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ABSTRACT

The present investigation pertains to an experimental study on nucleate pool boiling
of liquid and their binary and ternary mixtures on plain as well copper coated brass heating
tubes at atmospheric and subatmospheric pressures. Basically, it deals with the effect of
operating variable, namely heat flux, pressure and composition of mixture on heat transfer
coefficient for the boiling of iso-propanol, methanol and distilled water and their binary and
ternary mixture on a brass heating tube surface. Further, it also includes the effect of coating
thick ness along with other parameter for boiling of these liquids on brass heating tube surface
coated with copper. Finally, a semi-empirical correlation for calculation of heat transfer
coefficient of ternary mixture which is free from surface liquid combination factor has been

developed.

Experiment has been carried out for saturated boiling of iso-propanol, methanol and
distilled water and their binary and ternary mixtures on an electrically heated horizontal plain
as well as copper coated brass heating tube surfaces. The heating tube is a brass cylinder
having 18mm 1.D., 30.02mm O.D. and 150 mm effective length it is heated by placing a
laboratory mede electric heater inside its wall and liquid temperature are measured by poly-
tetrafluoro-ethylene (PTFE) coated 30 gauge copper-constantan calibrated thermocouples.
The thermocouples are placed inside four holes drilled at a pitch circle diameter of 25mm in
the wall thickness of heating tube for measurement of surface temperature. Similarly,
thermocouple probes are placed in liquid pool corresponding to wall thermocouple positions
in heating tube for the measurement of liquid temperature. A digital multimeter measures
e.mf of thermocouples. The composdtion of binary and ternary liquids mixtures and those of
boiling liquid and vapour are measured by using HPLC system. A Novel Pack, C18 column
of size 3.9 x150 mm is used to measure the concentration of methanol and iso-propanol inthe
binary and ternary mixture. Power input to heater is increased gradually from 220 W- 500W
in six steps and pressure from 45.40 kN/m? to 97.71 kN/m?, three thickness of copper coating
namely 15, 25 and 35 um have been employed over a plain brass heating tube. The maximum
uncertainity associate with the measured value of average heat transfer coefficient is of the
order of £1.12%

Experimental data for saturated boiling of distilled water on a plain as well as copper

coated brass heating tube of various thicknesses at atmospheric and subatmospheric pressures



have been processed to obtain local as well as average heat transfer coefficient. Analysis of
these experiment data show that surface temperature increases from bottom to side, side to
top of heating tube for a given value of heat flux at atmospheric and subatmaospheric
pressures. However, liquid temperature remains uniformly constant at all values of heat flux
for given pressure. Further, the local heat transfer coefficient increases from top to side, side

to bottom position irrespective of heat flux and the variation in heat transfer coefficient is
presented by h¢aq°'7. These observations are consistent for all the liquids of this

investigation. Furthermore, average value of heat transfer coefficient of an uncoated heating
tube vary according to the power law haq®’ a subatmospheric pressure of this
investigation this in corroborated the finds of other investigators [A4, B6, B11, B12, C22,
H6, K11, Y8] . A dimensional equation; h=C,q* p®* for the boiling of distilled water,
methanol, iso-propanol on uncoated brass tube has been develop by regression analysis with a
maximum error of £8%, where C; isacongant whose values depends on the types of boiling
liquid and heating surface characteristics. This dimensional equation has been modified to the
following non dimensional form: (h" /h) = (P/ P)%%, it has been tested against data reported
by various investigator [A2, B12, C12, C22, P8, V2, V12] for saturated boiling of other
liguids on heating surfaces with different characteristics at various pressure and found to

correlate themexcellently with in error of -11 to +9%

Experimental data for pool boiling of methanol-distilled water, iso-propanol binary
mixture at atmospheric and subatmospheric pressures on uncoated tube resulted in analogous
behavior as that of pure liquids. The functional relationship of heat transfer coefficient with
heat flux and pressures is same as observed for liquids and therefore a dimensional equation
h=C,q% p°* for the boiling of binary mixture at atmospheric and subatmospheric
pressures, has been developed. Further, this equation has also been reduced into non
dimensional form (h'/h))=(P/P)**alike, pure liquids and found to match the

experimental data Pandey [P3], Alam [A2] with in error of -11 to +21%

Experimental data for pool boiling of distilled water-methanol-iso-propanol a ternary
mixtures at atmospheric and subatmospheric pressure revealed similar boiling characteristics
as that of pure liquids and their binary mixture. A functional relationship of heat transfer
coefficient with heat flux and pressure has been developal by regression analysis which is a

dimensional equation, h=C,q** p®*. Further, above equation has been reduced into a non



dimensional form (h"/h))=(P/P)*® smilar to, pure and binary mixture and found to

match the experimental data of Nahar and Naess [N1] with in an error ranging from -12% to
+9.5%.

A reduction in heat transfer coefficient has been odoserved for boiling of binary and ternary
mixtures as compared to the weighed mean values of heat transfer coefficient
of pure liquids present in the mixture. This behavior has been due to
the occurence of simultaneous heat and mass transfer in the process. Hence, and
(h/hy) = (AT I AT) =[1+ |y, — X [\Jou I Di+1Y, =X, | e, [ D, 174050

has been developed for the prediction of heat transfer coefficient of a ternary mixture. This
equation correlates all the experimental data of this investigation within an error £18% as
well those obtained by other investigators [C22, F1, H8, S3, T5, T7] with an error of +25%.
Analysis of experimental data reveals that coaing of coppa on a brass tube enhances heat
transfer for boiling distilled water at atmospheric and subatmospheric pressures. In fact
enhancemert is function of thickness of coating. It has also been found that for agiven value
of heat flux, heat transfer coefficient increases with increase in coating thickness and
thereafter decreases. However, increase in heat transfer coefficient is not proportional to

increase in coating thickness. A furnctional relationship amongst heat transfer coefficient, heat
flux and pressure has been developed as h=C,q"p® , where the values of constant C4 and

exponrents (r) and (s) depend upon heating surface characteristics and thickness of coating on
brass heating tube surface. Further, enhancement on a 25 pm copper coated brass tube surface
has been found to be maximum to the tune of 55% more than that of uncoated brass tube.
Hence, a 25 pm thick copper coated tube has been selected to conduct experiment for the
boiling of methanol, iso-propanol and their binary and ternary mixtures with distilled water.
Boiling of iso-propanol, methanol on 25 pum thick coated heating tube resulted in same
features as that of pure liquids. A correlation has been developed by regression analysis in
dimensional formh=C,q"p" , where constant C, and (v) and (w) depend upon the boiling
liquids. Further, boiling of methanol-distilled water and iso-propanol-distilled water, binary
mixture on 25 um thick copper coated tube at atmospheric and subatmospheric pressures, has
also shown analogous behavior as observed on an uncoated tube. However, increase in

magnitude of heat transfer coefficient has changed due to difference in physico-thermal

properties of methanol, iso-propanol, distilled water and their binary mixture. A dimensional

0.57 ,0.36

relationship h=C,q™>"p™ correlating heat transfer coefficient, heat flux and pressure, is of



the same form as obtained for liquid, where constant Cs depend upon the composition in the
mixture and heating surface characteristics. Furthermore, boiling of distilled water- methanol-
iso-propanol ternary mixture on a 25 um thick coated tube at atmospheric and
subatmospheric pressure has shown similar trend as observed on a plain tube. A dimensional

relationship h=C,q**p®* correlating heat transfer coefficient, heat flux and pressure is of

the same form as obtain for liquids and their binary mixture, where constant C¢ depend upon
the concentration of the highest comporent in the termary mixture and the surface
characteristics. In addition, it has been found that application of copper coating on brass
heating tube surface does not change the highest composition (methanol) turnaround

concentration. Hence, the correlation has been

(h/hy) = (AT [ AT) =[1+ |y, — X |\Jer I D+ |y, = X, |, | D,] 73403
developed for boiling of ternary mixture on aplain tube is also valid for boiling of those ona
25 pm thick copper coated heating tube as well. Further, this correlation has been compared
against the experimental data for the boiling of ternary mixtures of this investigation on a
25um thick copper coated tube and found to match with in an error of + 18% and 20% at
atmospheric and subatmospheric pressures, respectively.
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INTRODUCTION

Nucleate pool boiling is a intensive area of heat transfer, and it finds wide
applications in food, chemical, petrochemical, refrigeration, power generation, space and
other allied industries. It is also becoming increasingly important in the modern era, where
many intriguing problems imposed by scarcity of space, energy and materials etc. lead to the
development of energy efficient and compact heat transfer equipment. One of the important
factors which directly affect their design and economics is heat transfer coefficient. Hence, its
precise determination is of vital significance.

Although numerous experimental and theoretical investigation covering various facets of
nucleate pool boiling such as mechanism, design correlation, parameter effect on heat transfer
rate etc. have been made during the 20" century yet several problem still remains unsolved.
Ore of them is the absence of gereralized correlation which can be used for the design of
boiling equipment irrespective of heating surface and liquid involved in the process. As a
matter of fact, literature has some correlation which can be used for design of heat transfer
equipment. However, each of them gives different values of heat transfer coefficient. This is
quite natural as almost all of them are empirical or semi-empirical in nature and are valid for
specific set of heating surface, liquids and operating condition for which they have been
developed. Thus, there application to design is likely to provide erroneous results. Beside,
some of them have been developed by using experimental data of flat plate surface which
behave differently than tubular surface. In fact, boiling heat transfer on a flat surface is
uniformly constant where as on cylindrical it is not so. Hence, the correlations based on flat
surface cannot be directly applied for the design of boiling equipment containing tubular
surfaces. In addition, most of the correlation does not include the effect of pressure as they
are based on atmospheric pressure data only. Hence, their application to situation where heat
sensitive liquids are boiled under vacuum to safe guard them against possible deterioration is
not justified.

Due to advancement in technology in food processing and cryogenic industries, signal
processing of micro electronics industries, exploitations of low heat flux non convertional
energy sources and necessity to conserve material and energy resource, boiling heat transfer
has become one of the most fascinating and dynamic field in thermal engineering research.
The importance of enhanced boiling can be understood form its wide area of applicability. I ts
importance lies in the facts that it has been employed to augment performance of flooded
evaporator in refrigeration system, in reboilers on distillation towers from non fouling service
and in evaporator of cascade refrigeration system in refrigeration refineries and chemical
process plant for cooling high power density components by improving cooling rate and there
by lower start up and operational temperature of dissipating component to enhance their
service life and reliability in the electronic industries, to augment heat transfer and to obtain
compact design, air separation and gas processing industries and to reduce size and cost of
new unit as well as energy related operating cost in heat exchanger. Accordingly many
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techniques for enhancements of boiling heat transfer have been developed during last few
decades. All of them may be classified into active, passive, compound technique. Active
techniques include mechanical aids involving rotation, surface vibration, fluid vibration
caused by ultrasound are oscillation in pressure, electrostatic field to the fluid, etc. and
passive techniques include modified surfaces which refer to the coated, plated, painted or
covered surface with another material; rough surfaces obtained by scoring, abrasive treatment
rubbing with emery paper, pitting with corrosive chemical; then extended surfaces by the use
of fins of different shape; displace device, swirled flow and coil tube and alike. Compound
techniques include a combination of two or more active/ passive techniques simultaneously
for enhancement of heat transfer rate such as coated over extended surfaces. Most of the
active techniques are neither economic nor easy to implement outside the laboratory. Passive
techniques seem to be of great significance for enhancement of heat transfer rate as
fabrication of such surface is easy and do not require external energy for this purpose.

Onre of the important passive techniques involves modification of heating surface by
altering their characteristics. These includes either /roughening or coating of metallic and non
metallic materials over heating surfaces. Many investigators [B8, G1, G5, H4, M3, S1, V1,
V12, W1] have used various non-metallic coating such as poly-tetrafluoro-ethyelne (PTFE),
tetra- fluoro-ethylene (TFE), methane, paraffin carbon tetrachloride solution, etc, on heating
surfaces and have reported substantial enhancemert in boiling heat transfer rate. However,
the surfaces coated with non-metallic materials have been found of limited d urability because
of their deterioration and surface's wetting characteristics. Therefore, such surfaces
apparently do not seem to be suitable for commercial applications. On the other hand, the
surfaces coated with metallic materials such as copper, silver, nickel, cadmium, bronze, zinc,
tin, chromium, aluminum etc., as reported by various investigators [Al, B11, C5, C12, H5,
N1, S7, T1, V10] have been found to last longto enhance heat transfer coefficient many folds
as compared to non-metallic coated surfaces. Besides, it isalso important to point out thet the
properties of coating material and techniques of coating influence heat transfer performance
of the heating surface markedly. In fact, the heating surfaces coated with high thermal
conductivity and high permeability materials provide better heat transfer performance than
that of other coated meterials. Another aspect is that, most of the investigations are confined
to boiling of liquids- refrigerants, water, cryogenics and their mixtures at atmospheric
pressure only. Therefore, it calls for an investigation to generate experimental data for boiling
of industrially important liquids and mixtures at subatmospheric pressures on metallic coated
heating surfaces and thereby to study the effect of various parameters on boiling heat transfer
coefficient such as of heat flux, pressure, coating thick ness and composition of liquid mixture
and thereby, to develop a correlation free from surface liquid combination factor.
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1.1 OBJECTIVES OF THE PRESENT STUDY

K eeping the above in view, an experimental investigation on nucleate pool boiling of

saturated liquids and their binary and ternary mixtures on an electrically heated horizontal
brass heating tube coated with various thickness of copper at atmogheric and
subatmospheric pressures has been planned with the following objectives:

To conduct experiments for nucleate pool boiling of saturated distilled water,
methanol iso-propanol and their binary and ternary mixtures on a horizontal plain
(uncoated) brass heating tube surface at atmospheric and subatmospheric pressures to
determine the effects of operating parameters on local as well as average boiling heat
transfer coefficients. Further, to develop a correlation of average heat transfer
coefficient as a function of heat flux and pressures and thereby to recommend an
equation, free from surface- liquid combination factor.

To generate heat transfer data for nucleate pool boiling of distilled water on brass
heating tube coated with various thickness of copper a atmospheric and
subatmospheric pressure and to obtained the effect operating parameters heat flux,
pressure, coating thickness on heat transfer coefficient and thereby to established
correlation relating parameter with heat transfer coefficient for the identification of
most suitable coated tube.

To conduct experiments for saturated boiling of methanol, iso-propanol and various
compostion of methanol- distilled water, iso-propanol-distilled water binary mixture
and methanol- iso-propanol- distilled water ternary mixture on a copper coated brass
heating tube at atmospheric and subatmospheric pressures and thereby to obtain the
effect of operating parameters- heat flux, pressures, and composition on heat transfer
coefficient and © formulate correlations.

To carry out a semi-theoretical analysis of nucleate pool boiling of liquids and their
binary and ternary mixtures on both plain(uncoated) and copper coated surfaces for
the prediction of heat transfer coefficient of binary and ternary liquid mixtures from
that of pure liquids.

To compare heat transfer coefficient of a coated heating tube surface with that of plain
(uncoated) one to determine the percentage enhancement of heat transfer coefficient.
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LITERATURE REVIEW

This chapter discusses literature pertaining to various aspects of nucleate pool
boiling heat transfer and its enhancement. In fact, it includes important studies related
to mechanism, dimensional and non-dimensional correlations developed by various
investigators for saturated nucleate pool boiling of pure liquids and mixtures on
uncoated and coated surfaces. It also briefly reviews enhancement of boiling heat
transfer by the use of different passive techniques. Following sections are devoted to

above aspects:

21 NUCLEATE POOL BOILING HEAT TRANSFER FROM A PLAIN

HEATING SURFACE

Nucleate boiling heat transfer is an area of immense importance in academics as
it finds wide application in industries involving vapour generating equipments. It has
been an area of active research for nearly nine decades to understand its mechanism,
the effect of operating and geometric parameters and to obtain empirical and semi-
empirical correlations employed in design of boiling equipments. Probably, the
systematic research in this area started with the pioneer work of Nukiyama [N8] who
boiled distilled water on an electrically heated platinum wire submerged in it. He
presented data in the form of a curve between heat flux and excess temperature
(difference between temperature of platinum wire and temperature of liquid). The
burning off the wire beyond a certain value of heat flux was observed and thus obtained
a broken curve. However, he could not ascribe any reason for this behavior. Later,
Drew and Mueller [D3] conducted experiments by using a temperature controlled
heating surface and obtained a complete curve which is popularly known as boiling
curve. Since then, many researchers [B11, K4, L3, W5] studied nucleate boiling and
confirmed general shape of the boiling c urve. They have also identified various regimes
in it and governing mechanism to explain high rate of heat transfer associated with the

boiling of liquids. As a result, large literature covering different aspects of nucleate
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pool boiling has emerged. Some of the important investigations dealing with
mechanism and design correlations are discussed here under:
2.1.1 Bailing heat transfer mechanism

Nucleate boiling is characterized by the formation of vapour-bubbles at
preferred sites which are in the form of markings, cavities, depressions, etc. distributed
randomly on the heating surface. The vapour-bubble grows in size on these sites and
after attaining a maximum size detaches from the heating surface to travel in liquid
pool and ultimately collapses at free surface of liquid. A void formed by the departure
of vapour-bubble is immediately filled by the nearby cold liquid for the formation of
next vapour bubble. This completes the ebullition cycle. A comprehensive work has
been carried out by various researchers as discussed below on the factors involved in
this cycle.

Madejski [M1] has shown analytically that nucleus of a vapour bubble is sphere
only in the case of uniform superheat and flattened if there is a temperature gradient.
Thus the liquid superheat at the wall needed for activation is greater than in case of
uniform superheat.

Corty and Foust [C21] determined the relationship between the number of
vapour nuclei which may expand into new bubbles and the superheat at which this may
occur by experimentally studying the influence of the interface variables such as
surface roughness, properties of the liquid and contact angle on nucleate boiling. He
reported that the size and shape distribution of surface roughness, contact angle along
with the properties of the liquid determine the relationship between the number of
vapour nuclei which may expand into new bubb les and the superheat at which this may
occur. Bankoff [B1] provided a quantitative procedure for determining the ability of a
surface cavity of known shape and size to entrap gas or vapour in contact with a given
liquid with a specified contact angle.

Griffith and Wallis [G5], Brown [B16] investigated the effect of different
surface roughness values on the bubble nucleation. They agreed on the fact that
diameter of cavity affects the degree of superheat required to initiate the boiling

phenomenon and its shape affects the stability of boiling process. They recommended
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the following correlation between superhedl () required and cavity nucleus radius
r. [ B5, G1, G5]:
20 Tgyt
o = ————
dp
— | AT,
dT )

However, Hsu [H10] and Han & Griffith [H4] argued that the value of

superheat required for bubble initiation is far greater than that predicted by equation

.1)

(2.1). They explained this phenomenon and supported their argument with their
proposed model which is based on the hypothesis that nucleation sites cavities are
activated principally due to transient conduction and subsequent replacement of
superheated thermal layer around it. Hsu [H10] , Han & Griffith [H4], Griffith &
Wallis [G5] and Rallis & Jawurek [R2] have developed criteria for size distribution of
active nucleation sites. Han & Griffith [H4] gave the simplest and most useful
expression of cavity radius as a function of surface temperature, liquid properties and

the thermal layer thickness for bubble initiation which is reproduced below:

. O (Tw — Tsar) 1 12(Ty, = T,) Tt ©
¢ 3 (TW - Too) (TW - Tsat)2 0 Pv 8

This shows that there are two possible values of cavity radius which is capable

2.2)

of nucleation if filled with gas for any value of thermal layer thickness (&). The above
equation requires knowledge of thickness of superheated layer which was lacking at the
time of formulation of equation.

Hsu & Graham [H11] and Cole [C18] reported that liquid must be superheated
for nucleation. They have proposed the thermodynamic limit of superheat as upper
boundary limit and kinetic limit of superheat as the lower boundary limit for the
nucleation. They also observed that the initial superheat required to activate a cavity
depends on the radius of the curvature of the interface within the cavity and the partial
pressure of any non-condensable gas. In fact, when the initial radius of curvature is
greater than or equal to cavity radius, the value of initial superheat can be determined
by the cavity mouth radius. On the other hand, when the initial radius of curvature is
less than the cavity radius, the value of initial superheat depends on the amount of
vapour initially present, which can be obtained by the cavity geometry and the contact

angle.
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2.1.2 Nucleation Site Density

The phenomenon of boiling greatly depends upon the density of nucleation sites
over the heating surface, the frequency of bubble formation at a given centre, the
contact time of the bubb les and the magnitude and the shape of the bubb les have a great
effect on the boiling phenomenon. It is now widely accepted that nucleation site density
depends upon the surface physical properties, surface finish, wall superheat and liquid
physical properties. Some notable studies on nucleation site density are discussed here.

Jakob [J3] & Leiner [L3] were apparently the first to study and find a linear
relationship between the nucleation site density and the heat flux for boiling of water at
low heat fluxes by usually counting the number of nucleation sites. However, later
studies [D1, G1, G2, G5, K10, K17, N5, R7, S8, W6, W2, Y1] on relationship between
nucleation site density and heat flux reveals that a non-linear relationship exists
between these two quantities. The results of various investigators on non-linear
relationship between nucleation site density and heat flux are listed in Table 2.1.

Mikic & Rohsenow [M7] were the first to relate active nucleation site density
with the size of the cavities present on the commercial heating surface and expressed
the functional dependence of active nucleation site density on cavity size as :

Na~ |2s] 23
- [&] ”

Where D, is the diameter of the largest cavity present on the surface, m is an empirical
constant (= 6.5) and D, is given by

p, - 4oTa 2
Py hfg AT,
Table 2.1 presents the results from the literature for nucleation site density. The power
of (Na) is different for the different correlation obtained by different researchers, since
boiling is a surface phenomenon and nuc leation site density depend upon surface
properties (like roughness of surface, size of cavity and shape of cavity). As different
researchers use different surfaces for the nucleate pool boiling, hence, it seems that
difference in power of Na is bound to occur. Similar observations have been made by
Hsu and Graham in their book' Transport Processes in Boiling and Two-Phase

Systems: Including Near-Critical Fluids'.
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Table 2.1 Important correlations of nucleation site density

Investigator Relationship Remark
q < 56.783 kW/n?,
Jakob [ J3] g < Na ]
Stainless steel-water
Nal-47 Nicke l-FWater solution on copper,
Gaertner [G1] e ha
= 1400 Na%4’ q < 94.638 kW/m’
q < 59.937 kW/n?,
. h o Nal/3
Kurihara [K16 ] Copper/Glass-Water, Acetone,
Carbon tetrachloride
Nishikawa & U3 Brass-Water,
h oc N
Urakawa [N6 ] x N q < 34.875 kW/n?

Na oc exp(—k / TWZ) Copper-Water,

Gaertner [ G2] q < 184.799 KW/m?

Water-P latinum, Stainless steel
Semeria [ S8] Na o 0.012g%p nin m?, q in KW/
pressure 3.04 to 101 bar

q < 184.799 kW/n?,

Gaertner [G2] q o« Na?/3
Copper-Water
q o« Nal/? Copper-Water, Glass-Water,
Kirby [K10]
q o< Na®%"3 q < 310.943 kW/n?
Danilova & Tikhonov b = 4/9 for Freon-113, Stainless steel,
g o< NaP® )
[D2] b = 1/3 for Water, Stainless steel

Copper-Water,

Wang & Dhir [W2 ] q o Na%/?
q < 290 kW/n?
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Kopp [K12] estimated the number of nucleation sites from a statistical
description of a real surface, which compared well with his Na (Nucleate site density)
data of mercury on a stainless steel surface with different roughness values.

Bier et al. [B14] obtained an expression for active nucleation site density from
heat transfer data as:

In Na,.,, = In(Na) [1—(%] ] (2.5)

S

Where, Na,,, is the maximum value of Na occurring at D, = 0. It was observed that

the value of m was dependent on the procedure followed in preparing the surface. The
value of ‘m’ was 0.42 and 0.26, respectively for chemically etched surface and on a
turned surface with boiling of Freon-115 and Freon-11.

Studies were carried by Cornwell & Houston [C20] and Brown [B16] on active
nucleation sites of copper surfaces for boiling of water at 1.013 bar and at low heat
fluxes. The nature of the surface condition was varied from smooth to a scratched
rough surface and the relation was established for the dependence of active site density
on wall superheat as

Na ~ AT (2.6)

The proportionality constant in equation (2.6) increased with surface roughness.
From the cavity size data obtined by electron microscope they also gave a relation
between cavity size to total number of cavities present on the surface. The relation is
given as under:

1

Ng ~ DCZ

.7)

By taking the assumption that only conical cavities existed on the surface and
that a minimum value of trapped gas was needed for nucleation they justified
qualitatively the observed functional dependence of active site density on wall
superheat by assuming that only conical cavities existed on the surface and that a
minimum value of trapped gas was needed for nucleation.

Kocamustafaogullari & Ishii [K11] and Hibiki & Ishii [H5] correlated active
nucleation site density data from literature by means of parametric study. They

10
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assumed that bot h the surface conditions and thermo-physical properties of the liquid
influences the active nucleation site density in pool boiling and developed following
dimensionless correlation based on the data of water

Yanget al. [Y3] & Kim et al. [K7] predicted quantitatively the active nucleation
sites from the knowledge of size and cone angle of the cavities actually present on the
surface. They measured the probability density function of the cavity diameter and it
was found to lie in the range of 0.65 to 6.2 um by them and cone angle was determined
using a scanning electron-microscope and a differential interference contrast

microscope. They found the cavity size distribution fit satisfying the Poisson

distribution where as half cone angle (¢.) fits to normal distribution. They used

Bankoff’s [B1] criteria, ie., B>2¢, for determination of cavities to trap gas. By
combining the probability distribution function and criteria to trap gas, they related Na

toaverage N, on the surface as

Na= N [ (27T expl-(de - )" 25) 1o x [ 269D, ) (28)

Where N, average density of cavities present on the surface, D, is the diameter of

largest cavity present on the surface, and A and s are statistical parameters.

Barthau [B3] devised a simple optical method for counting the active nucleation
sites. The method is found to be suitable for plain horizontal tube and for all transparent
liquids. The method had been employed to measure active site density in pool boiling
of R-114 at pressure of 1.50, 1.91 and 2.47 bar and heat fluxes up to 7 x10* wm
and succeeded in measuring up to 5000 sites per cn’.

Wang & Dhir [W2] and Dhir & Liaw [D2] proposed an empirical correlation
based on their experimental data to study the effect of contact anglke on active
nucleation site density. They carried out experiments on boiling of saturated water at
atmospheric pressure on vertical copper surfaces with contact angle varying from 18° to
90°. The wetability (contact angle) of the surface was varied by controlling the degree
of oxidation of the surface. The copper surfaces were prepared by following a well
defined procedure and an electron microscope was employed to measure the
cumulative number density of cavities and their shape were measured with an electron

microscope. They found that the cavities that nucleate were mostly reservoir type rather
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than the conical type. The actual cavity size was corrected by multiplying it with a

shape factor f;(=0.89) to account for the irregular shape of the cavities. They
correlated Na with corrected D, for surfaces with 18° < #<90° as

Na=5.0x10° (1-cos ) D, *° (2.9)
Where the units of Na is in sites’cm? and D, is in um. The above equation is found to

vary for D, < 5.8 um, which corresponds to AT,, > 11.2 °C for water at atmospheric

pressure.

Benjamin & Balakrishnan [B5] investigated experimentally the surface- liquid
interaction and its effect on nucleation site density during boiling of water, acetone,
carbon tetrachloride and n-butanol at atmospheric pressure on aluminum and stainless
steel surfaces with different surface finish obtained by polishing the surface with
different grades of emery paper. They found that nucleation site density depends on the
surface micro-roughness, the surface tension of the liquid, thermo-physical properties
of the heating surface and the liquid and the wall superheat temperature. They proposed

following correlation for nucleation site density.

Na=218.8 Pr*® (1] 0% AT, (2.10)
v
ks ps Cps - .
Where, y= |———— and 0, the dimensionless surface roughness parameter,
kc pc CpI
0.4
®=145-45 (Ej + [Ej
(o2 O

Where, R, is arithmetic average roughness inum. They also validated above equation

with their own data and that of other investigators [G1, G5, W1, Z5, Z6] within the
following range of parameters:

1.7<Pr<5; 47<r<93; 0.02um<Ra<1.17 um;

5k < AT < 25k ; 13x10° N/m<c<59x10° N/m;2.2< @ < 14
Basu et al. [B4] studied the effect of contact angle on the active nucleation site
density during sub-cooled flow boiling of water at atmospheric pressure on a vertical

surface and proposed an empirical correlation based on their experimental data. They

12
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used mirror-finished copper surfaces prepared by following a well defined procedure
and changed the contact angle g to obtain the following relations:

Na=0.34 (1-cos §) AT?°, AT, <AT, <15K (2.11 a)
Na=3.4x10" (1-cos B) AT>®, AT, >15K (2.11b)

Where, units of Na and AT, are site/cm?® and Kk, respectively. The proposed

correlation reproduced almost all their data on active nucleation site densities on

surfaces having contact angle between 90° and 30° within+ 40%. The range of

parameters covered for the flat plate test surfaces were

124 kg/(nPs) < G < 886 kg/(n’s), 6.6 < ATy, i, < 52.5

25W/m? <q, <96W/m*; 30°<6<90°

Recently, Hibiki & Ishii [H5] reviewed literature and presented a mechanistic
model for active nucleation site density of knowing the size and cone angle
distributions of cavities that are actually present on the surface. The proposed
correlation of active nucleation site density was found to be a function of critical cavity

size and contact angle as follows:

Nazﬁa{l—expt—gﬁ;j}{exp{f(pt)/:’—l}—l} (2.12)

Where,

N, = average cavity density = 4.72 x 10° sites/n"

w and A’ are statistical parameter whose values are 0.722 rad and 2.50 x 10
m, respectively

20{1+(p,/p)} P

re = critical cavity radius = /
exp {hfg (Tv _Tsax) / (RTstat )}—1

f (p') = — 0.01064 + 0.48246 p' —0.22712p" + 0.05468 p'~
non-dimensional density difference p! =log (p")

and p = Pv ~ P and R is the gas constant based on molecular weight.

Pv

13
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The above deweloped correlation has been validated by various active
nucleation site density data taken for pool boiling and convective flow boiling systems.

It gives fairly good predictions over a wide range of flow conditions.
0 kg/(m’s) < G <886 kg/(m?s); 0.101 MPa< p<19.8 MPa;
5° < ¢, < 90° ; 1.00 x 10* sites/m” < Na < 1.51x 10 sites/m’

Sakashita & Kumada [S3] recommended following semi-empirical equation for

predicting nucleation site density for boiling of liquids on a heating surface at various

pressures:
1 S
Na = Cl{ Ja3/10rc3/10[r_J:| for reduced pressure, P, < 0.2, (2.13 a)
Cc
1 S
and Na = C|Sh{Ja3/2°r§’/20(—H for P, > 0.2 (2.13 b)
r.C

Where, constant, Cjs, Cishp and e xponent, s have been determined by using e xpe rimental
data of Fujita & Nishikawa [F5].

2.1.3 Bubble departure diameter

Diameter of a vapor-bubble at the time of its departure from a heating surface
plays vital role in the evaluation of heat transfer rate as the volume of bubble represents
the amount of latent heat removed from a cavity on the heating surface. The growth and
detachment of a bubble from a heating surface depends upon various forces such as
buoyancy force; surface tension force ; excess pressure force ; inertia force and viscous
drag force acting on it. So, a large number of expressions for bubble departure diameter
are available in literature based on balancing of different forces acting ona bubble.

First expression for bubble departure diameter was given by Fritz [F4] he
assumed a static balance between the buoyancy force and surface tension force while
the inertia and drag forces were assumed to be negligible:

D, =0.0208p |— 2> (2.14)
alp — pv)

Where g is the contact angle in degree.

14
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However, later on a modification was carried out in above equation by
incorporating a growth rate term (dR/dz), due to its inability to predict departure
diameter of bubble having high growth rates. The modified equation is as follows:

D, —0071p |—29% |1, 0.239(Ej (2.15)

g (pl _pv) d
Zuber [Z6] obtained following expression for bubble departure diameter by
equating buoyancy and surface tension force,
6 1/3
D, = [ i} (2.16)
g(p-p)4

Roll and Myers [R8] developed following equation for the calculation of bubble

departure diameter by considering buoyancy, liquid inertia and viscous drag forces
11 1/3
D, = (7 Ja’ &,)*"® {3((:(, _Eﬂ (2.17)

Semeria [S8] suggested separate expressions for bubble departure diameter

which are valid for a definite range of pressure, as follows:

D, =0.241P~*° for 2 <P < 20 atm (2.19 a)
and D, =268P"° for 20 <P < 110 atm (2.19 b)

Where Dy is in inches.
Nishikawa and Urakawa [N6] proposed following expression for bubble

departure diameter for a pressure range of 300 to 760 mm Hg.

D, = 0.672 P27 (2.20)

Where D, is in inch and P in Ibf/in® (absolute).

Cole and Shulman [C17] obtined experimental values of departure diameters at
atmospheric and sub-atmospheric pressures and tested these against available
expressions for bubble departure diameter. They found that these expressions fail to
correlate experimental data particularly at sub atmospheric pressures and therefore

recommended following e mpirical expression

Db=133'3{ o } 2.21)
P g(pl_pv)

Where p is in KN/n?.
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Cole [C18] proposed following expression for bubble departure diameter
indicating that it is directly propor tional to wall superheat

o

D,=4x10"Ja |———
g(pl _pv)

(2.22)

Cole and Rohsenow [C16] found that correlation proposed by Cole and
Shulman [C17] and Cole [C18] failed to determine departure diameter at pressure
greater than one atmosphere because value of Jakob number could not be calculated
due to lack of wall superheat temperature at pressure greater than one atmosphere.
Therefore, they proposed following expression for the determination of departure
diameter with modified Jakob number.

D,=C(Ja)** | —2 (2.23)
ag(p—p.)
PG

Where, Ja' =12 =
Py A

The value of constant C in Eq. (2.24) has been found to be 1.5 x 107 for water

and 4.65 x 10 for other liquids. Equation (2.24) has been found to correlate
experimental data of and Gaertner [G1].

Saini et al. [S1] made an exhaustive evaluation of various forces for different
values of Jakob number and recommended following equations of bubble departure

diameter for various ranges of Jakob number:
. ForlJa <16,
2\ (6.6C, AT, o \*
] Dbz(%J (#WG} (2.24)
a
ii.  Forl6< Ja<100
2\ , caT.oT°Y
] Db{“—'j 1.33(Ja)4(1.22{1+2.67p—vf} ]
g a,qJa

(2.25)
Equation (2.24, 2.25) has been obtained by considering buoyancy, surface tension,

liquid inertia and viscous drag forces acting on the bubble.
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iii.  ForJa > 100
o2 %
i. D,=9.18Ja|
g
(2.26)
Equation (226) have been obtained by considering buoyancy, liquid inertia and

viscous drag forces acting on the bubble.
Yang et al. [Y2] carried out experiments and recommended following equation

for bubble departure diameter:

Jc.T %
Dy :3.0557><103§—' ;" s % ':r' (2.27)
\Y

Where, 1 = yJa®3,

N __c Ry
v = modified factor for bubble growth=————, C =

¢o.4 [f(c)] 2/3° ?
o= 1+1 T ” + T
|7 216Ja 6 Ja

and  1(o)=1-2(1-1-C7) 41 (1417 )

Where, Ry, represents the radius of the liquid micro layer underneath the bubb le.

Recently, Chen et al. [C8] conducted experiment for saturated boiling of
propane and iso-butane on plain tube and propane on enhanced tube surface and gave
separate expressions of bubble departure diameter for plain and enhanced surfaces, as
follows:

I For plain tube, the departure diameter has been obtained by considering

buoyancy and surface tension force as follows:

el
g (pl _pv)

(2.28 @)
Where, C is an empirical coefficient depending on fluid and experimental
conditions. For perfect spherical bubble the value of exponent n was taken as 1/2 and

for non-spherical bubble this value was between 1/3 and 1/2.
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ii. For enhanced tubes, the departure diameter has been obtained by taking

buoyancy force, drag force and liquid inertia force

D, =0.86 {ﬁ}z (2.28 b)
P~ Py

2.1.4 Bubble Emission Frequency

The computation of bubble emission frequency requires the knowledge of
following parameters such as waiting period and growth period in an ebullition cycle.
However, due to certain difficulties involved in the measurement of these parameters,
bubb le emission frequency has been expressed by the relationship between frequency
and some other measurable parameters.

Jakob [J3] investigated bubble emission frequency in nucleate pool boiling of
distilled water and carbon tetrachloride photographically for low to moderate range of
heat flux and reported that prod uct of bubb le emission frequency and bubble departure
diameter, (f & Dy) is constant at a given pressure. Subsequently, many equations for it
have been developed. O ne of the common forms is:

fD," =C (2.29)
The value of n has been found to vary and lies in between 0.5 to 3 whereas the value of
constant, C depends upon the properties of liquid and vapour , system pressure and
temperature difference.

Zuber [Z5] proposed following equation for the prediction of product of mean
bubb le emission and mean bubble departure diameter in terms of physical properties of
liquid and vapour:

4
fDp = 0.59 [w} (2.30)
P
However, Eqg. (2.30) has been found to fit the experimental data only over a limited
range of bubble diameters.

Rallis & Jawurek [R2] concluded that at a given value of heat flux and pressure,
the product of bubble emission frequency and departure volume, (f. V) remains a
constant for each bubble within a reasonable limit. They also showed that f.V,

increases with heat flux.
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2.2 BOILING HEAT TRANSFER CORRELATIONS

A review of literature on nucleate boiling heat transfer indicates that many
researchers presented their work in the form of correlations to predict heat transfer
coefficient for nucleate pool boiling of liquids. These correlations are either empirical
or semi-empirical in nature and are presented in both dimensional and non-dimens ional
form. The correlation in dimensional form generally expresses heat transfer coefficient
as a function of heat flux and system pressure through heating surface characteristic as
represented in the following equation:

h=Cqg"p" (2.31)
Where, the values of C and exponents m and n depend upon different surface-liquid
combination used.

A thorough attempt has been made by various researchers to incorporate the set
of non-dimensional group to correlate their experimental data. The works carried out by
all these researchers lead to development of following general non-dimensional
equation for boiling heat transfer coefficient

h =B Re™ Pr'z2 Ga™ k" k™ (2.32)
Where, the value of constant B and exponents of various non-dimensional group

depends upon the system conditions used in the investigation.

2.2.1 Dimensional heat transfer correlations:

Jakob [J2] and Leiner [L2] were probably the first to introduce an empirical
correlation for boiling heat transfer coefficient of liquids. They proposed following
correlation by considering the effect of turbulence caused by bubb le nucleation, growth

and detachment from heating surface:
h Dy, ¢ NAp ) (Vb2
k, A Vi1

Where Dy, is the bubble departure diameter at one atmosphere pressure, A, is the

(2.33)

area accepted by each bubble, A is the total area of heating surface, V, ; is the volume

of bubble at the time of its departure from heating surface and V,, , is the volume of

bubble at the time of break off at free liquid surface. Later, they modified above
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equation by assuming the shape of vapour bubble to be spherical and introducing the

term bubb le frequency as given be low:

hD,, B q 1
k, _¢[£pvﬂj[f DMH (239

A further photographic study carried out by Jakob [J4] indicated that the value

of fD,, remains nearly same for the liquids used in the investigation. Jakob & Linke

[J2] also modified Fritz gave equation and presented the above correlation in the

following modified form:

0.8
h /G q

— —:30{ } (2.35)
ki \p PVXDb,lf

The above equation is not applicable for other than atmospheric pressure

because the bubble departure diameter and emission frequency were calculated at 1 atm
pressure only. Therefore, Jakob [J3] further modified above correlation to incorporate

the effect of pressure and presented following correlation.

0.8
hl o -3 E{p'—*ag—q } (2.36)
kI (pl_pv)g V| P Oa pv,a}\'an,af

Where subscript a refers to conditions at atmospheric pressure.

Cryder and Finalborgo [C22] boiled several liquids ona 1.5 inch brass tube at
atmospheric and subatmospheric pressure. The liquid used by them were distilled
water, methanol, n-butanol, carbon tetrachloride, kerosene and aqueous solution, e.g.,
26.3% glycerol solution, 10.1% sodium sulphate solution and 24.2% sodium chloride
solution. The heat flux was varied from 425 to 2360 Btu/h and pressure from 20 to 110
kPa. They correlated their experimental data by following equations

logh =a + 2.5 log At + bt (2.37)

|ogh£ = b(t-t,) (2.38)

n
Where, values ofa and b are constants, which depends upon physico-thermal properties
of liquid and their values are given in Table 2.2. It is the temperature of boiling liquid
in °F, h is the heat transfer coefficient in Btuw/hr ft °F and subscript n refers to

atmospheric pressure.

20



Literature Review

Bonilla & Perry [B15] carried out experimental investigation for nucleate pool
boiling of pure liquids namely water, ethanol, n-butanol, acetone and their mixture at
different pressures. They correlate their experimental data by modifying the correlation
given by Jakob [J3] and Lin, [L4] as follows

it o RG] B e

Where W is Jakob constant ( = 918 ft/h).

Table 2.2 Values of constant (a) and (b) in Eq. (2.37 & 2.38)

Liquids a b
Water -2.05 0.014
Methanol -2.23 0.015
n-butanol -4.06 0.014
Carbon tetrachloride -2.57 0.012
Kerosene -5.15 0.012
26.3% glycerine solution -2.65 0.015
10.1% sodium sulphate solution -2.62 0.016
24.2% sodium chloride solution -3.61 0.017

Gupta and Varshney [G8] carried out a semi-empirical analysis for determining
the nucleate pool boiling heat transfer coefficient from heated surface to saturated pure
liquids at atmospheric and sub-atmospheric pressures. He used conceptual model of

Nishikawa & Urakawa [N6] and recommended separate equation for distilled water and
organic liquid for calcultionof (h/h,).

For distilled water

-0.355 45 2.833 0.7 0.25 ) 2.133
B R RRIRIETE) @) e
ho po }‘o Ts kIo plo pvo 0 Cpl qo

For organic liquids
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-0.194 45 2.833 0.7 0.25 ) 2133
(o A ) 2 () () m 9 ea
ho po ?“0 Ts k| plo pvo Y CpI qo

Where, subscript ‘0’ refers to atmospheric condition. He correlated his own

experimental data and those of other investigators excellently within an error
approximation of +10%.

Cooper [C19] reviewed existing boiling correlations from literature and
recommended following equation for predicting heat transfer coefficient in terms of

reduced pressure, heat flux, surface roughness and molecular weight of liquid:

h= CPr(O.1270.2IogRa)(_ logP, )70.55 M—O_5q0.67 (2.42)
Where, R, represents roughness of the heating surface. The value of constant, C is 55
for copper plate or stainless steel cylinders and 93.5 for copper cylinders. He also

suggested that one can assume the value of Ryas 1 um if this value is not available.

2.2.2 Non-dimensional heat transfer correlation
Rohsenow [R6] did carried out a comprehensive research investigation on pool
boiling of liquids at atmospheric pressure to obtain a generalized correlation on pool
boiling heat transfer. Using Jakob [J3] & Lin et al. [L4] assumption that product of
frequency and bubble departure diameter is constant and he suggested following
equation on the basis of their experimental data:
1

& Cq Re' Prs (2.43)

Where, C; is a constant and termed as surface-liquid combination factor. He
obtained the values of exponent r and s as 0.33 and 1.7 respectively by validating his
correlation with experimental data of Cichelli & Bonilla [C13] and Cryder &
Finalborgo [C22]. Rohsenow [R6] pointed out that the value of exponent s is equal to
one for water and for other liquids it varies between 1.3 to 0.8. The value of surface-
liquid combination factor C has been given by Vachon et al. [V1] & Pioro [P7] for
various surface- liquid combinations used in experimentation. These are given in Table
— 2.3. Rice and Calus [R4] obtained experimental data for heat transfer during pool
boiling of saturated pure liquids and their binary mixtures on a nickel-aluminum wire

of 0.0315 cm diameter and 8.9 cm effective length at atmospheric pressure. They took
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the following pure liquids used in their investigation (water, toluene, carbon
tetrachloride, methanol, iso-propanol and n-propanol). Based on their experimental

data, following correlation was recommended by them for boiling heat transfer

coefficient.
4
Nu T
o7 {TS } = EPe.’ (2.44)
p sSw

Where, Ty is the absolute boiling temperature of the liquid, T, is the absolute

boiling temperature of water of the system pressure and E is a constant whose value
depends upon the heating surface characteristics of heating medium. The value of
constant £ in above equation as obtained by various investigators, are listed in Table.
2.4.

Table 2.3 Values of Cg for various surface-liquid combinations

Liquid -surface combination Cst
Water on polished copper 0.0128
Water on ground and po lished stainless steal 0.0080
Water on mechanically polished stainless steel 0.0132
Water on nickel 0.0060
Water on platinum 0.0130
Water on brass 0.0060
n-Pentane on polished copper 0.0154
n-Pentane on polished nickel 0.0127
n-Pentane on chromium 0.0150
Carbon tetrachloride on polished copper 0.0070
Benzene on chromium 0.0100
Ethylalcohol on chromium 0.0027
Isopropylalcoho