the temperature 6

and the heat-transfer coefficient h. Bard [2] assumed that

a film of infinitesimal thickness, infinite length and width

2a is placed on the upper surface of an infinitely wide and

thick plate and immersed in fluid (Fig. B.1).

Film | Fluid
8 —

l

il Plate
ple

|

Fig. B.1

It is assumed that Fourier's law governs the conduc-

tion of heat through the solid, that the bulk temperature

of the fluid is constant at t=0, and that the heat transfer
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from the solid to the liquid is proportional to the dif-
ference between the solid surface and bulk fluid temperatures.

Thus, in the plate:

3t _ t , 3%
ot - %Rz t g (B.4)
where ¢ = X is the thermal diffusivity of the plate

c
*~p

material. On the film (x=0, -asy<a), the heat generated
per unit area F(y) is carried away by conduction into the

plate and by convection into the fluid, thus

F(_Y) = ht - k ﬁ at x=0 N (B.S)
Clearly
_ (9 Jylza
F(y) {0 v|>a (B.6)
On the lower face of the plate which is considered at
X=w, the condition is
t =0 (B.7)
Also, it follows from symmetry that
ot
t(T,x,y) = t(T,x,-y) and 3y = 0 at y=0 (B.8)
(a) Steady state behavior
ot _ ; -
At steady state 5T 0, i.e., t(T,x,y) = to(x,y)

and Equation (B.4) reduces to
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ot ? ot 2
O + @]

=0 (B.9)

2 2

90X A%

Separation of variables leads to the solution

t .= (Ae M 4 petX

0.\ ) (C sin Ay + D cos Ay) (B.10)
!

where )\ is a constant.

By Equations (B.7) and (B.8), C=0 and B=0, thus,

£ o= j AN e cos Ay ar . (B.11)
o,A .

Differentiation yields

—2 = - j 2B (A e M cos Ay dy . (B.12)
0

Substituting from Equations (B.11) and (B.12) in (B.5),

we obtain
f (h+kX) A(X) cos Ay dX = F(y) . (B.13)
0

Thus F(A) is the cosine Fourier transform of (h+kA) A(N).

By the well known inversion formula we get

(h+kA) A(N) = J F(y) cos Ay dy

0

E RN
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5 a
== of g cos )y dy
=29 gin ax . (B.14)
Therefore,
t (x,y) = 29 ) sin a) cos )y e—Xx an (B.15)
o\ Kr¥l = =5 0 X (h+k1) | .

The quantity actually measured by the thin film heater is
not tO(O,y), but its average over the whole width of the

film, designated by 60; that is

1 a
0 = g j tO(OIY) dy

_ 29 jm sin )a

a
)\m J cos Ay dy dAi ’
0

or

6 = 4ga f l-cos y dy (B.16)
0 P2 (Y+8)

- Where y = 2a), 8 = 2%2 and is dimensionless. Note that k
is the thermal conductivity of the solid plate; thus B is
not the Nusselt number.

Equation (B.16) is suitable for the computation of
eo if B, and hence h, are known. 1In fact, 60 is measured,
and h is sought. Let h = q/eO be the 'apparent' heat-
transfer coefficient (neglecting heat loss due to conduction
through the plate) and B = 3%5 » then rearrangement of

Equation (B.16) would vield



2 fm l-cos d
= - — dy
"ol wE e

™l |+

Values of E can be evaluated and plotted as a function of

B by numerical integration. This plot (Fig. B.2) may be

entered at an observed value of E to obtain the true value

of B, and hence h. The results are also plotted in
‘Fig. B.2 in the form B/R = h/h versué B which is a more
convenient form. Values are also given in Table B.1.
Incidentally, B/B is the fraction of the total heat that
is transmitted to the liguid directly from the film's

surface. Note that as B>, B/E+l, as one would expect.

(b) Dynamic response

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

Transforming Equations (B.4), (B.7) and (B.S8) vields,
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(B.17)

respectively
24 % 2 %
st* —‘t(T—O) = (%;% + %§§ ) x>0 , (B.18)
t¥ = 0 x=co (B.19)
and
*
agy =0 y=0 . (B.20)

Assuming that both t and h are subject to relatively small

variations from their steady state values, they can be

represented as,



|

B/B =h/h
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t(T,x,y) = to(x,y) + E(T,x,y)
and
h(T) = ho + h(T)
where to(x,y) is given by Equation (B.15). Thus,
e = Yo 4 g
S
h ~ %
h* = 2 + |
S
Therefore,

* =
st ( 357 ay?_) x>0 , (B.21)
St *

5y = 0 at y=0 , (B.22)
t* = 0 at x=w , (B.23)

and condition (B.5) becomes

3 — T g atO S'E
(v) = Iho + h(T)][to + t(T)] - k(o + %0
ot -
= b f - x —9 _ y 9t =
= h t_ + ht + h t -k 7% ~ K 57 at x=0

where the second order term ht has been neglected. But

ot

— — O -
Fy) = hoto k 5% at x=0

and therefore
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ht + h t -k ot = 0 at x=0 ,
o o) Ox
or after transformation
~ - £ * 3 _
t h* + h t* - k =0 at x=0 , (B.24)
o) o) oxX

As before, Equation (B.21) may be solved by means of
separation of variables; this time yielding (with conditions

(B.22) and (B.23))

- e -/32 =
£ = f A()) e e a ¥ cos Ay da (B.25)
0
whence
- - e .
agx = - f A2+ §-A(x) e Z a ® cos Ay 31 (B.26)

Substituting (B.15), (B.25) and (B.26) into (B.24) yields,

jw[Zq sin a)

N — )
mA(h_+kx) PT(S) F BAQ) 4+ kAT 4 2 A Icos Ay d) = 0

(B.27)

Therefore

AQ) = - 29_sin ai T B (e
wx(ho + kx)(ho + k/X + E)
and
~ : -/ ¢ Sk
~ * R
t* (s,x,y) = - zqhﬂ(s) S1D a) cos Ay e A = d\ (B.28)

7. 8
A(ho + k)\)(hO + k/A2 + a)
0
with the average over the width of the film being
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~ l a
6% (s) = T f t*(s,0,y) dy
0
_ gh* (s) f : 1 - cos 2a)
= - 3" (s) dax (B.29)
e A% (h + ki) (h + k/>?—+_§)

Values of h(T) and 6 (T) may be regarded as an input and
output to the thin film 'system', respectively. The trans-

fer function of this system is, by definition

H(s) = ?*(S) — %% f . 1l - cos 2a) - . an
h* (s) A (hO + kA)(hO + k(A° + a&)
or
H(s) = - 2q82 f 1l - cos vy . ay (B.30)
mh2 o/ Y2 (g+yY) (B + Jp? + B2 2)
where B = ZahO ’
k
- hy
and T]—TI{——Q—C-::L;.

The negative sign of H(s) is expected; when h increases,
t decreases.
The frequency response of 5(T) to h(T) may be

obtained by substituting iw for s in (B.30). The result is

1 - cos vy

oJ P2 (B+Y) (B + /P2 + 187

2
M(w) = H(iw) = - Zg%_
ﬂho

ay  (B.31)

- Typical frequency response curves are plotted in Fig. B.3

where the integration in Equation B.31 is evaluated
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Fig. B.3 Frequency Response Function

Fig. B.3
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numerically using the Gauss method.TL

The function é(T)f as given by Equation (B.3) and
hence h(T) are very nearly periodic functions, as the
signal repeats itself with each bubble or each series of
bubbles. Thus 6 and K can be represented in a Fourier
polynomial and H(s) is thus best expressed in its frequency
response form. Bard [3] has set a téchnique to eliminate
jump discontinuities which appear in derivatives of é(T).
He claims that a series of such a function with jump
discontinuities converges slowly and the partial 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 was calculated that such a
function converges quite rapidly and gives an error of only
2 to 3 per cent at the point of discontinuities, at least
for the case of a triangular wave which has such jump
discontinuities. Thus 5(T) can be represented directly as

21k

6(T) = g ak(sin —5— T + bk) | (B.32)

k=0

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

series of bubbles. Now ﬁ(T) can be calculated as

(B.33)

n a
> k., 2Tk
h(T) = ¥ = sin(&& 7 4 b, -
(T) kio % in( 5 k T V)

where

T Handbook of Mathematical Functions, Edited by Milton
Abramowitz and Irene A. Segun. P. 887.
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iy _ 21k
@ke =M (—p—-)

which is the frequency response at each particular frequency.

The constants ayp and bk are determined by the formula

_ 2 Nz1 o . 23k
dk = N.jEO ej sin N
2 N-1 - 25k
e, = = ¥ 8. cos
k N j=O J N
and
_ 2 2\
a, = (ek + dk)
€k
b, = arctan (=)
k dk

where N = number of time intervals in a period. Following
the magnitude of h(T) at any time can be calculated as the
sum of the series in Equation (B.35). Before doing any
calculations the data measured from the films were smoothed
to elimiﬁate spikes and other gross random fluctuations.
The procedure applied successively at all points of the
period chosen for analyses was as follows. Let Vn—2 ’

Vn—l ’ Vn and Vn+l be four successive voltage readings.

The quantities

and
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were calculated and Vn was adjusted as follows:

If min(x,y) < V. $max (x,y), V_ is unchanged.
If Vn < min (x,y), Vn is set equal to min (x,v).
If Vn > max (x,y), Vn is set equal to max (x,v).

The procedure is illustrated in the figure below.

VvV

Y

M

\Y .
n-1 range of Vn
Vn-—2
X
Vn+l
n-2 n-1 n n+1 t

B.3 Computation of the Mean Values of Surface

Temperature and Heat-transfer Coefficient

Since it is necessary to know the total value of the
heat-transfer“coefficient h we need to calculate the average
heat-transfer coefficient (time mean) ho' Also, hO is
needed for computation of Equations (B.30) and (B.31). The
relation between the mean surface temperature and the mean
hO is given by Equations (B.16) and (B.17).

Thus, to calculate Eo , combining the relations

- '
R Ro + yeo

_ 0.239 y?
4= 55 cal/s
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where A is the surface area of the film heater, and

6 = _9
° A
O
we get
2
R=R! + 222 YV (B.34)
© A b

The quantities y and A are constants; thus, Bard claimed
that with Eo independent of the heat flux, a plot of R
versus %i is a straight line. Values of R and %i are
calculated and the value of Eo is computed using the least
square approximation.

The assumption made by Bard that Eo is independen#
of the heat flux could be correct in the case of bubbling
especially for the heaters near the orifice (1 and 2) where
the flow is highly agitated, but this assumption is less

likely to be correct for the far heaters and is not correct

for the no bubbling case where the heat transfers by free
2

convection and Eo depends on the heat flux, i.e., on %— .
Therefore, the calculation of Eo is performed using the
following method: the resistance of each heatervwas
measured at the lowest and the highest voltages (0.1 and
11.0 volts, respectively), the latter actually having béen
used for recording the fluctuation during the bubbling
experiments. At the lowest voltage the heat generated is

- 80 small that the film temperature is considered approxi-

mately equal to the bulk hexane temperature. The higher
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resistance reading corresponds to the average temperature
of the film heater either during bubbling or with no

bubbling at 11.0 volts. Using the relation
— 1
R RO + Yeo p

the average temperature of the film heater eo can be

calculated and hence Eo from the relation Eo = %— with
o)

-values of hO then being obtained from Fig. B.2. Values

of Eo and hO are given in Table B.2.



Table B-2
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Values of Mean Heat-transfer Coefficient ho

Heater Air Flow _
No. Rate h
cc/s Cal/Eﬁzs°C Cal/Eﬁzs°C
1 0.94 0.069 0.0515
2 0.94 0.0554 0.0365
3 0.94 0.038 0.0206
4 0.94 0.0335 0.0178
1 2.2 0.090 0.067
2 2.2 0.063 0.0435
All Four 0 0.030-0.033 0.0158*
Heaters (no bubbling)

* The average value for the four
the maximum deviation from the
individual heater is # 2%.

heaters is given;
average for any




APPENDIX C

ERROR ANALYSIS

C.l Signal to Noise Ratio

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

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

Heater No. Signal-to-noise Ratio
1 40
2 35
3 12
4 ' 22

The low ratio for Heater 3 may be due to poor connection
between the heater and its two electrodes. Thus, the
maximum error introduced due to noise is less than 10

per cent.

+C.2 Computational Errors

The method in Appendix B introduces some approxi-

90
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mations. These are discussed below.

1. The assumption of an infinitely thick plate was
discussed by Bard who pefformed calculations for the case
of a finite plate and found that the results did not differ
by more than 3 per cent in the range of interest, though the
method is more complicated. Therefore, little error will
result if the infinite thickness results are used.

2. The geometry of the film heaters is not exactly that
assumed in the derivation. They are not infinitely long.
Since, however, their length is approximately ten times
their width, heat loss from the ends may be neglected.

Also, some error may be introduced in the calculations for
the innermost heaters due to (a) the heaters curvature, énd
(b) the proximity to the orifice, which contravenes the
assumption of an infinite plate.

3. Considering the error introduced due to neglecting
ht in deriving Equation (B.24), it was found in experiments
that £ turned to be small relative to tO (Table 5.1), and
h was of the order of 30 per cent of ho' Retaining the term
ht would replace ﬁto with ﬁ(to+E) in Equation (B;24). Since

this is the only term involving h, the expected relative

~

error in h is approximately % which was found to vary
o
between 0.2 and 9.3 per cent.

- C.3 Measurement Errors

1. Resistance measurements: the measuring circuit
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allowed the resistance measurement within 0.0l ohm. Since
the range of resistance change during operation was about
1.5 ohms, the error intrbduced in Eo and Y measurement was
only about 0.7 per cent.

2. Signal measurement from photographic film: the
oscilloscope trace was about 1 cm wide on the projection
screen. The mid point of the line was approximately traced
for each frame within about two millimeters. With the
projected signal having a magnitude of about 15 to 20 cm,
the error introduced in the value of the measured signal

amounts only to 1. - 1.4 per cent which is negligible.



APPENDIX D

PROPERTY VALUES

Listed below are the properties of hexane and the

other materials used in the present experiment, which is

actually used in the calculations. The properties of water

are also listed in comparison with those of hexane.

D.1 Properties of n-hexane and Water [22]:

Property

Temperature °C

Density gm/cc

Thermal Conductivity
cal/cm s °K

Specific Heat cal/gm °C
Viscosity Cp

Surface Tension dynes/cm

Boiling Point
(atm. press.) °C

Prandtl Number

Electric Conductivity
mho/cm

hexane water
20 20 100
0.66 1 0.96

3.13x107%  14.3x10"% 16.5x10-"

0.6 1.0 1.0
0.326 1.0 0.31
18.43 72.75 58.8
69 100 100
6.24 7.0 1.9

1071*-1071% 1077-10"% (Distilled)
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D.2 Properties of Perspex [27]

Density ' gm/cm?

Thermal Conductivity cal/cm s °C

Specific Heat cal/gm

Electric Resistivity ohm-cm

D.3 Properties of Copper [6]

Density gm/cm?®
Thermal Conductivity cal/cm
Electric Resistivity ohm-cm
Specific Heat cal/gm

Temperature Coeffi- /°C
cient of Resistance

Boiling Point °C

* Boiling point of nickel is 3380°C.

°C

°C

°cC

1.19
4,5x%x10 "
0.35

lOlS

0.920
1.68 x 10~°

0.092
0.0039

2582
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APPENDIX E

COMPUTER PROGRAMMES .

This appendix gives a sample of the computer
programmes used for calculation of values of B against B
from Equation (B.17) and for the conversion of the voltage
signals into heat-transfer coefficient following procedures

given in Appendix B.

E.1 Calculation of B versus B

The various symbols used in the following programme

have meanings described as follows:

FCN = integrand in Equation (B.17)
AB = lower limit of integration
AC = upper limit of integration

B = B values

BA = B values

"R = ratio of B/B

95
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oont DIMENSTON Z2(40),72140)
0092 CIM43Y 8

0003 REAL INTEG

0004 . . . ... .. .. EXTERNAL FCM

0005 A3=0,.0 i
0996 AC=50

0007 no 1 I=1,10

0008 _ R=0,01%1 )

0099 A=INTEG{ABs AC; FCN)

0010 o BA=3.147(2%AY . e
0011 R=8/713A ) '
0012 ARITE(K4+2) ByRA,R
0013 2 FCRAAT (5X,3F15,5)

0014 1 COMTINUE ) o ) )
0015 sTCP
0016 END . .
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C SUBRMUT IMNE FCN
0091 FUMCTION FCN(P)
0002 DIMENSIOY 2(60),22(40)
. Qco3 | C .. CEMMON B

0004 D1=1-C S (P)
0005 D2=(PxE2) 2 (R+P)
0006 FCN=D1/D2

0007 . RETURN

0008 EMD
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FORTRAN IV G LEVEL 20.1 MAIN OATE = 72217 15728752 P175 0001
c SUBROUTINE FOR NUMERICAL INTEGRATION BY GAUSS AND 96 INTERVALS DECK
ooot CCMPLEX FUNCTION INTEG(A,B,FCNC) S S . 4688~
0002 . CCMPLEX SUMoZ,Z1 ,FCNC . DECK
e 0003 . DIMENSION X{48),H(48]) . e e — _
0004 DATA X/o1627674484960296E~14488129851360497 361, .81297495464625550ECK
U e e - .. LE=-1, .. DECK .. . R
20011356958501106659,041459737146548969,0.1780968823676186, DECK
e mee s mmees ... 3042100313104605672,0.2417431561638400,0.2731986125910491 DECK - .
: 40.3043649443544963,0.335208522892625400.3656968614723136 DECK
53957976498289086,4.4254 7878840730054 .4547094221677430, DECK
6.4834579739205963+.51169417715466764.5393881083243574, DECK
o e e - 72566 5104185613971,.593032364 777572045 .6189258401254685, o e . DECK
846441634037849671+.6687183100439161,.6925645366421715, DECK
e e e 90 T156768123489676,. 738030643 7444001 4. 7596023411766474,  ____ DECK e
1.7803690438674332,.8003087441391408,.8194003107379316, DECK
2.83762351122818714.85495903343460144.8713885059092965, DECK
3.88689451740242049.9014606353158523,.9150714231208980, DECK
9.9217124567223086..9393703397527552..9500327177844316g_,W,_“__”_,_DECK“____m - e
509596882914487425,.96832682846326424.9759391 745851364, DECK
_ 6.9825172£35630146,.9880541263296237,.9925439003237626, . DECK
7.99593818429372092,.9983643758631816,.99968950388323077 DECK
0005 DATA H/3255061449236316E-1,,3251611871386 883E-19.3244716371406426DECK
: 1€6=1, DECK

.203234382256857592E~14.32206204 9403025E-1+,3203445623199266E~1,  DECK e
3-318287588946llOOE—1'a3158933077072716E-lv.31316425596861355-19 DECK

4.3!01033258631383E“1.-30671376[2366914E—1'o30299915420827595-10 DECK _
5.2989634413632838E—1..294610899581679E—1,.28994614150555235-1. DECK
6£2§4974110650353BE”1'-279700076[684833Ef11.2741296272602924Ef1p DECK
7.2682686672559[765-1..2621234073567241E—1v.2557003600534936E-1: DECK
,_8.24900633222483616-1q.2420484l792364695—1p.23483399085926215—11 DECK
9.22737069658329375—lg.21966644438744365-1'.21172939892191295-1. DECK
"1.20356797154333325-1'.19519081140145025-11.18660679627411465-1: DECK
2.1778250231604526E~1o.16885479864245[7E-l'.1597056290256229E~1' DECK
3,}503&721026994935-1,.1609094177231486E111q13128229566961575111_“_DECK
4.12!5160467108831E—1'.1116210209983849E°l'.1016077053500841E~11 DECK
,5.9148671230783386E-2..8126876925698759E-21.7096470791l538655-2' DECK
6.60585455042359615-2.-50142027429275l7E-2'-3964554338444686E—2' DECK
,1.2910731817934946&-2'e18539607889469215-21.79679206555201245-3(.. DECK .

0006 ' M=2 DECK
0007 CH=M DECK
0008 SUM=0.0 . DECK
e 0009 O=(B=AVCM DECK _
0010 DO 100 L=1,M DECK
_.borr __ claL e e beck . _
0012 ' AA=A+(CI-1.1%D DECK
0013 AB=AA$D _ : DECK
0014 C=(AB~AA)/2.D0 DECK
.. 0015  __ CCa{AB+AA}/2.DO e __DECK e
0016 DO 100 N=1,48 . DECK
e 00LT  yzCEX(NI4CC e . DECK
0018 YY=-CHX {N)+CC "7 DECK
0019 Z=FCNC(Y) DECK
0020 ZZ=FCNCIYY) DECK
... 0021 . SUMSSUMC*W (N)*{Z+Z2Z) e e e DECK e
0022 Kat ~ DECK
... 0023 . 100 CCNTINUE e e i _.__.. DECK
0024 INTEG=SUM DECK

0025 6 _RETURN DECK
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E.2 Conversion of Voltage Signal to Heat-transfer Coefficient

The symbols used in this programme are all listed

in the first page of the programme.



100

FIRTRAN IV G LEVIL 201 “4A1N DATE = 72363 15/13/3%
c SAAPLE CF CJMPUTZER PRIGRAM
. PR . ) . e } -
c
i - G e e e e+ e s
c CCAVERT OF VOLTLFLUCTUATIINS T3 HeAT TRANSFER
C . P=PiI<1JD SECTIINS SO
c N=ND JF INTEXVALS IN A PERIID
c L=M) OF T72dS [# FIURISR ANALYSIS _ . .
c PH=CCHVZRSIGY FACTOR FRCM CM TJ VILT
G .a%x=FILA AV. RESISTANCI CHMS o i 5
c RAL=RZSISTANCE IN SZRI:ZS WITH R UHMS
¢ _GAMA=TEMP, CUEFF OF FILA RESISTANCZ JHIS/D:G.C . . .
c AA=FILM SUSFACI ARZA $2.CM
R AVARAGT FZAT=TRAWSFER COEFFICIENT CAL/SQ.CM S D3GoC. .. .. _
c ZE=SUYPPLY VILTAGE VILTS
C__ VV=V3ILTAGZ CN FILM_ VALTS L L
c Q=HEAT 3/P FRUY FILM CAL/SQ.EM S
. G VAI)=VILTAZE FLUCTUATIGHS VOLTS .. . o
c T(I)=TEMP.  FLUCTUATIGNS DEG.C
€.  _ H=HZAT TRANSFER COEFF.  CAL/SQ.CM.S DEG C
c U=TIME SECHHDS
3 C_ __ DELU=TIME INCRIMENT_ SECANDS
0001 TTOINENSTIN V(300), T(302),C(501,4(307,8(331,C(93),F(30),ANG(3D)
0002 U DIMINSISN R(901,5(90),X{(90),Y(20),4(803),HTC(800), UISOd) . . _ .
003 COMPLEX FX(50), INTEG,Z{40),ZZ(50) 4FCN
0004 COMMON WeHOuWA o -
0005 IXT=’NAL FCN
0006 D:LU=0.0005
0037 L=20
0008 P=DELUFYN _ o _
0003 VV=RR*ZZ/{RR+R1)
0010 9=0,239%(VV¥£2)/(RR*AA)
0011 READ(5,40) (V(I),I=1,N)
0012 40 FIRMAT_(10F7.3)
0013 WRITZ(5,50)
0914 59 FORMAT (5X,fVULTAGE FLUCTUATIONS®)
Gul5 WRITE(6,44)IVII),I=1,N)
0015 4% FORMAT( 5X,10F10.4) . o
c SMOUTHING DATA
—— QolL7 _IF{DELY.GT.0.001) GO TG 60
0018 WRITE(S,51)
0019 .. 5L FIRMAT(/5X,*SMIOTH DATA') —
0020 00 1 M=l
o021 CIF(M.6To1) G3 TQ 8 o
0022 TXX={VIN) +V(2)) /2
0023 YY=2%V (N)=VIN=1)
002+ - G T0 7
0325 8 IF(M.52.2) 63 TO 6 . o . i
0026 60 Ta 9 R
0927 B 5 XX=(VIL1)+V(3))/2 i
0023 YY=25V(1)=VIN)
0029 G T T
0030 3 XXE (VM= 1) +VIMe1) 172
0031 YY=2HV(M-1)-VIM=2) i .
0032 7 IF(XX.GT.YY) GJ T3 2
0033 L VHAX=SYY e I
0034 VATN=XX
0035 63.T2.3 . _
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0036 2 VMIX=XX
0037 C V=YY A e . -
0033 3 IF(VIMLLT.VIIY) G TO 4
— L0039 LRIV S GTeVMAX). GO .TO.S. . -
0040 Gl Ta 1
00+ 1 4 V(¥}=vAIN - - - ——
0042 G)TO 1
0043 5 viv)=yaax e . —— —
0044 1 CONTINUZ
0045 . ARITE (D443 ) (VM) g F=1,N)
Gu46 45 FORMAT{5X;1CF10.4)
. €. CCNVERT TO TeMP FLUCTUATIONS .Y . o e e
CO4T 59 WRITE(5,52)
G043 252 FARMATU/SA, ' TP FLUCTUATICNS®*PHYY
004$ 80 10 M=1,!
0050 TAMIS(ARRERL)FE2) % VM) /(EEXRIFGAMARPH)
001 10 CINTIWIE
0052 e WRITE(S,40) (TH) ,M=1,N) e e e
0053 T 45 FORMATISXy LOF1J.4)
e e & FOURTEIR CIEFF FGR TEMP_FLUCTIATIONS S -
0054 ARITE(5,53)
0055 53 FIRMAT{/5Xs ' FUJRIZR COEFF FOR TEYP FLUCT.!
0056 £I 21 K=1,L
L.eoesvw o C(KY¥=0.O0 e — e e e
0053 E(K}=0.0
L0059 P22 J=14N ~
0060 DIK)SDIK) #2% TV *STN(2%3 L4 (J-1) % (K= I)IV)/V
0061 SUK)=ZUK) 27T (J)*COS(2% 3, 14% (J—1) <{K=1} /) /N
0062 22 CCNTINUE
0063 __ 21 C3NTINUE e
0064 ARITE(6,54)
e 0055 £4% FIRMATU/SX,; T=A%SIN(W*U+B) )
0054 DO 23K=1,L
0057 ALK)=(CIKI®*245(K)x%2)%%Q, 5
0053 B(K)=ATANZ{E(K) ,0(K))
0083 WRITE(5.43) AtK),B(K}_ _
0070 48 FORMAT(S5X,2F10.4)
G071 e 23 CONT INUE 3
c CCMPUTE FREQUENCY RESECNSE
Q072 AB=0,0
0073 AC=50
e 9076 WRITEle,55) e
70975 535 FORMAT (/SXy'FQEQ.RESFCNSE M=R*EXP(J%ANG) ?)
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APPENDIX F

COMBINED HEAT TRANSFER AND. FLOW

VISUALIZATION RESULTS

This appendix presents the various sketches comprising
Fig. 5.7 (first bubble of a series) in much larger scale in
order that the hydrogen bubbles movement (as indicated in
the water bubble sketches by the arrows) may be clearly
seen; this material is shown as Figs. F.l(a) to F.1l(qg).
Also presented here as Figs. F.2(a) to F.2(f) is similar
material for Bubble 25-3-5 in hexane and Bubble 18-1-5 in
water, each is the last bubble of a five bubble series.

The detailed behavior of the flow and h was discussed
in Section 5.2 for the first bubble of a series (Fig. F.1l).
For the last bubble of the.series (Fig. F.2) the heat
transfer behavior during the bubble cycle is similar to
that during the first bubble except for the following:

(1) The heat-transfer coefficient h does not undergo
a marked increase as did h for the first bubble of a series
in the same phase of growth (while the bubble interface is
moving outward) as shown in Figs. F.2(a) to F.2(c). This
is observed to be the case for all intermediate bubbles as

well.
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(ii) As the bubble departs from the surface the
flow can be seen to resemble a reversed stagnation flow as
described in Chapter 5. lThis is clear in Figs. F.2(f),
F.2(g) and F.2(h). The flow starts decaying after F.2(f)
causing a decrease in h.

(iii) The sudden rise in h for the first heater,
shown in F.2(g), is due to the small bubble being drawn
below the surface of the plate and the liquid rushing in to
feplace it.

(iv) The signal level is higher for Heaters 3 and 4
than for the same heaters with the first bubble of the series;
this is no doubt because the flow 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
coefficient variations are almost the same, having a maximum
h at approximately detachment for Heaters 1 and 2 and

lagging after detachment for Heaters 3 and 4.
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Fig. F.2



119
1013

Fig. F.2



120

Fig. F.2



13 121

. Ty gy oy o

—
/f
s
1
\\
h/ hgy
1

-~10.9
T/Tq=2.00 HE XANE
( 7 7 ~7
\ -~
~o /
\ |
\ \‘
\
|
I \
J \
\ %
II \ =
f \ =
4 . ' )
T J
P R
/7 ” \
p w
pd =
A
P R
A
-4
» ®
-
f
® A8
-+ z » «

T/T =2.00 WATER

Fig. F.2



