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SYNOPSIS

The thésis describes an experimental and theoretical study |
of the early stage of nucleate pool boiling of saturated and
slightly subcaaled'water from a flat heating surface.

In the first chapters ie described the experimental pressure
vessel and test procedure used in caerrying out experiments in the
presahfe raﬁge from atmospheric to 749 1bs./inch2 abs. Algo is
described the metheds by which cavities with mouth radii from 100

t0 550 x 1070

inches are produced on the heating surface, and .
these sizes measured. A micro-thermocouple (0.002 inch dia.
wires) welded to the lower, insulated surface of the electrically
heated test sirip measures the strip temperature, and by
calculating the temperature drep'across the strip, the.heéting
surface temperature is determined. A procedure invOlving a
reversal of the heating atrip current is used to calibrateithe
heating strip thermocouple for the small unavoidable voltage
“pick up" from the strip. The heat flux is computed from the
electrical power input to the strip.

An intermediate chapter deals with the derivations of o
theoretical equations to predict (1) the initiation of boiling,
(ii) the rate of increase in dbubble sites with increase in super-
heat temperature and (iii) the bubble frequency at each site.
The first equation is derived by applying the Gibbs and clauaius-
Clapeyron equations %o & model of an ideal vapourffilled cenicﬁl
cavity; the second follows from the first equation and the

measured cavity distribution; =and the third is deriveﬁ from



ii..

assumptions regarding conditions in the liguid layer adjacent to
the heating surface (thermal layer), and the assumption that this
layer is heated by transient conduction only. The theroetical
predictions of initiation'énd the rate of inerease in the number
of bubble sites with superheat temperature, are in good agreement
with the expérimentaliy recorded values., The theoretical values
for the increase in the number of bubble sites with increase in
superheat‘temperature, and the bubble frequency at the first eight
bubble sites, are combined to give the increase in the number of
bubbles per.ﬁnit area of heating surface per unit time for
pressures of i4n3, 30 and 122 1bs./inch2 abs. - An equation has
béen derived, which takes account of both the free convection
heat flux and the heat flux associated with bubble growth; this
equation 1is shewﬁ to correlate experimental weak boiling curves
at 14.3 and 30 1bsg/inch2 abs.

Two méthods for measuring the thickness of the thermal layer
ét pressures of atmospheric and 30 1bs./inch2 abs, are described
in later chapters. The first or shadowgraph method, which is
based én the refraction;of light rays by density change corres-

ponding fo temperature change in the water, is also used to study

' the growth and behaviour of the thermal layer before and after

the initiation of boiling. The second method‘emplays &
traversing thermocouple +t0 measure the temperature distribution

in the ligquid, and to determine the layer thickneas. Thickriesses
of 0.036 and 0.034 inches have been measuréd by this method for
pressures of 14.4 and 30 1ba./inch2 abs. and subcoolings of 4.5

and 5.0°F respeefively. The thicknesses of the layer measured



iii.

at atmospheric pressure by the two methods are in‘fair agreement.
An equation\by.@hangilﬁj] from an apalysis of free conveetion heat
transfer, prediete with\seme\succeSSzthe.thiskness of the thermal
layer at atmospheric pressure. A discussion of the experimental
boiling curves for a preasureirange from 14.3»to“?49=1bs@/inch2:abs.
is also included. - |
It is claimed that much of this thesis is concerned with new

information on the region of weak nﬁcleate‘boilihga
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CHAPTER 1
Introduction

The advent of highly-rated nuolear reactor ﬂ&gtems has
brought & renewed interest in beiling heat transfer and a
subsequent demand for more exact knowledge en the mechanisms of
boiling. Design engineers, who have to be able to prediet heat
transfer coefficients for a new system; derive fheir information
in meny cases from either previcus experience, ad hoc experiments,
or from costly pilet plant, rather than fundamental knowledge of
the processes involved. Information on beiling heat transfer is
not enly reguired for the present-day Nuclear Pewer Station with
its associated steam raising units and for design studies on
boiling water reactors, but for every kind of evapoerator in
practical use.

This werk is concerned with the initiation of nucleate pool

bolling of saturated and slightly subcooled, i.e., temperature

below saturation, water en a metal surface. E
Nucleate boiling is characterised by the ferma;ioguggqéﬁﬁgigs at
digerete centres or sites on the surféee¢ It.is true that.paol
boiling is a special case of hegt tragsfer and fhat foreced
convection boiling, in which liquid hgé‘an exﬁéraally abplied
velocity, has a wider application in industry. On the other hand,
pool boiling is better suited to ths @tudy of the growth and
departure/collapse (depending on whethér liquid is saturated or

subcoeled) of vapour bubbles on a heating surface.

The existence of several regimes of boiling was firet
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discussed by Nukiyama in 1934 (see McAdams [1]), and a typical
pool boiling curve showing these regimes appears in Pigure 1;
the heat flux Q/,, is plotted against the temperature difference
between the heating surface and liquid saturation temperature
(Psur - Tsat), to a logarithmic aéale. In the fange A - B, heat
-is transferred by free convection, and evapargtien occurs only at
the surface of the pool. At B, boiling is initieted, causing an
increase in the heat transferrrate'se"that the curve bends upwards
forming a "knee". Beyond the "knee%, the curve becomes straight,
corresponding to vigorous nucleate beiling. At €, the heat flux
goes through a maximum, which is termed the ﬁcritical heat flﬁx"
and in some way is connected with the OVereréwding of bﬁbblea on
the heating surface. Iﬁ the range C -.D, part of the surface is
insulated by a vapour film and Q/h decreases as (Teur ~1Tsat)
increases. At point D, the heat flux goes through a minimum, the
heating surface being completely covered with a f£ilm of vapour.
In the film boiling reglon D - E, heat is transferred by conduction
across the vapour film and by radiation from the heating surface.
Beyand E, the cufve continues until the temperature difference
(Tsur ~ Tsaﬁ) corresﬁanés'ta the melting point of the metal; a
further increase in temperature causes “burnweut”

Westwater [2], reviewed several equations published after

1952, fer the correlation of nucleate pool boiling of a gaturated

liquid, and it would seem that e safcty fector of 8t least two
should be included in the calculationa. in ma.n:v the fac.‘ber

should be nmuch greaﬁer,( Mest of the equations contain a c@nstant.

| whose value ia elther given, or has to be evaluated from experimental
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results for a particular 11Quid—surfaee combination., ‘The
inciusion of this constant is to account for heating surfaees
having different nucleatien charaeteristica. .

It is pertinent to ask, "what are the nucleatien
characteristies of a heating surface?"  The answer is (1) the
incidence of nucleation, (i1) the diatribution of aetive sites
and (iii) the bubble frequency at each site. A knewledge of
these three factors would give the bubble flux distribution, 1.0,
the number of bubbles on the heating surraee per unit area and |
unit time, which may then be multiplieé by the energy asgociated |
with the growth of a bubble. to build up the ehapa of the nueleate
boiling curve. ‘

The nucleéte beiling studles to be diseussed here were there~
fore confined to evaluating both the nucleat:en charactaristics of
the exparimental heating surface, and the energy asseciated with
the growth af a bubble, and to using these values to preﬁict the
boiling curve. . As & result, snly the very begiuning of the
nucleate bolling regime B - C, in_Figpre 1, was investigatg&, |
The extent of the study is that regioan outlined in tﬁe left hana
bottom corner of Figure 1. | | | |

The initiation of boiling in a auperheated llquid resembles
the onset of cavitation in a hydraulic system, where the reduction
of 1iquid pressureris brought about by the rapid relative movemsnt
of thelliquid and solid boundary surface, an& may be related to
the start of dropwise condensation on a colder surface. Each of
these examples is =& nﬁgleatien process, énd information gained on

this phenomene in the field of boiling may prove valuable iﬁ
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understanding other nucleatiaﬁ Processes. |

It is widely mccepted that a vapour bubble growing in & |
superheated liguid must have originatéd from a vapour bubhle,sd.
small that it was in equilibrium with the surrounding liquid.
The mechanical equilibrium of a.vapauf bubble in'a 1iqui& is'given
by Gibbs [3] equation'l:v' - h_ = 29 | where R, is the vapour

4 .
pressure within the bubble, F{ the liquid pressure outside the

bubble, .o~ the surface tension of the vapour-liquid boundery and
A< the critical value of + for equilibrium. ‘Phe kinetic theory

e e —— 5 R

of liquidsg has also been ‘used to predict tha size‘of ﬁhe critical

B

nucleus, by aﬁaptlng a model which assumnes the existence of holes

in a liquid. ° Blake [4], in & review of the so called "hele" theory
by several authors, has shown that the kinetic theory failé to |
predict the existence in pure liquids of a bubble nucleus of'the‘.
size required to explain experimeéntal results. An aééeptablé‘
alternative explanation is the presence of bubble nueclei Ey thél
adéofption of gas in minute dracks or cavities on the metal |
boundary surface. This expldnation is corsistent with experimental
evidence, which shows bubble formation to be favéured-at selid
surfaces.

The first step in the ﬁreparatian of the experimental'heating
surface was to remove the existing. grooves and cavities and jintro~
duce cavities with well defined boundaries (ses Seotien 3. 6.)0
Thé"éavity sizes were then measured by optical means gnd the
distfibution approximated by the normal law (see ?iguré‘é).

Surface cavities of this kind would seem to be very different

from that of a surface foun& in industry, where, after a long
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period of boiling, the surface is probably covered with & film

of deposits or oxide. On the other hand, a2t =2 receﬁtlééﬁ?%fe#éé‘
on Boiling Heat Transfer [EL it was pointe&'out'thgt during
nucleate boiling, deposits (silica) were lald aown‘in.ringe
around the bubble sites, thus preserving the cavity distribution.
This means that the nucleation characteristies for a clean
surface of known cavity distribution may still be‘the same, eveh
when the surface is covered with a film or seales althaugﬁ it is
possible, however, that sone modification may result from
oxidation of the cavities themselves, thus reducing their size
for criticality.

A model based on an ideal vapour filled surface eavity is
postulated 1# Chapter 5, and an equatian'(Equayién‘fSQ 1. 14.))
derived to determine the superheat which is ra@uired to: initiate
& cavity of characteristic radius dé . where Hﬁf is the cavity
mouth radius. This equation was derived usiﬁg a combination of
Gibbs [3] equilibrium equation, and the Glausiusuaiapeyron 
relation, which converts the pressure difference térm‘( h'ﬁ‘R?) 'f '
in the equilibrium equation to the corresponding &-egme of s‘upe;-..;. ,
heat. Equation (5. 1. 14.) is based on the assumption that just
prior to initiation the cavitj vapour nucleus is in contact withff‘
& uniformly superheated liquid. If this is sé, then the fhiek-'
ness of the Heated liquid layer adjacent to the surface (thermgl
layer) muat be very much greater then the radius of‘the vageur
nucleus§ a fact which was harne out in.measuieménts of the
thermal layer thickness, In Chapter 6 is described the method

of measurement of the thermal layer by a shadowgraph technique,
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which is based on the refraction of light rays passing through
the liguid. Refraction is caused by the density change corres~
ponding to the temperature change (for an ineampressible.xluid)
in the thermal layer. The thickness of the layer was also
neasured, by measuring the temperature distribution in the 1iquid
above the heating surface, using & traversing thermocouple, and
this is described in Chapter 7. _ _

In thie study much effort has been directed towards Gﬁtainiﬂg
reproducible experiments, and a correspondingly large part of the
thesis is devoted to describing the experimental apparatus and
procedure in detail. 0f particular inportance is the method by
which the heating surface temperature wes measured (see Bectien
3+ T.)s Here, a microfthermdcouple (0.002 inch diameter wires)
was discharge welded to the 1ewer,_inéulated surface of the
heating strip, in such a way that the thermocauple,voltagé %pieck
up"™ and heat losses from the vieinity of the junction were
reduced to 2 minimum. A calibration precedure, which corrects
for the thermocouple voltage pick up", is described in Chapter 4.
The temperature at the heating surface (upper surface of striﬁ),_
was obtained by subtracting the temperature drop across the strip
fraﬁ the measured lower surface temperature. Chapter 4 also
includes a.description of the method for preventing corresion of
the boiler walls and the procedure for degassing the heating.
surface at a low pressure.

The experimental curves of heat flux versus heating suxface
temperature, for a pressure range from 14.3 to 749 1hﬂ=/1nch2 abs.,

are described in Chapter 8, and the effect of pressure and sub-
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cooling on the different regions of these curves is diseussed,
The experimental curvesfat 14.3, 124 and 20311bs./inch2 abs.s.
were extrapolated to'ze%o subcooling and correlated for the
effect of pressure by an equation of Porsier end Greif {6],
(Bquation 8, 1. 1.). A discrepancy between free conveetion
results and theory is also discussed in Chapter 8,

The thesis concludes with Chapter 9, which lists the main

conelusions of this work and shows that some degree of success

has been achieved in the correlation of nucleate bailimg&parameters,

‘ This success wgs achieved by the &erivation of equationguié predict

| the initiation of boiling, the bubble flux, and the energy associated

J

with the growth of & bubble.




. GHAPTER 2

Hisfop;eal

2.1. ‘Initiation of boiling

Kenrick, Gilbert and Wismer (7] used two methods to investi-
gate the extent to which a liguid can be superbeated without |
- boiling taking place.
{a) Sudden heating of the liquid in open .capillary tubes at

. atmespheric pressure.

(») Reducinglthe'preasnre on the liguid in closed tubes at—a

fixed tenmperature.
The resulis of many tests carried out in an exactly similar
manner showed that the maximum value of superheat temperature
varied iﬁ & random way from test to test. These variations
were attributed to the initiation of boiling from nuelei attaghed
to the walls of the tubes, The radius v , of the stable equili-
brium vapour nucleué‘given by Gibbs [?] eguation [&F = %%; ’
where [}F is the pressure difference across the nucleus boundary -
and O the surface tension of the vapour-liquid boundary, was
ealculated for several differeant liguids and found to be of the
same order of magnitude. TFurthér impertamce'waarattachedrto thet
equilibrium ra&ius,iigiilit was shown that for the same liguid
(ether), the change in maximum superheat temperature with.external
pressure was satisfied by a constant value of the radius. |

Fisher [8] was probably the first to discuss in detail the
incomplete penetraticn of liguid into a surface eavity and the

possibility of these cavities being nucled for bubble initiation.
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Dean [9] carried out experiments which showed thet surface
géametry'alaue would not produce bubble nuclel, but that the
surface should also be contaminated by sdsorbed gases or be
hydrophobtic, eor both.

Clark, Strenge snd Westwater ]?6] photographed active bubble
sites through a microscope, dﬁring and after nucleate boiling of
ether and pentane on zine and aluminium surfaces at atmospheric |
pressure. The sctive sites were found te be circular pits on
the metal surfaces, with diameters ranging from 300 to 3300 x 10'6
inches., | '

Claude and Foust [11] boiled ether, normal pentane and
Freou 113 on a nickel surface at atmospheric pressure, and derived
an equation for the equilibrium radius by applying Gibbs-[3] 
équation to an idealised conical surface -cavity. The experimental
data at initiation, together with a cavity cone angle and metal-
liquid contact angle, were substituted in the equetion to give a-
velue for the equilibrium radius. Representative values of cone
angle and contact angle were obtained by measuring the cone angles
of grooves on the heating surface, which were caused by treatment
with emery papers and the contact angles of bubbles, which-ﬁérelfr
about to leave the surface. The eguilibrium radius was found té
be of the same order of magnitude as the width of the surface
grooves.

Westwater [L2] cleseifiee surface cavities inte four groups
depending on their geometry, and then determines for each group
whether they will fill with liguid or irap gas. ~ The first group,:
which are wide shallow pits, are said to fill with liquid; the



' second, which are pite with rounded bottomg,:eaﬁ either fill with
liquid or trap gas depending on their cone angle andimétalaliquid_
oontadt engle; the third are narrow poinﬁeﬁ:pita and -cannot 53. |
filled by a liquid having a metel-liquid contact angle signifi-
cantly greater than zero; the fourth group are re-entrant
cavities with narrow mouths and are described as excellent gas

traps;,

o

Hsu =[3.3] propeses a model in whichfe. vapour nucleus of radius

v is at rest at ﬁhe mouth of a heating surface cavity and is
surrounded by the relatively cool liquid at bulk temperature.
As the heating surface temperature is raised; a liquid layer of
‘limited thickness is heated by transient conduction, until the
superheat temperature in the layer at a @istanae 2 1£ from the
surface equals the vgpoﬁr nucleus temperature, and the nucleus
starts to grow. The Clausius-Clapeyron and Gibbs [3] equation
were combined to give the nucleus temperature. .mheqperiodgefv.:.
heating is termed the "waiting time", and thie ends when the
nucleus starts to grow. This eriterien for the end of the
"waiting time" is one of the major features of the model, since -
a nucleus can only be effective if the "waiting time" is finite,
This fact is therefore used to give the limiting sizes of .
effective cavities, 1i,e. maximuﬁ &nd minimum siges of dﬁ » . The
equation for ﬂd can also be used to give the sﬁperheat tempsrature
at infitiation of boiling, provided there\awe‘heating_surfaégA.
cavities of a wide spectrum in éizeag Each equation, hQWeﬁe:,
requires that the\%hiekaess of the heated liquid layer be

substituted before it can be used.
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_ ﬁan and Griffith [14] use a model and analysis which‘is :
similar to that of Hsu [15] to derive an equation_fqr the |
maximum and minimum effective cavity radiﬁs at a particular
superheat temperature. The criterion for bubdble imitiation . in -
this case is that the superheat temperature in the ligquid layer
at a- distance % 42 from the heating surface must be equal to the
tempgrature of the nucleus. The thickness ofi the ligquid layer
to be substituted in the equation was evaluated on the assumption
that, in free convection heat transfer, thé‘heat is first trénsw
ferred bjﬁééﬁééé?btate conduction scross this layer. The free
convection heat tranefer rate may be obtained from,eithefcpheqry
or experiment and substituted in the'Fourier cendﬁqtian quation

to give the thickness of the layer._ 7 | _

| The equations of Hsu [13] and Han and Griffith [14] for the
maxinum and minimum radius 42 » can therefore be used to give the
range of effective cavity sizes, provided there is a wide range
of cavity sizes on the heating surface (see Sectian 8e Be)o

This previocus work suggests that a theoretical prediction
for the incidence of nucleation may be derived, if_a chgrac;eristic
dimension of a heating surface cavity can be related tehthe. .,
ecritical radius . in Gibbs [3] equation and to the thickmess of
the thermal layer.

An analysis along these lines is described in Uhapter 5 of
this study. '

2.2. Correlation of nucleate boiliqgrdata.

A large number of equations have been derived to relate



liquid and surface variables in | order to "jeerrelate

experimental data of nucleate paal bailing. These equations |
which are intended to apply to saturated 1iquid, correlate the
steep part or "established boiling" region of the boiling cur?e
only. . In general, dimensionless analysis is used to relate the
variables, and the derivation of-two such equations is‘deéeribed o
here. |
Forster and Greif [S] set out to relate the fundamental
properties of the boiling liguid, without considering the
influence of the boiling surface conditions. A model is ‘
proposed, in which the growing bubbles transfer heat by pushing
a2 bubble volume of hot liquid away from the heating surface inte
the colder bulk 1iquid; . The voids left by the departing bubbles
are filléd‘by the buik liguid, wﬁiéh is then heated and the
process repeated. Thie model was derived after the obéer?ation,
| that only 2% of the heat transferred during,boiliﬁg was reguired
as latent heat for bubble growth.
The 1"-_—_—-Tvariablea are related by the Prandtl number hh%,and]

two oﬁmiﬂgroups, which play the part af the Reynolds number hhu

and the Nusselt number FQMIin the correlatlen of forced convection
heat transfer data from a selid boundary to a liquid. A eo~l. 
efficient for the growth of a vapour bubble in a highly super;
heated liquid is inserted in the dimensionless group which
' represents 4the Reynolds numher, and the eritical radius of e
‘nucleus from Gibbs [3] equatien in the group representing the
Nusselt number. _The‘grgups are related in the usual form

m n .
NNuz: c NRe. NPr N whera C is a constant and has to be evaluated
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from one set of experimental results for a particular liquid-
surfaqe combination. A wvalue of % was chosen for V‘the- exponent
n, since in many heat transfer problems the Pi‘andtl number to
the power %.cerrelates the data. The exponent m equal to %‘:-\yas‘ f
derived from an equation of Bonilla and co-~workers [15] s Trelating
superheat. to system pressure at eonstjant heét flux, and for lew" |
pressures. |

The correlafion‘ can, hewever,'be reduced to the form
Q/, = Cy ATsule\’?’ where Q/, is the heat flux st the superheat .

temperature difference AT s and At’ the pressure difference

BY

corresponding %o AT sup‘; Gipis a constant which' depends on the

properties of the liquid and vapour, and on the liquid-surface .

combination. | o
Rohsenow '[16] claime that most of the transferred heat goes N

directly from the heating surface to the liquid and that th_é e

inereased heat transfer rate during boiling is due to the

agitation of the liguid by the bubble motion, On this basis,

the heat transfer data is correiate_d by thé formulation of a

bubble Reynolds number NRe, a bubble Nusselt number NNu_ and a.

Prandtl number.NPn The bubble diameter at departure, and a-

mass velocity te.rm;-5 consisting of the product of the.mass per

bubkle, the bubble frequency and the number of bubble sites per

square foot of heating surface, define the bubble Keynolds ,numbler_..f

The bubble dizmeter at departure is inserted in the bubble Husselt

nuntber for the characteristic length. These groups are related

in the form N_Nn== c NR: . N:r .y where the constant C has to be

evaluated from experimental results for a particular liguid-surface
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‘¢émbinatien. ' The variation in the value of ¢ for different
liguid-surface combinations is attributed to the omission of
the bubble contact angle ﬁ from the bubble Reynolds and ﬂusselt
numbers. Constant C is therefore a function Gf‘ﬁ','and will ‘be
determinea by the condition of the heating surface and the "~
properties of the fluid. Values of 0.33 and 1.7 for expenents
m and n respectively were chosen to fit the final eqﬁation,te
experimental Tesulis of Addoms [ﬁ?]. The equation can be
reduced to @/, = Cy AT 3+9%, where @/, 1s the heat flux at the-
superheat temperature difference £frsup and O, s constant which
depends on the liguid properties ard on the liquid-surface
combination. | o
The equations of Porster and Greif [6] and Rohsenow [16]
aleng with others, are compared with the experimental nucleate

boiling results of this work, in Seotion 8. 1.



CHAPTER 3

Exﬁgrimental Apparatus

3.1,  General description

An spparatus was constructed to enable the experimental
study of nucleate pool boiling of water on a metal heating
surface, in the pressure range from atmospheric to

2 abs., and for a maximum water temperature of

1000 1bs./inch
550°P. | |
The boiler finally decided on takes the form of a-s@aia}ess
steel flanged cruciform {Pigure 2), the cruciform shape resulting
from the requirements of a vapour condensing surface ahove ther
liquid and space for the bulk liguid heaters.  The blank,flangés
allow eagsy access to the inside of the boilsr, and by m@un#iﬁg'f
the test heater on the inside .of the bottom flange and the Eﬁik_
liquid heaters on the lnside of fhe side flanges, their,remévél_'
for inspection and maintensnce is a simple operation. The bﬁik s¢
liquid heaters, together with a heater on the outside walllof_ﬂ;-a
the boiler, maintain the liquid temperature a% any desired Vvalue.
‘A nitrogen source and pressure coentrol valves supply .
nitrogen to the boiler and malntain a steadyrégggéa}pressure'up
to a maximun of 1000 lbs./inche abs. Water jet pumps and
vacuum control valves reduce the pressure withian the boiler to
2

a pminimum of 1 1b./inoch” abs. (see degesssing procedure, Sectien_

4. 3. 2.). VWindows designed to withstand pressures of over .

2

1000 1be./inch® are fitted into the opposing side flanges and

allow visual study of the bubbles formed on the test heating
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surface during nucleate boiling. The boiler and other parts

of the apparatus are shown in Figure 3.

3.2. Boiler shell design and fabricatioﬁ

The boiler shell (Pigure 2) was designed for & maximum
pressure and temperature of 1000 1bsa/inch2 abs. an&'ESOOF, in
accordance with 3.S. 1560 for pressure vessels.

Austenitic stainless steel was specified for the material{é@é]

lzye ahe%}_waslfabricated by argon-arc welding four short lengths
of pipe together to make a cruciform shape. Blank flanges of
8%+ inches outside diameter by 1% inches thick were bolted to the
pipé flanges by 8 - 2 inch diameter high tensile bolts and-hﬁté,
‘at a pitch c¢ircle diameter of 6% inches.

' The complete assembly was stress relieved at 1100°P and
then taken epert and the inside walls polished with a rotary

wire brush.

3¢3a

Boiler window deeign and fittin
Windows were designed to fit into the two. apposing blank
side flanges and to withstand a maximum beiler 9ressure of..

1000 1bs./inch®

absolute (see Figure 4).

A window sight size of § inch diameter was fixed by the
strength of the stainless steel blank flaﬁggsd One half of -
the window frame was machined from the blank flange and the
other from & mild steel flange that could be secured to the
blank flange by 6 - § inch diemeter studs and nuts. Two 1% inch

diameter by % inch thick vArmourplate? glasses, in complete -
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contact with emch other and each capable of carrying the maximunm
pressure, were glazsed inte the metal frame. Pressure seals
between the glass and metal, were cut from "Walkerite" jointing
and asbestos fibre used to insulate the edges of the glass from
the frame. The two halves of .the frame were bolted together,
taking care that thé pressure on the glass was evenly distributed.

3.4, Test heater design and choice of heat supply

A heater having a flat surface in contact with the test
liquid was designed to the following requirerments:
{(a) A maximum heat flux output that would give established
nucleate boiling on the surface.
{b) Uniform heat flux over the surface area.
(¢) Simple centrol of the heat flux.
{(d) Accurate assessment of the heat flux and temperature.af the
surface in contact with the ligquid.
Experimental work of Addoms [if] in the pressure range fron
14.7 to 2000 1bs./inch2 abs. indicateé that . a heat flux of
2 x 10% B.t.u./ft.2 hr. should be sufficient to give "established
nucleate boiling" of saturated water in the pressure range from

2 gbhs.

atmospheric to 1000 1bs./inch
Three different methods of supplying heat to the test

surface were consldered.

(1) Steam is supplied at constant pressure and allowéd to

condense on the surface of the heater, which is away from the

test liquid. This has the advantage Qf constaent temperature

at the condensing surface. A heat transfer coefficient between
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the condensing steam and metal purface has to be estimated,
hewever, before the temperature drop through the wall can bhe
ealeulated, to give the temperature of the heating-aurfaee.

The heat input to the test surface is measured by metering
the steam condensate; - and the heat output, by measuring the .
heat taken up by the cooling water, in condensing the vapour
generated in the test liquid. Wesiwater and Santangelo [18]
have reported disagreement between these values of the order of
50% for low rates of boiling (6 x 0% B.t.u./gt.2 br.). - The
aceuracy of the temperature measurement is not given, but is
probably better .than 1%.
(2) Another method which has been used is that of a copper

conductor, in which%eat is supplied by electrical heaters to a
finned end énd then conducted through a short length of uniform
area to the heating surface. Thermocouples are embedded in the
uniform section and the readings extrapolated, to give the
temperature of the surface in contact with the liquid. The heat
flux oan either be calculated from the temperature gradient in
the copper qaﬁductor, or from the electrical power input to the
finned end. One advantage of this system is that the boiling
surface can be treated with emery paper to change the nucleation
properties.

Claude and Foust [}i], using a similar system, estimated
thet the heat flux measured was accurate to within 22%, and the
surface temperafure to within 4%, for low rates of boiling.

(3) A third method, which best satisfied the design requirements

and was adopted in the present study, consists of generating heat
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within the test heater by the passage of electrical current.

The heat filux may be calculated direectly from the electrical
power input to the heater, provided thers are no heat losses
from the surfaces of the heater that are not in contect with
the test liquid (see Section 3. 5.). Difficulty may be
experienced in trying'fa measure the surface témperaﬁure, but
this is discussed later in Sectien 3. 7. Control of fhe heat
flux is simple, and since the cross-sectional area of the heater
will be small to reduce the power consumption, steady conditions
of heat flux and temperature will be reached guickly. Kethods
{1) and (2) require periods from one to two hours to reach
steady conditions after a change in heat input.

The dimensions of the heater were chosen so that the width
would be greater than the diameters of the largest bubbles at
atmospheric pressure, and that the electrical resistance would
be sufficiently large to allow d.c. scocumulators to be used as
a power supply.  DPirect current power wae selected, because
Ellion [19) and Patten [20] noticed that a.c. power caused a
120 cyele/sec. growth and collapse of bubbles. Staniszweski
1?1], measured bubble diameters of approximately 0.1 inches for
saturated liquid at 14.7 1bs./inch® abs. (Figure 23), and these
will be the largest bubbles in a pressure range from stmespheric
to 1000 1bs./inch® abs.

- To satisfy these eonditions and bearing in mind the space

available within the boiler,L_a gmgulijheater, 0.5 inches ‘wide
by 2.0 inches long by 0.003 inches thick in a nickel-chrome

material (80% nickel, 20% chrome), was selected. Nickel-chrome



was chosen for its high resistivity, low temperature resistance

coefficient and. good cerrosion resistance.

3,5. Design of heating strip d.c, electrodes, insulation and

method of support
- The heating strip haed to be clamped to d.c. electrodes,

fixed ‘horigontally in the plane of t&e'bailer windows, and

insulated;én-tae edges and lower surface, so that the heat

generated in the strip would be removed at the top surface only.

The edges and lower surface were insulated by bonding an

insulating material to the strip with adhesive. An insulating

material with the following preperties was reqnired£

(z) Good thermal insulation.

(b) . Good. electrical insulation.

(e) Low permeability to liquids.

{d) WMechanical and thermal stability in water, up teo a maximum
pressure and temperature of 1000 1bs./ineh2nabs..and 550°%F.

{(e)  Good machining properties.

Several plastic materials were considered and tested, and
the only material which remained pnchangadiat a {emperature-of
550°F, was sintered "Fluon® p.t.f.e., which is manufactured by
Imperial Chemical Industries Ltd, The only drawback to using
pet.fee. is its high rate of expansion with temperature, i.e.

e cubic coefficient. of thermal expansion of 3.1 x 10™% op~1
between 68 and 550°%, Because of this, a flexible system was
designed for keeping the p.t.f.e. in contact with the lower

- purface of the strip, so that the p.t.f.e, could expand without
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deformation of the strip (see Pigure 5).

. The heating strip was clamped to the ends of the two nickel
plated brass electrodes, which had chanhel cross sections, to
locate the block of p.t.f.e. beneath the lower surface of the
gtrip. The p.t.f.e, block measured 2 inches wide by 28 inches
high by # inch thick and was pushed into clese contact with the
heating sirip by nickel plated leaf springs attached to the
electrodes. The top of the p.t.f.e. block was machined to a
vadius of 4 inches, and a channel cut for the strip, so as 1o
locate and thermally insulate the edges of the strip. A silicon
adhesive (E.P, 276.) manufactured by 1.¢,I., that remains tacky
up te 5500?,.csmpleted the bond between the p.t.f.e. insulation
and heating strip.

. The ends of the d.c. electrodes were clamped by nuts to thé
ends of another pair of circular cross secticnéd electrodes,
which carry the current through the lower blank flange of the
hoiler. The circuler electrodes were nickel plated and had a
flanged section, which, together with mica washers and a screwed
follower, electrically insulated the electrodes from the boiler
shelL and at the same time formed a water seal. The seal could
withstand a maximum pressure and temperature of 1000 1bsn/ineh2 abs.
and 550°F. Bushes machined from p.t.f.e. completed the elecirical

insulation between the electrodes and boiler flange.

3.6, MNanufaeture of artificial cavities on the hegting strip end

their measurement

A mieroscopic examination of the nickel-chrome heating strip
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at a magnifiecation of x 1000 showed that the rolling&&%q@&éﬁﬁéd.

EE;E@;éfqlcavities gnd grooves,; with widths ranging from 200 to

4__-1000 x 10"6 inches. The minimum widtﬁ;which éés measured was
determined by the resoclving powers of the Vickérs projection
microacepe,‘andﬂ;t,was’very likely that cavities and grooves
with size8‘1es§ithan 200 x.10~8 inches were present. . These
cavities and grooves were notcconsidered satisfactory for the
present study, since their boundaries were not clearly defined;
and therefore some method of creating artificial cavities was
decided upon. |

PTreatment with emery papers was Yrejected because this would
leave 8 predominance of grooves on the surface..  The groove
width could be taken as a representative dimension, but Bankoff
[22] believes that grooves are not likely to be good gas or
vapour traps, because the gas or vapour can be displaced by . the
liquid advancing along the groove.

Grit blasting of the strip with & commercial machine was:
attempted, and although excellent cavities were made, the lack -
of control of the number and forece of the grit particles hitting
the strip resulted in distortion of the strip in many cases.

To overcome this, a simple‘paint sprayer wag converted into a
device for grit blasting. Control of the grit feed was
achieved by using different sized nozzles, while the depth of
grit penetration was regulated by the air pressure, and by the
distance between the grit blasting device and the strip. Tests
were carried out to determine the operating conditions, which

would produce cavities with diameters of the same size as the
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cavities already on the strip, and with a distance between the

6 inches.

cavities of approximately 1000 x 10~

Several % inch lengths of the nickel-chrome strip were
polished on one side by No. 3/0 emery paper, followed by No. 4/0
pépér, to remove the original cavities; then fixed {o a rigid
backing plate and grit blasted with a No. 100 carburundum grit,
%o give the required size and number of cavities, The surface
was again polished, but this time on chamois leather with alumina
powder suspended in water, to give a bright finish to the metal
between the cavities and a clearly defined cavity boundary.

The diametexs of the cavities on one strip were measured on
the Viekers microscope 8t a calibrated magnific¢ation of x 1000,
In many cases the cavities were elliptical in shape, and for
these the minor axis dimension was recorded. The microscope
was made to scan|paths across the strip at random positions
along the length, and all cavities which appeared within the
screen boundary were measured, until a total of 500 readings
nad been obtained. The cavity diemeters or minor axes were
converted to radii inm inches and fhen counted under class siges

6 ineches. The fraction of

with class intervals of 100 x 10~
eovitics was plotted against each class mid-mark in the form of
a histogram (Figure 6) and approximated by the normal law.

The widths of the sitrips were measured to an aceuraey'pf
0.001 inches, using a traveiling microscope and were found to
vary by less than 0.2% along the 3 inch lengths. The thick-
negses of the sirips were measured to an accuracy of 00,0001

inches, between two % inch diameter spherical anvile attached
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to a Magna gauge comparator, and were found to vary by less
than 3% along the lengths.

Talysurflreeords of the cavity depths were obtained from
the Qndé of the strips, since the recording stylus produces &

slight scratch on a metal surface (see Figure 7).

3'7'. Welding technique for fixzing a thefmpcougle to the
heating strip '

—— s e - Ry ——

It wes considered ingdvisable to weld a the;ﬁocoupiéniunotiog;i

o e . R

t0 the boliling surface of the test atzip;._&ecause the thermo-

couple wires would act in the manner of fins (Figure 8a) and
remove heat from tbeL;;i:}part of the surface where the |
temperature was being measured. This region would therefore
be at 8 lower temperature than the rest of the surface. The
thermocouple junction would also change the nucleation
characteristies of the surface.

The alternétive was to attach & thermoecouple to the lower
side of the strip and calculate the temperature drop across fhe
etrip. Heat losses from the vicinity of the thermocouple
junction by conduction along the wires may be reduced by welding
the junction to the centre of the strip area, and leading the

wires away from the junction in an isothermal plane, i.e.

‘parallel to the strip surface. See Figure 8b and qakob'[?ﬂ .

o [

ISOTHERMAL f}
CONTOURS ‘\m w END \HEM OF
' T — HEATING _STRIP
}VP\Q\ DECREASING . 1
: TEMPERATURE
THERMOCOUPLE 1 l HEAT LOSSES

- - L mam— e

(a) " (b)
PIGURE 8
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This results in the thermocouple wires conducting some heat
from the edges of the strip, while leaving the temperature at
the junction‘unchaﬁgedq |

The main problem in this form of temperature messurement
is the knowledge that & thermocouple in electrical contact with
a cur%ent -earrying heating strip will pick up a voltage from
the a e. .voltage gradient in the. strip. This voltage, which
is termed the "pick up", will either add to, or subtract from
the voltage generated by the thermocouple. The "pick up' can,
however, be reduced to minimum, by meking the area of contact
batween the the:macouple junction end the strip small, at the
expense of strength. This ean be achieved by using small
diameter thermeceupie wires and arranging that the wires lie
in a ebnstant valtage plane, i.e. at right sngles to the _
current flow (see "Studies in Boiling Heat Fransfer" [24] ).

To make this possible and to reduce ﬁeat losses by conduction,
chromel and alumel wires of 0.002 inches diameter were selected.
Since & small junction was needed, the wires had to “be
jﬁined by a discharge welding technique.. ?he ends of the wires
tc be joined were cut, sqguared, and placed in clamps, which were&l;
part of a jig that allowed the wires to be brought into line anﬁ.
butt-welded. The clamps were manipulated while observing the
wires through a microscope. The power for welding the wires -

was obfained from a capacitor bank, which made available a
rénge of capscitances and discharge voltages (see Figure 10},
The best values of éapacitanee, voltage and gap size wére‘

obtained by trial and error, (45 V.d.c. - 16 MFD.). A weld
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made in this manner was considered satisfaetory, if mo change
in diameter was roticed when comparing the junetion with the
wiies, Many‘wélds were made énd inspecpgd, before several
thexmocauples were available for welding:to‘the heating strips.
| Phese thermocouples had to be welded to the opposite side
of the strips from the boiling side, with the junctions at the
centre of the area, and the wires arranged in & plane normal %o
fheAcurrent flow. This was done by first markihg out the weld
positions on the surfaces of the strips with a pencil, and then
using the jig to position the thermocouples, prior to making
the welds. To make the area of contact as small as possible,
the thermocouple was bent sharply at the junction, before fixing
in the jig. TFigure 11 shows the variocus stages in meking the
heating strip thermccouple.  The welds were passed as satis-
factory if the width of the fillet was equal to the diameter
of the wire. | |

Three strips with thermocouples altached were selected and -
given a rough check for voltage "piek up". The atrips were.
clamped to electrodes, submerged in water, and a current made
. %0 Plow in the strips, first in a +ve. direction and then in a
~-ve. direction, for a d.c. volitage acress the strips of 1 valt.-
The thermocouple e.m,.f. was recored for both current directioﬁs,
and by the assumption that the heating strip temperature remained
constant, the difference between these readings corresponds 1o
t#ice the ®pick up" voltage. For the three strips, the "pick up"
was less than 0.04 ﬁillivelts'fbr a potential of 1 volt acroes

the strip, and was considered satisfactory. A more detailed
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description of the measurement of the "pick up", is given in
Section 4. 4.
Heati

8.8, . surface

o bulk liguid and boiler wall temperature

measurement |

Six thermoeouples'were-ma@e.frem 0.0076 inch diameter,
enamelled chromel and alumel wires, the junctions being formed
by twisting the ends of the wires together and silver soldering.
Phe thermocouples were calibrated at the ice point, steam peint
and freeging point of léad, to check ‘the homogeneity of the
thermocouple material. The e.m,f. readings from the six
thermocouples egreed at each fixed point to withii't-o.oes
millivolts and were considered satisfactory. Pour of the
thermocouples were to be fixed to the.éutside wall of the boiler,
one used in measuring the bulk liquid temperature, and the other
in carrying out a further and mere accurate calibration of the
chromel-alumel material (see Sectioen 4, 1.).

The thermocouple circuits used in measuring the boiler wall,

heating surface and bulk liquid temperatures are now described.

1,  Boiler wall thermocouple circuitis

_These thermocouples were intended for measuring the boiler_h
outside wall temperature and for assisting in positioning the
wall heater, to give a uniform temperature over the four limbs
of the boiler.

Four 0,0076 inch diameter chromel-alumel thermocouples were

bonded now to mid positions on the boiler limbs and the wires
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led to the ice point reference, which was removed from the
vicinity of the boiler. The ice point reference was constructed
by soldering the ends of the thermocouple wires t0 copper
conductors, inserting in glass tubes filled with paraffin, and
placing in & vacuum flask filled with finely cruéhed melfing icé?
Phe ends of the copper conductors were soldered to double pole,
single throw toggle switches, which were connected ir parsllel,
so that a single pair of conductors could be taken to a portable
Gambridge potentiometer. The thermocouple wires and copper
conductors were covered with p.v.c. insulating sleeving. A
schematie arrangement of the thermocouple circuits is shown in

Figure 1l2.

2+ Heating strip thermocouple circuit

A hesting strip with thermocouple attgehed was clemped %o
the d.c. alectfodes and the thermoccuple wires arranged s¢ that
the heat losses from the junction were minimised {see Section
3, 7.). The arrangement consisted of covering the surface of
the strip in the vicinity of the junction with a thin layer of
high temperature silicon adhesive, allowing the adhesive to &ry,
laying the wires on top of the adhesive and applying anefher
layer to fix the wires in position. 4 small groove was cut‘in
the top of the p.t.f.e. insulating block, a thin £ilm of |
 adhesive applied to the lower surface of the heating strip and
'the strip pushed into contact with the p.t.f.e. bleck, making
sure that the thermocouple wires fitted into the groove. The.

remaining lengths of the wires ran Gown the sides of the p}tgf.eg
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block in grooves cut for the purpose and connected with
0.0076 inch diameter chromel and alumel wires, which passed
through pressure seals in the boiler lower flange and hence to
the ‘cold junction (see Piguwre 13).

The pressure seals were designed to withstand a maximum
pressure and temperature of 1000 lbs./inchz‘abs. and 550°PF, end
were constructed by passing each wire thraﬁgh a é% inch diameter
hole, drilled in a % inchk diameter cylinder of p.t.f.e., and
compressing the cylinder by a screwed follower to form the seal
(see PFigure 14). The cold junction was made in the same manner
as described in 1., and the copper conductors connected to
terminals on a Uroydon precision potentiometer, which had
provision for four external circuits. The thermocouple circuit

is shown in Figure 12.

3. Bulk liguid thermocouple cireunit

Consideration was given to the best position for lecéting '
the thermocouple junction, so as to give a representative valué,*
of the bulk liquid temperature. = Ellion [19] measured a 10%% .
‘difference in bulk liquid temperature hetween @ thermometer S
located + inch above the heating surface, and oune EeloW'and to
the. side of the heating surface, for a2 heat flux of
5.2 % 105 B.tsu./ft:z'hr.; the thermometeér above the strip
reading the higher temperature. For this study iﬁ was assumed
that a position level with the strip and just to one side will
record the representative bulk liquid temperature.

To achieve this, a 0.0076 inch dismeter chromel-alumel



thermocouple was bonded into grooves cut or the side of the
p.t.f.e. bloock, and a ¢ inch length of the thermocouple,
terminating in the junction, was bent over at right angles to
lie in a plane parallel and slightly lower than the heating
surface. The remaining 1engths of the thermocouple wires were
dealt with-imasimilar manner to the heating strip thermocouple
{see Pigure 12).

3.9, Heating strip d.c. supply and power measurement circuits

Two 2-volt Chloride Plante accumulators, with a maximunm
current vating of 51 amperes for 1% hours, were arranged in
series and connected by heavy copper brazid to a 50 empere double
pole, double throw knife switch. A battery charger with a
maximum trickle current of 4 amperes, was connected across the
accumulators to give an overnight trickle charge. Heavy copper
braid'earried the current from the knife switch through =
-circuitg comprising a Zenith carbon plate resistor wifh an ohmic
range from 0.07 to 1.4 () y 8 0.001 (1 Croydon standard resistance,
and the experimental heating strip. The knife switch allowed
the current to flow either in a +ve. or -ve. direction through
this ecircuit. The voltage drop aersss the heating strip was
measured by taking leads from the strip electrodes to a double
pole, double throw toggle switch, then to a Croydon volt ratio
box, which reduced the voltage by a factor of 150, and henee to
the precision potentiometer. The current flow in the heating
strip was ealculate& from the voltage drop across the 0,001 {)

standard resistance, leads being taken from voltage terminals
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on the standard resmstance, to ] double pele, double throw
toggle switch ‘and then to the p@tentiometer.

i The toggle switches in the voltage and current measur;ng
circuite were operated in conjunction w1th the knife switch,
80 tbat the polarity at potentiometer wes the same for both
'+ve. and -ve. current f£low thraugh the heating strip. A
schematic arrangement of the d.c. supply and power‘measurement

eircuite are shown in Figure 15,

3.10, Bulk 1iauid and_ b@iler wall 8.C. heater circuits
| Two 500-w&tt heating elements were inserted in “Pyrex“
giass tubes, which were then bent to a U shepe and clamped to
the inside surface of the hailer side flanges (see ?igure 16).
These U-shaped heaters fitted into the horigzontal limbs of the
boiler when the blank flanges were in pasitionq Electrical
leads were taken from the heaters thraugh p t.fe8. pressure
seals_in the blank flanges, the heéters cennéeted in series
and the leads conneéted to output no. 1, on a dual ouvput;'
Zenith "Variac" regulating transformer. |

A flat 500-watt "Electrothermal" heating tape, which was
later replaced'by e 2000~watt "Hot-foil® flat element heating
ta@e, was closely coiled round the‘bbiler limbs, for the complete
length of the three shorter limbs and halfway up the longer limb,
The heating tape was connected via a Sunvic resiatance thermo-
meter temperature controller, to output ro, 2 on the "Variac®
transformer, The resistance thermometer was held in close

contact with the outside wall of the boiler, at the junction
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af-the limbs. . Heat loéaes from the.boilér were reduced by
éovefing the limbs and bottom and side flanges with 1 inch
thick glass fibre insulation. | |

The dﬁal-“Variac" provides smooth contreol of the heater
power from zero to the maximum, while the ouiside wall of the
boiler caﬁ'be ma1n€aine&-at any temperature by adjusting =
temperatureasetting'on the coniroller. A-schematic arrange-

ment of the.he&tér eireuits are shown in Flgure 17.

3.1k, Boiler bfeséﬁre systems

wa preséure systems were required to cover the experi-
mental pressure range from atmospheric te 1000 lbsg/inehz abBe,
and ome for low pressure degassing of the heating surface.

The systems are described in the following sections.

1. Pressure range from atmospheric to 1_1b./iﬁeh? abs. -

. Two "Speedivac® metal water jet pumps, which reduced the
pressure within the boiler, were connected through a atop valve
and vacuum gauge to the top flange of .the boiler. A fine
control needle valve was included in this branch of the system
t0 control the vacuum level in the boiler by allowing asir to
leak into the systam,- The vacuum gauge was only used to give
S | éuick indication of the vacuum level, Glass tubing
connected the top flange to the vacuum gauge and needle valve,
since thére was.a riékrthat,steam condensing in this part of .
the circuit might flow back into the boiler when the vacuum was

reduced. Copper tube connected the vacuum gauge and stop valve
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to the water pumps. A 30-inch mercury manometer was connected
to the boiler top flange by glass tubing to complete the system.
A schematic arraengement of the system is shown in Figure 18a.

2,  Atmogpheric

ressure
In this cese the boiler was open to atmosphere. = A water

nanometer was, however, connected by glass tubing to the boiler

top flange, in case of an increase in pressure during vigorous

boiling of the test ligquid.

3. Pressure range from etmospherie to 1000 lbg,/inchQ;abs@

The pressures in this range were nmaintained by a nitrogen
supply. A pressure regulating‘valve wag attached to a nitrogen
bottle and connected by copper tubing to a high pressure stainless
steel needle valve, which was in turn connected by stainless steel
tubing to the boller top flange. Three boiler pressure gauges
were used to cover the pressure range.

{a) Bourdon gauge with a range from ¢ to 110 lbs,/inch2,~
graduated in increﬁents of 2 lbs./inchg.

{B) Dewrance gauge with & range from 0 to Seo‘lbsf/inchg, in
increments of .2 lbs./inchgm

(¢). Budenberg gauge with a range from 0 to 1500 lbs./inchz,‘in‘
increments of 10 1bs,/inch2.

A steinless steel tube; bent to form a syphon, connected the

pregsure gauge to the boiler top flange. - "Ermeto" high pressure

steinless steel couplings connected the nitrogen bottle to the

needle valve, and the needle valve and pressure gauge tc the top
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flangé. These couplings can be broken and re-made almest
indeflnitely, w1th0ut affectlng their efficiency. A safety
valve screwed directly into-the beiler top flange completed .
this éystémq ?igure 18b shows a schematic arrangement of

the syétemg

3.12. Auxiliarv equipment

A stainless gteel condensate shield was desiguned to fit
into the upper 1imb of the boiler and be located immediately
above the liguid level. éteam generated from the test liquid
%ould pass through holes in the shield, but on condensing on
tﬁe colder top section of the boiler woald fall; and be_ﬂivgrted
by the shield to the sidés of the vessel. The condensate couldJ
then be returned to the bulk ligquid, without disturbing the
temperature of the water 1n the immediate vicinity of the test
surface.

A copper cooling coil was wound on the upper limb of the
boiler, immediately below the fixed flange, to cool the top
section of the boller and cause candensation of the stean
generated from the test liquid. .The cooling cail was only.
needed when the top sectlon, whiéh was not cavereé by insulation,
was unable t0 cope with the eteam generation. This fact waé
indicated by a slight increase in the boiler preasure from the
test value maintained by the nitrogen supply.

A system of mirrors was ereated on one of the 81de flanges,
so0 that the heating surface could be observed without looking

directly inte the window. This arrangement was used for
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pressures greater than 200 lbsu/inehg absolute. -

- As a further safety measure, : sheet ‘metal panel was
~erected between the boiler and therreeorﬁing 1nstruments, which
required ‘the attention of the operator. The panel was also
'used as an’ instrument panel. Figure 19 shows the recording

equipment used in this study.



CHAPTER

‘Experimental'?ragedure

4.1.“Calibration of O, Q076 inch diameter chremel~alumel -

thermocouplte at fixed points on the Internationa1

o memperature Scale

. An accurate calibration ef the 0.0076 inch dlameter
chromel-alumel material was essential, gince the heating strip
thermacouple described in Section 3. 7. was itsell calibrated,
by comparing it with the 0.0076 inch diameter chromel-glumel
bulk liquid thermocouple described in Bection 3. Be 343 the
water in the pressure vessel being utilised as 8 constant
temperature bath. |

A O. 00?6 incﬁ diameter thermocouple, whose manufacture has.A
been described in Seetion 3. B., was therefore callbrated at
the steam point, and at the freeging points of tin and lead,
fhe reference junctions being maintained at the ice poiﬁt in
cach case. |
| The egm;f. readings &t the fixed points were plotteﬁ
against the corresponding temperatures and the péints joined by
straight lines to give é calibratien curve, which was used for.
the bulk liquid thermocouple only.

The construction of the fixed points and the methed of

ealibration are described in the following sections.

1. ZXce point
The reference junction (commonly called cold junetlon), is
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most easily controlled at a knbwn,temper&turerby placing it in
a weil designed ice point. . The.ice‘peint used>in the calibra-
tion'consiéted of.a vacuum flaék filled with finely crushed ice,
which was saturated with deionised water. = The thermocouple
reference‘junetien was constructed by_soléering_thE_ends of the
wirés tQKcoﬁper conducfcrs, inéerting them‘in % inch &iémeter
glass tubeS'fille& with paraffin, and .pushing ‘the tubes into the
érushed sce to a depth of 6 inches. During the calibration,
+he excess water in the flask was Grained off and the flask
replenished with lce. The change in the @e1ting point of ice

with atumospheric pressure may be neglected.

2. Steam point

The -ateam peint is realised by constructing a hypsometerr
- and, 1f properly designed, the thermococuple reading éheuld be
independent of the rate of heat supply to the boiling water,
tﬁe length of tine the hypsometer has been in operation and the
depth of immersion of the‘thermccouple in the gtean.

These -conditions were satisfied by using a boiling flask,
half £illed with déionieed water, heated from below, and .
insulated on the outside wallrgrom above the water line. A
water manometer measured the pressure within the flask, which
was held constant by allowing steam 10 egecape tﬁrcugh a small
vent in the flask stopper. The thermocouple entergd the flask
through a glass caplllary inserted in'the rubber stppper.

The thermocouple leads from the reference junction were

abnnéctedfto?the'precision potentiometer and several e.m.f..
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readings obtained over a. period of time. The stean temperatures
corresponding to these readinge were calculated from the formula
specified in the International Températdré Scale for relating the
temgeratgrekwp inAoc, to the pressure.p@.in:m,mq of Hg, viz.

Tp = 100.000 + 6.0367 (p ~ 760) ~ 0.000023 (p - 760)°.

3.

Freezing point of tin

The e.m.f. developed by a thermocouple at the freezing point
of 2 metal is constant and reproducible, provided that the
following conditions are fulfilleds -

{(a) The couple .is protected from contamination.

{(p) The couple is immersed in the freezing point sample
sufficiently far to eliminate heating or cooling of the.
junetion by heat flow aleng the wires or protection tube.

{¢) fThe freeging point sample is pure.

The principal apperatus reguired for carrying out{ a freezing~
point calibration is therefore-a suitable furnace, a crucidble
eontaining the metal sample a&nd a protection tube for the thermo-
couple.

In this cese, the furnace comsisted of a 1% inch i.d. by
11 inches long refractory tube, wound‘with‘a heating element
end insulated %o a diameter\ofi7 inches with a suitable heat
resisting material. A "Pyrex" glass tube of 1} inches diameter
by 8 inches long was inserted into the refractory tube and filled
to & depth of 6 inches, with molten tim having a minimum purity
of 99.,949%. A sufficient length of the thermocouple wires

were insulated from each other with ashestos string, inseried



-39 -

in a % inch diameter "Pyrex" glass tube and immersed to a depth -
of 5 inches in . the molten tin, _ |

.. The calibration was commenced by maintaininag the-fempérature
of the molten:tin constant for about 5 miautes and then allowing
the furnace to coel slowly, taking readings of the thermocouple
e.m.f+ at 1 minute intervals. ¥hen the freezing-péint wes
reached, the e.m.f. remained constant for approximately 10
minutes. .Prior to each reading, the tin was stirred by the
thermocouple protection tube, to ensure uniform temperature
within the metal. . The freezing point of pure tin (449.4°F)

was obtained from the Internationsl Temperature.Scale.

4,. Preezing point of lead

The thermocouple was calibrated at the freezing point of
pure lead using the apparatus and procedure which has been
described in Section 4. 1. 3, 4 freezing point temperature of
621.23%P for pure lead was obtained from the International
Temperature Scale .(a figure for the percentage purity was not
known, .and therefore precautions were taken to purify the lead

4.2. Specification for cleaning the heating surface, test

liguid and bolling vessel

The importance of mainteining a clean system led to the
specification of a c¢leansing procedure, which was carried out
before each experiment. The methods of cleaning the heating
surface, test liquid and@ boiling vessel are described in the

following seetions.
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i, Heating surface

The heating surface was rubbed thoeroughly with a paper
tissue, scaked in acetoné; acetone being preferred to carbon
tetrachloride, as the latter deposited & film on the surface.
This was followed by rubbing with a tissue, soaked in "deionised®
boiling water, and finally dried. |

Po prevent re~contaminstion of the clearned surface, the
boiler bottom flange containing the heating strip and its support
was bolted te the boilef without delay, the strip support and |
inside surface of the flange having already been cleaned with

acetone.

2. Test 1iguid

The test liquid was collected by paseing water through a
Griffin-Raleigh water deloniser until the specific resistance
was greater than 5 megohm—-cms. A 1400 ¢.c. charge of water
wae required to give a water level, which was % ineh above the
heating surface. Both the collecting bottle and measuring jar ﬁ
were carefully cleaned before filling with the deionised watero’

5. Boilling vessel
The inside walls of the vessel could only be cleaned with

acetone after the blank flanges had been removed. As a result
the vertical 1imbs were cleaned before each test, and the hori- ‘
zontal limbs between every three tests, or when removal of the
side flanges was made necessary, for repairs to the bulk liquid

heaters or renewal of flange gaskets,



Before filling the boiler with the test liguid, the walls
were further cleaned by washing them several times with

deionised water.

4.3,

Degassing of the heatins surfagce

In any experiment, the aim must be to get reproducible
results, for until these are obtained, the true.éffeet of &
change in opérating conditions cannot be determined.

In nucleate boiling, the ability to Teproduce results will
be;greatly influenced by the sige and number of hegting surface
cavities, which are f£illed with gas. Phisg number will determine
the number of active bubble sites at a particular liquid super-
heat temperature, which in turn will determine the corresponding
heat flux. Degassing is therefore carried out, to reduce the
quantity of gas trapped in the Heating surface cavities to some
equilibrium value which would otherwise be attained after a very
long period of boiling. '

This result:is achieved by vigorous boiling of the test
liguid when it is in contact‘with the heating surface, so that
some gas is driven off and gas, which is trapped in the cavities,
is . then encouraged to diffuse into the degaesed liguid. Many
cavities will become gas-free, leaving only the cavities which -
resist degassing because of their favourable geometry and liquid-
metal contact angle. These cavities are therefore the sources
of bubble nuclei on the heating surfaces

The test liquid c¢an be boiled for this purpose, using

either auxiliary heaters or the test heating surface. The
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latter should accelerate the process, since the departing
pubbles will .carry away some of the gas from the cavities.

Pwo. different sets. of conditions for degassing the heating
surface were investigated, by carrying out comparative sets of
experiments. A set of experiments consisted of degassing the
hegating surface, and thenltakingireadings of heat flux and
heating‘sarfgpg temperature at atmospheric pressure. The
experiments were compared by drawing curves of heat. flux versus
superheat temperature difference, = 3Before each-exPerimenﬁ the
heating surface was cleaned, and the boiler charged with fresh
deionised water. .. The two conditions for degassing are
described below.

1. De assin _at atmospheric pressurs

N The heating aurface waa degassed by boiling the liquid at
atmospheric pressure, from the bulk liquid heaters and from the
test surface (% 2.X 104.B.t.u¢/ft, hr. for test surface).

A degassing period of % hour was allowed in.the first instance,
and resulted in poor agreement between the boiling curves for .
successive testé. It was haped that better agreement would
result frem an increase in the. degassing period from the test
surface, the degassing peried from the bulk liquid heaters being
maintained at.% hour, which was thought sufficient to degas the
liquid. The degasging period from the test surface, was there-
fore increased in stages of %+ hour up tq‘z hours, without showing
any‘real improvement in the agreement between the boiling curves,

At this stage‘méthed one was abandoned.
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2. Degsssing at 1 1b. /1nch2 abs .

. ¥Method two.was carried out by evacuating the beiler (see
Section 3. 11. ), and meintaining e pressure of 1 lb. /inch2 abs.
shove the-liquidlfor'é hour, the liquid being at room temperaturen
During this period, a large number of air bubbles formed on both .
the heating-surface and boile# walls, and rose to the liquid
surface. . At the end of the ¥ hour perioed, the_air‘bubbles
having stopped forming, the boiler wall and bulk liquid heaters
were switched on: to raise the liquid to saturation temperatﬁxe,
corresponding to l‘lb./inchg aba.. . When Saturation.temperature
was. reached, the liquid was boiled both from the. bulk liquid
heaters and. from the test surface (Q-~ 2 x 104 Bytau. /ft.2 hr.)
for & hour, to epmpletelthe degassing. The vacuwm pumps were
then~stcppéd,-and-the.boilérAprassure raised to atmospheric
pressure .by introdueing nitrogen into the vessel, The -boiling
‘tests at -atmospheric pressure¢which followed this.prccedﬁre.
chowed good agreement. Method two was .therefore adopted as
standard‘degaséing procedure.

Later in the experimental study this method had to be
slightly‘changed, because,‘on'one.oceasian; a heat flux of
2 x 104 But.u./ftaz hr, from the heating surface was Bufficient'
to cause overheating of the teat strip, (verheating was subse-
quently avoided, by raising the boiler pressure to 3 1bs./&nch2 abs.
at the end of the first 4 hour period of degassing.  The beiler
wall and bulk liquid heaters were used‘ta‘raise"the liquid. to
" gsaturation temperatura correspending to 3 lbsg/ineh?_abggf?”,.

aftef beth heaters were switched off,. the boiler pressure was



- 44 -

reduced to 1‘lb./inch? abs;,~causing;vigereus boiling from the
test surface and the boiler walls. Reduding the bdiler,pfeésure
£from 3 to 17lb¢/1nch2*abs.'produces & uniformly superheated
‘1iquid of approximately 40%P. When boiling ceased, the pressure
was again raised to 3 1bss/inch2 abs. and the procédure repeated

%0 give a total degassing time of % hour.

4.4

- thermocouple '

ialibratién;of'thE‘volta'e Mpick up® by the heafing[strgg

At the beginning of this study,'the‘experimentalrbdiiing”
curves were obtained by recording two values of heating sufface
temperature, at each heat‘flux'levélg one, with the current
flowing in- & +vé. direction and the other with the current
flowing in a: -ve, direction. -The experimental peints of heat
flux versus heating surface temperature were then plotted,fah&
curves drawn, one through the points for +ve. current snd one
for -ve. current. The separation of these curves at any one
value of hest flux givees the temperature difference, which
corresponds to twice the voltage "pick up” of the heating etrip
thermocouple (see Section 3. T7.)s A curve was therefore drawn
midway between the first two curves, to give'a boiling curve,
which coprected the heating surface temperature for thermocouple
pick upt. _ |

These preliminarﬁ‘boiling experiments proved that the thermo-
couple “ﬁick up" was, as expected, proportional to the voltage
drop across the he&ting'stripg and that the magnitnde of the

fpick up® had remained coustant throughout several experiments.
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The thermocouple "pick ugﬂlﬁas therefore calibrated, and the
heating surface temperatures in the remaining experimegts
corrected accordingly.

. The calibration was carried out at atmospheric pressure in
the following manner. The heating surface, ligquid and boller .
walls having-beendcleaned, the heating surface was degassed to
give stable boiling. With the liquid held constant at
saturation temperature by the bulk liguid hqaters, the Reating
gtrip thermepouéle c.m.f. was recorded, with the current
flowing first in a\+ve.‘direetion,_ﬁhen;in a -ve. direction,
and again +ve., for heating sirip voltages increasing from
0.2 .to. 1.6 volte in increments of 0.2 volts. If the second
reading with +ve. current flow did not agree with the first,
the celibration at that particular voltage was repeated until
agreement wae obtained.

The difference between the thermocouple e.m.f. values for
+ve, and -ve., flow potential were then plotted to & base of
heating strip voltage. The straight line determinqd by the
method of least squeres was drawn through the points, - The
thermocouple e.m.f, difference is, however, equal to twice the
thermocouple voltage “"pick up", and a second line was drawn with
a gradient, which was half thé.gradient of the first line. . The
thermocouple e.m,f,\difference‘veraus heating strip voltage is
shown in PFigure 20, for the twe heating strips used in this study.

It was decided o carry out subsequent tests with.a +ve,
current flow, the voltage "pick up” being added to, or subtracted

from, the thermocouple e.m.f., depending on whether +ve. current
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flow gave the lower or higher e.m.f. velues for the heating

strip used.

4.5, Corrosien 0f the. boiler walle .

During a preliminary. boillng experiment at 80 1bs./1nch2 abs.,
the test water appeared. brownish in colour after a boiling tinme
of 4 hours, the discolouration jincreasing as the test proceeded,

On completing the experiment, the. beller was dismantled.
Examination revealed.corrosion patches.on those areas of the
bvoiler walls, which had been in contact with the water. The
boiler water had dissolved some.of the corrosien products, hence
the discolouration .of the water.

A check was carried out on the hydrogen-ion concentration
of the deionised water, as received from the Griffin-Raleigh.
water deioniser, and compared with the pH value of the water
taken from the boiler after the experiment at 80~1bs»/inch2 ahs.
A Pye pH meter, gave a value of 6.6 for water collected from the
deioniser, and a value of 4 for the water from the experiment at
80 lbs./inaha abs. This means that the boiler water ls slightly
acidic initially (pH = 7 for pure water), and that disseciation
of the water towards greater acidity had taken place, as the
temperature increésed to the value corresponding to the pressure
of B0 1lbs./inch® abs.

Corrosion of the stainless steel bolling tube was reported
in studies on forced beiling heat transfer at the University. of
California |?4]- A separate study was devoted to this problen

and the main conclusions were. that the corrosion of the.gtainless
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steel was due to aurfaee-reaetion with water at elevated?
‘tempevatures. and that the corrosien could be redueed |
aonsiderably by malntaining the pH of the water between
9.5 and 10.0. | o |
| Evans [?ﬂ in his chapter on boilers anﬁ eondensers .
recommends a practice of making the water altaline, if it is.
not a;ready so.  He refers to variﬂus authors who believe that
the hoiler:water.shpuld have an initial pH value of 10.5 at
ordiﬁary témperatures, He draws,attgntion to the‘fact that
alkalinitymainfaine@ by means of sodium {or potassium)
hydroxide‘is:only_eﬁfeetive on_thése parts of the surface
directly contacted by the baile; water. To prevent corrosion
on othér parts of the_circpit a volatile alkali_is reguirgd, and
ammonla is suggested. |

Dn the basis of fhese recommendatiens, it was decided to
raise the pH of the boiler water to 10 Q by the additian of
ammonxae | The ammenia must be added after the degassing at
1 lb /inch2 abs., otherwise it will be removed during this
process, An experiment was therefore carried out to determine
- the valume of water remaining in the bciler after degassing,
since it was this volume for which a pH value of 10.0 was
specified. ,Of the eriginal charge of 1400 e.c. about 1350 c.c.
remained after'degassing; 4 c.c. of 0.5% ammonia solution were
required to raise the pH of ‘the 1350 c.c. velume from 6.0 to 10.0.

The experiment at 80 1bs /'inch2

abs. was then repeated with
the boiler watar treated with ammonia, and showed no signs of

carroesion. A test at atmcspheric pressure was carried out to
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determine whether the addition of ammonia had an effect on the
nueléétion properties, and hence the heat transfer rate from
the test surface. Comparison of the test with previous tosts
at atmospheric pressure showed excellent agreement, thus proving
that the ammonia d4id not affect . the nucleation propertieslaf,thef
heating surface. | '
Thereafter ammonis was added to the boiler water for each
experiment; with the result that the system remained free of

corrosion throughout the complete pressure range.

4.6, Effect of pressure and bulk liquid subcooling on nucleate

boiling
The experimental procedure is deseribed for tests designed

to study the effect of pressure and bulk iiguid subcooling on
nucleate boiling in the pressure range from atmospherie to
1000 1bs./inch? abs. |

The heating surface and inside walls of the boiler were
first cleaned (see Section 4. 2,) and the bottom flange bolted
to the boiler. Lagging was replaced on fhe boiler flanges, the
de.cs power supply connected to the heating strip electrodes and
the thermaeguple leads connected to the potemtiometer, A fresh
supply af_adeionisaﬂ" water was collected (see Section 4; 247,
the inside walls of the boiler washed several times with
ndeionised® water and the boiler charged with 1400 c.c. of
"deionised" water. The condensate shield was-fixed in position
above the heating surface and the top flange bolted to the boiler.

The top flange wes now connected to the low pressure system



- 49 -

(see Section 3. 11. 1l.), and the heating surface degassed at

1 1b,/inch? abs. by the method described in Section 4. 3. 2. of
this chapter.  After degassing. 4 c.c. of 0,5% ammenia solution
were added to the boiler water, to prevent corrosion of the. .
boiler walls when the water temperature was raised during the
experiment (see Section 4. 5.). The boiler top flange was nexi
connected to the high pressure system (see Section 3. 11, 3.)
and ‘the boiler pressurised with nitrogen to the desired test
pressure (except for those. tests at atmospheric pressure). The
boiler wall and bulk liquid heaters were switched on to raise

the water to the gaturatiqg;temperaturelcprresponding‘to‘thg
test pressure. When saturation temperature was attained, the
liquid was boiled from the heating surface for # hour at e heat
£lux of 2 x 10% B.t.u./ft.% nr., to emsure stable boiling
conditions before taking readings of heat flux and heating
surface temperature.  During this time, the water was maintained
at saturation temperature by boiling from the bulk liquld heaters,
the boiler wall heater being controlled by the temperature
econtroller to give an outside wall temperature a few degrees
above saturation.

At the end of this ¥ hour period the heating strip power. .
was reduced to pero. - After a delay of 5 minutes, the heating
strip thermocouple was calibrated sgainst the bulk liquid
thermocouple, the boiling water itself acting as a consiant
temperature bath. A calibration for the bulk liguid thermo- -
couple was already available, since a thermocouple made fromn'

thé same reel of material had been calibrated at fixed points
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on the International Temperature Scale (see Section 4. 1.).

The bulk liquid heaters were now reduced in power until boiling
from them ceased, in order to avoid .obscuring boiling from the
teat surface. Por the subcooling experiments, the heater -
power was reduced further to'give the required degree of sub-
éooling. _

- When the bulk liquid. temperature was steady, the heating
gtrip current wes increased to 4 amps corresponrding to a heat
flux of § x 10° B.t ,u./ft.A hr. The current was increased by -
gtages of 1 amp te‘25 amps (heat flux of 2 x 104 B,m.ua/ftgz hr. ).
At each current valug $hg heating‘strip‘voltage,ucurrent and
temperatufe, together with the bulk liquid temperature, were
deterﬁined, using the prec;siongpotantiometar; Any reading
which fluctusmted was recorded as & mean value.plﬁs-the'limits=
of the fluctuation (fluctuation was apparent in the case of the
heating atfiﬁutemperature readings). Whenever possible, the
beatihé strip temperature was recorded when the first bubble
site appeared on the surfacg, and when inerease occurred in the
number of sites, The number of sites was counted visuslly, a
method which restricted the maximum to about five.

During these boiling experiments, the output from the bulk
liguid heaters wae reduced in steps, to counteract the increase
in heat flux from the test surface sand maintain the bulk liquid
temperature constant to within % %o " The boiler preesure was
maintained constant throughout by controlling the pressure of
the nitrogen blanket.

On completing the test, the heating strip voltage and
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eurrent were converted from millivolts to volts and apps, and

the heating surface flux caleulated from the equation,

Q/A ;='. g%;‘ . 8 » = :!-“"'.,‘? 0(41601-)

i

where ' Q/, = heat flux (B.t.u./f.5br.)y
' V = heating strip voltage (volts),
= @« - - %  eurrent (amps),
‘A = heating surface &rea (ft;zb.*
Cs = conversion factor (3.41).
The readingé of Heating strip temperature, i.e. the temperature.
at the lower surface of the strip, were corrected for ‘the -thermo-
couple voltage “pick up" (see Section 4. 4.) and converted to °P.
The tempersature at the boiling surface was computed, by subitracting
the temperature drop across the stripﬁfrom the temperature at the
lower surface. By making the assumptions that heat is generated
uniformly'thréughoﬁt“the‘strip-hy the steady flow of electrical
current, and that the strip i6 ideally insulated except:for the
boiling surface, the temperature drop across the strip was

‘caleulated by the equation, '

| QU f
AT .a:_ -/%"I'EE@ ¢ Q. 1: °» = ¢ (4«06‘92_‘)

where AT temperature drop across strip (°®),
Q/, = heat flux (B,t.u./ft.” br.),

thickness of strip (ft.),

=

]

k¥ = mean coefficient of thermal conductivity of strip
(Botuu-/ftoz hrq oF/ftb )o o
A%t the completion of each alternate boiling experiment, the.

heating strip thermocouple. voltage "pick up” was measured for




w B -

ene“véluefof'heating=strip*volﬁage,“to guardfagainstJavchénge
in the "pick up"'with time. | g | '

- The accuracies of the heating surface temperature, bulk
‘liquid temperature and heat flux values are given in the '

appendices.



© CHAPTER

'Nucleate Boiling Theory

Se1.. Bubble initistion e \ o
It is assumed that two conditions have to be satisfied
before a vapour bubble will form and grow in a pure liguid.

{a) The liquid must be superheated with respect to the satura-
tion temperature, corresponding to the external pressure
acting upon the liguid. . ‘

‘(b) A nucleus of vapour must be present within the liquid, and
in stable equilibrium with the superheated llquid,

The relationship between the size of this nucleus and the degree

of superheat 13 given by an equation derived hy-Gihbs‘[ﬁ] for

the mechanical equilibrium of a spherical vapour bubble in a .

liquid, and takes the form, . L

b — P T o (5.1.10)

where h, is the vapour pressure within the nucleus, F the liguid

pressure in the plane of tge~nueleua, o~ the surface tension of
the vépour—liquid boundary and T the radius of the boundary.
It is seen from this equation that for a particular value
of P —_ } 1anly one value of radius T will give stable eguili-
brium, and we denote this value by the critical radius Tc . For
variations in T+ , it is & case of unstable equilibrium, ieee if

A < 1. , the nucleus will collapse, and if & > 4. , it will

expand indefinitely-while'surreunaed'by«euperheated liguid.

It is known from measuremenits of the temperature in & liquid

above a heated surface (see Jakob [26]) that only a thin layer of
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liquid adjacent to the surface is sufficlently superheated to
initiate boiling, while the rest of the liquid is at some
temperature near‘saturgtion or less, depending on the history
of the liquid. - It is then in this region that a nucleuws will-
be found, and since Westwater flz] ovserved thet bubbles grow
from imperfections in the metal surface, it seems reasonable to
apply Equation (5.1.1.) to the cavities in the experimental
heating surface, with radius 7 above replaced by the critical
radius & .

—— e —— .. - -

After the mguner of |Claude and Foust [12] an ideal vapour
filled sﬁ_rf-act; cavity is postulated, with the vapour-liquid
interface concave to the liquid (Pigure 21), where ¢ is the
radius of the interface, 'f:'. the radius of the cavity where the
vapour-liquid boundary contacts the cavity wall, f the cavity
cone -angle and ﬁ the contact angle between the liquid and metal,

being measured between metal wall and vapour-liquid interface.

— e — - - ——

VAPOUR NUucLEUS

(DERL. CAWTY

e ——— . - - - - ———— . . - - - . ..

FIGURE 21
Prom Equation (5.1.l.), . _
. 20
FV — R- -_— T » [ ] - (] L [ 2 L (5.1.20)
where 7 has been replaced by T .
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' If 9‘ 19 the angle 1ncluded by Adc and ’f'r. this becomes,

F—h- _ 25,—605 e (55143,)

.Bl:!‘t ¢ = -g— ——P

F — PI. . ' cOS (i _P). . (Splo4’o)

G . . b —
where the magnitude of (—g— — ﬁ) ie such that, 0<cos —g —_— P)<|
It is assumed that —2 = P » hecause for the measured cavities on
test suffaee, —g- ‘was approxiinateiy equal te the average contact
angle of 40°, which was measured by Griffith and Wallis [27] for
water on a clean metal surface at atmospheric pressure and

saturation t'camperature." Records of the cavity profiles are

shown in Figure Te

Equation (5 1.4.) is rewritten with cos (% —_ P) = 1 and
becomes, - .
|> —b = .. (5 15.)

The pressure &iffe:rence Pv --f: acrcss the nueleus vapour-liquid
boundary may be converted to the syperheat temperature difference

in the liquid, by the Clausius-~Clapeyron equation,

it = L'J. | o 3 07- 'clnﬁlo
dT T (v, — %) ' (5:1.6-)

where L. is the latent hea$ of vaporisation, V. the speeific

volume of the vapour, V. the specific volume of the. liquid, P the
saturation temperature of the two phases and J Joule's eqﬁivalento

For pressures up to 1000 _II‘;..}a'a-.,./‘:Lm:h"'3 abs. - Vi << VW and may
be neglected; therefore Equation {5.1.6.) becomes,

db . LT
dT ﬂ—— uooto(‘j-ln?q)

If it is assumed that the vapour‘ behaves as a perfect gas
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aéeardimgrté‘the law k{VC;= RE} where R is the perfect 2as
. constent, then substituting for W “1n'E@uatiGn'(5-1.7.)‘giieég""}

4 . kLT e
dT . RT;_ (50198»)

Rearranging and integrating. from the vapour pressure corres-

ponding to the liquid pressure P to'th@'#apbur pressure b

within the nucleus, at their saturation temperatures we have,

e LT\ 4T (s,
( 3 R S e (5+2.:9.)
S T - y o
o P" = L'_l ' _I.... _— ‘_ : - -
and {og, - TR [T. TJ (5+110,)
Subati#uting Equation (5.1;56) in Equation (5-1.10;) becomes,
A ';_' A =..;EL_ ° 20 ;.5 
[T, Ti] LT Je[‘+ = p,_] (511
eamd -— T = iT—';;l'o:]e- [l ‘I_"%ng] (5:10124)

where T, is the temperature of the saturated vapour within the
nueleus, and for equilibrium across the nucleus boundary it must
be equal t¢ the temperature of the superhéated liquid surrounding
the nucleus; Tl is the temperature of the saturated liqﬁid at
pressure b . ' | ' |

If T is dernoted by the superheat temperature % and Tl by
the saturation temperature %sat’ substitutlun in ﬁquatlon (5.1.12.)
provides, | | - o | '

R T

. . . T - . ' B v
Psup = Teat = —=yp._pat 10&,[] -I— 2'°" ](5.1.13.)
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Equation {5.1.13.) gives the liquid superheat tewperature

difference (P which is required to initigte bubhie,

sup 'sat)’
growth from a vapour filled conical 0av1ty of characteristic
radius T , in contact with a uniformly superheated 1iquid.

It is shown in Section 7 4. that for the heating surface
arrangement used 1n the present stuﬂy, the thickness of the
superheated layer -at pressures of 14.4 and 30 1bs./inch2 abs.
for saturated liquid is very much greater than the radii of the
largest surface cavities. It can be assumed, therefore, that

for initiation purposes the liquid is uniformly superheated and

Tsup may be replaced by the heating surface temperature wsur in
Equatien (5.1.13.) to give, - *
- R2_ T .
Por = Taat = —— 22t 1og, {l + ﬁ%ﬁg-] (5.1.14.)
' ¢ Pu

In order to apply Bquation (5.1;14.), it is necessary to assume
that the largest radius of a cavity, 1l.e. the caﬁity.wauth‘rad;us,
will determine the initiation superheat temperature, sincé it .
would be impossible to predict how far the liquid will penetrate
into =2 cavity, without a more exact knowledge of #he cavity
geametry and metal-liquid contact angle. -

Equation (5. l.14. ) is compared in Figure 22 with axperimental
measurements of the superheat temperature differenee requlred to
initiate bubble growth at the first bubble site. The value of T

-6

inserted in Equation (501.14.) is 360 x 10 ~ inches. This value

corresponds +to the mouth radius of the largest heating surface

cavity, and compares favourably with the value of 550 x 10'6

inches,
recorded for the radii of the largest cavities on the experimental

heating surface (see Section 8.3.).
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5.2% ‘Bu-bbler site density -

. Gonsider/ s metal heating surface, the sizes ‘of cavities in
wﬁich are distributed normally. As the superheat température
is increased, the large-sized cavities will initiate first and
further superheating wiil'initiate:the_lesser sized cavities in
vurn, the tqﬁal.number‘of active cavities being the summatien of
the number of cevities for each particular size range.

Sufficient experimental evidence has been obtained by Clsude
arid Foust [;i] fo indicate that this is in fact what heppens,
gince they have been able to vary the rate of increase in bubble
sites with inerease in superheat, by changing the surface roﬁghness,

Gguation-(5:1.14.) is now applied to the range of cavity
siges on the test heating surface, with .y becoming the mnqth
radius of any cavity. Equation (541.14.) is

. RP_T '
_ sux sat
Pour < Teat = Ty %8 [I‘*” ey h.]

and mey be written in en approximate form, provided that

- S 2
(Tsur : sat) is small and that log, [] + 2* ] N -d-_:?Z'F-
[ | 9
to giﬁe; 2
TSI&I‘ ‘Baat; | LJ—’T}_' h_ ()02-_13)
Let the superheat temperature differemce (T, .. - T . .) be IXT
so that Equation (5.2.1.) becomes,
' ATsulh'= —B,— | - (5.2.2.)
R
2R P%_ . O

i sat

R

where B
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Rearranging end differentiating gives,

e _ B (5.2.3.)

B 7 B~ ral

The distribution of cavity siges on the experimental heating

surface (Figure 6) was approximated by the normal law,

LT

.dﬁi oo e 2V € T ur L (5.244.)
N IlZTI €
‘where Q‘I—:l‘l— ig the. fracltion of the ¢avity population K, with radii
between A and ( A 4+ de s ’!7,'1;11&. arithmetic mean value of 'fc'.’

in the whole population and € the standard deviation of the
population. from the mean. - -
 Rewriting Equation (5.2.4.) provides, | e
T

dN =_Cse- 2' dfﬁ-,' (50205«&)
where GS B ————e . .
| 2T €.
Substituting Equations (5.2.2.) and (5.2.3.) in {5.2.5.) gives,
B o

| - ____L(A‘T;nb-‘ﬂ )
4N- — BC e 2V E 7

. 52;'60
AT d(0Tuut) o Babs)
Integrating Equation (5.2.6.) from A‘Tsup' %o ATsup provides,
8\ =
2 ATsup, -H.J_(M) | -
| 2 €
(dN= - BCSS A, 4 (ATuek) (5.2.7.)
! NTsh, B 2 |
ATseb, _J_(A_M)
andN——N=—-BC§ e ¢ € d(&Tsuh- {(5.2.8.)
L z_‘ 1 _ 5 ATtsub _ Jecaliy .

AT sub
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The integration of the right hand side has to be carried out by

& graphical method and if this is dene from ZlTsup = 0, then
. 1
F; = O and Equation (5.2.8.) can he reyritten, viz.,
ATsub, _l_(_&%:_’ﬂ_) -
2 ' ,
N-—Be e HaTed)  (5.2.90)
2 : AT?sup ( | |

Equation (5.2.9.) therefore predicts the number of cavities ﬁé,f:n 
which are mctive bubble sites at any superheat temperature -

~difference ATsup2.

The number of bubblessites was calculated from Eqﬁatian (5.2.9.)

(see Section 8.3.) for inereasing values of AT and eompared'

sup2’ 7
with the number of bubble sites on the test heating surface, which
were counted visually. The comparison showed that the number of
sites predicted by Bquation (5.2.9.) was greater than the experi~
mentalinumber by a factor of _104° If the theory is assumed
correct, this means that only a very small fraction of the
available cavity population are bubble sites (this appliss to the'
early stage of bé%ling only). | |

Po correct for this a multiplying comstant D is introduced.
Constent D is defined as the ratio of the active cavity population

Nl to the available cavity population R; such that

= DN (5.2.10.)
where D = 1074

Replacing ¥ by Hl in constant C gives,

{5.2.11.)

Equation (5.2.9.) now becomes,



B :
- ATsub, _ i_(ﬁLs"g_"‘_M_) |
5 ,
N S )
N?. 5 X A-l-zsub d( $U$) 1(52 12 ) )
Equation (5.2,12.) is plotted in Figure 23 against the superheat

temperature difference AT‘supz

s for liquid pressures of 14.3, 30
and 122 1lbs. /1nch2 abs., and compared with the experimertal count
of the number of bubble sites at pressures af 14 %3 and 29 1bs./inch2
abs. Equation (5.2,12:) shows sonme agreement with experiment,
déspite the difficdulties experienced when counting the number of
bubble sites on the experimental heating surface (see ﬁection_efﬁf)ﬁ
Figure 23 also.shows that Equation (5.2.12.) predicts that the
effect of an increase in pressure is to increase the rate at

-_ which bubble sites appear. .ths would seem to agree witﬁ E
experimental results in that, ?h? gffect of an 1nereéae iﬁ

pressure on the boiling curve is.to decrease the region of weakf

boiling and dbring about "established nucleate boiling® at a lower

value of superheat temperature difference (see Section 8.1.).

5.3, Bubble frequoncx .

& study of the bubble frequency at one bubhle site revealed
large time intervals between successlve bubbles at 1nitiation,
and a decrease in these intervals as the superheat temperature
was increased.

‘Hsu and Graham [?d] define the frequency-of bubble formation
at & given site by two time periodsz' namely, the bubble groﬁth
period tg and the bubble waiting périod tw. The waiting .period
is the time between the departure of one bubble from the heating



surface and the appearance of the next bubble; and the growth
period, the time that the bubble grows while remaining attached
to the surface. Hsu and Greham [28] measured the waiting and
growth périods for twenty bubbles, from high-speed pictures of )
boiling at atmospheric pressure, for a superheat'temperaturé

. difference (Tsur ) of 2°P and a bulk liquid subcooling

sat

(Tsat - TbulkJ of 16°F, . These times show an average ratio
zg g, the- waiting time being gquite large with respeet to the

grewth time. The subcooling of 16°F will have some effect on. -
theée times, githough_iﬁ this case their graphs of bubble radius .
versus time is typical of saturated boiling, i.e. the bubble
radiua ramaing constant after growing to & maximum size. A
possible explanation is that some mistake has been.made‘ih
estimating the superheat andzsubeoaling-temperature differencés“
which make up the measured temﬁefature difference (Taur ”‘Tbulk)
of 18°F, since the superheat temperature difference of 2°F secems.
rather low for nucleate boiling at atmospheric pressure.. . The
ratio of %g{;raf‘?7indicates that thé bubble frequency may be
egt?mated by considering the waiting pericd only, for low rates
of boiling (smalllvalues of superheat temperature difference).

A simplified model similar to the models used by Hsu [iﬂ,
and Hen and Orizfith (14 is proposed to enable a prediction of
the waiting time, and hence the bubble frequemcy. In this
model, the waiting time is associated with the time required to..
raise the temperature of the liquidllayer ad jacent to the heating

surface from bulk liguid temperature to a temperature which will

initiate bubble growth at a site. The growth of the bubble



- 63 -

removes a section of the heated layer and allows liquid at bulk
temperature to move in and take its place, s0O that the cycle is
repeated. .

To enable a solution to be arriﬁed at for the waiting time,
it 1 assumed. that the liquid layer is heated by conduction only,
that the 1ayerAis‘of constant thickness and that heat is supplied
at one side at & constant rate, while the other side_is-held
constant at bulk i;quid temperature. The problem is one of
transient conduction of: heat in a gladb, in one dimension x, with
a prescribed heat flux‘Q[é-at'one'side and a constant temperature

Ty 8t the other {see Figure 24).

< 1 / HEATING _ STRIP
THERMAL LAYER —| §
x= O Thalk

B o FIGURE 24

Let ¢S be the thickness of the liquid layer and T be thé'teﬁperature
at x >0, so that ¢ - Ty = AL -
The one dimensional transient conduction-equation is,

LEL) - de

where o is the thermal diffusivity end t the time.
The‘boundary conditions are, ) |
Af =0, at t = 0, for 0 < x < §
A? =0, at x =0, for t >0

ke
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(h A BAT ' = Q = eo:n-s'tant. Kfor t '7 0
R =§. o . o , ,
The solution of Equation (5.3. 1 ) from Carslew and Jaeger [2§], is

B ¢

o0

AT T —Touk .__.'—1'2%%*‘[(;q"'gaer;;_l&_mv' SN

TR = TR EE A t)E

(5+3.2.)

If it is assumed, as in Sectionjﬁ.'i,, that the superheat temperature
can be replaced b& the heating surface temperature for initiation
purposes, then Equation (5.3.2.) has to be solved for T at x equal
to § ‘only. Therefore time t is equal to' the waiting time tw,
when the temperature T at x equal to § is equal to the heating
surface temperature required for initiation.

Substituting for T, t and x in Equation (5.3.2.) gives,

Jeur _?T;“Ih - 2 % [ be‘.‘;c (Zn‘+-| -8 _ Lerfe gzh+|)g+g 1

9k tw)k IR
: (5.3.3.)
Censider‘the first bubble site at some pressﬁre }{-o The heating
surface temperature for initiation from the first site is nbtained
from Eqﬁation (5.1.14.), which is plotted in Pigure 22, and gives
the initiatien superheat temperature difference (Tsur - Ts;tf '
versus liquid pressure }1 . If the heating surféce temperature
Taur and heat flux Q/h corresponding to initiation are substituted
in Xquation (5.3.3%.), it can be solved for tw. The waiting times

tw, at increasing velues of T, ., can be obtained by substituting
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the corresponding values of heat flux Q/, in Equation (5+353.)6
The waiting periods were therefore.obﬁained by this mgthod
for the first eight bubble sites at pressures of 14.3, 30 and
122-1bs./inch2 abs.  The heating surface temperature for
initiation at each site was obtained from Equation (5.2.12.),
as shown in Figure 23. Plgure 23, whigh gives the number_of

bubble sites at & superheat temperature difference A;T , Can

be interpreted. asg the superheat temperature difference tigt is
reguired ‘to initiate the first bubble site and each site in turn.
Experimental measuramenta of the layer thickness § (see Chapter 7),
at pressures of 14.4 and 30 1bs./inch abs. for saturated liquid,
were substituted in Equatian (5 3.3.) in the solution of the '
waiting periods at the pressures of 14. % and 30 lbs./inchz abs.

A layer thickness of 0. 030 inches was assumed for saturated liquid
at a pressure of 122 lhs /inch -abs. Experlmental values of the
free convection heat flux corresponding to the hegting surface

temperatures T . were also subétituted in Equation (5.5.3.)_

ur
The bubble frequenciea glven by g' were calculated for the

liquid pressures of 14.3, 30 and 122 lbs»/inch abs. ?he bubble

frequencies f, for eight bubble sites at the pressure of

14.3 1bs. /inchz abs. are plotted in Figure 25 against the Buperw

heat temperature difference (7 Tyay)e Similar graphs were

sur
drawn for the bubble frequencies at the pressures of 30 and

122 1bs./inch? abs. so that the bubble flux J , i.e. the number
of bubbles, per unit area of heating aurface, per um:-t*tl.m,e,could
be computed by summing the bubble frequeﬁcies at the bubble sites,

for increasing values of (T, .. -, Toat!®
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Pigure 26 shows curves of bubble flux ]ﬁﬂagainst the super-

heat temperature difference (T -'Tsat), at the pressures of -

sur
14.3, 30 and 122 1bs;/&nch2mabs; - This is a theoretical prediction
.only, because it was not found. possible to measure the bubble |

frequencies at. each site with the.presént ekperimental apparatus,

5.4. Weak nucleate boiling heat flux

In the region of weak nucleate boiling, the heat flux may
'bé.determined by the sumnation of'thélffee convection heat fiux, -
and the‘heat fiux associated with bubble growth at the heating
Surface.L \The,he§t flux in,thia regibn‘is-therefore given by,

Q/, weak = Q/, free . . + Q bubble ‘ '
/a boiling "/h'convection Z growth (5+4.1,)

Consider first the heat flux asseciated with bubble grewth. |
This will equal the heat removed from the heating. surface by the
growth of one bubble, multiplied by the number of bubbles per unit
area and uuit time, corresponding to the spécified heating surface
temperature. . i-f

The heat removed by a bubble may be eatimated with the aid
of the model Qescribed in Section 5. 3. In this, it was assumed
that the growth of a bubble removes g section of the heated liquid
layer (thermal layer) from the vicinity of the heating surface.
If T, 15 the heating surface temperature and T, ., the bulk '
1iquid temperature, then the heat %L, remaved by the growth. of 8

bubble. may be wrltten asy .

; -7 ‘
%* =ax § x /> X CP X - sur 3 hulk) (5.4+24)



- area of thermal lsyer removed by the bubble‘(fﬁég);

where ' &
S‘ = thickness of thermsl layer at the temperature

© gifference (T, . = Pyuyp) (Fte)s

- liquid density (1bs./ft.°),

o
1

"

'TSur.* Tbulk

specific heat at constant pressure (B.t.u./1b. °P),

- N
= mean temperaturexaf thermal layer (°F)

It is assumed that the area of the thermal layer removed by the
bubble‘iS'characferieeé by a.diaméter'D;,,which is proportional
to the maximum bubble diasmegter; such that

D';a = E ;Dmax : - ) (5#4;39)

where E is'a constant.

The area of the displaced thermal layer then becomen,
8 = I—(EI} )2 S .(5»;4.4:)
Substltuting Equetion (5. 4 4. ) in (5 4.2.) gives,

: - (7 -0 ) o
CLI:.-J-T--E -D S o o CppmBtis balk.  (5:4:5.)

Equation (5.4.5.) can now be multiplied by the bﬁbble £1ux s{; ,
corresponding to the heating surface temperature T to give the

heat flux associasted with bubble growth. Hultiplying by Hﬁ in

-2 1

units of £t. © hr. ~ gives,

(T iy = T ) |
) 2 Sur bullk
bubble = o B2, D S .C .7# e (5.4.6.)
- growth ..f max’ /D P | | .
The free convection heat fiux has been correlated success-
fully in many cases by the Newton Equation,

T

Qs free = h(Tsur = Thulk)

convection
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where h.is the heat transfer cosfficient.

The coefficient h is derived from dimensianal analysis of

S— f—— - —

the free convection preblem|(see Lquation (8.2 2‘))J

In this cese, however, the Newton equation predicted heat

flux values, which were less thar the experimental ones by as
much as 59%. For this reason, experimental values of free
convectionlheat flux were used in Equation (5.4.,1.) (see Section
8s 24)s |

Equation (5.4.1.) is compared in Pigures 27 and 28 with the
experimental resulis in the region of;weak boiling for pressures
of 14.3 and 30 1bs./inch® abs, respectively. The theoretical
curve {Equatlon {S5.4.1.)) was drawn by first drawing an experi-
mental curve of free convection heat flux, calculating the heat
flux associated with bubble growth from Equation (5.4.64) at
increments of heating surface temperature Tsur’ and then adding
these values to the free convection curve at the correspondlng
values of T_...» to‘giVe.the final ourve. The value of consgtant
E required fér‘Equationk(5.436o) is referred to below.

Experimentallvalueé of maximum bubble diameter Dmax.b&»
Staniszweski [21] at pressures of 14.7 iar;d 28 1bs,/inch® abs. -
for saturated liquid were substituted in Equation (5.4.6.) to

calculate the heat flux at the pressures of 14.3 and 30 lba./inehz

abs. These  velues, [plotted in Pigure 29, show that D .
remeins constant foi inereasing values of heat flux. . A mean
valué of maximum bubble diameter wes therefore used in Equation
(5.4.6;),r%f;;é?‘?aasumed constanf over the weak boiling region,

Because of the scatter in the experimental values in Pigure 29,



-~ 69 =

a negligible error will ocour in using a maximum bubble diameter

2

obtained at 28 1bs./inch® abs. and at saturation temperature for

a presaure.of-30-lbsg/1nch2‘abs. and 2.5%P subcooling (see Figﬁre
28), The diameters used in Equation (5.4.6.) were 0.11 and 0,08 ins.
for 14.3 and 30 -1bs./inch® abs, respectively.

Thermal layer thicknesses & s of 0,036 and 0,034 inches were
substituted in Bquation (5.4.6.) for pressures of 14.3 and
30 Ihs@/inehz abe. respectively and assuned constant over the
weak boiling regionm. These were measured at pressures of 14.4 |
and BO‘lbau/inchzzabsa-by a-thermecouple.method, which is described
in Chspter 7 of this work, 4 theoretical value of § might have
been used here, since good agreement has been shown between the
vboundary film" thickness from an equation by Chang {3ﬂ and the
thermal layer thickness measured in’chapter 7 (see Section T. 4. 24).
The bubble flux Y was obtained from Pigure 26, |

The value of constant E was chosen to give the best fit
‘between experimentAand theory, and was egqual to 1.5 in each case,
If the model is correct, this implies that the growth of a bubble
disturbs. an aréarwhese diameter is 1.5 times the maXimun diamefer
of the bubble. This is to be compared with the workrefjﬂsu_and
Grahsm [28] , who observed that the growth of a bubble disturbed
an area\whose diameter was twice the maximum diameter of the .

bubble.



CHAPTER_6

Shadowgraph Measurement of the Thermal Layer Thickness

6.1. JIntroduction

9he Shadowgraph techaique, based on the refraction of light
rays as a result of density changes in a medium, is a relatively
simple way of.abserving'the density change and, by deduction,
the corresponding temperature change in a heated 1iquié.

AIn this work the shadowgraph technique was used to measure
the thicknees of the thermsl layer adjacent to the heating surface.

The growth of the layer thickness with increase in heating
surface temperature was recorded on film at various stages of
free convection and boiling heat transfer. The thickness of
the layer was measured from these photographs and compared, at
one value of heating surface temperature, with the thickness
obtained by traversing the liquid with a thermocouple (see
Chapter T).

The thickness of the thermal 1ayei was measured at ligquid

2 ahs.,.

pressures of 14.2 and 30 1bs./inch
With the shadowgraph method, light is projected from a
point source so that uniformly divergent or parallel light
(using an auxiliary lens) isrpassed through the thermal layer
and is.refracted to form a shédew on a translucent screen placed
behind the heating surface. The screen allows both visual

study of the shadow and photographie recording.
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6.2. Application of the shadowgraph method
The application of the shadowgraph method to the study of

the temperafufé'diatfibﬁtioh in the iayer aéjacenflfd a‘héating

- ———r—

surface has been described by Jakob [30] . Figure 30, which is
reproduced from his work, shows in a schematic manner what
happens when & cylindrical heating surface, in contact with air,

receives light at graszing incidence.

GSCJ'
AT, =0 '
b bo bh / b
1 Z scr
Y —
AT, — “
AT o ANAAMANANNANANN CREEN b
“\HEATING _TuBE
PIGURE_30

The arrows between as and bs represent the velocities of
parallel rays which arrive at the leading edge of the heating
tube and have-a plain wave front as, bhs. At the left of
Pigure 30, the temperature distribution in the heated layer is
indicated by the curve ATa, ATb, where AT is the temperature
excess over the bulk air temperature.

According to Jakob [}Q], the temperature drop and corres-
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ponding dehsity increase in the y direction will cause the
velocity of the rays to change in such a manner that the wave
fronfrtékesrthe'cﬂr#e& shaﬁé bh ég on 1eaving‘tha heated layer..
fhe 1ight now travels in straight lines to meet the screen,
eince light propagation is always perpendicular to the wave
front. Because of the small curvature of the ends of line
APa, ATh, the ends of 8y, by ere also nearly straight, and
therefore light is concentrated in bundles close 0 Ak, B
and bi, Bser (termed cmuetic bundles). Since no light falls
below b s¢p'y @ deep shadow is formed inside the caustic line at
b sorse

Although air has been the fluid considered in the previous
discussion, the'principle-also applies for water. | |

The most important feature of this technique, however, as
far as this work is concerhned, is that ne light falls below
b gepia Por this reason, the vertibal distance between b ger -
and the projéction of the heating surface on the screen corres-
ponds to the thickness of the heated layer. |

I+ was this fact that suggested the method, which is about
to be deseribed, for measuring the thickness of the thermal layer.

6.3, Experimental apparatus

The need for & point source of sufficient brightness to give
satisfactory shadowgraphs was satisfied by the illuminating unit
frbm a Viekers projection microscope. The unit consisted of a
mexrcury vapour lamp, condenser lens aﬁd iris, positioned to

produce uniformly divergent light from a secondary 1ight source.
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Because of a stop on the iris this source could not by iteelf
be mede sufficiently small. . This was corrected by placiﬂggan
adjustable. slit in the light path and using both the slit and. . |
iris.to-régulate-the-sourca.sizey

 Refraction irregularities in the boiler windows were . .
prevented from appearing on the shadowgraph screen by making the
plene of the secondary light source coincide with the plane of
the first window, anrd by placing the translucent screen close
te'the.second window. . The magnification of irregulsrities in
the first window is so great that they are blurred and not
readily visible, while irregularities in the second window have
no distaneé in which to build up & separation of the 1ight rays
(see "Techniques of Flow Visualisation" by W.F, Hilton [31 ).
An additional advantage of this arrangement is & magnification
of x.2. |

Several translucent screens were tried, and best contrast
with sufficient illumination was obtained using a plain glass
covered with a uniform layer of magnesium oxide.

The shadowgraphs were photographed with a2 35 mm. single
reflex eameré uging Kodak Tri-g fast £ilm, the pictures being.
taken at an aagle of }50 to the optical axis, to aveid fogging
of the film by the light source, which was otherwise alightly
visible through the screen.

.In the layout of the shadowgraph optical bench shown in
| Pigure 31, the distances between the various opticel components

are indicated.
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6.4. Experimental procedure - _

' Preliminary experiments were carried.out to determine the
best settings for the illuminating unit iris and the adjustable
s1it, to give shadowgraphs of good contrast and &efinitieng' A
camera’ shutter speed ef'T%ﬁ gsecond and an aperture setting of 2.8
were required to give‘a-bright~shadowgraph,and to0. freeze the
movement of the thermal laeyer during boiling. .

‘Before commencing a shadowgraph experiment the heating
surface, inside walls of the boiler and test liquid were cleaned
{Seetion 4. 2.), end the heating surface degassed at 1 lb;/inehz‘
abs. (Section 4. 3. 2.). When degassing was completed the bulk
ligquid temperature was maintained constant by the boiler wall
heater only, since the internal heaters would have caused
unwanted density gradients in the light path. This resulted in 
a greater degree of bulk liguid subcooling than for those tests
in which the internal heaters operated (e.g. series aesigned tQ
study the effect of pressure and subcooling).

The first picture of the screen was taken at gero heat flux
to fix the datum position for the heating surface, since in
shadowgraphs the dark areas corresponding to the.heating strip
and thermal layer are indistinguishable. Further pictures were
then taken at various stages of free convection and hoiling heat
transfer, the heating strip voltage, current and temperature,
and the bulk liquid temperature being recorded for each picture,

The shadowgraph pictures were printed with a magnification
of x5, giving a total magnification of x 10, since the_actual

ahadowgraph.represents a magﬁification of x 2 (Section 6. 3.),
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The thickness of : the thermal.layer was . obtained, after trans-
ferring. the position of the heating surface from the datum
photograph to the remaining photographs, and measuring the
thickness of the dark layer above this position.

. Pive such records are presented in Figures 32 (b - f), in -
which.the#broken.whiteflines'represent theupos1tion of the

heating surface. - .

6.5,  Results and discussion

. Shadowgraph photographs of part of the heating surface and
1iquid ave shown in Figures 32 (a - f); the outside diameters
of  the pictures correspond to the boiler window diameter.
Pigure 32a, taken-at zero heat flux, gives the datum position
for the heating surface; ' the dark celumns indicate two pins’

which were located in the plane of the heating surface, at a

—— [

mma e w—

fixed distance apart, to check the photograph enlargnent.

Pigures 32 (b - 4), taken at increéaing\values of héat flﬁx;
show the growth of the thermal layer-thickness for free
convection heat transfer; the brokeﬂ white lines represent

the position of the heating surface (see Seetion 6. 4.).

. Qaustic lines (bright lines) can be. seen along the top edge
of the thermal layer imn PFigures 32b and ¢, and correspond to the-
caustic»line-at*position b5uuw in Pigure 30. According to -
Pigure 30, a second set of caustic lines corresponding to a g
should be visible in Figures 32b and ¢, but since these do not
appear it is concluded that the temperature distribution
adjacent to the heating surface is different from that in-
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Pigure 30. . This is confirmed in Pigure 37, which represents
the temperature measured in the thermal layer using a traversing
thermocouple (see Chapter 7}, and shows that the temperature .
distribution adjacent to. the heating surface is a straight line,

The thickness of the thermal layer from Pigures 32 (b - £}
is:ploited‘againet-the;heating.surfaee temperature in Figure 33,
and it is seen that the 1ayer.thiekness reaches a maximum at a
temperature'or.213.5°E1(c0rresponding to Pigure 32d). At a
heating surface temperature of 216.8°F boiling is initiated, and
at‘218¢?°F_(correspandimg»to Pigure 32e) the average layer
thickness is still a maximum. - The fluctuations. of the layer
thickness in Pigure 32e¢ may be due.to bubble growth at other
partes of the heating surface. At 227.2%F (corresponding to.
Pigure 32f) the average 1ayar-mhickness is;less@thaa.theu-_.
‘maximum, and may be attributed to the increase in the number of
nucleation-sites:and the resulting displacement of the layer by
the growing bubﬁleso-

The thickness of the layer, measured.at a heating surface
temperature of ZléqP.using:a.traversinglthgrmoceupie.(see,:
Figure 37); is plotted in Figure 33 and ﬁh@WSfé?@é{agrqemeﬂt
with the thickness measured from the photographs.

An interesting feature of Figure 324 is the wave form which
gan be seen a8%.the upper boundary of the thermal layer. Since
this motion appeared just prior to bubble initiation, a further
experiment was carried out to study this phenomena in. the
absence of boiling. In this experiment,.employing a greater

subcooling of the bulk liquid, the layer thickness varied as
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falinws: o - ‘ | . o .
(a) As the temperature difference between the heating surface

~and bulk liquid (T . Tbulk) was inoreaﬁed from 0 to 15 %,

sur.
N the layer thickness increased uniformly (similar to Fignres
32b and ¢

{b) At a temperatura difference (T Tbulk) of 15°F, the

suxr
layer thickness reache& a maximum aﬁd a wave mation develeped
at the upper boundary (similar to Figure 32&)

(q) With & further increase in temperature ﬁifferenee the wave
frequency and amplitude increased, until the upper bhalf of
the layer became completely turbulent at a temperature
difference (T .. = Ty,q) of 200?.

This means that for free cenvection heat transfer to water from

a flat, horizontal surface (the experimental strip ha& a radins

'of 4 inches 19 the longitudinal diregtion), the thermal layer

develops in thrée distin@t Btages as fhe tempefature‘differenée

between the heating Burfaee anﬁ bulk liquid is increaaedo
In stage one, the layer is laminar and increases in thick—
.ness with temperature diffqrenge,'regching a2 maximum thickness

at a temperature difference.(m - Tbulk) of 15°%p, Stage two

sur
represents a transition stage from laminar te turbulent flow,

in which a wave metion develops at the upper baundary of the
layer and increases in amplitude and rrequeney with temperature
differenee.‘ ?inally is reached stage three, in which the upper
half of the layer becomes fully turhulent at & temperature

difference (T - Tbulk) of 20 P; the lower half of the layer,

sar

however, probabli}remaina laminar.
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Figure 34 shows the thickness of the thermal layer obtained
by the shadowgraph method. for a pressure of 30 1ba¢/inch2 abs,
The increase in layer thickness with heating surface temperature
elosely resembles that of Figure 33,

Figures 33 and 34 also show that a temporature difference

(T Thulk) of 15 and loﬁF respeciively is required before

BuY
the 1ajer reachea a maximum thickness. it follews, therefore,
that for saturated water at pressures of 14.2 an& 30 1hs./&nch2
abs. (corresponﬂing 40 Pigures 33 and 34) the layer thickness
'willionly be T5% and 65% of the ﬁaximﬁm respectively when béilihg
is initiatéd; provided the layer growth rate remaing the same.
Tﬁis may be an important péiht when defermiﬂing the thiékness of
the thermal layer (or euperheated layer) at the 1nitiation of
boiling for pressures greater than 1006 1bs./inch2 absesy i.2. when

initiation temperature differenees (T bulk) are less than

sur
1°F. On the other hand, the rate of growth of the layer thick-
ness may well 1ncrease with 1iquid pressure, n
The sbadowgrgph method has given some information on the

development and thickness of thé_thermai layer in free conmvection
heat transfer, and would seem particularly sulted to determining
the'fegions of lamiﬁar'énd turhﬁlent fiow. It is of interest

to note that in Jakob [52] the éxperimental results of free
cenvectien heat transfer from a horigontal surface were
correlated by the ‘equation in dimensionless variables'

N, = c( Ner . Np’) , where the exponent -3' is characteristic of

turbulent flow.

The experlmental bailer of this study was not designed
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primarily for the application of the shadewgraph techniqua,
aud several d951gn faetors. auch a8 the 1arge extent ef water
in the 11ght path which reduced the transmitted 1xght to & lew
value 1nitially, prevented greater use of this method. ] Howevar,
if these limitations were avoided in an experimental appa.ratua9
the: eombmn&tion of the shad@wgraph technique and high-speed

phetography should yield even more infarmatian en the behaviaur

of the thermal 1ayer, eapeoially in the nncleate boiling regien,



CHAPTER 7

Thermocouple Meagurement of‘the Thermal Layer Thickness |

7e1, Intreduction L A o L
A,thermbcauplerprobe was also used to measure the fhiCkness
of the thermal 1ayer. by measﬁring the temyefaturé'distribu%ian
in the liquid sbove the heating surface, The thickness of the
layer was required specifically for the following reasons:
(a) To justify the assumption, in Sections 5, 1. and 5. 3.,
that the thickness of the superheated layer at the initiation
‘of boiling is very much greater than the radii of the largest
surface cavities.
{b) To solve for the waiting time tw, in Equation (5.3.3.) (by
substituting the measured thermal layer thickﬂESS'fOr*S')a
{c) To determine whether the shadowgfaph'technigue described in
.Chapter 6lcan be used to prediet the thickness of the thermal
layer. | N
The thickness bf the thermal layer was measured first at a
pressure of 14.7 lbs./'inch2 abs., and compared in Figure 53 with
the thicknGSS‘measured by the shadowgraph method. The thickness
of the layer was next measured at preaaureé of 14»4 and 30 1bs./

2‘abs., and the values obtained, assumed to be the thickness

inch
at the initiation of beiiing for‘liquiﬁlat saturation temperature.
fwo methods of predicting the tbickness_éf the thernmal layer
were tried: the first, whére it is assumed that heat is trans- ’
ferred across the layer by conduction ouiy, and the second by |

Chang [33] , which assumes a wave motion inside the layer, stable
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in the lower part and unstable in the uppera The’lawer part

is termeﬁ the "boundary lem", where heat is transferred by
eonduction only, and the upper is termed the "wave layer“, ‘where
heat is tranaferred )4 laminar and turbalent flow. - The theory ;
@f Ghang 133] is in best agreement with the experimental results

presented here.

7.2, Experimental apparatus

The apparatus consisted of a thermocouple probe and a- -
device, both for moving the probe perpendicular to the heating
surface and for indicating the distance of the thermocouple

junction from the surface.

i. Thermoceuple probe

A 0.002 inch diameter ehromel-alumel thermocouple was held
in tension by a spring across the ends of a "Fluon" p.t.f.e.
insert, which protruded from & steinless steel bridge (see
Pigure 35a). |

The thermocouple junction was‘fermed by butt-welding the 3
ends of the wires, using the discharge welding technique |
deseribed in Section 3; T The bridge position was fixed so
that the therch@uple‘wireS'lay in the plane of the heating
strip longiltudinal axzis, and the junction wgskébové the centre |

of the strip area {(Figure 36).
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THERMOCOUPLE TUNCTON

HEATING STRIP

FPIGURE 36

Starting-from this position, the probe was lowered until.
the thermocouple junction contacted the heating surface to give
a datum height of 0.001 inches (it is assumed that the thermo-
couple measures the mean temperature of a layer of 0.002 inches
thickness).. The heat losses from the thermocouple junction by
conduction along the wires are minimised by this arrangement,
since tﬁe thermocouple wires close to the junction are in a
near-isothermal plane.. |

The tensile force on the thermocouple was applied by a
metal coil spring snd a p.t.f.e. leaf spring arranged in series.
This method was preferred to bonding the thermocouple wires to
the bridge, since the bonds had proved unreliable at temperatures
exceeding 212°F. Tension was applied initially by pulling the
wires throﬁgh several Tér inch-  diameter holes in the p.t.f.e.
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ieaf spring, the wires being preveated from slipping by the
frlction force between the wires and p.t.f.e.

The ends of. the 0,002 inch diameter chramel ang alumel wires
were silver ﬁoldered to 6.00?6 inch diameter chromel and alumel
wires reapectively. The 0.0076 inch dismeter wires were passed
through several hales in a p.t f.e. ring attached to the 4 ineh
diameter rod of the probe:;. This prevented an external force
from being epplied to the ppring system by the 0.0076 inch
diameter wires when the probe was raised or lowered. 'The wires
were then passed through 8 p.t.f.e, pressure seal in the boiler
top flange to the cold junction; the pressure seal (FPigure 35b)
was similar to the pressure seal descrlbed in Section 3. 8. 2.
Connections between the eold junctinn and patentiameter were of
~ copper.

'?Fiucn"'p.t,f;e¢ was used in all cases to insulate the

thermocouple wires from the metal parts.

2., Probe mechanism

The mechaniem (Figure 35¢) included a brass body, a micro-
meter head and a coupling to connect the micrometer anvil to the
* inch diameter nickel plated rod of the probe. 4 pin, located
in slots in the brass body, prevented the transmission of rotary
movement from the micrometer anvil to the % inch diameter rod.
The clearance in the coupling resulted inm & backlash of
0.001 inches. : A mil& steel aﬁaptor connected the brass bedy to
the bailer*top flange, and at the same time cempressed a2 pete f.e. ‘

ring to form a pressure aeal on the vertical rod. With this
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arrangement the vertical movement of the thermocouple probe

was limited to % inch. -

Te3s

Experimental procedure

When é d.ce voltage is applied to the heating strip
electrodes, a d.c, field will be established in the water -
between the electrodes, being strongest near the heoting
surface. 4  thermocouple measuring the liguid temperature in
‘this region will therefore be expected to‘"pick up" & voltage
from ﬁhis d.c. field. This~"pick~up“ will either add to, or
subtract from, the thermocouple e.m.f. eorrespbﬁdiﬁg“té the
liguid temperature.

For this reason a preliminary test was egrried out to
determine whether the probe thermocouple would "pick up" a
voltage from the d.c. field, - This was done by simply replacing
the probe thermecouple with & chromel wire ‘of eimilar dimensions,
to eliminate the e.m.f. corresponding to the liquid temperature.
L d.c. voltage was then applied to the heating strip electrpdes
and it was noted whether or not a voltage appeared across the
ends of the chromel wire. The test was repeated for various
heights of the probe and in each case the voltage “pick’up“"wéa
ZET0. |

" Before commencing-an'experiment to measure the thickness“
of ithe thermal layer, the heating surface, inslde walls of the
boiler and test 11quid were cleaned - (Section 4. 2 ), and the
heating surface degassed at 1 1b. /inch2 abs. (Section 4. 3. 2.),

After degassing, the probe and heating strip thermacouples were
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calibrated under Banditions'ef-bailing'af-the test liquid from
the bulk liquid heaters, the boller wall heater maintaining the
outside beiler wall temperature a few degrees aBQVE the: satura—
tion témperatura corresponding to the %test pressure.

The output.from the bulk liquid heaters was reduced until
they operated in~theifrae convection region, and a period
allowed for the?hulk-liquid temperature to become steady. The
probe was lowered towsrds the‘heating-surface;‘and’the reading .
on the micrometer noted when the thermocouple junction touched
the surface. . Contact between the junction and surface was
indicated on én'avomater;-by the sudden drop in resistance
between one of the. heating strip electrodes and one of the probe
thermocouple wires. ‘Several readings of the contact p@sition'
were obitained, the probe being raised and then lowered each time
80 as to eliminate backlash. The readings agreed to within
¥ 0.00025 inches.

Fhen the bulk liquid temperature was sfea&y,\the probe was.
raiged to a starting position of about 0,1 inches above the
heating surface. At this position a voltage was applied to the
heating otrip and regulated to give the deéired heating surface
temperature. The heating strip, probe and hu1k 1iquidAtempéra~
ture, together with the neating‘atrip-voltage and c¢current, and
probe position, were recorded.:  All these readings, with the'
exception of the heating strip voltage and current, 'were
repeated while the probe was lowered in varying increments
towards the heating surface until contact was made. The

heating strip and bulk liquid temperatures were maintained :
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constant throughout. .- At the completion of the test, the -
heating strip voltage and current and prébe contact position
were again recorded, and the contact position found to agree
with the initisl readings to within the tolerance limité of
* G;OOO?S inches.

. Since it was sssumed in Section 7. 2. that the probe
thermocouple measures the mean temperature ofca layer of -
0.002 inches thickness, the micrometer readings of probe height
were therefore corrected by adding the datum height of
0.001 inches, to them.. With this apparatus, it was thus
possible to measure the temperature in the liquid to within
approximately 0.0015 inches of‘the-heating surface with an
accuracy of % O.OQOESVincheS‘(thélhacklash-was eliminated ﬁy
rotating the micrometer thimble in one direetion only when

lowering. the probe),

Tele Results and~discussion-

- Pigure 37 shows the temperature distribution in:the liquid
above the heating surface at a pressure of 14.7‘1bs./inch2'abs;;
the bulk ligquié and heating surface temperatures being 202 and
216%p, respectively., The experimental points were fitted by
two straight lines drawn in.by eye. The first line, drawn
through the points in the proximity of the heating surface,
shows the large decrecase in temperature across the thermal layer.
The second line, drawn through the points above this regioﬁg
ehows that the bulk ligquid temperature is maintained almost.

constant by the mixing effect of convective currents. A thermal



layer thickness of 0.020 inches wae obtained from the temperature
distridbution by extrapolating both lines until they intersected.
The height at which the intersection takes place is assumed %o be
the thickness of the layer.

Between the regions of thermal layer and bulk liquid,
however, there must be a transition zone to correlate the two
regions, without an abrupt change in temperature. A brakén
line is therefore drawn in Pigure 37 to represent the temperature
distribution across the transition zone, glving a smooth change
in temperature from the thermal layer to the bulk ligquid. The
thickness of the thermal layer is still determined, however, by
the intersection of the full lines, since a transition zone does
not give a clear indication of the thickness of the layer.

The thermal layer thickness of 0.020 inches from Figure 37
is compared in Figure 33 with the thickness measured by the
shadowgraph method. The heating surface temperature of 216°p
in Pigure 37 was selected to correspond with the maximum layer
+thickness in Figure 33 {without boiling). The bulk liquid
temperature of 202°F in Pigure 37 is 3.5°F higher than the bulk
temperature in Figure 33, but this is considered unlikely to
affect the comparison, Pigure 335 shows good agreement between.,
the two methods of measuring the thickness of the layer, when
it is realised that the presence of a transition zone makes it
difficult to define the thickness of the thermal layer. It is
more than likely that the shadowgraph method (Chapter 6) measures
the thickness of the layer at the boundary between the transition
zone and the bulk ligquid region. If this 1is the case, then the
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thickness of the thermal layer in Figure 37 is nearer 0.030 inches
and is in better agreement with the thickness obtained by the
shadowgraph method in Figure 33.

Figure 37 also shows that the temperature of the bulk liquid
above the thermal layer is greater than the temperature of the
bulk liquid, which is measured by the bulk liquid thermocouple,
i.e. 202°F. The bulk liquid thermocouple was located level with
the heating surface and Jjust to one side (sce Section 3. 8. 3.).
This position was chosen to measure the. bulk liquid temperature,
on the bapis of an assumed overall liquid flow pattern for free
convection and the early stage of nucleate boiling. The assumed
flow pattern of Figure 38 shows the colder bdbulk liquid moving in
from the side to the heating surface, where it 1s heated, .rising

and returning to complete the cycle.

IT 1/ FLow PATTERN
N /1\ «/

Butk_ Liaud  / ” ENO VIEW OF
THERMOCOUPLE. _TuNcTioN _ HEATING _ STRIP

FPIGURE
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The bulk liguid thermocouple, therefore, measures the temperature
of the assumed colder bulk liquid, tc the side of the heating.
surface. This temperature is considered representative of the
bulk liquid temperature to which heat is being transferred.

‘ Figures.39-and-40 show the temperature distribution above
the hedted surface at pressures of 14.4 and 30.1bs,/inch?.absv%
for .bulk liguid temperatures of 206.5 and 245,5%°%, and heating
purface temperatures of 215.5 and 253.5“? regpectively.  Lines,
were dravn through the experimental points as for Pigure 37, and
the thickness of the thermal layer again obtained by extrapolating
thé straight lines. ' Pigures 39 and 40 indicate a . thickness for
the thermal layer of 0.0%6 and 0,034 inches respectively. . These
valﬁes‘were assumed to be the thickuness at the initiation of
bvoiling for saturated ligquid, in order to satisfy the requirements
of (a) and (b) in Section T. 1. In actual fact, the heating
surface temperatures in Pigures 39 and 40 are less than the
initistion values by 2.2 and 0.3°F respectively, since bubble
growth at the first site would have caused unwanted temperature
fluctuations in the thermsl layer. The bulk 11quid temperatures
in-ﬁigures 39 and 40 are less than the saturation temperatures by
4.5 and 5¢0°P respectively, as a result of operating.the bulk
liquid hesters in the free convection region only (the heating
surface and probe would have been obscured by boiling from the
bulk liquid heaters). These factors are considered unliikely to
praducela significant change between the measured thermal layer
thickness and the thickness at the initiation of boiling for
saturated liquid.
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.. The superheated layer thickness is the part of the thermal

- layer thickness between the heating‘surface.temperature;Téu and

r .
the'saturation.temperaturewméat-corresponding to the ligquid . . .

pressure. - The thickness of the superheated layer in PFigures 39
and 40, corresponding to ‘the pressures of 1l4.4 and 50.0,1bsw/&nch?.
abs., 1s therefore 0.024 and 0.018 inches respectively. ' These
values prove that the thickness of the superheated layer, at
pressures af‘14@4«and.BOviba./inchz‘abs. for saturated . liquid,
is very much grester than the radii 550 x.10~% inches of the
largest.cévities on the experimental heating surface (see
Figure 6).

Two methods of predicting theoretically the thickness of.

the thermal layer were tried and are deseribed below,

l. -Conduction equation
Tt is assumed that the heating surface heat flux is trans-

ferred first by conduction only across the thermal layer. The
thickness of the layer is accordingly given by the Fourier .

equation for steady state conduction written in the form,

(P, . =~ Ty a0 ) : -
8 - Sura/h bu1k  (Tedals)
where 8 = thermal layer thickness {ft.), |
k = mean coefficient of thermsl conductivity of the
1ayeer-ntnu-/ft._2- hr. OF/fto}’
Toupr = heating surface temperature (°F),

Pk = bulk liquid temperature (°F),
Q/, - = heating surface heat flux (B.t.u./ftug hr.).
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The experimehﬁal'Values'ef‘?éur,‘Tbﬁlk‘and Q/A'are'subatituted‘
in Equation (7.4.1.), whiech yields a thermal layer thickness of
0.019 inches as compared with the measured thickness of

0.020 inches in Figuré 37, and e layer thickness of 0,022 inches
as compared with' 0,036 inches in Figure 39. = Pigures 37 and 39,
eorresponding to pressures of 14.7 énd‘l&kﬂ‘1bs.finch2“abs.;"are
reproduced in Figure 41 with the temperature gradients atcording
to Equation (7.4.1.) shown as broken lines. TFigure 41 shows'
that Bquation (7.4.1,) predicts the thickness of the thermal
layer guite aéeurafely'for a bulk ligquid subeooling of 10°F
(?igure 37), but much less so for a subcooling of 4.5% {(Pigure
39), It would seem that a process other than ceaduetion \
determines the thicknesw of the thermal layer at atmbspheric
pressure when the bulk liqugé,temperature approaches saturation
temperature.

2, -Chang's eguation

Chang [53] proposes a mechanism for non-boiling eonvection
from a horizontal heating surface. ~ It is assumed that,' near
the heating surface, heat is transferred by conduction only
resulting in a steep temperature gradient; further from the
surface, in the bulk of the liquid, convection alone is
operative and the fiuid is so well stirred up to bé at a
constant temperature. - These two regions are termed the
"boundary f£ilm" and the “"convective core® respectively, and .
betFeen them there is a transition zone, part of which is termed

the “wave layer". A stable wave is assumed to exist in" the
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"boundary. film®, and. the wave motion in. the Ywave layerﬂfchangéS—'
from stable wave to full turbulence. This means that as &
result of wave motion, considerable periodic motion of fluid
parallel to the boundary surface may exist, and therefore the . -
fluid in the "boundary film" of a horizontal surface is not in '
stagnation.. . Because of the wave motion the layer will not be .
of uniform thickness, and therefore the average thickness of the
“boundary film" isldesignated'byugw . -The thickness of the
twave layer" is denoted by a, -and a and dw are related by
a= X dw.

. The heat transfer problenm is selved'by-determin@mg the
amplitude of the wave in the upper stratun ef the "wave layer",.
which in turn determines the thicknesa:eﬁ,ﬁhef"boundary film" Sw @

The thickness of the "wave layer" is given by, .

%] L3R —R)C

where M = dynamic viscosity (1bvs./ft. hr.) (evaluated at mean

 temperature of gross layer a + dw. ),
Ra = coefficient of thermal conductivity (B.tquqfftqz hr.
Ov/ft.) {evaluated -at mean temperature of wave layer),

= acceleration of gravity (£t./nr.2),

9

£ = density (1bs./ft;3) {evaluated at mesn tempersture of
wave layer),

Lp = density (lbs./ft.g)‘(evaluated at convective core

temperature),
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CP& = gpecific heat at constant pressure (B.t.u./lbs %p)
A eval;iated a2t mean temperature of wave layer),
‘ X = .constant == 1.
With the relationship a =_X Sw, the thickness of the "houndary -
£4ilnm" dw is thersfore,
; .
S R . aﬁ(ﬁ-—ﬁﬂk@ S

ir A Tea 'is the temperature difference across the "boundary f£ilm®

and N T,o the temperature difference across the "wave layer”,
then a relationship between-ATsa and: A.E{',aé is obtained by the
consideration that the temperature gradienﬁ of the "boundary film®
must be the same as that of the "wave layer" at their common
boundary,. - - This relationship together with A T-B-c-t: Aﬁ"sa + ATM
gives, .- . |
Al == ﬁﬁ—i Alse o {Tededs)
Chang [33] assumed a value of X ==1. The assumption of X = 1
iz justified by the observation that the "boundary film" and the
transitj.on zone here can be compared with the laminar sublayer
and buffer szone in fluid dynamies. : Nikuradse's .experiments
(see Bakhmetoff - [34] ) show that the thickness of the buffer zone
is about four times that of fhe sublayer, -and since the “wave
layer" occupies one gquerter of the transition zone in this case,
:bpen. the “"wave layer" will have the same thickness as the
“boundary filnm", '

The thickness of the "boundary film" Sw » and "wave layer® a,
were caloculated from Equations (7.4.2.), (7.4.3.) and (7.4.4.) for
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the experimental conditions in Pigures 37 and 39. - The corres-
ponding temperature gradients .are plotted in Eigure_41:aadbrpken
lines for comparison with the temperature gradients measured by
the .probe thermocouple. The comparison shows good agreement .
between the thickness of the "boundary film" Sul from Equation
{(7+.4.3.), and the thickness of the. thermal layer 5 from the
neasured temperature gredients at pressures of 14.7 and )
14 4 lbs./inch abs. for bulk liguid subcooling of 1C and 4. SGF
respeetively-(corregponding-to Pigures 37 and 38). An assumed.
shape for the temperature distribution corresponding to the "wave
layer" thickness a is shown in Pigure 41. There would seem to
be some disagreement between the thickness of the "wave layer" a,
from Equation (7.4.2;}, and. the corresponding thickness of the
transition zone, which was aaéumed and drawn in Figure 37 as a
broken line. Since Chang [33] assumed conduction only in the
"boundary film", the value of dw from Equation (7.4.3.) may be
inserted in the Fourier Bguation (7.4.1l.) to determine the flux
Q/h cérresponding to Pigures 37 and 39.  Equation (? 4.). )
‘gives heat flux valuee of 2.03.x 10° and 1.04 x 107 B tou. /25,2
br., compared with the experimental values of 3.5% x.103 and
2,04 x 10° Bot-ua/fth hr. in Pigures 37.aud 39 respectively.
Apart from this disagreement, the mechanism prppased\by
Chang [?j]-is very important because .of the.ggregmént between
the "boundary film" thickness from Equation (7.4.3.) and the
thickness of the thermal layer measured by the probe thermo-
couple. It has been sheown, therefore, that this method may

be used to predict the thickness of the thermal layer at the
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initiation of boiling for saturated and slightly subcooled -

liquid, at atmospheric pressure..



CHAPTER 8
Results and Discussion

8.1. Effect of liquid pressure and subcooling on heat fiux
Pigures 42 to 48 show the experimental curves of heat flux

versus heating surface temperature at liquid pressures of 14.3,
122, 201, 279, 401, 549 and 749 1bs./inch® abe., the curves
having béen drawn in by eye to fit the points. (During the
experiment at 1000 1hs./inch2 abs. the boiler wall heater "burned
out” and it was not possible to repeat the experiment.) The

degree of subecooling (7T - Ty1x)r lnoreases with pressure from

sat
0%F at 14.3 lbsa/inchz abs. to 13°F at 749 lbs./inch2 abs,. This
results from restricting the bulk liquid heaters to the region of
free convection heat transfer only during the experiments. Some

of these experiments have been repeated and in each case reproduce

[

Pigure 42, which refers to a pressure of 14.3 1bs¢/1nch2 abs,,

shows that heat is transferred firstly by free convection as the
heating surface temperature is raised above the bulk ligquid
temperatureg The free convection curve was assumed to be linear
for this and other experimental curves. The equatlion

NN“ = 0.16 Nc,...Np,_ )%, suggested by Jakod [32] for a horizontal
heating surface, did not satisfactorily correlate the experimental
points (Section 8. 2.). At a8 heating surface temperature of
217.3°F boiling is initiated at the first site. With a further
increase in temperature, the number of sites and bubble frequency

at each site increase, s0 that the heat flux associated with
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nucleate bolling increasesi'and the curve bends upwardss The
curve becomes linear again after a temperature of 228;5°F¢ this
linear portion corresﬁdnding to‘ﬁéstablished nucleate boiling“.
In the region. of transition from free convedtion.to.ﬂeatabliShed
nucleafe'bailing":(weak boiling), the quantities of heat trans-
ferred by both free convection and nucleate boiling‘afe of the -
same order, and both must be considered when computing the heat
flux theoretically (see Section S. 4.). The ‘"established
nucleate boiling" region is characterised by a very steep slope,
and here the heat transfer due te boiling incréases so rapidly
that the heat transfer ﬂge to free.eanvecticn may be neglected.
Only the beginning df~thé "established nucleate boiling" regions:
were examined experimentally in thié study.

The effect of pressuré and subcooling on the free coanvection,
weak Seiling and Yestablished boiling® regions can be séen in -
Pigures 42 to 48. The extent of weak boiling or the knee of
the curve diminishes with increase in pressure and subcooling
until in Pigure 48, corresponding %o 749 lbs,/inchz abs., it
appeérs that only the free convection and “established nucleate
boiling" regions remain. This decremse in the weak boiling
regian'has the effect of moving the steep part of the-curve to
the left; which is more easily seen if the effect of subcooling
is neglected and Figures 42 and 43, corresponding to 14.3 and

— an

122 lbs./inchz 8bB.,y are compared ion a basis of

b
the superheat temperature difference (7

sur ~ Taat)*
in Figure 42, the free conveetion region extends until

boiling is initiated at the first site for a temperature
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gifference (T . ~ T_..) 0f£:6.7°F, while in Pigure 43 the

sur

convection region extends for (msur“” Esat)-equal to 0,9°E. e

The temperature difference (T Tsat)‘far the first bubdle .

B AT Sur -
site or the initiation temperature: difference is given in Figure

sur
0499?, for a pressure increase from 14,3 td-122“lbso/1nah2‘abse

22, which shows the large decrease in (T = Pyay) from 6.7 to
The temperature range corresponding to the region of weak boiling
will range from the initiation temperature for the first‘bubbie
site to a temperature at which the total heat flux is attributed
to boiling. The heat flux in this region has been correlsted
successfully for pressures of 14.3 and 30 1b5q/ineh2 abs, by
Equation (5.4.1.) (see Pigures 27 and 28). BEquation (5.4.1.)

is & summation of the heat flux associated with free conveetion -
and with nucleate boiling. - The nucleate boiling heat flux has
been shown in BEquation (5.4.6.) to be proportional to such terms
as the temperature difference between the bulk iiquid and heating
surﬁace.(TEﬁr
Dzmax,‘the thiékneas of the thermal.layer-a and the bubble flux

“'Tbulk)f'the square of the maximum bubble diesmeter -

V}, which is derived from the number of nucleation sites and the
bubble frequency at each site. The weal boiling region in
Pigures 42 and 43 requires e temperéture range of 11 and 7°p
respectively, and this value, when added to the temperature
difference (Tsur'“ Tsat) corresponding to free convection, i.e.
6.7 and Q.9°F respectively, gives the temperature difference
(?sur
The resulting temperature difference (T

- Poat) 8t the start of the "estabiished boiling" region.

sur = TsatJ of 17.7 and

79993 respectively shows that the effect of an increase in
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pressure, i.e., 14,3 to 122-1b$./ipcha‘aba,, is to reduce the
temperature.difference,(Tsur ”'Tsat) at the start of tye |
"established boiling" region. In pthgr words, an increase in
pressure will meove the steep part of the curve to the left if
a vertical line through the saturation temperature is takegas:
the datum exis.  This movement to the left with increase in &
pressure,can;he‘inferred.fram Figures 42 to 48 if the saturation
line is taken=asja'datum axis in each case. This agrees with
the experimental results of Addoms [17] .

It has been shown that the extent of the temperature

difference (T Tsat)’ corresponding to fgee convection, is

sur
determined by the temperature difference at initiati¢n qfitga
first bubble site, and that the temperature range for the A‘
transition or weak boiling region is a function of the.number:'
of nucleation sites\(theﬁnumpe;‘of sites is included in_\b in
Equation 5.4.6.)}. :Since bhoth the initiation temperature
‘difference.(fsur - Taat) and the number of nucleation sitgg Hé
have. been eorrelaﬁad by the size and distribution ef;hegting
surface cavities (Figures 22 and 23}, it may be concluded that
the distance of the steegipayt'p%nthe,hoiling:qurve {"established
boiling" region). from the saturation line is a function of the
heating surface cavities. Therefore an equation intended to
prediet the "established boiling" region must include a term
which takes aceount of the heating surface_cavitieg.‘ | '
‘The equations from other sources which have beeﬁ.dgrivedlto
eorrelate “estab}ished boiling® all in?olve Q/A the‘heaﬁ flux as

& function of the superheat temperature difference tstup’ or in
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some cases of Al) the pressure difference corresponding to
ATBup In general, the function is Q/A oC A'J) or _‘

Qrp o< Ab , Where m is the index of superheat temperature
difference or pressure difference. To enesble a comparison to
hé!‘;;made between the slopes of the "established boiling" regions
in .Figures 42 to 48 with the slopes predicted by some of the
better known equations, the indices m of superheat temperature ‘
difference AT__  were ebtainéd from the "established boiling"

sup
regions of Pigures 42 to 48 (see Table 8.l.);

mABLE 8.1,
Indlces of ZST for "eatablished bailing“ |

. PIGURES 42 to 48 | CIGHEin—aud BONILIA [57] |
. PRESSr Y | . PRESSURE = | "W: '
1bs./inch® abs, INDEX (m) bs ./inch abs . INDEX (m)
143 3 22 3
122 | 2.4 60 3
201 ) L5 115 3
279 | 3 | 215 3
400 | 0.7 | 315 2.7
549 0.7 | 415 1.7
749 0.6

For Q/A L. Afl'supm,:. Rohsenow . [16] gives m equal to 3,03, and
Kutateladge [35] m egual to 2.5, if AP oC A? is assumed,

. then Forster and Zuber [36] give m equal to 2.0, and ?orster and -
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Greif-[ﬁ]‘miequal t0 2.4«  The derivations of the Rohsenow [l@
and Porster and Greif [6] equations are desoribed in Section 2. 2,
of this work. | |
. - Table 8,1. shows that the indices of f;TBup for the
"established boiling" regions in Figures 42 to 48 do not, however,
remain constant but decrease from 3 to 0.6 for a pressure increase
from 14.3 to'?49flbe./inch2 abs.  -This meeans that the equations
of Rohsenow [16], etc., which are for all pressures, predict the
index m satisfactorily for the pressure range from 14.3 to
201 lbs./inche abs. in this case, but are in error for pressures
exceeding this, . It should be remeﬁbéred that only part of the
“establiShed‘bailing" region was recorded in this study, and that
the index m of the superheat temperature difference Aﬁfsu

| P
¢henge at higher heat fluxz values. A similar effect of an

nay
increase in pressure, causing a decrease in the index m of the
"estéblished boiling“ eurves, can bhe aéen tO‘some‘extent in the |
experimental curves of Cichelli. and Bonillab(aee McAdams [ﬁf]),
for the boiling of n-pentane (90% pure) om & olean, chromium
plated horizontal surface (Table 8.1.): The indices m were
calculaeted over a heat flux renge similar to that in Pigures 42
to 48.

Before the change in position of the "established boiling®
curve with change in pressure can be shown exactly, thg effect
of 1iquid subcooling must be ascertained. MoAdams gt al. [38]

were able to correlate experimental results of forced convection

3+86

boiling, by an equation of the form Q/, o A?sup‘ where
Vi 4 L4

Z&Tsup i8 the superheat temperature difference. ~With this
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.eorrelation the experimental results were independent of ther
degree of subcooling (20 - 150°F), the water veloceity

(1. - 36 £t./sec,), the liquid pressure (30 ~ 90 1lbs./inch? abs,)
and the heating tube diameter (0.17 - 0.48 inches).  Forster
and'@reif:[6] used a model of nucleate boiling to shoW‘why'the"
data of licAdams gﬁm§£;‘[38]-shou1d‘be insensitive to liguid
subeooling, - Briefly, the model is that when a bubble grows. to
a‘maximum-radiua,amakaand then collapses, it causes: the exéhange
of a velume of liquid proportional tm‘Rgax between the heated
layer adjacent to the heating surface and the colder bulk liguid;
the amount of heat withdrawn from_the.heating surface by each
bubble growth-collapse cyele is therefore proporticnal to Rgax
(Tsur - T%ulk)’ where (ﬁsur'“:Tbulk) is the temperature difference
between the heating surface and bulk liquid. = If the period of
the bubble grawthmcallapse cycle is tg, then the amaunt of heat
transferred by each bubble per gecond is proportional to Rgax‘
(Taur' mbulk) ?_, The insensitivity of heat flux to subcooling
may therefore be attributed to the reduction of Roax with eub-

cooling, which compensates for the. inerease in (Tour = Tpuiy’ Bnd
g%. It is noted that the number of bubble sites is a function

of the superheat temperature difference {?sur - @sat) only, A
table was compiled by Forster aﬁd*Greifilﬁ] from the ‘data of
Ellion [19], showing that the product Rmax (Tsur - Tong) ir-was
independent of subcooling. ‘ '

The main difference belween the model of Porster and Greif [6]
and the .model used in this study, on which Egquation (5.4.6.) is
based, is in the derivation of the bubble fregquency.  The bubble
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freguency incorporated in the bubble=f1ux-yb in Eguation (5.4.6.)
was calculated from the bubble waiting time tw, the bubble growth
time tg being neglected for the early stage of nucleate boiling.
Forster and Greif [6], who are concerned with "established
boiling®, are probably correct in deriving the bubble freguency
from the budbdble growth-collapse period tg, since the bubble
waiting period will decreage with iﬂcreasingsheat flux and may
reach o velue which is several times smaller than the growth
period. -~ Pigure 25, in which the bubble fregquency was calculated
from the waiting time for individual bubble sites, shows a rapid
increase in freguency or\decreaée in waiting time, with inerease
in superheat température difference and cerresponding hest flux.
Examingtion of the experimental results from this study suggests
thet, although Forster and Greif [6] may. have explained why sub-
cooling does not seem to affect boiling data, nevertheless come
&ffeét does exié%,-aﬁd*unless the experiments are carefully
controlled, the scatter of points will obscure this effect.
-Figures 49 and 50 show the effeet of liquid subecoling on
the experimental -curves of hest flux versus superheat temperature

difference (T - Pigure 49: shows curves st liquid

sur"“:?sat)*‘
pressures of 122 and 126 1lbs./inch® abs. for subcooling

(Tsat
pressures of 201 and 204 lbs./inch? abs, for subcoolings of 6 and

“'Tbﬁlk)'of'ﬁ and‘1@°@‘reapectively, and Pigure 50,

12°F‘respective1y. It is evident that the compléte curves are
not independent of subeeoling when plotted to a base of super~
heat temperature difference, and. cannot, therefore, be correlated

by an equation of the form Q/A oC Ai‘m'aup, . The gffect of an
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increase in subecooling in both Pigures 49 and 50 is to move the
steep part of the curve to the left in a manner similar to an
inerease in pressiure.

Some method is therefore needed to find a relation between:
the position of these curves with respect to a datum axis and the
degreé of subcooling. With the help of such & relationship the
experimental values can then be extrapolated $o give the position
‘of the boiling eurve for zero subecooling.

It i assumed here that 1f the heiling curves are plotted to
d base of superheat temperature difference, the effect of an
inerease in subcooling ‘L5 to move the "established boiling" part
of the curve to the left, the ‘distance moved being directly
proportional to the degreée of subcooling, A vertical line at
satursation temperature was therefore taken as a’datum,fand the
steep part{ of the experimental curves in Figures 49 and 50 extra-
polated until they intersected the (T

sur
at ‘the intersections were then plotted

"'Tsht) axis. - The
values of (T, ... = T .4)
in Pigure 51 against the sulicoolings of the corresponding curves,
and the points for the same pressure joined by straight lines.
The straight lines were next extrapolated to zero subcooling.
The values of (qur" TSat) at zero subcooling were now used to
draw curves parallel to the existing Westablished boiling" curves
in Figures 49 and 5C. The positions of the "established boiling®

2 abs. (mean pressures

curves at pressures of 124 and 203 1be./inch
of experimental curves in Figureés 49 and 50 respectively) for zero
subcooling are assumed to be known, and are reproduced in Figure

52, together with the experimental "established boiling" curve at
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14Q3,lbs,/inah2 abs. (also for zero subcooling (Figure 42)).

~ The equations of Rohsenhow Elé], etc,, which were mentioned
earligf, were cgmparéd with the experimental surves 1n‘Figure 52
and it was found thatAthe equation of Fgrster‘and‘ﬁreif,[s] was
in best agreement. This equation was dérived from a model of
nueleate h01ling and the variables related by three dimensionless
groups, Which replace the Nusselt, Reync;ds and Prandtl numbers,
in the correlation of forced convection heat transfer; the
derivation is discussed in greater detail in Seection 2. 2,

The Forster and Greif [6],equation_is,_

. . - .L o . o
% _ Cih?‘;_ATsub(/:: H?)"S' (_/_‘%)3 | | | (8.1.1.)

Co P (T L) Tt Ab
(LRY T

and 01 a constant which has to be determined from an experimental

WHete A =

value of heat flux, at one pressure, for a particular heating
surface-liguid combination.

Curves of heat flux Q/, versus (r sat)’ from Equatien

sur
(8 1.,1.), are compared in Figure 52 with the experimental curve
at 14.3 1bs./inch® abs. and the curves at 124 and 203 1bs. /ineh®
ebs., which were obtéineé'by extrapelating the experimental curves
to gero subcooling. | Constant Gi was chosen, to fit Eguatien,
(8.1.1.) to the experimental curve at 14.3 1hs./1nch2 abs., and
in this case wae 3.3% x 10'3,‘which=ia quite differeﬁt from the
value of 7 x 10~ used by Forster énd.Greif [6] to correlate

exﬁe:imental resulte of others. This discrepancy may result



- 106 -

::am a difference in cavity sizes and distribution.

[

8. ' E;ee convection heat transfer |
Equation (5. 4ol ). which has been derived to cerrelate the

weak nucleate boiling region or "knee" of the boiling curve,

requires the free convection heat flux to be known, -This may

be given by the Newton equation,

Up = BTy ~ lr'f"lm:tl.tkj o B2y
where Q/, | ‘= free convection heat flux,
(Tﬁur saé) = temperature difference between heating surface
Al ond bulk 1iquid,
h - = heat transfer coefficient.

The results of free convection experiments by Jakob [32] and co-
workers have heen correlated by the following equation in
dimensionless variabless

A\ ;C.(Nﬁr- NPr)J’-' (8.2.2,)

where Nyu= .Jl%h_ = Nusselt number; h the heat transfer co-
o efficient, U, a characteristic length and
-~k the coefficient of thermel conductivity.
fQGrzﬁ JlE%é?l!E = Grashof number; g the gravitational

- " amcceleration, )? the cuble coefficient of
thermal expension, AT = (Pgur ~ Prullc)
and ) the kinematic viscosity. |

Ne, _%%—- = Prendtl number; and J the thermal

i

diffusivity.

constant = 0.16 for & horizontal heating surface.

o]
i
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The expopent:% in equation (8;2.2.)\eliminatee the. effect of any
eheraeterietic length which might be chosen rer,fqmaend_Nar,
The heat traﬁsfer eeeffieient h was calculated from Equation

(8. 2.2. ) for a liquid pressure of 14.3 1bs./1nch2 abs,., the
1iquid properties being evaluated at saturation tempereture.,
Then it was substituted inﬁFquatiea.(awzel.), which is compared -
in_?igure‘53 with the free convection results taken from the free
convection region of the boiling.eurve_;n‘Figure‘42 (14.3 lbe./&neha
abs.), and from another free eenvection experiﬁent at 14.3 lee/inth
abs. with a subcooling of 25°P. This latter experiment was
cerried out for two purposess | |
(a) To obtain a free eonvectioneu?ve.with a temperature difference

range (Tsur - Qbulk)’ which would extend beyond the free

_eonvection region in ?igure 42, _

{b) To estimate the percentage heat 1oss from the heating strip

by cenduction along the deo. electrodes.
_The heat leseee were estimated on. the assumption that the d,c, :
electrodes trenefer heat in a eimilgr menner to fine. A thermc-
couple was insgerted into one ef the eleetrodee to measure &
representative fin root tempereture. The heat trenefer GO
effieient in the appreximate f1n equation was calculated frem
Equetion (8,2,2.), with C equal to 0. 61 for a vertieal eurface.
The heat losses were estimatea to be SQE% ef the free convection
heat flux, which is net eufficient te aeceunt for the difference
between Equation (8.2.1l.) &nd the experimental results in Figure 53.

Because of this discrepancy, the experimental curve_ln

Figure 53 was used to eVeleate_the free convection part of
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Equation (5.4.1.), which correlates the weak boiling region in
Figure:27. | .
The freei convection regions from the experimental boiling
curves at,BO:(Figu:e~2a)‘and.122 1bs;/inch2«absm (Figure 43),
are compared with the thepreticel cuﬁves.ffom_ﬂquatian (8.2,1.)
in Figurés 54 and 55 respectively.. These also ahow a discrepancy
between theory and experiment, With the resnlt that the experi-
mental curve in Eigure 54 was extrapelated and used in Equation
(54441, ) to correlate the weak boil:lng region of Figure 28,

. Phe experimental free convectipn.points in Figures 55 to 55

were fitted by straight 1ings drawn in by eye.

8.3+ HNucleation properties of the heating surface

Pigure 22 shows gopd ggregment-betwee# the experimental
neasurements of the superheat femperature difference for initistion
from the first site, and the theoretical prediction of Equation
(5.1.14.). - The initiation temperature was not recorded for
pressures greaﬁer“than 122}1bs.)1nch2 absg for the following
reasonss - | ‘ ,

{a ) - The bubbles were not elearly dis%inguishable by the naked eye.

(h) The rate of increase of bubble gites with temperature was 5o
great, that it was found impossible te control the heating
surface temperature to give only one hubble site.

(¢} The initiation superheat temperature difference was less than
1%p and approached the accuracy wifh‘whieh the heating surface
temperature could be meésurgar(i 6,5°F).

-8 |

A value of 360 x 10 =~ inches was substituted for 4E', the
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mouth radius of the largest cavity, in Equation (5:1.14, ) to
correlate the experimental results in Pigure 22.. '.l‘hié compares
with & value of 550 x 10~° inches, which was measured to en
accuracy of 25 x_l(}'"ﬁ“iﬁches. for the mouth radii of tha-l&ngeét-
cavities on the experimental heating surface (see Pigure 6).: A
difscrepaney-af this order is not tconsidex_&ed te be excesgive in
the 1igh£of'the‘assumgtiens’made in the derivation of Eguation
(5+41.14.) (see Seetion 5. 1.). This discrepancy may possibly
be reduced if accurate values of § , the cavity cone angle and }3 .
the solid-liguid contact angle, were included in Equation_(5h1-14;)'
Reliable information on solid-liquid contact engles has not been
made available to date, because of difficulties in thé measurements
of contact angles (see Addoms [17] and Griffith and Wallis [27] Ve
The measufement of cavity radius and cone angle would be
facilitated if some method of produecing uniformly shaped cavities
had been uged, e. g+» & microscopic forming tool made of sone
hardened material,.

Hsu [13] derived an equation for the limiting sizes of
effective cavities (Section 2. 1l.) as a function of subeooling,

liquid pressure, physical properties and the thickness of the

thermal layer. The equetion for the limiting sizes of cavity

mouth radius in these parameterai;l@

'{;_'-: _.8..._ I _ (Tsa‘f‘ —Tlmm + (l _ !qu'l'—Thlh) )2_ 4Alg
2.Co ( Tsur — T bulk) ( Towr —Thalk) §{ Tour — Thulk)

(Be3.1,)



"= 110 -

where 02 = constant = 2, -

Cx = constant = 1.6,
LR J°

thermal layer thickneses,

O
it

,(Tsat Tbulk) = temperature diﬁfgrence,between satu?aticn
| ‘ end bulk liquid temperatures,
(Tsur - Tbulk) = tempgrature difference between heating
~ surface and bulk liquid temperature.
Equation (8.3%.1.) can be used to draw a curve of maximum cavity
radius e max, and a curve of minimum cavity rédius o ming

versus superheat temperature difference (¢ These

sur E"‘Esfst"t;)‘
two curves form the boundary of a region of effective ecavity
radii. A cavity with & mouth radius which is outside this reg1én
will not be an active bubble site.

The meaaured thermal layer thickness of 0,036 inches (Figure
39), for a pressu:e of 14.4 lbs./inch abs, and a subcooling of
4. SQF, was therefofe substituted in Equation (8.3.1.) t0 obtain
‘the curves af maximum and minimum ~’ for a pressure of 14.4 1%3 o/
inch® abs. and & subcooling of 4. 5° F. The curve for meximum ae!
WEE, however,‘outside the size range of:caﬁities on the experi-
mental heating surface of»this atudy. 'Therefoné, only thé.curve
of minimum A’ 1s shown in Figure 56 for cavity mouth radii ranging

=6

from 100 to 1200 x 10 ~ inches, This curve can be used to predict

the initiation of boiling for the size range of cavities of this

6

study ( A from 0 to 550 x 107~ inches), since boiling will not

occur until a heating surface temperature is reached, such that
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-~ )
the maximum cavity radius of 550 x 10 6 inches is on the " min
curve. The curve of A min from Bquation (8.3.,1.) is therefore
compared, in Figure 56, with the curve of cavity mouth radius

versus initiation superheat temperature (7 wﬂTEat).from

sur
Bauation (5.1,14.) of this study. Figuré 56 shows these two
curves to be almost identieal. This means that when a thermal
layer thickness of the order er.b.936 inches is substituted,
Eguetion (8,3.1.) becomes similar to Equation (5.1.14.), which
was derived for the case of & uniformly superheated liquid (this
only applies to the curve of ﬂﬁluan.by Equation (8.3.1.)). The
thermal lasyer thickness substituted in Equation (8.3.1,) would
therefore havé f@ be very much less than 0.036 inches, before the
curve of At min diverges from the curve of 4.’ versus initiation
aupefﬁeat tenperature difference predicted by Equation (5;1.14»)L

The previous argument would also apply to the equation of Hén
and Griffith [}4],,since thelr eguatiap is very similar to that eof
Heu [13] (see Section 2. 1.).

The theoretical prediction of the number of bubble sites
{Equation (5.2.12.)) versus superheat temperature difference at
pressures of 14,3, 30 and 122 1bg,/itch® abs. is shown in Pigure
23, along with the number recorded in ekperiments at preasureé of

2 abs. 1In Equation (5.2:12:) were substi-

14,3 and 29 1bs./inch
tuted %alues of 200 and 114 x 10~ inches for the population
parameters % and € respectively of the normalised cavity distri-
bution (see Pigure 6). The properties appeéring in constant B
were evaluated at the aaturatien-temperature eorrésp@nding to the

pressure ﬁi + Constant G;was evaluated, with ¥ the cavity -
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population equal to 1.2 'x los.cavitiéE/inehe-and € egqual to
114:x!10'6 inches. ' The cavity pepulation was ‘counted, by moving
the Vickers projection microscepe across the heating surface at
random positions along ﬁhevheating strip length, and then taking
&a‘average'of~the resdings.
.. .Figure 23 shows some agreement between’Eqﬁatiﬂn'(5s2,12.)
and exﬁe?imenﬁc Ko check 'could be carried out for pressures
greater than 30 1bs./inch® abs., because of the rapid increase in
the number of sites with increase in superheat‘temperature{
Figuré 23 also shows that Equation (5-2.12,) predicts & decrease
in the rate of inerease‘With'temperature difference of the number
of bubble sltes, when the superheat temperature difference reaches
12°F at a preesure of 14.3 1bs./inch® abs., and 6°F for 30 1bs./
inch2 abs. It is unlikély thét this happens experimentally, and;
is probably due to inaccuracy in the cavity distribution for the
smaller acavity siges. This is quite possible,dsince it was
mentioned earlier (Section 3. 6.) that the Vickers projection
microscope could only record a=minimum'éa?ity size'of
200 x 10-6 inches, whereas it was nmoet likely +that cavities'with “
sizes of less than this were present. It will be necessary,
therefore, in extending this work, to be able to resolve and to
measure -accurately much smeller surface cavities, i.2. less than
200 x 106~% inches. |

Figure 25 shows the theoretical curves of bubble freguency
versus superheat temperature differgnce for the first eight
bubble sites at a pressure of 14.3 1bs./inch? abs. The initiation

superheat tenmpefature difference for these sites 1s obtained from
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Eouation (5.1.14.). . Bquation (5.3.3.), which predicts the
bubble frequency, is based on the aaaumption_ﬁhat the thermal -
layer is heated by transient conduction only (Bee-Seétion.Sa 3¢)
-althaugh it is réalised“that conduction slone ig not . a complete
description of the heat transfer proecess in the thermal layer.

It is shown in Section . T. 4. 1l. of this work that if conduction
only is assumed, then the thickness of thermal layer predicted
by the Fourier equation is in better agreement with the measured
thickness for e subecooling of 10°P then for a subcooling of 4.5%F
{see Pigure 41). = It may be exéecteﬁ, therefore, that when
comparing Equation (5.3.3.) with experiment, the largest
discrepancy will occur at saturation temperature and tend to
disappear as the subeccoling increases. Phis fact could not be
substantiated in the present study, since the experimental pressure
vessel was unsuited %o the high-speed photographic technique
necessary to determine high frequencies. A search of eiisting
literature for experimental records of bubble frequency which
could be epplied to this work revealed very little experimental

- work on bubble fregquéncy. In no case héd the frequency been
measured at one bubble site for inereasealinqthe heating surface
temperature,

Pigures 27 snd 28 show the correlation of the weak boiling
region at pressures of 14,3 end 30 1bs./inch? avs. respectively
by Equation (5.4.1.). Equation (5.4.1.) is the summation of the
free convection heat flux (experimental values were used here)
and the theoretical heat flux asspociated with bubble zrowth,
which is given by Equation (5.4.2.) (see Section 5. 40)9. These
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figures show that Eguation (5.4.2.) does predict the heat flux
asscciated wiﬁh bubble growth in the weak boiling region. The
correlation is not so good near the "established boiling® region,
and this may. be due to the deerease in the rate of increase of
bubble sites:with increase in superheat temperature at the higher
valiies of superheat temperature, according to Egquation (5.2.12.).
Some success has therefore besen achieved in the correlation
of the weak nucleate boiling region in terms of the nucleation
eharaﬁteristicS‘oflthe heating surface, viz. the initiation of
bo;liﬁg, the bubble site density, the. bubble frequency, and of
the energy associsted with the growth of a bubble in a super-
heated ligquid. It now seems poseible to predict the start of .
the "established boiling® region from =z knowledge of the heating

surface cavity distribution. o o ' . C e



CHAPTER

Conelusions and Remarks

By applying the Gibbs and Clausiuns-~Clapeyron equations to
conditions in an ideal vapour-filled surface cavity, an equation
has been derived which predicts the superheat temperature at the
initiation of boiling. Calculations based on this equation
agree with experimental measurements of the initiatioﬁ superheat
temperature for a pressure range from atmospheric to 122 1bs./1nah2
abs,, provided that the value of the cavity mouth radius which is
substituted in this equation is 360 x 10~% incnes.

The heaﬁing surface cavity distribution is measured Qith the
aid of a projeection microscope, spproximated to a normal curve and
used with the previous equation to predict the increase in the
nﬁmber of bubble sites with increase in superhsat temperature at
preasures of 14.3, 30 and 122 1bsp/1nch2 abs. The increase in
the number of bubble sites with increase in superheat temperature
has been measured by experiment at pressures of 14.3 and
29 1hs./inch2 abs., and is in fair agreement with the theoretical
prediction. However, tﬁis agreement is only obteined when g
multiplying constant of 1074 is introduced into this equation to
account for the fact that only a very small fraction of the
heating surface cavity populstion are effective bubble sites for
the early stege of nucleate bolling.

An equation is derived for the bubble frequency, and the
frequency calculated for the first eight bubble sites at
pressures of 14.3, 30 and 122'1bs./1nch2 abs. (the 1nitiation
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superheat temperature for these sites was obtained from the rate
of inerease in bubble sites with superheat temperature, predieted
by the previous equation), ' The derivation of the frequency
equation uses'a simplified model of the thermel layer, and the
assumption that the layer 1s heated by unsteady state conduction
only., The bubble frequency is not determined"experimentéliyg"
Gurves of bubble frequency for a pressure of 14.3'1bs¢/1néh2 abs.
are presented, and from these have been determined the increase
in the number of bubbles per unit area of heating surface per unit
tdmer! with inecrease in superheat temperature, i.e. the bubble
flux., The bubble flux is shown for pressures of -14.3, 30 and
122 1bs./inch® abs. -
The experimental weak boiling curves at pressures of 14.3

and 30 lba./inchz-abs. are correlated successfully by am . -
equation, which takes account of both the free convection heat
flux and the heat flux associated with'bubble growth, Experi-
mental values of free convection heat flux are substituted in -
this aguati@n,=aﬁd the heat flux associated with bubble growtﬁ
derived from a model, which assumes that the growth of a'bubble’
removes a seetion of the thermal layer from the vicinity of the
héating,surface9 An empirieal constant of 1.5 introduced in- -
the equation, which predicts the heat flux associated with
bubble growth, to improve the correlation, is'interpreteﬁ'as"'
showing that when a bubble grows it removes a section of the
thernmal layér whose diameter is 1.5 times the maximum diameter
of the bubble.

' The thermal, layer thickness is measured by a shadowgraph'
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technique at pressures of 14.2 and 30 lbs./inchE abs. with bulk
1iguid suboooling of 11.5 and 10°F respectively. . The maximum
layer thicknesses are 0.030 and 0.032 inches respectively.
These'experimeuts'reveal that the thermal layer develops in. .
three distinet stages: - (i) 2 laminar stage, (ii) a transition
stage from laminar to turbulent flow and (iii) a stage where the
upper half of the layer is fully turbulent. The thickness of
the layer is also obtained by direct measurement of the {empera-
ture distribution in the ligquid above the heating surface. . .
These measurements are carried out at pressures>pf_14,7, }4.4 and
30 1bs./inch® abs. with subcoolings of 10, 4.5 and 5°F
respectively. - The thicknesses obtained in this manner are
0.020, 0.036 and 0.034 inches respectively. The corresponding
layer thicknesses are 0,020 inches by direct measurement of
temperature, and 0.0%0 inches by the shadowgraph method, for
similar experimental conditions. These values indicate the
extent of agreement between the two methods of measuring the
thermal layer thickness. : .

. An equation by Chang [33] , which predicts the thickness of
- & "boundary f£ilm", shows good agreement with the thickness of the
" thermal layer measured from the temperature distribution in the
liguid at aﬁmoapheric‘presaure for subcoolings of 10 and 4.5%%,

'~EXperimenta1 boiling curves at pressures of 14.3, 122, 201,
279, 401, 549 and 745 1bs./inch® abs., showing the regions of
free convection, weak nucleate boiling =nd the start.of
“establiﬁhédfnucleate boiling®, are praaénted. '%hese-eurves

give new information on the beginning of nucleate poul boiling
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of water.

The "established boilimg" regions of experimental K curves
at pressures of 122 and.l26 ibs;/incha‘ébs,'with subcoolings of
5 and 10°F respectively, and at 201 and 204 lbs./inch® abs. with
subeooling of 6 and 12°F-respective1y,~are-extrapnlateﬂ'to-give
”establishedfhoiling?=curves-at pressures of 124 and 293‘1b5ﬁ/i£ch2
abs, (mean pressures of 122 and 126, and of 201 and 204 1bs,/inch2
abs. respectively) with zero subcooling.:

The "established boiling" curves at 124 and 203 1bs./inch®
abs. with gzero subcooling, ‘together with the experimental - -
Hestablished bhoiling® curve at 14.3 lbsp/inehg abso\(experiﬁent
conducted at zero subcooling), are correlated with some success
by.an‘equatien-of-Eofster-and-Greif-[ﬁ].\ : |

. . -‘The. experimental free convection results of this study are
not correlated -by the eguation . NNu = 0,16 ( Ner. NPrf—)Tli:‘,- which
Jakob:l}é] and co-workers used to correlate their experimental

results from.a horigzontal heating surface.



APPEBNDICES

AGOURACY OF RESULES

Heating surfece temperature

The final accuracy of the heating surface temperature ...
measurement depends on the following itams,‘for which the accuracy
is given systematically in brackets. | |

N

(1) - The calibratian of ‘the heating strip thermocouple against
the bulk liguid thermocouple ( o, 15 F).

(2) The callbration of the heating atrip thermocouple voltage
"pick up" (* 0. IGF) '

(3) The fluctuation of the heating strip thermocouple reading
(£ 0,299), :

(4) The caleulated témperatuﬁe df@p’acyess‘thé'hééting strip
(£ 0.01°F). |

(5) The precision potentiometer (£ 0.04%).

The final accuracy of the heatinngurface temperature

measurement is therefore t 0.5%p.

Bulk liquid temperature
The bulk liguid temperature measurement depends on the

following:

(1) the calibration of the bulk liguid thermocoupleuagainst

fixed points on the International Temperature Scale (£ 0.1°F),
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(2) the fluctuation of the bulk liguid thermoeouple reading
(£ 0.1°2) and

(%) the change in bulk liquid temperature during an experiment
(t 0.5°%).
The final aceéuracy of the bulk liquid temperature measurement

ig therefore * 0.7°F.

Heat Plux
The final percentage aoeuracy‘of the heating surface heat flux

depends on the following items and their respective accuracies: -

(1) the heating strip voltagé (¥ 0.04%),

(2) the heating sirip current (% Og03%),

(3) '?”1the heating strip surface aree (¥ 0.6%) and | |

(4) ‘the estimated heat losses of 3.5% which were not subfxaéted

from the heat flux valuegg

The finel accuracy of the heat flux is therefore + 0% - 5%.



Symbol

NOMENCLATURE

Definition

Heating surface area

Gy RTAT B

(. £ )éJ'
2 o Thay |
*TTjQ”E”

Area of thermal layer removed by bubble
Thickness of "wave layer"

2
2RI oy O
I

Conastants

1

2
1',9 6 :

Gonstaﬁﬁ‘

Constaent

. Conversion factor = 3.41

B
{27 €
J2Te
Specifie‘heat at éonsfént'pfessure

L} " " ° ' it

(evaluated,at meén temperature
of %wave layer"®)

Constant = 10™4
Maximum bubble diameter
Gharacterisiicllength

Diameter of thermal lsyer section
removed by bubble

Constant = 1.5
Bubble frequeney

b ig 2

Units

| ft;/hr-%

ft. o0

£t,°

P,

£t. °p

B»t;ug/Watts hr.

1/88.0

1/5t,°

Bit.u./1b, OF

Betous/1b, %P

£t.
£t.

1.

1/hrg



Nt M ¥ o

VHeat flow rate
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Gravitational acceleration
Heat transfer coefficient

Gurrent

Joule's equivalent

Mean eoefficient’ of thermal conductivity

CQefficientfof thermal conductivity
- {evaluated at mean temperature
- of “wave layer®)
Latent'heat-or veporisation
Exponent of Reynolds number
Cawitj‘pepulation

Activéicavity population .

Number of bubble sites

Exponen£ of Prandtl number

Any whole number

Vapour pressure -

Liguid pressure

Pressure difference { R ”;'R )
corresponding to ATaup

ﬁéat_ﬁlhx

'HéatAcqntent asspciatedwwigﬁ.b@bble
growth S N

| ‘Maximum bubble radius

Perfect gas constant

Badius of nucleus boundary

Critical radius of nueleus boundary
Cavity mouth }a&iué

Pemperature

£t./nr,?
B.tou./2t.% hr, OF
amps

£1. 1bS./B.tous
Botaae /2. 2hr OB/ 18,

Botou‘o/ft-zhrnoﬁ‘/ftu
Bq?};u'n/lbv

1/£t,2
1/8t.°
1/£4.2

1bs. /£t 2
1bs: /4.2

1bs./2t.°

B»t'.u_;/h'x'n
R -3
Botnu‘o/ft'q hro
Bstsu,
£t,

£, 1bs./1b. °F

£,

£,

£+,
Op er'QFALL
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Ag Temperature difference or temperature
arop B
t Time b,
tg Bubble growth period hr.
tw Bubble waiting period hre.
v Voltage vbif‘s
Ve Speeific volume of vapour ft.g/lb.»
o Specific vﬁlume of llquld f”r.-s/}_.m ‘
X Thickness of heating strip ft.
Greek letters.
o @hergal aifrusivity ",ég’”ﬁii £4.%/0r.
B Solid-liquid contact angle
B Oubic coefficient of thermal expansion 1/°F
§ Thermal layer thickness ft.
§w Thickness of Yboundary film" £,
€ Standerd deviation of cavity population £t
4 Arithmetic mean of e’ £4.
e Cavity cene angle
M Dynamie viscosity ibs,/ft. hr,
m 3:i42 _
£ Vapour density . lb‘a,/f‘b,'j
£ Liquid density 1bs./ft.°
A Density ( evaluatedn at mean temperature 3
of "wave layer") 1bs./Tt.
fg Density {(evaluated af mean temperature ‘ ‘ 3
. of convective cors) 1bs,./ft.
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Vapour~liquid surface temsion = = ibs./tt,
Kinematié viscosity. :tfz/hrg .
Angle included by 4. and <

Cpnsfant-QQ 1 |

Bubble flux - A 1/£4:% nr,

< " ¥ q

Dimensionless Grougs‘:

. Fusselt number = %?
|  4p?
Nwe. ' Grashof number = 12 _V,_AT
e, Prandtl number = 'f%k
Subseripts
sat Saturation
sur Heating surface
sup . Superheat
bulk Pulk liquid
ac "Yave layer™
T "Boundary film"
s¢ ("Boundary film" + "wave layert®)

min _ Minimum _ . o ,

Aax Maximum



TABIE 1 (Data for Figuve 42).

- System pressures~ 1h.3 1be/inch® abs.
Saturation temperatures=  210,6%
Bulk liquid tempersture:- 210.6°F

Heating Strip Temp. drop Heating Strip Heating Strip Heating Strip Heat Flux

Temp. (bottom across Temp. (top Voltage Curront,
surface) Heating surface)
°p) AT (°7)  Teur (°F) ¥ (volta) I (amps)  (Btw/ £t nr)
213.7 0.0% 213.7 0.275 : L.183 546
21k .4 0.02 2Yhok 0.333 5.084 804
216.&- 00& 2160# 0.&02 60033 C 1'.\60
2)5.3 0.02 215.3 O.kbh 74095 1560
228.9 .03 218.9 0.530 8.100 2070
219.7 0.04 219.7 0.588 9.036 2522
222.6 0.05 222.5 0.66k 10.146 3200
222.) 0.05 222.0 0.721 11.035 3790
224,.8 0.06 224.7 0.789 12.074 4520
27.4 0.09 227.3 0.927 ' 15.170 6240
228.1 0.10 228.0 0.987 15.084 080
228.7 0.11 228.6 1.050 156.077 8010
<30.1 0.13 230.0 1,122 17.196 9160
230.7 0.4 230.6 l.182 18.137 10200
230.6 0.16 230.4 1.246 19.109 11300
2-3103 0.18 23101 10308 20!%0 WO
231.2 0.20 231.0 1.374 21.085 13770
231.7 0.1 231.5 1.438 22,059 15050
233.9 0.23 233.7 1.503 23,059 16470
233.% 0.25 233.2 1.568 24,063 17920
238.8 0.28 238.5 1.639 25.094 19550

236.7 0.0 238.4 1.698 26.049 21000
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TABIE 2 (data for Fipuros 43 and 49).

| System pressures~ 122 1bg/inch® abs.
Saturation temperature:i- 352.5°F
Bulk 1iquid temperature:~ 337.8°F

‘Heating Temp.dyop Heating Heating Heating Heat Flux Superheat

Strip aeross Strip Strip Steip _ Temperature
Temp. Heating  Temp.(top Voltage Current Difference
(bottan  Strip surface)

surface)

(°r) AT (°f) Tewr (°F) V¥ (volts) I (emps) (Bt.‘%iz.h;g (Tour-Psat)F

AN

339.3 0.01 339.3 0.263 4.087 510 v
340.3 0,01 350.3 0.325 5.139 790 - 72
Moﬂ 0-02 3161-3 003353 6-095 1103 ' <y
33.9 0.02 341.9 0.439 7027 1460 <ok
34,2 0.03 3442 0.506 8,076 1940 1.7
3446 0.03 354.6 0.571 9.09% 2460 2.1
346.9 0.04 316.9 0.633 10.072 3020 Leh
347.6 0.05 347.5 0,696 11.079 3660 5.0
348.8 0.06  348.7 0.759 12.072 K340 6.2
3L9.8 0.08 34k9.7 0.880  14.04) 5850 7.2
350.6 0.10 350.5 0.947 15.10 6770 8.0
~ 351 0.11 351.0 1.008  16.080 7660 8.5
351.4 0.12 351.3 1.073 17.119 8700 8.8
. 352,2 0.4 352.1 1,139 18.097 9760 9.6
352,1 0.15 35219 1.198 19.092 10820 710 A
.352.6 0.17 352.4 1.257 20,041 11920 9.9
352.8 0.19 352.6 1.329 21,162 13300 10.1
353.2 0.4, 353.0 1.387 22,135 14520 10,5
353.6 0.22 353.4 1.046 23,108 15800 10.9
3539 0.2, 3537 1.506  24.063 17370 1n.2
35L4 0.26 354 1.570 25.076 18650 1.2

354.8 0.29 35ke5 1.625  26.036 20080 1.6




| m.a ungmm-
System pressurei~ 126 1be/inch abs.

Saturation temperature;- 34,5.0°F
Bulk 14quid temperaturei- 335.4°F

Heating  Temp.drop Heating Heating Heating Heat Flux  Superheat .

Strip agross Stxdp Strip = Strdp Temperature
Temp. Heating  Temp.(top Voltage Current Difference
(bottom  Strdp surface)

surface)

. -\ . :
(°F) AT (°F) Tsur (°F) ¥ (volts) I (amps) (Bt.d%'ta;hlz)" (Tsur-Tsat)"F

3“&-0 O-Ok 3"1&00 ‘ 06 575 9 -?15 %’00 . _-..-"lo‘l-
346.5 0,06 316.1, 0,673 1370 4020 .— _ 3.6
3524 0.12 352.3 1.000 17.101 ase 7.8
352.8 0.1h 352.8 1231 19.103 1200 .- ~ &5
353.7 0.18 353.5 1.2 21,931 12350 .- 90
354.2 0.21 35h.0 1.363 23.017 L4800 8.0
353.3 0.25 353.0 1.478 25,018 17440 8.4
- 352.1 0.20 351.9 1336 22,175 13760 by
352.6 0.16 352.4, 1.193  20.153 1135 5.9
350.8 0.3 350.7 0.9%67  16.290 ThiO . b
349.7 0.08 349:6 0.847 246 5700 __.— = 2.5
31&706 0‘% 31&7'5 0-733 120329 m e i 103
346.4 Q.05 346.3 0.536 0. 747 3225 -

2.7 0.03 35247 0.51% 84644 2300
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TABIE 4 (data for Figures Lb and 50).

System pressure:- 20 Mmz abe.
Saturation temperatures- 382,299
Bulk lquid temperatwre;- 376.2°F

Heating Temp.dyrop Heating Heating Heating Heat Flux Superheat

Strip acroos Strip Styip Stxdp Temparature
_Temp. Heating Temp.(top Voltage Current Difference
{bottom  Strip surface)
surface) /A

(%) AT (°P) Tew (°F) V (volts) I (ampe) (Btw/£t%.hx) (Tsur-Tsat)r

378.9 0.01 378.9 0.265 holbh 52k,

379.h 0.0) 379 0.319 5,081 769

380.6 0.02 380.6 0.383 6096 1108

Bmog 0.02 3&.9 OOMS 7-1111» 1502

383.5 0.0h 383.5 0.572 9.143 2480 1.3
384.0 0.0k 384.0 0.631 10.14) 3080 1.8
384.9 0.05 384.8 0.692 11.088 3630 2.6
385.5 0.07 385.4 0.758  12.093 4650 3.2
385.9 0.07 385.8 0.825 13.157 5340 3.6
386.4 0.08 386.3 0.885 14243 5930 bl
387.0 0.10 386.9 0.949 15.136 6820 L7
387.4 0.11 387.3 1.00,  )6.159 7760 5.1
387.7 0.12 387.6 0722 17233 8700 Seb
387.7 0.14 387.6 1,134 18,347 9750 Sk
388.0 0.15 387.8 1.391 19,051 10750 - 5.6
388.2 0.18 388,0 1.256 20.077 12340 5.8
388.8 0.19 388.6 1.320 21,135 13200 6.
389.3 0.20 389.1 1.377 22.063 14400 6.9
389.7 0.22 389.5 Y.kh3 23.120 15800 73

3%0.1 0.24 389.9 1.504  24.108 17200 X
390.5 0.26 390.2 1.565  25.086 16610 8.0
390.8 0.29 390.5 1.627 26.078 20320 8.3
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System preseurei~ 204 1bs/inch® abs.
Saturetion temperaturei~  383.5°F

. Bulk liquid temperaturei~ 372.0°F

Heating Temp.drep Heating Heating Heating Heat Flux  Supeyheat

Strip - across Strip Styip Strip Tempayature

Temp, = Heating  Temp.(top Voltage Current Difference
{bottom - Strip surface) | S
snn'i‘aee) Q/A

‘ . (OB AT CF) Touwr (%) ¥ (volte) i (mps) (Btu/fb .hf.) (Tsu!'-‘fsat)%’

324 0.01 3724 0.222  3.752 393

’ 377.0 0.02 377.0 0.406 6.806 ‘1320
379.8 0.03 379.8 . 0.552 9.324 . - 2433
383.0 0.06 382.9 . 0.700  11.819 . 3910 »
38k.5 0.07 38Le4 0.774 12.9% = 4730 - 0.9
385.2 0.08 385.1  0.820 13.803 5340 2.6
385.8 0.09 385.7 0.877 14778 6130 2.2
388,2 0.1 388.1 1.121  18.855 9980 L6
387.9 0.18 387.7  l.2h5  2).003 12330 4.2
388.4 0.21 388.2 .36  23.002 14830 b7
.389.1 0.25 388.8 1.487 25.22h 37730 | 5.3
388.5 0.24 368.3 1-%6 2&.&08 16650 4.8
388.0 0.6 387.8 1073 19.828 11000 B3
387.5 0.3 3874 1078 187 9210 3.9
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System pressurei= 279 lbs/inch® abs.
Saturatden temperature:- 410.68%F
Bulk liquid temperature:~ 399.7°F

Hea St.rj.p Temp. dmp Hea Strip Heating Str.i.p Heat.i.ng St.rip Heat Flux

Temp. (botton across Temp. (top Voltaga
surface) Heating  .surface) |
. Strip . : . oa
O AT R Tew (%) V(velts) I (aps)  (Btw/ftna)
40l Y 0.02 - 0kl ; 0.365 6.173 1063
407.8 - 0.04 L0?.8 : 0.561 Qe liTh 2510
409.3 005 4092 - 0.662 11.0% 3470
. 40943 1 0.05 . 409.2 ‘ 0.660 31.239 - 3510
2.2 - 0.06 K24 0.753 12.719 4520
k14,0 0,11 4£13.9 ' 0.972 15,375 7520
15,1 0.13 5.0 1.073 18,027 9130
6.1 0,18 6.9 31.258 21.120 12540
16,6 0.21 4164 3.369 23,000 14860
ﬂ?-b 028 A7.1 ' i.582 26.533 19800
L17.8 - 0,31 817.5 1.650 27.652 21550

LIB.4 0.37 118.0 - 1.808 30.198 25800




ZABIE 7 (data for F

System pressureie | 103 lbﬁ/imh‘?' ahs.
Sat.\:t{:-étian temporetures~  AL4.9°F
Bulk liguid temperaturess 531,.8%F

Reating Strip Temp. drop Heat St.up Heatdng St.x-ip Heat.ing smp Heat Fluk

Temp. -{bottem across _ Temp. (top Voltage
sm-faca) Heating aurfaca)
) AT(¥)  Teir (%F)  V(wlte) I fags)  (Btw/etium)
437.5 0.02 1375  0.387 6.4 177
&39.6 0.03 - 439.6 0.480 8,003 1816
: Ms-5.l 0.09 MS.O 0.89%, 34928 - 6310
MSos 0.30 , MS-? 0.964 16-063 C, 7330
%7.? 0.13 b6 1.072 17-»851 9030
8.6 0.15 L8 1.149 19.300 20370
| 448.8 0.16 148.6 1.1% 19.919 11240
L49.0 0.19 8.8 1.295 21.552 13180
- K88 0.20 48,6 1.338 224226 14030
9.7 0.21 449.5 1.387 23,307 15120
450.1 Q24 _ L49.9 1.475 24,525 17070
- 450.2 0.25 - 449.9 - 1503 25-011 17730
1.51.5 0.28 55142 1.573 26,168 19420

"k52.2 0.31; 551.9 1.765 ‘ 29-'.' 24350




System pressurcie 549 Abs/inch® abo.
Saturation temperetures« L76.7°F
~ Bulk 3quid temperaturei= 46k, &%

L — : e s

St«rip ‘i'.'enp dmp Heg' Str.l.p Heating St-rip Haa.ti.ng be'.lp Heat- ¥l
‘I'emp bottom oacyoes Pemp. {top Voltage Current
aurfaw) : Heating ~ gurfoee) ' '
| Strdp. - VA
R A tew (°F) V (volte) I (ampe) (Btu/m i)

§67.3 - 0.00 1673 0.262 4.2% 531
4700 0.02 7040 0s443 7.3 1510
AThe3 0.05 472 -0.689 .2 3670
476.1 0.07 47640 0.813, 33.333 5100
L7646 ~ 0,08 57645 0.858 14,058 5700
578.0 0.09 Lr.9 0.918 15.065 6530
§77+7 0.10 4776 ‘ 0.969 15.887 NI
478.2 0.12 478.1 1,00 17,058 £380
480.6 - 027 4804 1.231 - 20.138 L1720
8.2 0-22 H8.0 1.405 22.968 15260
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Syotem preseurei~ 749 1bs/inch® abs,
Saturation temperatureie 510.5%F
Bulk liquid temperatures~ 497.7°%

Hea Strip Temp. drop Hea Strip Heating Strip Heating Sbrip Heat Flux

Tenp. (bottom acrose Tenap. (top Voltoge

surface) Heating s\n'tam)
) AT (%) Teur (°F) ¥ (volte) I (ampo) (Bt £t%h)
501.6 0.02 501.6 R ¢ 29 Y% 7539 677
S5Gk.7 Q.04 - 5047 . 0.580 9.388 2587

- 508.8 .06 508,7 . 0.7k 11.529 3905
510.5 - 0.07 510-&- 0.825 13.360 5220
510.7 0.08 510.6 0.864 34.00% 5730

. 510.5 0.0 510.4 ) 0. 940 15.25), 6790
510.9 0,21 510.8 0,58 15.952 7420
511.3 : 0.12 511.2 C . 1.052 X7.07h 8510
511.8 0.14 S11.7 S 1.327 18.290 9770
512.7 0.16 532.5 1195 3.9-333 30930
513.5 ' 0.7 513.3 1.25) 20.27h 12050
513.2 0.9 513.0 1.313 21,257 13210
512.9 0.20 52,7 1.365 22.114, 14300
513.,2 0.22 513.0 1.437 23.255 15610
§13.%7 0.25 513.5 1492 241562 17100
513.5 0.31 813.2 1.685 2730k 21800




Sysbem precsures« 30 w:.m abss.
Saturotion temperatwres=  250.0°F
Bulk 14quid terpereturese  247.6°F

Hea A St.rj.p Temp. dmy !Iea Stadp Heaw.ng Stﬁ.p Heat&ng Sm;: Heat, Flux
. Temp. (bottcn eacross Temp. (top oltage, Current. .
. mface) Heatdng surfaca) . i | _
‘ _ Strips _ - o/a |
) AT (%) Tewr (%F)  V(wlts) I (ape) - (Bta/etm)

25046 0,01 250,6 °¢ 0318 5.07% 755
250.4 0.02 ‘ - 2504 o 0.382 6,076 : 1059
252.3 0.02 : 252.3 2 O4kb 7:070 493
253,2 0.03 2532 0.509 8.067 1950
25L.1 0.03 2553 . ve 04569 9.035 2450
255.7 0.0, /2559 <. 0635 16,267 3005 -
256.7 0.05 ’ 25606 b {’ 0,704 11-151 3720 .
258.7 0.06 258.6 85 0,760 12.300 ‘%360
257.8 0.07 2577 7. 0821 . 13,136 5115
259.6 0.10 259.5 i 0951 15325 6620
261.1 0.12 261'.0 ed Tl.O07L 17.289 870
262.5 014 262.3 @ 1.135 18,127 970
262.9 - 045 ‘ 262.7 'S 1,198 19.130 10850
262.7 07, Zes ni Las 20,231 1240
265.0 . 0.39 ' zab wh 3,322 23,105 - A3220
268.2. _ 0.2 | 368-9 wa 1505 25,019 17320
37008 _ 0.29 2705 ootk 1632 26,033 - 20140
2734 0.31 273.1 2o 1,69 27.034 23720
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System pressures» 30 -z,h%’&nghap abs.,,
Setupation tempereturese  250.1°F
Bulk liquid tempreturet= 248,5°F

—

Heat: SMp 'i‘emp. dmp Heat Strlp Heatd.ng Sb:d.p Heatd.ng Stﬁ,;,s Heat Flwc
Temp. .(bottom across Temp top  Voltoge ' urrent
. surface). Haa.tis:.g surface) ‘

o A
%) xA*_z_:_(:?m _tow () Vvt X (amwe)  (ew/n

26849 0029 26896 8 196&8 26, 200 20470
26844 0.27. 268,1 to 1,588 25107 18£00
266.1& 0.23 26693 "%/ 1-&56 23,150 15970
26301 ’ 0015 262&9 128 1'198 1-9‘%2 10820
26146 0,12 2615 & 1.07, 17417 8750
26040 0,10 2699 9¢ 0.954 35:131 6840
25922 0.07 25%.3 9 01333; 134154 190
2574 0.05 257.3 72 0,70 S A48 369
256,56 0.0L 256,6° 65 0.572 9146 2480
251&02 0.02 25&.2 Lo 00%7 7-105 : 3505
252,5 0.01 252.5 2% 0Q.32h 54157 T
25146 0.01 25,6 /¢ 0.268 .. heB3R 529
25hs3 0.02 - 28hu} 4 0,393 . 64200 1156
25547 0.03 255,72 £¢ 0,530 Cda2 =
256.8 Goozb - ‘?'%Da £€7 0'637 o, 3‘-0'0% 30&5
28,0 0,06 257,9 ¢  O775 32.301 1520
258,97 0,08, 258.6 £S 0,693 35330 5980
26040 0.11. 259.9. ¢ 1.010 364042 V6€0
262.5 0.14 %Bda, 123 3.,;:.1. 18,153 9850,
365.5 ) 0.25 26502 et lom 2&-%& 173w
266 .0 0.27 265.7 << 1587 25297 19000 -
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1= \additiona) dats).

System prescurese 401 3be/dnck’ abs.
' Saturation temperaturese L4 9%F
Bulk iquid taempemt'mw 434.2%F

Beat Str.‘i.p Tmnp. dmp Heatd ﬂbﬂp Heat.ing Str.lp Heaf.!.ng Stﬁ.p Heat, Flmc '
Temp. {bottom across Temp. (top -.yoltage Current
surface) Heatding surfaca).

- Stedp. | - |
X AT (°F) imf("?) - Vwilts) I (amps) (Bw%%zhr)

43644 0.02 13640 04398 6.636 1250
1394 0.03 13944, 0.511 8.521 2062
4.6 0.05 45 0.648 10.620 3315
14503 0,08 M52 0.861 14383 5860
L43.8 0007 4347 Q770 -m ' 4710
L .3 0,10 Wb 04920 35-&60 6730 .
by .21 - bhibe3 0-969 - ThiD
1476 0,13 475 1.085 aa.z,sa . 9319
L7.3 0.1% Mi7+0 1,230 18.878 30070
176 017 = Uh7.4 1.234 20,275 14
4483 0.19 479 1.296 21-585 13230
150.0 0.2} 14948 1.354 22,561 2Ukk0
549.7 0.23 9.5 14354 23,925 16210
4£50.1 0.25 498 1.503 25,016 X700
550l 0.37 45140 1.820 30,288 26300
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