\J
F

@
ot

NUCLEATE POOL BOILING OF LIQUIDS
AND

THEIR MIXTURES AT SUBATMOSPHERIC PRESSURES

S

A THESIS

submitted in_fulfilment of the
requirements for the award of the degree
of
DOCTOR OF PHILOSOPHY
in
CHEMICAL ENGINEERING

/ 7 “"’\.__. ( > ]

By

DEPARTMENT OF CHEMICAL ENGINEERING
UNIVERSITY OF ROORKEE
ROORKEE-247667 (India)

August, 1982



Candidate’s Declaration

I hereby certify that the work which is being presented in the thesis

entitled “%ucleale @ool @oiling o# ﬂiquivls aml ”tel'l‘

,, . . ~
Wistures of CSulm{mospIneric @ressures in fulfilment of the

requirements for the award of the degree of DOCTOR: OF PHILOSOPHY
submitted in the Department of Chemical Engineering of the University
is an dquthentic record of my own work carried out during a period
from July 30, 1979 to August 16, 1982 under the supervision of
Dr. B.S. Varshney and Dr. P.R. Sharma.

The matter embodied in this thesis has not been submitted by
me for 'the award of any other degree.

Selbdsy

(Mrs. SHASH!I KRISHNA PANDEY)

This is to certify that the above statement made by the candidate is
correct to the best of our knowledge.

(P. R. SHARMA) (B. S. VARSHNEY)
Lecturer, Professor & Head,

Chemical Engineering Department, Chemical Engineering Department,
University of Roorkee, University of Roorkee,
Roorkee-247667 (India) Roorkee-247667 {India)

August 16, 1982



AB B ERAGT

The present investigation pertains to the
experimental research work related to the nucleate
boiling heat transfer from a horizontal 410 ASIS
stainless steel cylinder to the pool of saturated
liguids, and to their binary liguid mixtures both at
atmospheric and subatmospheric pressures. The pure
liguids used@ for the investigation are distilled water,
ethanol, methanol and isopropanol, and the binary
liguid mixtures having varying concentrations of
ethanol-water, methanol-water and isopropanol-water
mixtures. The heat flux ranges from 9,618 W/m2 to
31, 354 W/m2 and the system pressure from 25.33 kN/m2

to 98.63 kN/m2.

Since this investigation aims to obtain
experimental data for the pool boiling of pure liquids
and their binary mixtures, an experimental facility
was carefully designed and raised. The experimental
set-up includes provisions for the measurement of
concentration of the binary liquid -mixtures, electrical
energy input to the heating surface, pressure over

the liquid pool and temperatures of the heating

surface and the boiling liquid.

The copper-constantan thermocouples measure
the temperatures of the heating surface and the

boiling liquid. The heating surface temperature is
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measured circumferentially at the top-, the side- ,
and the bottom- positions mta given plane. The
specially home-made travelling thermocouple probes
measure the liquid bulk temperature at the three
locations corresponding to the surface thermocouple
positions. The surface temperature is corrected by
subtracting the temperature drop across the wall
thickness. From the readings of the corrected surface
and_ the corresponding liquid tomporaturag,local values
of at are calculated for the top-, the side-, and the
bottom- positions of the heating surface. Using the
‘mechanical quadrature' technique,the average values
of AT are obtained to calculate average heat teansfer

coefficient, h over the circumference.

The concentration of the boiling binary liquid
mixture, X is determined by drawing the liquid sample
from the liquid sampling unit and then comparing its
refractive index with the calibration curve. The
refractrometer used was supplied by 1/s Carl Zeiss Jena
Co., West Germany. The liquid concéntration is checked
at several intervals of time during a given test run
for a given mixture composition. The concentration in
the vapour phase, Y in equilibrium with the liquid phase

concentration, X is obtained from the literature.

The experimental data for the pool boiling of
pure liquids at atmospheric as well as at subatmospheric

pressures corroborate the validity of the well-established



i1t

relationship between the heat transfer coefficient and
the heat flux for high pressures,.e.,h « q0‘7. However,
the relationship between the boiling heat transfer
coefficient and the pressure for the subatmospheric
pressures differs from that at high pressures. In
fact, the boiling heat transfer coefficient varies
with the pressure raised to the power of 0.32 for the
data conducted at subatmospheric pressures, i.e.

h a PO.32.

The heat transfer data for the boiling of ethanol,

methanol and isopropanol do not deviate amongst
themselves, whereas they differ considerably from those

of distilled water.

The experimental data for the pool boiling of
pure liquids as used in this investigation and those
of earlier investigators conducted on widely differing
heating surfaces for the liquids posseseing differing
physico-thermal properties for subatmospheric pressures
are correlated by the following equation within * 15 pex
cent dcviation 3
ELTR
B}
where &> :(E/q0'7),represents a ratio of average heat
transfer coefficient to heat flux raised to the power

of 0.7, and P is the system pressure. The subscript, 1

corresponds to 'reference' pressure for which the value
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of E§ is known for a given liquid and heating surface.
However, in the present investigation the 'reference'
pressure chosen is one atmoéphere. With the knowledge
of Ei and P, , the above correlation readily determines
the value of hE at any subatmospheric pressure for the
same boiling liquid and the heating surface. Further,
the above correlation is useful to check the consistency
of boiling heat transfer data for a given liquid and
heating surface at subatmospheric as well as atmospheric

pressures.

Since this correlation is for the data conducted
for different liquids on the heating surfaces possessing
differing surface characteristics at subatmospheric
pressures, an implication of this is that the effect
of the surface-liquid combination is the same for all
the pressures, P 1 atmosphere. It is important to
note that the data for the pool boiling of liquids at
high. pressures could not be correlated by a correlation
of the aforesaid type. This is due to the fact that
the effect of surface-liquid combination is not the

same for all the pressures, P > 1 atmosphere.

The experimental data of binary liquid mixtures
for subatmospheric pressures on a given heating surface
are also correlated by the relationships : h « qo'7 and

h o pO*0°

wvhich are applicable for the boiling of pure
liquids. The data analysis of binary liquid mixtures
shows that they are satisfied by the following correlation

within + 15 per cent like for pure liquids:
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where the terms have their same meaning as described

for the correlation for the pure liquids.

The addition of more volatile component to
the water shows that the boiling heat transfer coefficient
of the binary liguid mixture decreases upto a certain
' concentration, beyond which it increases. The
concentration at which the heat transfer coefficient
is minimum corresponds to 2 maximum value of [Y-X].
It is 31.10 wt. per cent ethanol, 30.80 wt. per cént
methanol, and 22.5 wt. per cent isopropanol for ethanol-
water, methanol-water and isopropanol-water mixtures
respectively. This behaviour is shown at all the
subatmospheric pressures studied. It may be noted
that the actual heat transfer coefficient for any
concentration of the binary liquid mixtures studied
is less than the weighted heat transfer coefficient
calculatcd from the heat transfer coefficients of the
mixture in.their pure states and the concentration
of the mixture. This is 2 consistent behaviour for

all the pressures investigated.

The experimental data of all the binary liquid
mixtures studied lead to correlations within % 15 per

cent as follows :
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In the above equations ﬁ% represents the average value

of the normalised Nusselt number given by the quantity

i
G L3
3 \j(P( ., Pv)g where ? is the surface tension; Kk,

the thermal conductivity of the boiling mixture; p(',

the liquid density and‘pv , the vapour density.

P represents the system pressure; P,,the 'reference'’
!

pressure and X , the wt. per cent of more volatile

component in the liquid phase.

These correlations provide a procedure for
calculating the boiling heat transfer coefficient of
& binary liquid mixture for the aforesaid concentrations,
X' at subatmospheric and atmospheric pressures on a

given heating surface.
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CHAPTER-1

INTRODUCTION

Nucleate pool boiling heat transfer finds wide

applications in process, power, refrigeration, and
allied industries. This has prompted many research
workers to undertake investigations related to different
aspects of boiling heat transfer, namély 3y the boiling
curve, the bubble dynamics on the heating surface
jncluding the number of nucleation sites, bubble growth
rates, the bubble departure diameter, the bubble
emission frequency and many others. In fact these
studies contribute immensely to our knowledge to
understand the boiling heat transfer process scientifical
However, much more research inputs are needed to exploit
tnese areas of research for better understanding of

the subject.

The knowledge of boiling heat transfer pertaining
to the determination of the parametric effects of the
heat flux, the system pressure, the physico-thermal
properties of boiling liquids and the heating surface
characteristics on the pool boiling heat transfer
coefficient is of immediate applications for the design
of the evaporators, the reboilers, the vapourisers,
and many other alike heat transfer equipment of
industrial importance. Consequenﬁly,a large number of

experimental data have been conducted for the boiling



of water on widely differing heating surfaces generally
for high pressures. These data have resulted in
obtaining a plethora of correlations for calculating
the pool boiling heat transfer coefficient incorporating
the effect of heat flux, pressure, properties of
boiling liquid and surface-liquid combination factor.

In faet, no generalised correlation for pool boiling
heat transfer exists. Besides, different investigators
have used different dimensionless groups in their
respective correlations. In addition to this, the
surface-liquid combination factor is another parameter
which has unique value depending upon the system used.
The research inputs of different investigators, one by
one, have failed to generalise the values of surface-

liquid combination factor.

The above mentioned observations corroborate the
fact that the boiling heat transfer at high pressure
still needs further investigations to evolve a generalis

correlation like other convective heat transfer processe

Further, a survey of the literature shows that
the experimental data for the boiling of liquids other
than water on widely differing heating surfaces at
subatmospheric pressures are scarce. It may be noted
that the correlations for the boiling of liquids at
high pressures are inadequate to correlete the data
conducted at low pressures. Hence, there is an

absolute need to investigate the pool boiling heat



transfer data for organic liquids at low pressures,
especially at subatmospheric pressures, then %o
establish the functional relationship melating heat
transfer coefficient to heat flux, pressure and physico-
thermal properties of boiling liquids. There is also

a need to scrutinise the value of the constant appearing
in the correlation for heat transfer coefficient which

incorporates the effect of heating surface characteristics

and the boiling liquid enveloping the heating surface.

The nucleate pool boiling heat transfer data and

the design correlation for the calculation of heat
transfer coefficient for the binary liquid mixtures
represent another need-based research area which is of
paramount importance in process industries. This has
its distinct applications in the design of reboilers,
evaporators and vapourisers. This wmay be noted that,

in absence of any experimental data, the design engineer
has been calculating the weighted heat transfer coefficie
for any concentration of the binary mixture from the
knowledge of the heat transfer coefficients of the
constituents of the ligquid mixture in their pure state.
The recent studies, though not enough, indicate that

the weighted heat transfer coefficient is much different

from the actual experimental values. A review of the

literature suggests that there is almost a vacuum of
the experimental data for the boiling of different
binary liquid mixtures, especially for the subatmospheric

pressures. Obviously, the literature is almost devoid



of the pertinent information relating the pool boiling
heat transfer coefficient of the binary liquid mixture

to the heat flux, the pressure, the physico-thermal

properties, and the heating surface characteristics.
This demands a relevant investigation leading to
suitable design correlation to be employed for the
design of evaporators,reboilers,vapourisers, and alike

process equipment.

Considering the above mentioned observations,
the present investigation was planned with the following

objectives :

1. To raise an experimental set-up for carrying
out the nucleate pool boiling heat transfer
data at atmospheric and cubatmospheric
pressures for the liquids and their binary

liquid mixtures.

2. To obtain experimental data for the nucleate
pool boiling of pure liquids at atmospheric

and subatmospheric pressures for water and

alcohols; ethanol, methanol and isopropanol.

3., To generate experimental data for the nucleate
pool boiling heat transfer coefficient of
agueous binary alcohol mixtures both for
atmospheric and subatmospheric pressures
and thereby to determine the effect of

concentration of binary liguid mixtures on
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;.
the boiling heat transfer coefficient.

To ascertain the effect of surface-liquid
combination for the boiling of pure liquids
and aforesaid binary liquid mixtures at

atmospheric and subatmospheric pressures.

To recommend generalised correlation for the
calculation of nucleate pool boiling heat
transfer coefficient for the pure liquids

and their binary mixtures.



CHAPTERS-2

LITERATURE REVIEW

2.1 INTRODUCTION

Nucleate pool boiling of binary and polynary
liquid mixtures is an important field of research
from the view point of its ultimate application in
improving the design of heat transfer equipment
largely employed in chemical and allied industries.
The aim in itself is difficult to achieve firstly,
because of the difficulties inherited in understanding
the complicated nature of the boiling process and then
extending this information successfully to the
practical problems. Literature is almost silent
except a few exceptions [1-7], with regard to study
the overall performance of such piece of eguipment
where nucleate boiling of binary and multicomponent
liquid mixtures is encountered. ‘However, large efforts
have been made mainly in two directions : (i) experimental
studies to generate data and proposing the empirical
correlations to evaluate heat transfer coefficients
and critical heat fluxes (ii) theoretical studies to
understand the basic principles involved in bubble
growth rates and bubble emission frequencies in nucleate

pool boiling of pure and binary liquid mixtures.
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This chapter reviews, in brief, the published

literature on the above two aspects for the boiling of
binary liquid mixtures excluding the studies regarding
critical heat fluxes. Exhaustive literature review for
nucleate pool boiling of pure liquids has been reported
recently by Sharma [8] and it is not intended to repeat
the survey again. However, in view of the above
mentioned objectives, some of the empirical correlations
and studies on bubble growth rates for pure liquids

have been mentioned, wherever necessary.

2.2 EMPIRICAL CORRELATIONS FOR BINARY LIQUID MIXTURES

Probably the earliest work in the area of
nucleate pool boiling of binary liquid mixtures is
attributed to Cryder and Finalborgo [9]. In their
efforts to generate the experimental data for pool
boiling of pure liquids at subatmospheric pressures they
have taken 2 binary mixture and two aqueous solutions.
The binary mixture was 26 wt. % glycerol in water-glyccrol
and agueous solutions were 10 wt.% sodium sulfate and
24 wt.% sodium chloride. The saturation temperature of
water-glycerol ranged from 68.88°C to 113.3°C and heat

flux from 8141 W/m2 to 41,868 W/m2.

Bonilla and Perry [10] are the pioneer investigators
who took as many as six binary mixtures of water-

ethanol, water-acetone, water-butanol,ethanol-butanol



ethanol-acetone and butanol-acetone with a fairly wide
range of composition. A horizontal chromium plate was
used as a heating surface. In some of their mixtures,
Bonilla and Perry [10] have found a maximum heat flux
in nucleate boiling exceeding somewhat than that of

either of the pure components. However, no systematic
investigation about the influence of concentration was
made and the increase of maximum heat flux mentioned

by them was very moderate.

Cichelli and Bonilla [11] investigated mixtures
of water-ethanol and propane- n-heptane boiling on a
horizontal copper chrome-plated plate heated electrically.
They took 33 wt. % and 80 wt. % propane-n-heptane mixtures
and conducted experiments at high pressures ranging from
4 o0 32 bars. The heat flux ranged from 2.9075 x lO3 to
8. &lY x 105 W/mz. They proposed the following equations
for calculating heat transfer coefficient :

h=1.07 ¢°7 (g3 )72 ox #2:2)

B 19 g0 7 p0s02 sl az)

It is interesting to note that both the above

equations contain no concentration terms.

Bonilla and Eisenberg [12]1 conducted experimental
data on water-styrene and water-butadiene mixtures.

These data are useful for rubber industires.



Bonnet and Gerster [1] took mixtures of
04-hydrocarbons and furfural and conducted experiments

on these systems at atmospheric pressure.

{irschbaum [13,14] in two separate investig=tions
employed three binary mixtures; water-ethanol, benzene-
toluene and water-glycerol. He has found that in
20 wt. % solution of glycerol in water the overall heat
transfer coefficient was raised by a factor of two as
compared with pure water at the same degree of wall
superheat, AT = 20°C. He obtained +this maxima also
for a 50 wt. % solution of glycerol. He attributes
this behaviour to foaming. No sufficient data are,
however, given to conclude that why the maximum heat

flux was reached in this case.

Chernobylskii and Lukach [15] calculated the
heat transfer coefficient during boiling of two binary
nixtures viz. benzene-toluene and ethanol-water of
varying compositions. They conducted their experiments
at atmospheric pressure and in the heat flux range

3

PO x 100 $o iE, k=w 104 W/m2. The results for these

binary mixtures were expressed in the conventional
form i.e. "= & qn. The values of ¢ and n vary with
concentration of the more volatile component in the

mixture.

Chi-Fang-Lin et al [16] undertook an investigation
for nucleate pool boiling of liquid binary mixtures of

ethanol-water and benzene-toluene at subatmospheric
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pressures. The value of the pressure ranged from

200 to 760 mm Hg. They worked at relatively low values
of heat flux ranging from 4652 to 46520 W/mz, The
concentration range was wide in their investigation.
The concentration of ethanol in ethanol-water were

5, 25, 60 and 91.8 per cent by weight and that of
benzene in benzene-toluene mixtures were 8, 12, 25, 50,
75, 88 and 100 wt. per cent. They calculated the
experimental values of heat transfer coefficient and
correlated their data by modifying Kruzhilin's equation

[17] within + 10 per cent deviation as given below :

Nu 0.71 BFY* 47 qu'57KuO'33 s inlBad)

B

where K1 = —%¥ and Kt is criterion for bubble brecak-off

frequency and Kq = Re.Pr.K%

A good deal of experimentzl work was conducted
by Sternling and Tichacek [18] to determine the heat
transfer coefficient in pool boiling for fourteen
saturated binary mixtures at atmospheric conditions.
The mixtures chosen for investigation were both ideal
solutions or mixtures with strong vositive and negative
deviations from Raoult's law. All the mixtures had a
wide boiling range of at least 90°cC. They used the
same thin stainless steel tubing of dismeter 4.51 mm
for all the exveriments. Heating was done by alternating
current. The compositions and heat fluxes used were

of very wide range unlike other earlier investigators.
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For all the binary mixtures, heat transfer coefficient

at a given heat flux decreased markedly with the addition
of a more volatile component until a specific composition
was attained. At this composition a turnaround was
observed and heat transfer coefficients started increasing
This turnaround behaviour has been attributed to the
change in bubble dynamics with the addition of more

volatile component in a pure liquid.

Huber and Hoehne [19] studied the pool boiling
of benzene, diphenyl and benzene-diphenyl mixtures at

5 to

pressures more than atmospheric (93.08 x 10
3368 x lO3 N/m2) boiling on a 9.525 mm Q.D. horizontal
tube. They correlated their experimental heat transfer
coefficients with the correlations proposed for pure
liquids by Rohsenow [20,21], Gilmour [22] and Levy [23].
They observed that the wall superheat in the boiling

benzene~-diphenyl mixture was found to be two or three

times those of pure liquids at all pressures.

Palen and Small [2] were probably the first fo
propose a correlation for calculating heat transfer
coefficient for binary mixtures. They proposed that
the heat trensfer coefficient for binary mixtures should
be calculated for the equivalent pure liquid multiplied
by a correction factor, f, given by;

f = exp [-0.015(T

sat,on” Tsat,y:xoo)] N - 13
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where T is the dew point of a vapour of the

sat,y:xoj

same compositioh as the bulk liquid and T is the

sat,m
dew point of the vapour in equilibrium with the bulk

liquid, i.c. the bulk liquid bubble point.

Tolubinskii and Ostrovskii [24] undertook 2n
investigation to measure the vapour bubble growth rate
in pool boiling of ethanol-water and ethanol-butanol
mixtures at atmospheric pressure. They reported that
the vapour bubble growth decreased with incrcase in the
difference of concentrations of more volatile component
in vapour and liquid phases. The experimental values
of Wusselt number for the ethanol-water mixture were

correlated by

v ~0

Mg = 75 KO Be0? [1-(r-x) ]t P ... (2.5)

Afgan [25] conducted experiments for boiling of
ethanol, benzene and their mixtures on a cylindrical
tube of diameter 5.12 mm heated by direct-current. The
pressure varied from 6 atm to 15 atm. He correlated

the pure component data with the equation :
i L] . ().
Mo = 9.44 % 107% RO Tmg® Tp,% - b

where Kp is the criterion for pressure term.

The bubble departure diameter in the above equation

is that of Fritz [26].
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For mixtures, Afgan used weight fractions of
0.1, 0.2, 0.5, 0.8 and 0.9: Tor constant heat flux,
he noted that plots of heat transfer coefficient against
concentration showed maxima and minima. These roughly
corresponded,respectively, with minima and maxima of
the absolute values of the differences of equilibrium
concentration in the two phases, i.e. (Y-X) where Y
is the wvapour concentration in equilibriuvm with X.
It may be noted that (Y-X) is related simply to ATb/Gd
where G, is the vaporised molar fraction of the liquid
near the surface. On the basis of this observation
Afgan suggested that the mixture data could be correlated
by a single equation of the form of Equation (2.6) but
with a multiplier which depends on (Y-X). This multiplier

was found to be given by

9.44 x 1074 [ 1-K(Y-X)] o « (Fc7)

which reduces to 9.44 x lO"4

for pure substances and
ageotropic mixtures. According to Afgan the value of

K depends on the particular components of a mixture.

Ivanov [27] studied the boiling heat transfer
of refrigeran’t mixtures of F-12 and F~22 for heat
fluxes varying from 2,000 to 25,000 W/m® and temperature
from 240 ¥ to 293 K. The experimentel data showed a
ninimum value of heat transfer coefficient between
15 to 35 per cent concentration of less volatile

component, F~22. Ivanov has employed the method of
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corresponding state which was suggested by Borishanskii

[28] for boiling of liguids in their pure state. He

recommends the following equation for computing heat

transfer coefficient :

e = fi(E i be;
& p (2.8)

P
where PX =.0.03 by

k
PCS is the pseudocritical pressure of the mixture and

can be calculated as below taking into account the

relative volatility
,PS ’
Po = (Blpoap * 2[{Bo)p pp = (Bo)pp,] rr+{2.9)

¥ is the relative volatility and is given by

Ta_pp [1-Xp_ 55l 2
N =% X.f Tl—-Y- ‘] . v e ( . lO)
P22 F_22

and PC is the critical pressure.

Klimenko and Kogzitskii [29] took an investigation

to calculate heat transfer coefficients during the
boiling of light hydrocarbon mixtures. They correlated
heat transfer coefficient in terms of critical properties
of the hydrocarbon mixture and heat flux. Their equation

is as follows :
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"'m 007
crit “crit crit a

h = 320 [P 1{0.62+3.0 B_/T

crit]F
sr ik 2odil}
where F is a function for multicomponent mixtures,

subscriot m refers to mean value.

Filatkin ([30], in his paper, studied the heat
transfer to water-ammonia solution in pool boiling on a
horizontal tube 28 mm diameter and 450 mm long. He
plotted the heat transfer coefficient as a function of
the liquicd-phase concentration and heat flux as parameter.
He observed that the solution with an ammonia concentration
of approximately 0.4 has the minimum heat transfer
coefficient. One of the reasons attributed to this
reduction in heat transfer coefficient ie that as the
concentration difference between the vapour and liquid
ohase (the guantity, Y-Z) increases the number of
nucleation sites decrease and so the heat transfer
coefficient. The larger the difference in concentration
(Y-X) the larger the minimum radius of the cavity from
which a vapour bubble may originate, grow and finally
depart. This is attributed to the minima in heat

transfer coefficient.

Based on the theory of similarity, Filatkin

proposed the following correlation :

e o = = 00 33
t i 005 = £) — 0-5 i
"R DR RN DT L B e v L R Bl
& REE) 2 L g(ne,)° :
g B9
Y - e R, Lo 7,
[ TS k( A’x._ Fv) ] ( )
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Bquation (2.12) is applicable for the following

conditions

&8, Pr = 1,3 to 4.8

0.5 _ +0.5
Cyo i Pelpyp 7.0
(ii) £ Jj £ €2 k' = 1.0 2 10°% to
A ~
& 206.0 x 10”4
gap in b

(iii) — = 0.3 to 40.4
TS k( P[—Av_j
The values of n and Dare calculated by the

following equations 3

n= 0.70 =-0,24 (Y=-X) PO = 5
D = 0,085+ 0,33 (Y-X .+ E2.04)

Filatkin [30] concluded that the effect of
Prandtl number on heat transfer coefficient is less
noticeable. He also concluded that the pressure appears
to increase the system heat transfer coefficient at

low rate.

Tolubinskii and Ostrovskii [31} studied the
mechenism of heat transfer in nucleate pool boiling of
binary mixtures. They generated data for heat transfer
coefficients, bubble departure diameters and bubble
frequencies for boiling of methanol-water, ethanol-water,
ethanol-n-butanol and ethanol-benzene on a stainless
steel tube of dismeter 4.5 mm heated by direct current.
They indicated that the presence of mixtures affect

the nucleation site density in comparison to pure
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liquids and showed that for a given heat flux, h, Db
and the product fD, attains a minima when (YX) is at

its maxima.

With the aid of dimensional analysis and ethanol-
water experimental data over the entire range of
concentration they recommended the following equ=ation

for product be and Nusselt number :

1
(be)m 1 [(be)water(l-xaa) r (be)ethanol Xa)l

1 t 2
- ) ) (15
1"x 1)
@ 08}
. .(2.15)

70.7

' ["\

X 1]
ethanol “om .

d
. . — ‘
-} 1v[(be)water(l_xm)+(be)

- '-'002 = L "-l 6
; ; % ] 2 e
- 1 i - X |
2_{._‘1(% il_(ﬁ;’;’ @l
y L ; & !
I - L YCD(l X(I)) i
‘01(2.16)
nThGrG,
X;) is mass fraction in liquid phase far from
bubble
t
bt = is equilibrium mass fraction in vapour

far from bubble

The above equations are, thus,not general for all
mixtures and even for ethanol-water, their use require
prior information for the determination of be factor

for pure components.
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Stephen and Korner [32] developed another
empirical correlation for calculating heat transfer
coefficients based on their extensive experimental work
on seventeen different binary mixtures for'pressures
ranging from 1 to 10 bar. They undertook a thermodynamic
analysis to find necessary free energy of formation for
a bubble in a mixture growing in superheated liquid of
infinite extent. Their expression for free energy of

formation is

(2 sat)[ g +JL(-V ‘X)( )Tpﬁf}{bl‘]

« EEaT)

where VV and V; are molar volumes, Ev and By are molar

enthalpies of vapour and liquid respectively, AX is
change of concentration and ATb is change in saturation
temperature due to change of concentration.

Certain important conclusions arise from an

02G Ax

inspection of the group (y*- x ) ( > ) =7 of Equation
(2.17)., By applying Konovalov's rg§e (thebvapour is
richer than the liguid with which it is in equilibrium
in that component by addition of which to the system
the vapour pressure is raisad) one can deduce that

y - x and AT; are always of opposite sign and the
basic rules of thermodynamic equilibrium (Stephen and
K6rner assumed the mixture to be in thermodynamic

e
cquilibrium) predict that ( Q—% )T p is always positive.
ox ’
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Thus the above term is always negative for all mixtures
and the free energy change is increased in mixtures
resulting in the increase of work for the formation of
vapour bubbles and hence decreasing the heat transfer

coefficient.

From this reasoning Stephan and Korner [32] argued
that where the ideal heat transfer coefficient is
obtained as a linear function of mole fraction, the
actual coefficient will be less by sn amount proportional
to (§*- x). Thus these investigntors developed their

correclation in the following form :

=5 M
sat,w L hlds . (20

o7 ;
sat,w,ideal

where

sat,w,ideal = *oo ATsat,W9A»+ (l—xoo) ATsat'W’B

PR e L

AT

aT are the wall superheats for pure

gat,w,A and B
components boiling on the same surface and at the same

heat flux As the mixture in question.

AT is actual wall Superheat for the mixture in

sat,w
guestion

and © represents the deviation from the ideal situation
due to mass trensfer resistance and is related to
the concentration difference by

9:[&( y*"X ) o.o(2-20)
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where A is a function of pressure and is different

for every binary mixture.

Stephan and Korner using published data from a
variety of sources found the following expression %o

evaluate A
A = Ao (0.88 + 0.12P) o B IS0

where P is in bar and Ao is a constant which depends

only on the nature of the two components and is
independent of concentration. Table 2.1 shows their

calculated values as reported by Stephan and K&rner [327:

Table 2.1 : Values of constant A, for some Binary liixtures
S in Bquation (2,21)

Binary Mixture Ao
Acetone - Ethanol 0475
hcetone - Butanol : 1§18
Lcetone - Water 1.40
Ethanol - Benzene 0.42
Ethanol - Cyclohexane Bt
Ethanol -~ Water ' ‘el
Benzene -~ Toluene 1.44
Heptane - Methylcyclohexane S 1.95
Isopropanol - Water 2.04
ilethylethyl Ketone - Toluene 1:32
Methanol - Bengzene Lo
lethanol ~ Amylalcohol 0.80
n-propenol - water 3429
Methylethylketone - Vater Jedk
Water - Glycol 1.47
Water - Pyridine 9.56

Water - Glycerine 1,50
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Stephan and Korner tested their correlation for above
mentioned 17 binary mixtures by taking Ao values as

listed 2bove and pressures 1 to 10 bar. They concluded

that their data can be represented with an average quadratic
deviation of + 8.6 per cent. Using a generalised value

of AO equal to 1.53 for the same mixtures, they found

an sverage quadratic deviation of 15 per ceut and hence

recommended this value when no other is available.

Tolubinskii and Ostrovskii [33] undertook an
investigation to understand the heat transfer mechanism
to saturated boiling water-glycerine mixturces at atmospheric
pressure. The glycerine concenration was taken upto
96 wt. per cent. It was observed that with increasing
glycerine concentration upto 70 wt. per cent the bubble
departure diameter, Db increased slightly and bubble
emission frequency, f reduced. For glycerine concentration
greater than 70 wt. per cent, both the bubble departure

diameter and frequency fell rapidly.

Contrary to low-boiling liquids, it was observed
in this case that there is continuous reduction in the
value of hé@atitrtesfep-agqocff M iant "with increase in

glycerine concentration and no intermediate minima is

observed even upto 96 wt. per cent glycerine.

Takeda et al [34] conducted experiments with
pure water, methanol, ethanol, MEK and acetone and with

mixtures of water and the later four organics on a
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copper plate and a thin platinum wire (0.2 mm diameter).
They produced a correlation based on dimensional analysis.
In their correlation they have taken the variables for
mixtures same as that for pure liquids. Hence their

corralation for all the boiling data is ¢

Py N Cg s 0, 67
( O Py 2Tams Nt 3 )

2 3q1F 2
A 1 %oz 50 { TB_XH:X_ Balgs (e B 0,25
'"1 i.v. g o(
st pe®-67 L2 00 FronPhe %8, W W sy . (2.22)

In the above equation Dy is given by P itz 267 .

0.67 11 0.2 L Re for

Takeda et al have plotted St Pr
their own data and data of different investigators F20,3171.
They have not indicated the magnitude of the scatter

of their data on the piot. However, there seems to be
some deviation and probably this is attributed to the

omission of any parameters which take into account the

effect of mixture properties.

Vright et al [35] conducted experiments for
nucleate and film boiling heat tramsfer to the pure
ethane and ethylene and their mixtures containing Q025
0.50 and 0.75 mole fraction of ethylene. The test-
section was a direct-cnrrent heated, gold-plated tube
of diameter 20.6 mm and length 89 mm. They conducted
their experiments at atmospheric (9.807 x 104 ¥/w°) and

4

subatmosvheric (7.355 x 10 N/mz) pressures. The data



23

were compared with the correlations of Borishanskii et al
[36], RKutateladze [37] and McNelly [38] which were all
devised for pure coolants. DBorishanshkii et al correlation
correlated the data with an average deviation of 48.7

ver cent while both Kutateladze and McNelly correlation
with an avorage deviation of 42 per cent. A least square
fit of the data“showed that the best correlation was
obtained by modifying the equation of Rohsenow[20] in

the floll6wing: form :

g B Gy AR
£ b 85 __g_)\___ (_P_f)l.l8 ]1.243 S

A M(
vhere D is bubble departure disameter given by Fritz [26].

Clements and Colver [39] extended their work [35]
for saturated boiling of propane, n-butane and n-pentane,
and of mixtures of propane with n-butane and n-pentane
on the test section described above [35]. They also
extended the range of pressure upto 3 X 10° N/m2. From
the exverimental data they prepared plots of wall
superheat vs concentration for each heat flux and
observed that the position of the maxima is roughly
coinciding with that of maximum (Yi)_ Xaa)’ that means
the value of heat tramsfex coefficient is minimﬁm At
mAaximum (Yzjw Xa>)' The data for these liquids were
also comparcd with the above mentioned correlations

[36-38] and ~verage absolute deviation are showmn below

190/ Pable 2.2,
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Table 2.2 : Average Absolute Deviations of Correlations
[36-38]1 with Data of Clements and Colver[39]

Correlation Pure Mixtures
Components  ynnogified Modified
% % %
Borishanskil et al
[36] 29.9 266.9 96.9
Kutateladze [37] 42.5 92.7 37.8
McNelly [38] S3ak 01,3 2049

From the above Table it is clear that MeNelly correlation
[38] gives the best results. However, for binary mixture
these equations are not adequate which is evident by the
results shown in the above Table. To correlate the data
for binary mixtures with the help of these equations
Clements and Colver [39] modified these equations by
introducing the term relative volatility, aa), which
tak3s into account the mass transfer resistance effects,

aoo igs defined as

Yk

N ; 3

(1-x)

LI 0(2- 24)
*
CLEg 0

@®
w
A least square fit of the data showed that the

best correlation was obtained by introducing into each

of the basic equations, the term aO;O'S .  Thus modified

correlations are as follows 3



25

Modified Borishanskii et al correlation ;

q D, FORPT I T VR - A VT
= 8.7 "o """ | i | |
k al ® | @ py A | Lol T
i == iz 000(2025)
Modified Kutateladze correlation ;
't 007 P —007 c --0.35
A b cpis 80 T FRELT o in o
i g = el Z-A0 chD !a /5 i | | k }
" L0 Py J - Lo
cas{ 2526

Modified McNelly correlation ;

g d
k ATW

0.69 0
pRsmalfiY U Tt (o -1

tf’_ﬁ‘[]o.69

A L. (2.27)

In Equation (2.27), 4 is a characteristic dimension
of the heating surface.

With these modified correlations, Clements and
Colver [39] correlated their data and observed that
modified forms of the Kutateladze and McNelly equations
predict the data for mixtures as accurate as the original
equations predict for pure liquids.

Calus and Rice [40] undertook a comprehensive
investigation for pool Boiling of binary liquid mixtures.
They obtained pool bolling data for 7 concentrations of
isopropanol in water and 9 concentrations of acetone in
water, as well as for 3 pure components. The heat transfer
surface was a nickel-aluminivm-alloy wire of 0.315 mm
diameter and 89 mm test-section length, heated by direct
current. They used a different wire taken from the same
spool with its diameter 0.315 mm And the test-section

length‘72.6 mm for acetone-water mixtures.
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Calus and Rice observed that the growth rate
equations of Scriven [41l] and van Stralen [42-451 for a
bubble growing in an infinite volume of superheated
liquid are the same and these equations can be transformed
into the following more convenient form :

- (;I;I_g)o.‘)'

i

??Xa% 3 (o (8 L) (g2
o » £ RN EH)

Calus and Rice argued that the contents.of the

square bracket in the denominator of the above equation

form a correction due to simultaneous heat and mass

transfer. The mass diffusior is a considerably slower

process than the heat diffusion and hence the dimensionless

ratio (a/D)O'5 in Equation (2.28) is a measure of the

additional resistance to heat transfer, the term (yk—x)

indicates the driving force for that diffusion.

In order to incorporate suitable correction factor
to _pure liquids for the determination of binary heat

transfer coefficients, two factors were tried 3

& 0. Oml
1-(y%-x) (&)~ (=) (4D .. (2.29)
and

0.5
1+(y*-x)(% viuwlZeDD)

It was found by these investigators that the correction
factor given by Bquetion (2.30) corresponds very closely

with the variation in the Nusselt number. Thus the final
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form of the correlation for binary liquid mixtures

included the heat and mass transfer term l+(yx-x)(%)o'

5

in the Borishanskii - Minchenko correlation [36] modified

earlier by Rice and Calus [46]

[ . Sl g - %
Kg'7 J:Isw

L0.7
| bR

Calus and Rice determined the value of E in the

31

above equation for their own data (binary as well as pure

liguids) and those for Sternling and Tichacek [18] data

for aqueous solutions of glycol and glycerol.

gives the values of B for these liquids :

Table 2

Table 2.3 3 Values for Constant E in Equation (2.31)

3

System

Isopropanol-Water

Acetone~Water

Water~Glycerol

Water-Glycol

Seven single
component liquids

Heat transfer

~ Surface

Constant B

Bquation(2.31)

Nickel—-aluminium
alloy,'Vire 200'
[40]

Nickel-aluminium
alloy,'Wire 24'
[40]

Stainless steel
hypodermic tubing
[18]

Stainless steel
hypodermic tubing
(18]

Nickel-aluminium
alloy [46]

5.8 107

dJd7 x 107

12.2 r YO™

1l.4 = 30

6.3 x X0

in

4

4

4

4

4
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An inspection of the above Table shows that unique
values of B hold over these ranges, and that the values
were roughly the same as for the pure components on very
similar wires. This confirms that it is the surface
which is an important part in the surface-liquid
combination factor. The slight difference in the
multipliers for the mixtures from the 6.3 x 1074 which
applied to the wire as used for the pure liquids was
attributed to the different degrees of aging of the
surfaces. With these values of E for Sternling and
Tichacek data [18], Equation (2.31) correlated their
85 per cent of the exverimental data points within
+ 20 per cent accuracy limits. This error is mainly for
the less concentrated solutions and this discrepancy was
attributed to larger error in the extrapolated values

of mass diffusivity for these less concentrated solutions.

Isshiki and Nikai [47] conducted experiments on
nucleate pool boiling of binary mixtures of water-ethanol,
water-ethylene glycol and water-n-butanol. They have
determined characteristic nucleate boiling curves and
burnout heat fluxes for these mixtures. From these
results they have confirmed that there exists a minimum
heat transfer coefficient at a certain concentration,
and that more than twice the value of the burnout heat
flux for pure liquids can be obtained at a very low
concentration of the more volatile component. In order

to explain these results they developed a one-dimensional
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model of heat and mass transfer on bubble growth in a
binary liquid mixture. From this model, they concluded
that the temperature of the vapour-liquid interface is
higher than the saturation temperature of the bulk liquid
mixture and that the temperature difference between
superheated bulk and vapour-liquid interface (effective

superheat) has a minimum value at a certain concentration.

Tolubinskiy et al [48] studied the effect of
pressure on the boiling heat transfer rate in water-
ethanol mixturcs, at pressures upto 15 bars and bver
the entire range of concentrations. The mixture under
study was boiled in a vertical test element consisting
of a stainless steel tube heated by direct current. The
heat flux density, q at the heated section was varied

4 o TR W apbecationk wers

fromy0,.5 & 10
carried out with the various values of heat flux density
ar1 it was found by monitoring the mixture composition
before and after the experiments that it remained constanti

during the experiments.

Tolubinskit et al observed that boiling of water-
ethanol mixtures at elevated pressures involves the
same mechanism as boiling at atmospheric pressure i.e.
reduction in the heat transfer rate in the range of
maximum excess concentration (y*—x) of the low-boiling
temperature component as a result of simultaneous |
reduction in the rate of growth of vapour bubbles and

in the number of effective nucleation sites as compared
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with pure components. Consequently, the boiling of
binary mixtures at elevated pressures involves the same
regularities as at atmospheric pressure. This made it
possible to use an empirical expression for the boiling
heat transfer coefficient for mixtures at atmospheric
-pressure for the case at hand, by supplementing it by a
term which provides allowance for the pressure :
' ' b Bl 0.7 on 0.7
Bpix= 4 (B p(1-x ) + & x ]- Ly, g oaxtl Pt g
005(2032)

For the water-ethanol mixtures under study Ah b = 3.05PO’2,
Albzl.SPO 4, n=0.4. The above correlation correlated

the bulk of the data within + 20 per cent.

In an attempt to modify the earlier correlations
proposed by Stephan and Korner [32] and Calus and Rice
[40], Calus and Leonidopoulos [49] have carried out an
extensive investigation for pool boiling data for pure
n-propanol, pure water and their eleven mixtures at
atmospheric pressure. Like previous studies of Calus
and Rice [40,46] the test-section in this study [49]
was also a nickel-aluminium alleoy wire, which wes
stabilized by an annealing process and by prolonged
boiling. The diameter and length of the wire were

0.3 mm and 72.6 mm respectively.

The main purpose of the work of Calus and
Leonidopoulos [49] was to modify the constent A in

Equation (2.20) given by Stephan and Korner [321.
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Stephan and Korner have stated that the value of A can
be regarded as constant for the entire range of
concentrations in the case of mixtures having a vapour-
liquid equilibrium relationship approaching ideal
behaviour. But it is observed and also indicated by
Stephan and Korner themselves that to treat A as a
constant is a major approximation for the binary
mixtures behaving as highly non-ideal. The binary
mixtures of n-propylalcohd and wvater chosen by
Galus et al is an example having a highly non-ideal
vapour-liquid equilibrium relationship. In view of
this, it was thought necessary to modify the existing

correlation of Stephan and Korner f32].

Calus and Leonidopoulos [49], based on the
analytical work of Scriven [41], van Stralen [42-45]
and Stephan and Korner [32] successfully replaced
constant A in Bquation (2.20) in terms of the vapour-
liquid equilibrium relationship, the transport properties
and the thermodynamic properties” of the binary mixture.
Thus their final correlation emerges in the following

£ il =
. 2 0 5 B 0
Al = (ATl xq *+ AT, xz)[l+(x—y )(ﬁ) (X )(a;)}
ocu(2-33)
where aT, aTy and al, are the (Twallstat) differences

for the mixture of concentration x, for the pure

component 1 and for the pure component 2, respectively,
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required for obtaining the same heat flux. All the
quantities in Equation (2.33) are based on the weight
fraction concentrations. The use of above equation

requires knowledge of the variation of the factor

C
[(X_yt)(%)O.S(XL)(%g)] with concentration. The gradiant
of the boiling point curve, %% y,was obtained by fitting
a polynomial to the curve T=f(x) and subsequently

differentiating it with respect to x.

The specific feature of the Equation (2.33) is
that it has no experimental constants and can be used
to predict either nucleate boiling heat transfer
coefficients or boiling curves for binary liquid mixtures
provided the boiling curves for the puure components,
obtained on the snme heat transfer surface are available.
Although the variable factor [(x— )( )O 5(—‘{-)(dx)l is
strictly applicable to the process of a bubble growing
in an infinite superheated liquid, the BEquation (2.33)
was successful in correlating 84 experimental data points
for nucleate pool boiling of n-propylalcohol-water
mixtures on a heat transfer surface within + 16.6 per cent,
indicating that analytical work of Scriven [41l] for
vapour bubble growing in a superheated infinite liquid
is adequately helpful for vapour bubble growing on a

heat transfer surface.

In another study Tolubinskii et a2l [50] studied
boiling heat transfer rate from benzene-ethanol mixtures

as a function of pressure. The experimental study was
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carried out over the pressure range of 1-18 bars, heat

4

flux densities of 10" %o 3,5 x 105 W/m2 and concentrations

of 0-100 per cent. The mixtures boiled on a vertical
stainless steel element, 4.5/0.3 mm in diameter and 50 mm
long, directly heated by direct current. For this systemn,
two minima of heat transfer coefficient in the region

of extremal values of (y*—x) and an intermediate maximum
at the azeotropic composition of the binary mixture were

observed.

Ohnishi and Tajima [51] undertook an investigation
to study the pool boiling heat transfer to lithium
bromide-water solutions at subatmospheric pressures.

The work is being reported in this literature review
because it pertains to subatmospheric pressures. The
boiling was carried out on a 20 mm di~meter and 150 mm
long horizontal copper cylinder finished with 0.5 grade
emery paper. The pressure varied from 30 mm Hg to

300 mm Hg, the concentration O to 55 wt. per cent lithium
bromide, and the heat flux O to 24489 "x lO4 w/m2. Ohnishi
and Tajima have shown variation in boiling curves with

pressure and concentration and made following conclusions:

(i) The heat transfer coefficient for lithium bromide
solution is fairly small than that of pure water

at all the pressures investigated.

(14) The boiling phenomena is least affected by
changing the pressure in the concentration

range of 30-55 per cent, whereas the boiling
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phenomena of lithium bromide-water splution are

largely affected by the change in concentration

at a given pressure.

(iii) The boiling phenomena of lithium bromide-water
solution are scarcely affected by the conditions

of the heating surface.

Ohnishi and Tajimn were able to correlate their
experimental data by the Nishikawa-Yamagata [52] equation

within the limits of error + 20 per cent.

Chashchin et 21 [53] investignted experimentally
the effect of some orgnnic alcohols nnmely; propyl,
butyl, amyl, octyl, polyvinyl and glycerine when ndded
to water, on heat transfer during boiling. The experiments
were cnrried out on a set-up consisting of an air-tight
vessle with 5 litres capacity. They studied the dependence
of the heat transfer coefficient on the concentration
of each additive, number of cnrbon atoms and hydroxyl
groups in an alcohol molecule. They found that the
dependence of heat transfer coefficient on concentration
for all additives has an extremal-character. Optimum
concentrations and corresponding maximum value of the
heat transfer coefficient were determined for each
additive.

Styushin and Astaf'ev [54] have studied the
effect of diffusion processes on boiling of solutions.
They have demonstrated some of the special characteristics

of the dependence of the heat tronsfer coefficient on
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the concentration of solutions and the process parameters.

Kravchenko et al [55] have suggested the equntions
for calculating boiling heat transfer coefficients for

light hydrocarbons and ethylene-ethane mixtures.

Yusufova and Chernyakhovskiy [56] have presented
the experimental investigation for heat transfer in pool
boiling of six binary mixtures over wide range of pressure
and concentration. The mixtures investigated were,
benzene-toluene, benzene-isooctane, acetone-water,
benzene-xylene, methylethylketone-water and acctone-
methylethylketone . They have exnmined the data in

view of current knowledge of boiling heat transfer.

Styushin and Astaf'ev [57] have made the analysis
regarding the dependence of heat transfer coeffiecient
on the concentration of the low boiling component in
binary mixtures. They have studied three binary mixtures,
water-ammonium hydroxide, ethanol-benzene and water-n-
propanol. They have also analysed the position of
maximum on heat transfer coefficient-composition curve

in accordance to the equilibrium data of these mixtures.

Thome and Bold [58] have studied the nucleate
pool boiling in cryogenic binary mixtures. They obtained
the pool boiling curves for liquid nitrogen, “rgon and
their mixtures at 1 atm and 1.3 atm pressures. They
observed a minimum heat flux in the mixtures and

compared their results with the existing correlations
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of Happle and Stephan [59] and Calus and Leonidopoulos
[49] but neither is found satisfactory.

Happel [60] hes recently studied heat transfer
during boiling of binary mixtures in the regimes of bofh
nucleate and film boiling. In this survey the work
pertaining to nucleat boiling will only be discussed.
Happel has conducted measurements of boiling heat
transfer with mixtures of benzene-toluene, ethanol-
benzene and water-isobutanol in a' pressure range of
0.5-2 bar as well as with refrigerants in a pressure
range of 0.5-30 bar. The test surface was a pure nickel
horizontal tube having an outside diameter of 14 mm. The
integrated roughness of the tube was 0.4% pm., - Provision
was mede to heat the tube both by the electricity and

passing a hot stabilized fluid through the tube.

Happel has discussed, in brief, the mechanism of
nucleate pool boiling in binary liquid mixtures. He
reaffirmed that in boiling of mixtures, there is mass
tyansfer of the volatile fraction through the mixture to
the growing bubble in addition to heat transfer. As
o result of this diffusion resistance, the heat transfer
coefficient for the mixture is reduced. He concluded
that larger the concentration difference (Y-X), Stronger
is the reduction in heat tronsfer coefficient. The
reduction of heat transfer as compared with that for
pure substances can be represented in terms of a simple

power law of (Y-X) as follows :
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heff

n

h. = l_KS_t[Y—X] onu(2034)
id

where, heff is the effective heat transfer coefficient

and  h;q = by (1-X) + hyy X ves 25 35)

thus h, 4 (id for ideal) should be obtinable from the

values of the pure compcnents th and h20.

Kst depends only on the substance and on the
pressure. For a given pressure the values of Kst and n
can be.determined by experiments at only two different

mixture compositions.

The behaviour, viz., that the location of the
lowest heat transfer coefficient coincides with that of
the largest concentration difference is shown clearly in
Figure 2.1 for the system benzene-toluene and for a heat

£19% Of q = 10° W/m2.

For the benzene-tnluene system at atmospheric

pressure the experimental values -0f Kst=1'5 3nd n = la.4,

An inSpectién of Figure 2.1 shows that at higher
pressures there is a steeper drop in the value gt heff'
According to Grigoryev[6l], nucleus density generally
increases with pressure because the work that must be
done to form a visblec bubble increases with pressure,
calling for larger hcat transfer. However, in a
nixture, as the concentration difference increases,

the heavier, less volatile fraction exhibits a stronger
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tendency to accumulnte at the wall. This means that

the energy necessary for the formation of a viable
nucleus increases and the nucleus density again decreases.
This effect apparently predominates at higher pressures,
which explains the relatively strong reduction of heat
transfer at high pressures as compared %o that at lower
pressures, with the concentration difference (Y-X) being

equal,

Von Hoffman [62] has dealt with pool boiling of
nitrogen, methane, ethane and nmixtures of nitrogen-
methane and methane-ethane at different pressures. The
heat tronsfer surface was a horizontal plane copper disk.
He has analyzed the results for oure liquids as well =as

their binaries.

Stephan and Preusser [63] studied heat transfer in
nucleate boiling »f 16 binary and 25 ternary compositions
consisting of acetone, methanol and water. In their
experiments, they used a horizontal Nickel tube of 14 mm
0.D., 550 mm length and a mean roughness of about 0.25 pm.
Bxperiments on pool boiling of mixtures mostly conducted
on miscible binary mixtures close to atmospheric pressure,
clearly indicate a reduction in heat transfer as compared
with that for pure substances. This effect is explained
by the more ready evaporation of the volatile fraction
in binary mixtures which creates a concentration
difference between the liquid and the vapour bubble,

thus building up a diffusion resistance in addition to
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the thermal resistance. Thermodynamic equilibrium has
been assumed at the interface between vapour bubbles
and liquid and, therefore, Gibbs potential in binary
nixtures proves also to be larger than that of a
hypothetical reference mixture. This reference mixture
has been dcfined by authors [63] to have the same
thermodynamic properties as the real binary mixture but
vanishing difference in composition between liquid and

vapour phase.

In binary mixtures, the reduction in heat transfer
coefficients depends on the difference in the mole
fractions between both phases. It increases with the
difference in nole fractions and vanishes at azeotropic
points. Enpirical correlations on pool boiling heat
transfer in binary mixtures, therefore, usually contain

(X—yt) as one of the most relevant parameters[25,49].

Stephan and Preusser [63] have plotted the heat
transfer coefficients of binary mixture acetone-methanol
against the. composition for a heat flux o2 105 W/mz.
From this plot, they concluded that the heat transfer
coefficients are smaller than those for the reference
nixture and also smaller than the heat transfer

coefficients of the pure conponents. The later
conclusioh confirms the observations of Bonilla and

Perry [10].
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Stephan and Preusser [64,65] in these investigations
attempted to calculate the boiling heat transfer
coefficient of ternary mixtures from the data of pure
components and binary mixtures. They have conducted the
experiments with two ternary mixtures of organic components
and of binary mixtures at atmospheric pressure boiling on
a horizontal nickel tube. They have recommended that
for rough estimation, the heat transfer in the boiling
of ternary mixturcs can be calculated from the data of
corresponding binary mixtures with the expanded formulation
of the correlation of Stephan and Korner [32] for binary
mixtures. Further, an equation is derived for heat
transfer in the boiling of mixtures, in which the non-
linear variation of the material properties has been

taken into account.

Stephan and Abdelsalam [661 attempted to present
guidelines for predicting heat transfer coefficients in
natural convection boiling. In order to establish
correlations with wide application, the methods of
regression analysis were applied to nearly 5000 existing
experimental data points for natural convection boiling
heat transfer. 'As demonstrated by the analysis, these
data can best be represented by subdividing the substances
into four groups depending upon their physico-thermal
properties. The four groups were water, hydrocarbons,
cryogenic fluids and refrigerants. Each set of group

employed a different set of dimensionless numbers to
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correlate the data for the calculation of approximate

value of heat transfer coefficient.

2,3 THEORETICAL MODELS FOR BUBBLE GROWTH RATES

IN BINARY LIQUID MIXTURES

There exists a large number of theoretical papers
on the growth of vapour bubbles in pure boiling liquids
[67-95], but relatively lesser number of -publications
[41-45, 96-1141] have appeared in the literature on the
vapour bubble growth rates in binary liquid mixtures.
This Section reviews, in brief, the bubble growth rates

in nucleate pool boiling of binary liquid mixtures only.

Scriven [41] is the first investigator who has
comprehensively developed a theoretical model on the
dynamics of vapour bubble growth rates both for pure and
binary liquid mixtures. Starting with the fundamental
equations of continuity, motion, energy flow and mass
flow, he derived a relationship from which the bubble
radius of a spherical symmetry in a quiescent superheated
liquid of infinite extent can be calculated as a function
of time. To Pacilitate the solution of the equations

he made number of simplifying assumptions :

(1) Newtonian liquid
(ii) 1liquid of constant density
(iii) viscous, inertia and surface energy terms are

neglected
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(iv) energy is transferred to the bubble by ordinary
conduction alone

(v) mass is transferred by ordinary diffusion with
constant mass diffusivity value

(vi) +two component system having constant physico-thermal
properties in both the liquid and vapour phase

(vii) hee®™; of mf%ing of, two components is negligible

(viii)specific heat capacities of both the components
are equal

(ix)" vapour-liquid equilibrium relationship is linscr and

equilibrium is assumed at the interface.

The governing differential equations are sufficiently

complex and the bubble growth rates cannot be represented
by an analytical solution of the equations in closed form.
Scriven [41] reported his final results in the following

fefm R
R=28]a0 «ellife 38

where, R is bubble radius, B is growth constant;

o, thermal diffusivity and ©, time co-ordinate.

The above equation is applicable to situations with

large superheats. The value of B is defined approximately

by the following expression : 058
] % aT )
sat
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where y 1is mass fraction in vapour phase, Ca> is mass
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concentration at large value of radial co-ordinate, D is
. - i
mass diffusivity and w = EZ .

4

An expression for radius R is given by :
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where Rg is gas constant, e is relative volatility,
Ny and Ay are latent heat of vaporisation of solute and
solvent, Ml and M2 are molecular weights of solute and

solvent.

The latent heat is taken to be a linear function of

concentration.

Scriven [41] concludes that lower the concentration
of volatile material or the mass diffusivity, the greater
is the suverhea’t required to attain a given bubble growth
constant.

Using numerical techniques, Scriven suggested value
of B for two mixtures, ethylene glycol-water and glycerol-

water at atmospheric pressure.

van Stralen and his associates [96-98] started
working in the area of pool boiling of binary mixtures
around 1956, Probably the basic aim of their study was

to obtain the suitable parameters so that the peak heat
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flux could be increased considerably by adding an
appropriate quantity of some suitable component to the
pure liquid. In one of their earliest work [96], they
studied boiling of water-methylethylketone mix%ures
(0, 4.2, 20, 52, 88,5 and 100 wt. per cent of MEK) on
99.99 per cent pure platinum wire of diameter 0.2 mm and
on a nichrome wire of 0.8 mm heated by direct current.
These investigators observed that with increasing
concentration of MBEK a gradual shift of ‘the curves to
lower heat transfer occurred, except for the 4.2 and
20 wt. per cent mixtures, where a noticeably high maximum
heat flux of 2.5 and 2.0 times that of water was found.
This higher heat flux was obtained at the same temperature
of the heating surface as for water, or alternatively,
the same heat flux was obtained at a lower surféce
temperature. The same behaviour was observed with all
th2 heating wires used by them. This peculiar behaviour
was attributed to characteristic properties of the liquid
mixtures themselves and not of different metals and

alloys of which wires wecre made.

In continuation to above work [96] van Wijk and
co-workers [97] studied maximum heat £lux in nucleate
boiling for mixtures of water with acetone, methylethyl-
ketone, alcohols ranging in molar mass from ethanol to
n-octanol, and ethylene glycol respectively. They also
used mixtures of dioxane with methanol and of 2-chloroethenc
with di-iso-propylether. They examined boiling curves
and critical heat fluxes. In all these cases the bulk

liquid were at saturation temperatures. Figure 2.2
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depicts the boiling curve for water-MEK mixture which is
typical for mixtures. The pattern of the curve shows the
considerably reduced heat transfer rates in a 4.2 wt. per
cent agqueous solution of MEK as compared with that in
pure water. It is also seen that the critical heat flux
shows a pronounced maximum at this concentration. In all
mixtures (for other liquids) a maximum value of critical
heat flux for nucleate boiling occurs at a certain

concentration.,

The occurrence of the maxima is explained
qualitatively by ven Wijk ot al and the explanation is as
follows : the liquid layer at the bubble boundary becomes
richer than at the bulk in the heavier component due to
the preferentisal stripping of the lighter component. Hence
the bubble point at the bubble boundary is higher than
in the bulk and the wire superheat relative to saturation
at the boundary is less than that relative to the

gatungtion. in thy bulk, 'If the bulk T the, liquid

is of composition x and.a molar fraction Gd of the

@
liquid ncar theo surfrce is vaporized, 2 material balance

gives

X .= i2.59)

(l—Gd)X + Gd ¥ = -

and for equilibrium flash vaporization one has

y = Kx Rp 2 R )
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From Equations (2.39) and (2.40)

X

s = % D
R Gy R . )
and
K
* = @ e Y
1+ (K-1) Gy

where x and y are the mole fractions in the liquid layer
adjacent to the bubble and within it, respectively. K is

the equilibrium constant for the more volatile component.

The concentration in the liquid layer adjacent
to the bubble has been assumed constant. The customary
assumptions of equilibrium at the interface and uniform

concentration within the bubble have also been made.

The temperature in the bubble and its boundary is
the dew point of a vapour of concentration y, equal to
the bubble point of a liquid of concentration x. Since
x L x_ the bubble point of the liquid adjacent to the
bubble ‘is greater than that of the original bulk, liquid
by an amount ATb. This difference depends on Gd and is
the " reduction of available superheat" which causes the
reduction in heat transfer efficiency. This is at a

maxinun, in a solution of MEK in water when X0 fa QL0

In the same year van Stralen [98] studied the
effect of reduced pressures on boiling of pure liquids
and equeous mixture containing 4.1 wbt. per cent
methylethylketone. He observed that the rate of heat

transfer decreased with decreasing pressure as a consegquence
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of increasing average size of vapour bubbles both in pure
as well binary water-MEK mixtures. He also noted that

the value of maximum heat flux for 4.1 wt. per cent MEK
exceed considerably in comparison to the corresponding
value in wéter af all the pressure investigated by them.

In the same investigation they have also shown
systematically the effect of composition on maximum value
of heat flux at different pressures.. The systems taken
were water-lMEK, water-acetone, water-ethanol, water-l-
propanol and water-l--butanol at several reduced pressures.
In all mixtures a maximum value of the maximum heat flux
occurred at a certain low concentration of organic
compound which was apvoroximately independent of pressure.
The absolute values of the maxima decreased with decreasing

pressure. Not only the absolute values of the maxima in

nucleate boiling heat flux increased gradually with
pressure, but even the ratio of these maxima to maximum
value in water at the same pressure decrcased with

decreasing pressure.

In next series of his papers van Stralen [42-44]
undertook an extensive theoretical investigations on
the growth rate of vapour bubbles on a superheated heating
surface. He investigated both pure liquids and binary
liquid mixtures. In this series the author has modified
the previous theories proposed by van Wijk et al [97],
Scriven [41] and Bruijn [99] concerning the growth rate
of free spherical vapour bubbles in uniformly superheated

binary mixtures.
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The heat flow to the bubble required for
vaporization during rapid initial bubble growth has been
derived from the excess enthalpy of the equivalent
conduction layer at the heating surface built up in
the delay period. Heat passes from this layer into
the bubble by ordinary conduction only. This thermal
boundary layer is pushed away periodically from the wall
due to the generation of succeeding bubbles on nucleation

sites.

The radius of the bubble is governed by an

equation of the form :
= 005 =
R=0C, Y o P Ls £F o b

where Y, is superheating of the heating surf~ce. The growth
rateé Bquation (2.43) is applicable both for pure ligquids
and binary liquid mixtures. The constant Cl, bubble

growth constant, is different for these two cases.

For a free bubble growing in an infinite volume

of supcrheated pure liquid Cl is given by :
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For binary mixtures the growth constant Cl ,&?gr a constan’
liguid superheating, depends on the concentration of

the more volatile component according to the expression:
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where D( is mass diffusivity, aT, is change of saturation

b
temperature due to ehange of concentration.

Equation (2.45) shows that for a maximum value of
ATb/Gd the value of C; is minimum or the growth rate is
minimum. This occurs, usually, at a small concentration
of more volatile component. = The maximum reduction in
the bubble growth rate and consequently, the maximum
reduction of bubble departure size results in maximum
reduction of heat transfer coefficient at a given heat
flux. A relationship between aT, /G; and mass fraction
of more volatile component in original liquid in 2 binary
mixturg has been derived from equilibrium data in the

following figrm

&40 &
A1b f [, (&L
: =P 0, i K(Xo)-l_F (dX)X=X WS - 5 F

Gd o
where X = y/x is equilibrium constant of more wvolatile

componeént in binary mixture.

The experimentally determined growth of bubbles
adhering to 2 platinum wire in water, water-MEK and
water-l-butanol mixtures was found to agrece well with

the theorctical prediction given by Equation (2.45).

In an analytical study Grigoryev [100] investigated
how Rmin s, the minimum radius of curvature of a nucleation
site on a heating surface, is affected in a binary liquid
mixture. He did a detailed thermodynsamic analysis of

the problem.
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The value of Rmin is given by the following

axpression
20
dT’sat w S

For pure coolants ( T)sat is calculated conveniently
by Clausius~Clapeyron equation. For mixtures, (dT)sat
changes not only with temperature but also with composition

unlike pure liquids, Using thermodynamic analyels, Grigorysv

evaluated the quantity (dP/4dT) for binary liquid

sat
mixtures. Some of his steps are reproduced below.

The vapour pressure as a function of temperature
and liquid composition for a binary system is expressed as
Tollows :

. OV 0 G1
[(Vy-Vg) = (T-X)(55)q p) 4P = [dX HY-X) ax + [(8,-8y)

-(r-x)(), p1aT ... (2.48)

Inposing the following conditions on Equation (2.48)

much away from the critical point

(VW) 2 > (-1 (&),

i
and
A vy (08
(8,-8¢) > (3-8 (&),

the above equation reduces to :

2
(V,~Vy)ap = [g;%](Y—X)dx + (8,-8) ar .. (2.49)
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From BEquations (2.47) and (2.50) one obtains ;

2o
R . = e - P

min "SI
7Ty ( ><v "VI EIT, ~1,)

Bquation (2.51) reduces to be qpplicable for a pure liquid

by setting the quqntity[(d G)(V V{ )( )] as zero. Thus
3%

this quantity represents that Rmin

in case of binary
systems depends upon the concentration of boiling mixture.
Grigoryev analyzed this quantity in detail. He concluded,
for the conditions far away from the critical point that
(i) the term (Y—X/VV_V() is always positive for non-
azeotropic binary mixture whereas for azeotropic mixtures
it is positive upto the point of a~zeotrope and negative

beyond it, (ii) the sign of quantity (g—%)(%%

0X
understood by Steronkin [101] analysis.

2% e, 1 Saa [ 2Mp —Np T s - (aT)gp |
P TR S V12 y

2,52

Q12 is differential latent heat of vavorization. For
the state of system far from critical point
(2.52) reduce to
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A - A
5) = _LE“T__EQ cxal2:53)

(o }] O’

Thus the sign of the above term depends upon the

difference of values of latent heat of vaporization of

more volatile component (AHB) and less volatile component
(N;g) in the mixture. He concluded that the sign of this
term does not change over the whole concentration range.
From the above discussion if follows that the
2

. O Gt —X ax
quantity [(=—%)( )( )
[ 0X2 V'_V'-VK

sign or a negative sign. The effect of sign before this

Imay have either a positive

quantity on R

0 is discussed as follows for non-azeotropic

mixtures only.

a. If the 8ign is positive, than an increase in
the value of (Y-X) will activate a greater
number of nuclei by making smaller ones
active. This, in turn, will increase the rate
of vapour bubble formation and as a consequence
of it heat transfer coefficient will be

enhanced.

o, If the sign is negative, then an increase in
the value of (Y-X) will activate only the
limited number of sites and heat transfer

rates will decrease.

Yatabe and Vestwater [102] studied photographically
the bubble growth rates and bubble emission frequencies
for ethanol-water and ethanol-isopropanol mixtures. Motion

pictures were taken at terminal speecds of 5,300 frames/sec
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with a magnification of four diameters on 100 ft rolls of
16 mm film. Boiling took place at atmospheric pressure
at three different artificial nucleation sites of about
0.01 inch size located on a vertical copper surface
superheated by 3.8°C. Bubble frequencies were as high as

179/ sec.

Scriven's [41] analysis was used to correlate the
experimental data. The growth constant 8 in Equation (2.36)
for the two mixtures; isopropanol-ethanol and ethanol-water,
at a superheat of 3.8°C were computed. - For each bubble
the growth data were fitted to the following equation :

n

R:ae 000(2054)

The best fit values of arbitrary coeffiecient 'a' and
exponent n were determined graphically. The significant
fact iis that for all bﬁbbles, measured, n is below
0.5 value predicted by Scriven's theory. The average value
of n are 0.27 for ethanol-isopropanol mixtures and 0.32 for
ethanol-water mixtures. Thus they concluded that bubble
diameters varied approximately with the 0.3 power of time
rather than the 0.5 power predicted by the Scriven model
[41]. The experimental growth coefficients for ethanol
isopropanol varied with composition as expected, but the
data were 15 per cent above the predicted values. The
experimental growth coefficients for ethanol-water were
higher than predicted values from O to 100 per cent,
depending on the_composition, the geometry of the

nucleation site, and whether early or late portions of
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the growth curve were cxnamined. A predicted minimum in

the coefficient at 7 wt. per cent ethanol for ethanol-

wvater system was not detected. This minima, in fact,
occurs at 31 wt. per cent ethanol in ethanol-water mixture
as observed in the present investigation.

Tolubinskii et al [103] have conducted photographic
study on the mechanism of boiling of binary mixtures.

They used water-glycerine and ethanol-water mixtures for

their studies. The former system is without the azeotropic

point and the latter is with the azeotropic point. They
have shown the effect of concentration of more volatile
component on the rate of vapour bubble growth., This is

reproduced in Figure 2.3, Following conclusions can be
drawvn from-this figure :

s Phere exists a pronounced relationship between the
average growth rate of vapour bubbles, w, bubble
departure diameter, D, and the quantity (Y-X).

! For mon-azeotropic system the rate of vapour bubble
growth, w, is found to decrease with the increase
in concentration of more volatile component upto
a certain concentration. Beyond this concentration
it begins to increase. The concentration at which the
rate of bubble growth is minimum corresponds to a
maximum value of (Y-X). The quantity (Y-X) is playing
an important role in the growth rate of binary
mixtures. The bubble departure diameter, Db also
exhibits the similar behaviour i.e. the reduced bubble

growth rates result in smaller bubble cdeparture diamete:
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This conclusion has also been drawn by van Stralen
[42-447. A similar conclusion can also be drawn
from the work of Hatton and Hall [104] who have
investigated the bubble growth rates and departure
sizes by considering both static and dynamic forces

acting on the bubble.

33 With the azeotropic point there are two minima
corresponding to two external points on the curve
(Y-X) = £(x) and an intermediatc maximum at the

azeotropic point.

Rehm [105] has investigated the bubble growth
parameters in saturated and subcooled nucleate boiling of
water and aqueous solutions of sucrose and n-propanol with
the aid of high speed photography. He qualitatively
analyzed the forces which influence bubble growth and
separation. He concluded that highly viscous sucrose
solutions »nroduced small, short lived bubbles while low-
surface tension n-propanol solutions produced bubbles

mueh larger than those obtained in pure water.

In next series of papers van Stralen [106, 107] has
reviewed the existing theories {41, 68 and 69] concerning
spherically symmetric growth of free bubbles in uniformly
superheated ligquids. He also conducted experimental
investigations [107] with high speed motion picture
camera for growth rate of bubbles, generated at a moderate
heat flux density. The boiling was taking place on an

clectrically heated platinum wire immersed in water,
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wvater-lEK and water-n-butanol solutions. In his theoretical
analysis he showed that Equation (2.45) can be obtained
from the Seriven [41] model for pure coolants by an

analogy of heat and mass transfer. In doing this he

replaced T by x, ar, by DL’ AT
0.5

sat,a:by X X A/C[ by y-x

and B by (a(/D() B. He concluded that the experimental
values of the growth constants for ascending released
bubbles for above mentioned aqueous solutions are generally

in quantitative agreement with theoretical predictions.

Van Ouwerkerk [108] studied hemispherical bubble
growth in a binary mixture. He showed that a wvapour |
bubble at a liquid-solid interface in the binary mixture
grows without changing its shape and its dimensions
increase proportionately with the square root of the
growth time. This growth process controlled both the
transport of heat and matter, is described by a self-
similar solution. Analysis shows the reduction in growth
rate, relative to a pure liquid, to be the same as a first
approximation as the reduction for a free spherical bubble.
The dry area in the microlayer under the bubble can be
much smaller in & binary mixture than in a pure liquid
and this influences the peak heat flux which can be

attained in nucleate boiling.

van Stralen et al [109] have studied the combined
effect of relaxation and evaporation microlayers during
bubble growth rates in pure and binary liquid mixtures.

They used Pohlhausen's equation to determine the initial
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thickness of the evaporating microlayer beneath a
hemispherical vapour bubble on a superheated horizontal
wall. Microlayer thickness is proportional to the square
root of the distance to the nuqleation site during early
bubble growth, while a linear relationship exists during

advanced growth.

A heat and mass diffusion-type solution is derived
for advanced bubble growth, which accounts for the
interaction of the mutuslly dependent contributions due
to relaxation mierolayer (around the bubble-dome) and
the evaporstion microlayer. The entire bubble behaviour
during adherence is determined by a combination of this
asymptotic solution and the Rayleigh solution, which

governs early growth.

The proposed final bubble growth equation, which is
valid both in pure liquids and in binary mixtures during
the entire adherence time is assumed to be of the following

form 3

Ry (t) R, (%) Va2 55)
Ry (£) + R,(%)

BLE P

where R = Rk/Zl/B, equivalent spherical bubble radius

and r*

igs radius of hemispherical bubble.

Rl is equivalent bubble radius according to modified
Rayleigh solution and R2 is equivalent bubble radius
according to total diffusion (combined evaporation and

relaxation microlayer).
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R, (t) and R,(t) are given by Equations (62) and (63) of
Reference [109].

At low concentrations of the more volatile component
in binary systems, the dominating influence of mass
diffusion is demonstrated by the following effects :

(i) asymptotic bubble growth is slowed down substantially,
(ii) the formation of dry areas beneath bubbles is
prevented, even at subatmospheric pressure, (iii) the
lower part of the bubble is contracted, (iv) the
evaporation microlayer contribution to bubble growth is

negligible at atmospheric and at elevated pressures.

Tolubinskii [110] has recommended to compute the
average growth rate of vapour bubbles by employing the
theory of similitude equations. The equation allows to
calculate the heat transfer in the boiling of a variety

liquids,

van Stralen et al [lll]have investigated experimentall
the growth rate of vapour bubbles during nucleate boiling
of agueous binary systems at subatmospheric pressures.
They have investigated water-ethanol mixture (upto 31 wt.
per cent ethanol at pressures between 4.08 to 6.65 kPa
with corresponding Jakob number ranging from 1989 %o 1075) .
water-1-butanol (upto 2.4 wt. per cent l-butanol at
pressures between 3.60 - 4,08 kPa with corresponding
Jakob number ranging from 2760 to 1989) and water-2-butano:
(upto 15 wt. per cent 2-butanone at pressures between
7.31=9.07 kPa with corresponding Jakob number ranging

from 1519-683).
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Recently Shock [112] has analyzed two different
theories responsible for heat transfer in nucleate
boiling in binary mixtures. According to the first
theory the bubble growth rate in binary mixtures is
different than pure liquids because of the additional
mass transfer resistance i.e« interdiffusion of the
species. -And according to the second theory, the
different mechanism in binary and pure. 1liquids is
due to differences in the superheat required to initiate
bubble. growth rate due to changes in the parameters
governing the saturation pressure-temperature relationshirp
With the help of theoretical analysis and his experimental
data [113] on convective boiling of ethanol-water
mixtures in heated channels Shock [112] has found that
the latter theory can not be defended successfully.
However, he has shown that in aqueous systemg there may
be an increase in the superheat required for the onset
of "nucleate boiling due to the effects of the change in
wetting characteristics for organic solvents at low
concentrations. Based on the experimental data of other
investigators ; Shock has shown that the diffusion
resistance which is found once boiling has commenced
still plays a significant role in the reduction in
heat transfer in aqueous systems and it is presumed to

be the controlling factor in non-aqueous systems.

Zijl et al [114] have investigated the combined

inertia and diffusion controlled growth and implosion
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of a spherical vapour bubble in an initially uniformly
superheated and supersaturated infinitely extended liquid.
The equations and solutions are presented with sufficient
generality to provide a basic understoanding of growth
and implosion of vapour bubbles under most complicated

physical conditions.

2ijl et al [115] have given global numerical
solutions of growth and departure of a vapour bubble 2t
a horizontal superheated wall in a pure liquid and a
binary mixture. Integral forms of the heat transport
equations have been solved by use of series expansions,
obtained by the theory of fractional derivatives. The
global orthogonal collocation method has been applied
for the potential flow around the bubble. In this way
a set of only eight or ten ordinary differential equations
have to be integrated by computer. The results following
from prescribed initial temperature distributions, are
in quantitative agreement with experimental data,
obtained in water and aqueous binary mixtures boiling

a% subatmospheric pressures.

Pinnes and Mueller [116] analyzed the homogeneous
vapour nucleation and superheat limits to multicomponent
liquid mixtures. They distinguished the multicomponent
liquid mixtures with that of single component case in
two ways. Both these results from the unequal volatilitie
of the species, one is that the vapour phase may contain

several components, the other is that nucleation formation
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alters the composition of the nearby liquid. They

incorporated these two features into the classical

" theory of homogeneous nucleation to yield a general

theory applicable to multicomponent liquids. The theory
was applied to binary hydrocarbon mivtures by using an
equation of state extrapolated into the metastable
region. Superheat limits thus.calculated were compared

with published experimental results.
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EXPERIMENTAL SET-UP

3.1 DESIGN CONSIDERATIONS

Basic objective of the present investigation
was 1o obtain_experimental data of heat transfer from
a horizontally placed cylindrical surface submerged
into- the pool of boiling liquids and-their binary
mixtures with distilled water at atmospheric and
subatmospheric pressures. Several factors were
considered for the design, the fabrication and the
commissioning of the experimental set-up. They are

as follows ¢

-~ Heat transfer surface

- BSurface and liquid thermocouples
—~ Power supvly

-~ Condenser unit

-  Vacuum unit

- Composition of the boiling liquid mixtures.

The above design considerations are discussed

hereunder ¢

3.1.1 Heat Transfer Surface

In a closed circuit experimental facility, where
the vapours are continuously generated from the pool

of boiling liquid at the heating surface, condensed in
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condensers and fed back to the pool of liquid as shown
in Figure 3.1, the location of heat transfer surface
in the vessel is an important design consideration.
This is because of the fact that the heat transfer
surface is not to be disturbed by the flow of incoming
mass of the condensate. Besides this, the boiling
phenomenon should not be affected adversely due to the
penetration of the condenstate through the pool which
condenses on the inside surface of the top cover od
the test vessel. To meet this effectively, the heat
transfer surface was placed in such a position so that

it had sufficient liquid height above and beneath it.

%,1.2 Surface and Liquid Thermocouples

For a heating surface diameter as used in the
present investigation there exists a variation in
gurface temperature around its circumference. Therefore,
one of the important design requirements is to determine
the location of surface thermocouples. A scrutiny of
the bubble dynamics on such a large diameter heating
surface demands a minimum number of three thermocouples
placed at the top~, at the side-~ and at the bottom—
positions of the heating surface. Therefore, three
thermocouples were placed at 90° apart from each other.
The placement of thermocouples at three circumferential
positions is helpful in calculating local values of
heat transfer coefficients. These three values are

also sufficient to apply mechanical quadrature f1171
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method to determine average value of surface temperature

and heat transfer coefficient.

Another consideration was the location of liquid
thermocouple probes. The liquid thermocouples were placed
by the side of the respective surface thermocouple
positions. .Their readings were used to calculate the
degree of wall superheat at three locations and
consequently the local heat transfer coefficients. At
this stage it was also required to decide as to how
much they should be away from the heating surface. In
fact, to monitor the bulk temperature of the pool, the
probe should be placed outside the zone of the superheated
liquid layer enveloping the heat transfer surface. This
was ensured by varying the position of the liquid
thermocouple probe away from the heating surface to a
position beyond which no change in liquid temperature
wasS observed. As a matter of frct the thickness of the
superheated liquid layer changes with the parameters
[118] namelys; heat flux, pressure and physico-thermal
properties of the boiling liquid. Therefore, the

movable liquid thermocouple probes were installed.

5.1.3 Tower Supply

An accurate heat transfer study demands a
stabilized and modulated supply of heat flux so that
the minor power fluctuations should not disturb the

energy input and thereby the steady state boiling heat
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transfer data. Adequate measures were included in the

experimental facility to achieve this,

3.1.4 Condenser Unit

As mentioned earlier, it is necessary for a closed
circuit experimental facility to return the vapours back
to the vessel from the condenser.  To meet this
requirement and to maintain the steady state conditions,
the rate of condensation must be equal to the rate of
evaporation. This was ensured by installing a large
size condenser unit., It is important to mention that
in the absence of adequate condensation of the wvapours,

the following difficulties are likely to arise @

(k) Decrease in the liquid level above the heating

surface

(.i) Variation in the composition of the binary

mixtures, and
(iii) Fluctuations in the system pressure.

.Thus, in ordexr to overcome the above difficulties,

an effective condensation unit was designed and employed.

3.1.5 Vacuum Unit

One of the aims in the present investigation was
to obtain experimental data for nucleate pool boiling of
organic liquid mixtures at subatmospheric pressures as

low as 12 kN/mZ. Therefore, a suitable vacuum unit
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system was designed which could handle the moisture and

tre organic vapours successfully.

3.1.6 Composition of the Boiling Liquid Mixztures

While conducting experimental data for binary
mixtures it was necessary to maintain the composition of
the pool at a given value throughout the experimentation.
Therefore, a care was exercised to recycle all the
condensing vapours back to the vessel to avoid any
variation in composition of the boiling liguid mixtures.
Provision was made to draw and analyse the liquid and
vapour samples at a given time interval to check the
composition. These samples were collected in ground

glass bottles placed in an ice box to avoid any flashing.

3,2 DESCRIPTION OF THE EXPERIMENTAL SET-UP

Keeping in view the above considerations an
experimental facility to obtain data for nucleate pool
boiling of binary liquid mixtures at atmospheric and
subatmospheric pressures was designed, fabricated and
comnissioned. The schematic diagram and photograph
of the experimental facility are shown in Figures 5.1 and

3.2 respectively.
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Fig.3.1-Schematic diagram of experimental set-up
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3.2.1 Test Vessel

Figures 3.3 and 3.4 show the details of the test
vessel and mountings on it. The test vessel was stainless
steel cylinder of 270 mm dismeter and 470 mm height with
a flat top and dished bottom. The top cover had a vacuum
gauge (5) to measure the vacuum in the vessel a movable
$hermocouple probe (2) to monitor liquid tomperature
sbove the heating surface and an auxiliary heater (8),
Also, it had provisions for charging the vessel, (4) with
test liquid-and a valve (3) to pass on the dissolved air
%o the bubbler (19) and a vapour pipe line (7) for carrying
vapours to the condenser. The heat transfer surface (1)
was inserted in the test vessel from its side and installed
horizontally at a submergence depth of about 280 mm from
the top. This submergence depth was in accordance with

th

&)

design considerations as discussed in Section 3.1.
The details of socket (3), checknut (2) and gnasket (4)
for securing the heating surface in the horizontal
position are shown in Figure 3.5, Liquid level indicator
(16) helped to know the height of the liguid in the

vessel as _shown in Figure 3.3.

To facilitate the visuel observations for bubble
initiation, growth and departure on the heat transfer
surface, two diametrically opposite view ports (10) were
located at the front- and rear-side of the test vessel.
The front-side was provided with a thermocouple probe

(11) to record the liguid temperature at the side-position
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Heat transfer surtace
Top thermocouple probe
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of the heating surface. The dished bottom had the
provision for discharging the liquid through a valve {15)
and a thermocouple probe (13) to record the liquid
temperature below the heat transfer surface. To fully
satisfy the design consideration as detailed in Sectiom
3,1 i.e., the incoming mass of liquid from the separator
(19) should not disturb the vicinity of the heating
surface, the condensate return line (14) had its entry
sufficiently below the heating surface as’ shown in
Figure 3.1. This distance was found to be 60 mm from
the bottom of the heat transfer surface. Further, this
distance was sufficient since the condensate from the
separator to the vessel was cooler in comparison to the

boiling liquid inside the vessel and hence remains at

the bottom for sometime before it rcattains the same
thermodynamic State as that of the pool of liquid. Pipe
line (9) connects the liguid sampling unit (20) with the

test vessel.

To minimize the heat losses to surroundings, the
vessel body was thoroughly insulated by means of nsbcstos
followed by glass-wool and then 85 per cent magnesia

powder.

3.2:2 Heat Transfer Surface

Figure 3.5 shows details of the heat transfer
surfacc. It consists of a 410 ASIS grade stainlesS-

steel hollow cylinder having 70 mm 0.D., 4 mm wall
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thickness and 179 mm effective heating length and heat
transfer area 3.93 x 1™e m2. Its outer surface was
uniformly machined and smoothened by set of cmery
papers (1/0, 2/0, 3/0 and 4/0) and finally cleaned by
acetone. It was then fitted to the test vessel with
the help of a stainless steel socket (3) welded on
the body of the vessel (12). A checknut (2) along
with a lead gasket (4) hel@ed in making the whole

assembly leak-proof.

The heat transfer surface was heated by an electric
heater (7) placed in it. A cartridge heater was fabricated
for a maximum value of heat flux upto 35,000 W/mz. The
heating element was Kanthal A-1 grade of 16 gauge wire
of a maximum current carrying capacity of 13 amperes,

This heating element was electrically insulated with fish
spine type of porcelain beads. It was wound carefully

on a 16-mm porcelain rod. This was then thoroughly
wrapped with glass tape and a thin mica sheet (6) to
provide complete safety against any electric leakage.

The entire assembly was then carefully inserted in the
hollow portion of the heat transfer surface, suitable
electric connections (10) were provided at the open

end of the heating surface. The heat losses from this
end were reduced to minimum by covering this end

thoroughly with glass-wool.

The three thermocouples at the top- at the side-

and at the bottom- positions of the heating surface, 90°



78

apart from each other were placed in the holes (11) in
the wnll thickness of the heating surface., Utmost
precuation was observed in drilling these holes of
diameters slightly greater than 24 gauge - the diameter
of the thermocouple wires. The axial length of these
holes was 127 mm. Calibrated fibre-glass insulated
copper—constantan thermocouvle wires of 24 gauge were
inserted in these holes to monitor the surface

tenperatures.

3.2+3 Liquid Thermocouple Probes

As required in Section 3.1 for the calculation of
local values of heat transfer coefficient at three
locations in the pool, movable liquid thermocouple probes
(2,11,13) were provided corresponding to the respective
positions of surface thermocouples as shown in Figure
3.3. These probes could traverse in the pool of boiling
liquid so as to record the temperature of the liquid
lying in the close vicinity of the heating surface
right upto the bulk of boiling liquid. The bulk 1liquid
temperature was measured at the distance sufficiently
away from the superheated liquid layer. These thermocouple

assemblies are depicted in Figures 3.3 and 3.4.

3.2.4 Degassing Facility

The air dissolved in the liquid, if any, was to

be removed prior to conducting the experiments.
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The presence of non-condensable gases affects
the temperature needed to initiate bubble growth from
the irregularities on the heating surface and thereby

heat transfer data.

In order to get rid of the above difficulty a
degassing faecility was used.  Prior to each experiment the
liquid was heated to its boiling point by means of
auxiliary heater (8). This heating caused the dissolved
gases to bubble out of the liquid. These gases were
then forced out of the system by closing all other
valves (4,7,9 and 14), except the valve (3) in the
pipe line connected to bubbler (19) as shown in Figure
3.3. The bubbler consisted of a beaker filled with the
same liquid as in the test vessel. It was connected to

the test vessel with a polythene tube.

The remaining dissolved gases, if any, were removed
out of ‘the system in the air-liquid separator as described

in SeGtdaorl,2.6.

%3.2,5 EBExternal Condenser

The vapours from the pool of boiling liquid
passed through a pipe line (7) to a water cooled
condenser (18) as shown in Figures 3.1 and 3.4. The
condenser was designed and fabricated so as to cause
adequate condensation for the vapoursof all the liquids
investigated for a heat load of 2.5 kW and placed in

inclined position. However, the heat load for which
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data were conducted did not exceed 1.3 kW.

The condenser was a Single pass shelltand tube
heat exchanger of shell diameter 112 mm and tube dinmcter
12.7 mm. The total number of tubes were 12 having length
of 400 mm each. The material of construction for both
shell and tubes was stainless steel. The condensing
vapours routed through the shell side while the cooling
water through the tube side. The baffles were provided
in the shell side. The condenser was kept pitched
towards the air-liquid separator (19) as shown in
Figure 3.1. This facilitated the flow of the condensate
to the separator without any hold up of it in the

condenser (18)

3.2,6 Air-Ligquid Separator

The purpose of incorporating air-liquid separator
(19) in the experimental set-up was to provide an
additional facility to remove non—céndensable gases
which could not be removed during the degassing
operation. DBesides, some air is likely to infiltrate
into the system. To remove these non-condensables from
the system, air-liquid separator (19) was placed between
condenser and vacuum unit as depicted in Figures 3.1 and
3.2. The air-liquid mixture after condenser enters
into the separator tangentially. The separated
non-condensables passed to the vacuum pump through the
pipe (23) at the top of the separator and thus thrown

out to the atmosphere, while the condensate returned
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back to the pool of liguid through a pipe (14) provided

at the bottom of the separator.

3,2.7 Vacuum Pump Assembly

A '"HV' series Hindustan Rotary two-stage oil
immersed type vacuum pump was used with a suction
capacity of 1.25 x 10~2 m?/s. The pump was driven by
a 0.37 kW motor having 1450 rpm. One of the essential
features of the pump was an Air Ballast which enabled
the pump to attain high vacuum even when & lot of
moisture and organic vapours were sucked in by the
pump. Drops of water particles which were released
under high compression ratio, of the order of 1:700,
collected undernecath the main valves were completely
eliminated by the introduction of fresh atmospheric
air through the Air-Ballast vent. Thus the pump
satisfied the demand of handling moisture and organic
vapours. To minimize the entry of moisture and organic
vapours in the pump, silica gel was used in the suction
inlet. An oil seal (25) was also provided for this
purpose as shown in Figures 3.1 and 3.4. High vacuum
of the order of 730 mm Hg was obtained from this pump.
To check the back flow of oil into the experimental
apparatus, valves (23, 24) were installed at suitable
positions. Vacuum was regulated by means of a fine

needle valve (23).
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3.2,8 Sampling Units

As mentioned in Section 3.1 that for the
prediction of heat transfer coefficients in binary
liguid mixtures, it is essential to maintain the
composition of the pool constant throughout the
experimentation. Therefore, two sampling units were
included in this experimental facility for drawing
out the samples of boiling liquid and +the vapours in
equilibrium with the liquid for analysis to check the
constancy of composition. These sampling units (20,21)
were small vessels made of stainless steel. Liquid
sampling unit (20) was directly connected to the
pool of the boiling liquid with a liquid sampling
line (9) and vapour sampling unit (21) to the condenssate
line (14) from the separator as depicted in Figures
3,1 and 3.4. A separate vacuum line was provided for
both these units with necessary valves as shown in
Figures 3.1 and 3.2, This enabled the units to operate
either under subatmospheric or atmospheric pressure
conditions, without disturbing rest of the system.

A separate vacuum gauge was provided for these units.
Samples were withdrawn from the dished bottom of the
vessels (20,21) and collected in ground glass bottles
placed in an iée«box to avoid any evaporation of the

liquids.
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3.2.9 DPower Supply System

Figure 3.6 shows the complete details of the
electric circuit for the supply of stabilized and
modulated low~voltage power to the heat transfer surface.
Single-phase 230 volt, 50 c¢/s a.c. power was supplied
to an automatic servomotor controlled voltage stabiliser
supplied by M/s Paradise Co. The stabilised voltage
was then supplied to the primary of an autotransformer
of 15 amperes rating. This autotransformer modulated
the electric power input to the heater for desired
value of heat flux. Low resistance, thick copper
conductors were used for power supply between the

autotransformer and the heater.

5.3  INSTRUMENTATION AND CALIBRATION

%3.3%3.1 Heat Flux Measurement

The power supplied to the heat transfer surface
wag measured by means of calibrated precision grade
voltmeter 'and ammeter having accuracy within + 1 per cent.
The voltmeter and ammeter were calibrated against the
Substandard Voltmeter and Ammeter. The range of
voltmeter was 0 - 250 volts and that of ammeter was
0 = 15 amperes. The readings of the voltmeter and the
ammeter were noted in order to calculate the power
input to the heating element. The power divided by

the effective area of heat transfer surface represented
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the heat flux. Different values of heat flux were
obtained by the autotransformer as already mentioned

above.

3.3.2 e.m.f. Measurement of Thermocouples

The electro-motive force of thermocouples was
measured with the help of a Vernier potentiometer
supplied by M/s Blfo Scientific Instruments and a
sensitive spot reflecting galvanometer supplied by
M/s Osaw and Co. The range of the potentiometer was
0 to 1.901 volts with a least count of 0.1 microvolt
and accuracy 0.0l per cent. The power supply to the
potentiometer was given by a constant d.c. voltage
source of 2,25 volts by connecting this sourece at the
correct terminals of the potentiometer. A standard
cell having fixed voltage of 1.0186 volts was connected
to the potentiometer for its standardisation. To
provide required reference temperature of 0°C a melting-
ice bath was used as a cold junction. A multi-point
selector -switch supplied by M/s Toshniwal and Co. was
used to comnect the thermocouples to the potentiometer

as shown in Figure 3.7.

The surface and liquid thermocouples were
calibrated before their insertion in the experimental
facility. The thermocouples were calibrated by means
of immersing their hot junction in different pure

liquids of known boiling points at atmospheric pressure.
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The e.m.f. of thermocouples were recorded by the
arrangement described above. A mercury in-glass
thermometer of accuracy 0.05°C was also placed in

the boiling liquids to compare the readings of
thermocouples. The e.m.f. recorded by thermocouples
compared with the respective boiling points of four

pure liquids showed a maximum deviation of + 0.1 per cent.
The readings of thermocouples and thermometer were also

within a maximum deviation of + 0.1 per cent.

3.3.3 Concentration Measurement

The concentration of binary liquid mixtures was
measured by using a calibrated precision grade
refractrometer supplied by M/s Carl Zeiss Jena Co.

The accuracy of the instrument was weasured by comparing
the refractive index values of four pure liquids as
mentioned above at 15°C with those available in
literature [119] as shown in Figure 3.8. " The accuracy
obtained in the refractive index measurement was

within + 0.02 per cent.

3.3.4 Vacuum Mcasurement

Vacuum was measured by placing two calibrated
precision grade vacuun gauges. One of them was mounted
on the top of the test vessel and other on liquid

sampling unit as shown in Figures 3.1 and 3.4.
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CHAPTER--4

EXPERIMENTAL PROCEDURE

4.1 TBSTING OF EXPERIMENTAL SET-UP

To obtain the reliable experimental data the

facility was subjected to the following tests

The objective of the present investigation was

to obtain nucleate pool boiling data at subatmospheric
pressure. Therefore, experimental facility was tested
for vacuum integrity. This was done in two steps ¢
Firstly, the facility was charged with compressed air

at a pressure of 680 kN/m2 and left for 48 hours. No
change in pressure gauge reading was observed. Then it
was evacuated till the vacuum gauge registered a reading
by 0% kN/m2 and this was also left for 48 hours. No
change in the vacuum gauge reading was observed. Both
these tests ensured the vacuum integrity of the

experimental facility.

In addition to the above test the condenser (18)
was ensured against liquid interchange between the test-

liquid side and the coolant side.

Tests were also conducted to check against any

electric leakage. All electrical connections were

earthed for the safe operation of the facility.
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4.2 OPERATING PROCEDURE

The following procedure was used for obtaining

the experimental data :

4,2,1 Stabilization of the Heat Transfer Surface

Before conducting the series of experimental
runs it was necessary to age and stabilize the heat
transfer surface. This was done as follows ¢ the
surface was submerged in the pool of liquid for a

period of 48 hours followed by a boiling of 12 hours.

Stcady state was allowed to reach and the surface
temperatures were recorded. The surface was again kept
submerged in the pool of liquid for 72 hours'followed

by another 12 hours of boiling at similar experimental
conditions. Surface temperatures were then recorded

ead comparnd with previous values. The discrepancy in
these data were observed. The procedure was repeated
$i1ll the data were reproducible after several days of
aging and several hours of boiling. This reproducibility
of the data ensured the stabilization of the heat

transfer surface.

This procedure was repeated for each new liquid

chosen for exvperimentation.



91

4,2,2 Cleaning and Charging

Prior to charging the system with new liquid,
the system was thoroughly cleaned for the traces of
the previous liquid. This was accomplished by flushing
all the components of the exverimental facility with
compressed air. The heat transfer surface was then
rinsed with distilled water, acetone and finally with
the 1liquid under investigation. The test vessel was

then filled with the liguid upto a given level.

4,.2.3 Removal of Dissolved Air from the Test Liquid

As discussed in Section 3.2.4 degassing of the
test-liguid was necessary to obtain reliable experimental
data. This was done by heating the liquid to its
boiling point. With continued boiling, the dissolved
oir started coming out of the liquid. This was indicated
by the bubbling taking place in the beaker (19) filled
with test liquid. During boiling all the valves (4,7,9,
14), except valve (3), were closed as depicted in
Figure 3.l. When bubbling ceased, valve (3) was closed

and valve (7) was opened.

4,2.,4 Experimentation

After removing the last traces of dissolved air

the facility was set for the experimental parameters
namely; heat flux and pressure for a given liguid.

These parameters were varied systematically. The wvacuum
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in the facility was created by switching on the vacuum
pump and manipulating the control valves (23, 24) as
shown in Figure 3.1. When the desired vacuum was
maintained, the control valves were closed and vacuum
pump switched off. The required heat flux was then
modulated by means of an autotransformer. After adjusting
these parameters the experiment was allowed to run for
1 to 2 hours till the thermal equilibrium was attained.
Under these conditions, there was no change in surface
and liquid temperatures with time. For 211 the data a
steady state of one hour was observed. At equilibrium,

the readings of surface and liquid thermocouples, ammeter,

voltmeter and vacuum gauge were recorded and also the

barometric pressure.

While conducting experiments with binary 1iguid
mixtures the samples of liquid and vapour in eguilibrium
with it were taken periodically from respective sampling
units (20, 21) as shown in Figure 3.1. - Their refractive
indices were measured with the help of a refractrometer
to know the liquid and vapour compositions. Since the
refractive index is sensitive to temperature, the samples
on collecting from the experimental facility were kept
in ground glass bottles immersed in a constant temperature
bath at 0°C. The samples were then analysed in the
Instrumentation Laboratory where the room temperature

is maintained at 1500.



93

To obtain the calibration curves, known
compositions of alcohol-water mixtures were prepared
and their refractive indices were measured. These
values are plotted against composition for ethanol-water,
methanol-water and isopropanol-water mixtures in Figures
4,1 through 4.7 respectively. These plots served ss
reference curves for evaluating compositions of liquid

and vapour samples drawn during experimentation.

The next run was conducted by changing the heat
flux value for the same pressure and liquid. Similar
exverimental runs were conducted for all the heat flux
values as given in Table 5.1. For all the runs, this
procedure was also followed for other pressures for the
pure ligquids; distilled water, ethénol, methanol and
isopropanol and their aqueous binary mixtures. The

details of experimental parameters are given in Table 5.1.

4,3 CONSISTENCY OF EXPERIMENTAL DATA

Several experimental runs are repeated to check
the consistency of experimental data and it was found
that the data were reproducible within the allowable
experimental errors of 1.5 per cent. This shows that
the data points were not erratic. However, these data

have not been included in the thesis.
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OB A PTRER~-~§

RESULTS AND DISCUSSION

Present investigation pertains to boiling heat
transfer from a horizontally placed cylindrical surface,
submerged in a pool of saturated liquids and their
mixtures. These studies were carried out at low heat
flux under the atmospheric and the subatmospheric

pressures.

Table 5.1 enlists liquids and their binary
nixtures dlongwith the range of experimental parameters,
The heating surface used for the present study was a

410 ASIS grade stainless steel cylinder.

In all 468 data points for the saturated pool
boiling studies were obtained and subsequently analyzed.

They are recorded in Tables B-1 to B-21 of Appendix-B.

Table 5.1 ¢ Parameters for Satursted Nucleate
Pool Boiling Studies

System Boiling liquid Heat flux, W/m® Pressure, k¥/m?
No., . W o 5 oo o & W 2000000 SN e
1 Digtilled watd® 9618, 12621, 98.63, 66.64,

16489, 20356 50.65, 33,32
and 24911 and 25,33
2 Ethanol 9975, 12865, 98.6%, 61,31,

16947, 20611, 47968, 33.32
25191 and 26740 and 25.33
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System Boiling liquil

No.

a

Heat flux, w/m2

Pressure, kN/m2

J Bthanol-Water
Mixture
)

11.86 wt.per c
ethanol

(ii) 22,12 wt.per ¢
Bthanol

(111)32.10 wt.per ¢
Bthanol

ent

ent

ent

(iv) 3%9.00 wt. per cent
Ethanol

{(v) 52.30 wt, pexr cent
Ethanol

(vi) 71.88 wt. per cent
Ethanol

4 Methanol

5 Methanol-Watexr
Mixtures

(1) #M.56 Wi ,=per o

Methanol

(ii) 16.5@wt,

Methanol

per

(111)30.80 wt. per
Methanol

(iv) 43.24 wt. per
Methanol

(v) 64.00 wt.

Methanol

per

ent

cent

cent

cent

cent

9975,13028,
16532,20865
and 25471
10064, 13232,
16419, 20865,
26219 and
30229

9975, 15028,
16718, 20865,
25191 and
30524

10153, 130285
LEIAT, 266115
25751 and
305354

10153, 1313%0,
17674, 211205
25611 and
30229

132%2, 16489,
19824, 26219
and 30534

9618, 12621,
16260, 20356
and 24911

9618, 12824,
16489, 20356
and 25050

9618, 12926,
16489, 20356
and 24911

9618, 12824,
16489, 20611
and 25239

9440, 12417,
16031, 19847
and 25191

9618, 9975,
12824, 16489,
20611, 24631
and 30534

98,63, 61.31,
e &5, B0
and 28.0
98.63, 66,64,

B s Bey S
and 21.35

98.63, 66.64,
50,65, 33.32
and 22.66

98,63, 66.64,
47.98, 35.99
and 25.33

98.63, 66.64,
46.68%, 33.32
and 22.66

98.63%, 69.31,
47098, 33.32
and- 18.66

98,63, 66,64,
50.65, 34.65
and 25.32

98.6%, 66.64,
B0 +69, JR22
and 25.3%

98.63%, 66.64,
50,658, 2P
and 25,39

98.6%, 66.64,
50 .68, B5D.3e
and 29.32

98.6%, 66.64,
7 L o A
aoid 29:3%

98.63, 66.64,
49,%2, 3%5.32
and 26.66



59

System Boiling liquid Heat Flux, W/m® DPressure, kN/m°
No.
6 Isopropanol 9657, 9975, 98.63, 69.31,
12784, 16305, 47:98, 34466
20865 and and 12,66
25191
1 Isopropancl-Water
Mixtures
(1) 15,00 wt. per cent 9975, 12947, 98.63, 73.98,
Isopropanol 16718, 20865 49,32, 3352
and 25191 and 25.33
(#8) 1 23,508 wh="Per cent 9975, 15781, 98.63, 66.64,
Isopropanol 17041 ;206115 5%. 32, and
25471 and 54,66
29924
(1) 30,25 w¥. 'per cemb. FOTLEN 20611, S8, 61.31,
Isopropanol 24631, 29425 D068, 34.66
and 31354 and 25.33
(iv) | 37.00 wt. per cent 16947, 20865, 98.4%, 63.98,
Isopropanol 25191 and B0 Bl 1552
30840 and 25.33
(v) 59.00 wt. per cent 9975, 10959, 9B 47, e5.X1,
Isopropanol 15232 ,, 18Y158, 50.655 34,66 and
20865 and 2e D
25191
(vi) = 77.00 wt. per cent 9975, 13603, 98.63, 66.64,
Isopropanol 16489, 20611, Bl 45, 35.352
22494 and and 25.33
25191

It may be noted that the actual values of heat

flux are given in Appendix—B for each of the pressures

investigated.

All the test runs of Appendix-B contain
temperatures at the top-, the side~, and the bottom-
positions of thc heating surface and their corresponding

liquid temperatures, heat flux, and system pressure.
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Besides, the conduction correction for wall temperature,
the temperature difference between wall and liquid and
the local and the average heat transfer coefficients are
also included. The average value of temperature
difference, AT over the circumference at a given plane
was calculated by the method of mechanical quadrature
[117]. = To obtain the average value of temperature
difference, the wall temperature was corrected by
considering the wall temperature drop as discussed in
Appendix-D, »nd the average heat transfer coefficient

was calculated from the following equation :

E.: ..-(501)

D,I
Hi]Q

5.1 LIMITATIONS OF DATA PROCESSING

The constraints involved while processing the

data were as follows :

10 The direct measurement of temperature along the
cireumfercnce of the heating surface at a given
plane was not feasible because of the fact that
it involved the installation of thermocouples on
the outer surface of the heating surface, which,
in turn, led to fabricational difficulties and
possibilities of interference with boiling
phenomenoﬁ. Therefore, the temperature measurement

at a given plane was carried out by placing the
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thermocouples in between the inner and the outer
surfaces of the heat transfer surface at the top-,
the side-, and the bottom-positions as detailed
in Figure 3.5. To determine the temperatures
corresponding to these positions at the outer
surface, Fourier's conduction equation was used
to calculate the temperature drop assuming that

the heat flow in axial direction was negligibly

smalls This was a valid assumption as the thickness

of the cylinder-wall was much smaller than its
length. The temperature drop across the wall was
subtracted from the measured values of the surface
temperaturcs to obtain the corrected wall

temperatures, TW.

The average values of temperature difference, AT,
were calculated from the aT values at the three
positions as mentioned above. The wvalue of al

at a particular location was the corrected wall
temperature minus the corresponding liquid
temperature. This average temperature difference
was, further, used to calculate the value of

average heat transfer coefficients.

The physico-thermal propcrties of binary liquid
mixtures were calculated at their saturation

temperatures corresponding to the pressurcs. The

properties of these mixtures were not available
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in the literature over the experimental range
used in the present investigation. Therefore,

the methods, discussed in Jppendix-C, were

devised and first tested for the available values

to calculate the physico-thermal properties of

binary liquid mixtures which showed a * 5 per cent

deviation, hence they have been used to predict

the properties with confidence.

The heat flux was limited to 30,000 W/m2 due to
the current carrying capacity of the resistance
wire, Kanthal-Al grade of 16 gauge which was

used as heating element in the form of a coil.

Bxperimental data of other investigators are

not available in the literature for binary
mixtures for the similar conditions of heat
flux and pressure as employed in the present
study. Therefore, the generalised correlations
are based on the data of present investigation

only.

Methanol and isopropanol were of Lnalar grade
as supplied by Chemical Division of Glaxo
Laboratories Limited, Bombay (India). Their
boiling points were measured under atmospheric
pressure. & deviation of +29C was noticed in
their saturation temperatures as against the

reported values by the Suppliers. However, for
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processing the data, the temperaturcs recorded
by the thermocouple were accepted. This was

also followed in case of ethanol.

5.2 NUCLEATE POOL BOILING OF PURE LIQUIDS

Nucleate pool boiling heat transfer is largely
affected by the parameters, namely; heat flux, system
pressure, physico-thermal properties of boiling liquids,
and heating surface characteristics. The parametric
effects of these variables are discussed in the subsequent

Sections.

5.2.1 Tffect of Heat Flux on Heat Transfer Coefficient

Figures 5.1 to 5.4 rcpresent the log-log plots,
dzmonstrating the effect of heat flux on the average

value of the heat transfer coefficiemt for distilled
water, ethanol, methanol and isopropanol,respectively
with pressure as parameter. From these figures the

following salient features emerge out :

1. ‘Heat transfcr coefficient increases linearly
with heat flux, showing a slope of 0.7, for
all the boiling liquids. This unique
characteristic is exhibited both for the
atmospheric and the subatmospheric pressures.

This can be explained as follows :
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Fig.5.1- Variation of heat transfer coefficient with heat flux
for distilled water at atmospheric and subatmospheric

pressure
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With an increase in the value of heat

flux for a liquid at a constant pressure,
there is an increase in the number of active
nucleation sites, n on the heating surface
and thereby the bubble emission frequency, f.
The strong dependency of the number of
nucleation sites on heat flux is a well-
established fact as shown by several
investigators [120-122].

The increase in the bubble emission
frequency with heat flux has-been demonstrated
by Sharma and Varshney [123] who have
recommended following expressions for
calculating bubble emission frequency, from
a heat transfer surface submerged in a pool
of liquid, for different values of Jakob
number :

(a) For Ja £ 100
A

_—_— Y

[133.3/P]2[0/(P110v)€] g e kg oLy 2
2 3 a [ a -
i’ oy Ja {

(b) For Ja » 100

[133.3/21%(/ (g~ p,)e] + Q867 5 2% 42
25 oy a2l 2 “
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In fact, first term in the denominator
of Bquations (A and B) represents the growth
period and the second term, the waiting
period., Both the Equations (A and B) clearly
indicate that the bubble emission frequency
depends upon the heat flux and physico-~thermal
properties of the bulk liquid. Thus, for a
given pressure an increase in the value of
heat flux reduces the magnitude of the
walting period. As a consequence of this the
bubble emigsion frequency increases. It may
be noted that Korner and Photiadis [124]
have also established that the freguency of
bubble generation increased strongly with
heat flux. ©Similar results are reported by
Sqlnivo3 L.

Further, Wiebe and Judd [118] relates
the heat transfer coefficient to number of
nucleation active sites, n and bubble emission

frequency, f as follows :

h a (nf)®
Hence the above explains the increase in
heat transfer coefficient when the heat

flux is raised.
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Another noticeable phenomenon observed from
these plots is that the increase in pressure
results in shifting the lines to the left
indicating that the heat transfer coefficient
increases for a given value of heat flux.
The enhancement in heat transfer coefficient
with respect to increasing the values of
pressure is due to the reduction in surface
tension of the liquid. As.the surface
tension is reduced the nucleation sites
having smaller radii, not being active at
lower pressures, become active causing more
induced turbulence in the boiling liquid.

In fact, the work required to form a vapour
bubble on a heating surface is given by the

following equations :

S
Work = ¢ S [ 1 = §9(1-cos B) ]

This equation indicates that the work
required for the formation of a vapour bubble
decreases as the value of surface tension
decreases. Therefore, with the increase in
pressure for a given heat flux, more number
of the bubbles will be formed, thereby
causing more induced turbulence. As a
consequence of it,the heat transfer

coefficient increases. Mathematically,
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these plots can be expressed by the following

enpirical relationship :

l-lcho.'? ono(5.2)

where the constant, C , represents a constant
of proportionality. In fact, one can not
establish its nature, unless the dependence of
h on pressure, nature of liquid, and hcating

surface characteristic is also known.

5.2.2 Bffect of Surface Characteristics on

Heat Transfer Coefficient

Figures 5.5 and 5.6 are the typical log-log plots
of heat transfer coefficient against heat flux for
isopropanol and methanol, raspectively. These plots were
made to understand the effect of heating surface

characteristics on heat transfer coefficient.

Figure 5.5 contains the data of present
investigation and those of Sternling and Tichacek [18]
for the boiling of isopropanol at 98.63 kH/mz. The data
for the boiling of methanol at 66.64 kN/m2 of present
investigation and of Cryder and Finalborgo [9] are shown
in Figure 5.6. The heating surfaces used in these

investigations were different as given in Table Baks

An examinetion of these figures reveals that
all the data points show same functional relationship

between heat transfer coefficient and heat flux,i.c.
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T However, the value of the 'constant’

h = constant (g
differs widely from one investigation to another. This
is attributed to the differing heating surfaces used in
these investigations. PFinally, it is concluded that the

boiling heat transfer data are influenced strongly by

the heating surfaces.

Table 5.2 ¢ Parameters. for Barlier Studies in
Nucleate Pool Boiling of Pure Liquids

S.No. Boiling ﬁeﬂt Flux Pressure Nature Investigator
liquid of heat-
ing
W/m? KN/m? surface

1. Distilled 6209-46220 1.33-101.30 Copper Raben et al
water cylinder  [[125]

2, Distilled- 7808-43543  3,82-101.13 Brass pipe Cryder and
water Finalborgo[9’
Methanol
n-Butanol
Carbon--

Tetrachloride

3.  Isopropanol

llethanol 4420-343890 101.30 Stainless Sternling
steel tube and Tichacek
[18]

4, Distilled- 140000 - 101.3-5260 ' Copper Cichelli and
water 867500 plate Bonilla [11]
Ethanol

5. Distilled- 62340 ~ 101.3-73506 Stainless Borishanskii
water 1099030 steel et al [36]

Ethanol cylinder
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5.2.3 Effect of Boiling Liguids on Heat

Transfer Coefficient

Figure 5.7 is a log-log plot of heat transfer
coefficient versus heat flux on a given horizontal brass
pipe ot 61.25 kN/mz, conducted by Cryder and Finalborgo
[9]. The distinct lines obtained for distilled water,
methanol and carbon tetrachloride having a slope of Os T
indicate that the effect of boiling liguid on constant

¢ of Bquation (5.2) is appreciable.

Figures 5.8 through 5.12 show the data of present
investigation - the heat transfer coefficient as a
function of heat flux for distilled water and all the
alcohols investigated at atmospheric and subatmospheric
pressures. An exemination of these Figures reveals one
of the distinguish=able results of the present work. From
these Figures it is clearly seen that all the data points
for cthanol, methanol and isopropanol are represented by
n single line for a given pressure. This behaviour has
been observed both at the atmospheric and the subatmospheri
pressures-indicating that the proportionality constant,
¢, in Bquation (5.2) remains constant for all the alcohols
under study. This remarkable behaviour may be due to
the similar physico-thermal properties of these aleohols.
This is clearly seen in Figures C.1 through 0.5 o2
Appendix-C. Due to this, the data for the alcohols
investigated have the similar heat transfer behaviour

at a given pressure.
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Further, it is noted that the data points of
distilled water differ considerably with those of
alcohols. This is not a surprising behaviour, since
the properties of water are much different than those

of alcohols.

5.2.4 1 Bffect of Pressure on Heat Transfer
Coefficient

Figure 5.13 illustrates the variation in KX with
pressure for distilled water, ethanol, methanol and

X

isopropanocl. It may be noted that h™ is defined as

follows ¢

The use of B* instead of h eliminates one of the
operating variables,i.e. heat flux. The value of e
remains constant with change in heat flux provided there
is no ehange in pressure, heating surface characteristics,
and the boiling liquid. The data of all the alcohols
investignted merge together and are well-represented by
a straight line having a slope of 0.32 for the reasons
given in Section 5.2.3. There is a distinct line for
distilled water on this plot having the same slope
indicating that the heat transfer properties of the
water are different than those of alcohols. The
variation of heat transfer coefficient with pressure

can be empiricially represented as follows

EX - o, p0-72 ool (R

1
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where the constant, Cl is a constant of proportionality.
The experimental data correlated by Equation (5.3) were
conducted on a given heating surface for distilled
water, ethanol, methanol and isopropanol. The data
points of ethanol, methanol and isopropanol are
represented by a single line, whereas those of water

by another line. This finding-suggests that the

constant, Cl depends upon the nature of the boiling

liquid for a given heating surface.

It may be mentioned here that the walue of
exponent over pressure as obtained in the present
investigation and those proposed by other investigators
[16, 121] differs amongst themselves. Chi-Fang-Lin [16]
has rcported two different values of the exponent,i.e.,‘
0.2 for water and benzene and 0.7 for toluene over the
pressure range from 200 mm to 760 mm Hg indicating that
the value of exponent can not be treated ms a generalized
one. Mikheyev [121] has reported this value as 0.15 for
the boiling of water in the pressure range from 0.22 to
100 atm.. It is important to mention that Mikheyev's
correlation is based on the large number of data points
at superatmospheric pressure and on limited number of
data for subatmospheric pressure. This, in other words,
does not represent the behaviour at subatmospheric
pressures exclusively. To add to i%, Borishanskii et al
[36] have established,based on large number of carefully

obtained data,that the experimental data for pressures
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greater than atmospheric pressure are represented by
EX o PP
where the exponent n is some function of pressure.

Keeping the above in view and the dependence of

the present experimental data and those of Cryder and
Finalborgo [9] and Raben et al [125] on pressure it
can be coneluded that heat trensfer coefficient varies
with pressure raised to the power of 0.32 for the

data conducted at the subatmospheric pressures.

In order to show the effect of heating surface
characteristics on constant, G, of Equation (5.3),
data were collected for a given liquid but conducted
on different heating surfaces as enlisted in Table 5.2.
Figure 5.14 contains this aspect of study. In this
figure, B* is plotted against pressure for distilled
water on log~log plot for the data of Raben et al [125]
on a,copper cylinder, Cryder and Finalborgo [9] on a
brass plpe and present investigation on a stainless
stecl cylinder. Three different lines having a glope
of 0.32 are obtained for different heating surfaces
as employed by these investigators, i.e., the constant
Cl is different for different heating surfaces. This
clearly demonstrates that the heating surface
characteristics also affect the proportionality constant,

Cy, in Equation (5.3) for a given boiling liquid.
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Hence, the results of Figures 5.13 and 5.14
suggest %hat the constant, Cl is a function of the
nature of boiling liquid and the heating surface
characteristic. In fact, this is analogous +to
'surface-ligquid combination factor', Cyp in the

literature [20,21].

The experimental values of constant, Cl in
Bquation (5.3) for different investigations were
calculated. To show the scatter in' the values of
eonstant, Cl’ statistical parameters, namely,;

Mean (X), Standard Deviation (g) and Coefficient of
Variation (CG.0.V.) were calculated for each of the
liguid as given in Table 5.3. The last column of this
Table contains all these values. 4An inspection of
these values shows that the maximum Coefficient of
Variation in the values of Cl for the data of present
investigation is 4.55 per cent while those for the
data of Cryder and Finalborgo is 7.57 per cent and
of Raben et al is 9.66 per cent. Keeping in view the
errors involved in conducting boiling heat transfer
data these variations are negligibly small § hence
constant, Cl is practically independent of pressure.
In other words it depends upon the nature of boiling

liquid and the heating surface characteristics only.



Table 5.3 :

for Pure Liquids at Subatmospheric Pressures
Boiling Pressure Constant Heating Investigator Statistical
Liquiad kN/m2 Cy Surface garameters
ok Y Lo =N o By
Elstllled 98 63 0.880 410 ASIS Present X = 0.8802
ater 86:64 0.882 gﬁggzless Investigation o P GRAL
50.65 0.870 Steel COV = 0,69 %
33,38 JedsEL T T 1nfer
o 5. 00 A8 , o Bt
Ethanol 98,63 0.490 g L8 e "% = 0.4824
al'sol 0.502 g = 0,0155
£7.98 0.460 g0V = J.23%
538352 0.480
Methanol  98.63 0.470 ~do- ~do- X = 0.487
66.64 Os 4% g = Q0222
50,65 0.473 gev = 4.55%
34.65 0.500
29.33 g 04020 . .
IaopLopand_98 63 0.470 -do- -do=- X = 0.4886
69 . 351 0.490 g = 0:.011%
47.98 0.491 COV = 2.36 %
34,66 0.490
12 66 0,502
Distilled 3.82 1.200 Brass Pipe- Cryder X = 1055
o 14,48 || 1TR0 B b - 0.0626
29,90 1.060 (9] COV = 5,51 %
61.25 1.3.04
97.33 1.280
T VR 9 T = 0.6202
25,22 0.604 o = 0.0248
40.74 0.608 COV = 3.97 %
66.27 0.611
101.14 0.635

Values of Constant, C; in Equati
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on (5;:3)
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Boiling  Pressure Constant Heating Inves%igator Statistical
Liquid 2 Surface Parameters
K/m o for Oy
n-Butanol 17.93 0.397 Brass Cryder and X = 0.3725
35.45  0.364  Pire ?;?alborgo 6 = 0.0166

52.98 0.368
98.94 0.361

OOV = 4,888

o1hce _allsveill | _gbi

Carbon
rotrachlof, 0.9 0426 5 = 0.0315
41.98 0.435 GO¥ = T.57 %
&1 . 2e 0.438
Distilled 1900 1.223 Copper Raben et al X = 1.300
Wetoy 268 | Fipfie - CYHENEY gli%0) ¢ = 0.1255
o T 1L258 COV = 9.66 %
101.50 1. 1%3
K= Mean !
o = ©Standard Deviation

-do-

GQV r = Coefficient of Variation

5.% VARIATION OF (E*/Hf) WITH (P/P;) FOR

SUBATMOSPHERIC PRESSURE

From Table 5.3, it is clearly seen that the

constant, C; of BEquation (5.3) disappears if one

represents ( Bx/ﬁi)‘hhs a function of (P/Pl) for given

ligquid and heating surface.

With this 1in view, a

plot between (Ek/ﬁﬁ) and (P/Pl) is drawn in Figure

5.15. This plot correlates excellently the data of

present investigation for the four pure liquids,
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obtained on 410 ASIS stainless steRBl cylinder, and

also the data of other investigators, namely; Cryder and
Finalborgo [9] for distilled water, methanol and
n-butanol conducted on a brass pipe, and Raben et al [125]
for distilled water obtained on a copper cylinder. All
these data are for subatmospheric pressures. TFurther,

the plot shows that the data of all the investigators

are correlated within + 15 per cent deviation by the

following empirical relationship :

e ok i PERY

i |
P

where subscript 'l' denotes a reference pressure for
which the value of boiling heat transfer coefficient

is known for a given heating surface and the liquid.

It is important to restate that Equation (5.4)
hags succeeded in correlating all the experimental data
of present and earlier investigators at atmospheric
and subatmospheric pressures implying that constant,
G, of Bquation (5.3) cancels out. In other words,
the constant, Cl does not depend upon the pressure for
the data conducted for atmospheric and subatmospheric

pressures.

Thus, the above correlation offers the following
advantages s
a, 1t is useful to predict the wvalues of heat
transfer coefficient for pressures(P<£98.63 kli/m

other than reference pressure, for a given
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heating surface and boiling liquid from the

knowledge of heat transfer coefficient for
the same heating surface and liquid at the

reference pressure.

b. The correlation can be used to check the
consistency of the experimental data of the
boiling binary liquid mixtures conducted on
a given heating surface for atmospheric and

subatmospheric presgsures.

A similar attempt was made for the data taken
for pressures greater than atmospheric pressure as

given in the following Section.

5.4, VARTATION OF (h*/h}) WITH (B/P)) FOR =~ ~5%%@
SUPERATMOSPHERTC PRESSURE

Figure 5.16 shows the plot of (Bx/ﬂi) against
(P/Pl) for the data of Borishanskii et al [36], and
Cichelli and Bonilla [11l] for the superatmospheric
pressures. Unlike the nature of the plot in Figure 5.15,
Figure 5.16 illustrates a wide scatter amongst the data
points of the liquids, conducted on differing heating
surfaces. The scatter in the data points is randon,
implying that there is a non-linear relationship
between (B*/Ef) and (P/Pl). It is important to recall
the findings of Borishanskii et al [36] as mentioned

in Section 5.2.4, that the heat transfer coefficient
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changes with pressure as follovs :

h « Pn

for pressure exceeding 1 atmosphere., However, the
exponent, n does not possess a constant value unlike
for the data taken for subatmospheric pressures.
Further, the exponent, n is some function of pressure
itself. Hence, the data for superatmospheric pressures

are not correlated by Equation (5.4).

From the above it is concluded that the constant,
C, of Equation (5.3) does not disappear if the ratios
of b¥/h¥ are plotted against P/Py, implying that the
valpe of Cl for superatmospheric boiling data is a
function of pressure also unlike the data for

subatmospheric pressures.

The experimental values of constant, Cl in
Bquation (5.3) for the superatmospheric boiling data
for the investigators [36,11] were calculated and are

given in Table 5.4.

The statistical parameters were calculated and

are given in Table 5.4 itself. The large value of
coefficient of variation as large as 67.09 per cent
sufficiently »nroves that the valuss of constant, Cl
cannot be accepted as independent of pressure for a
given boiling liquid and heating surface. In other
words ,it is a function of system pressure also,in
addition to nature of boiling liquid and heating surface

characteristics.
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Values of Constant,C; in Equation (5.3) for
Pure Liquids at High Pressures

Boiling Pressure Constant Heating Investigator Statistical
Liquid kN/m2 Cl surface Parameters
for Constant
Oy
Distilled  101.3 0.728  Copper Cichelli X = 0.500
Water 3447 0.604 Plate ?ingonilla g w0105
799.8 0+466 K GOV = 25.02 %
1827.1 0.387
3550.8 0.392
52676 0.426
6998, 2 0.497
Ethanol 101.3 0.343 ~do- ~do- T = 0.6656
379.2 U ed22 o = 0.4466
79240 0.428 COV = 67.09 %
1827.0 0.518
B564.0 Q. Tl
5274.0 1.526
Distilled = 101.0 0.752  Stain- Borishanskii X = 0.6985
Water 451.1 o o ke it ¢ = 0.273
98047 0y 5277 Cylinder COV = 39.09 %
1480.8 0.536
1941.8 0.491
294€,1 B RO5
4950%. 5 O o9 [
i 3.7 - e 2
9806.9 0.684
14710.4 0.898
19613.8 1.428
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Boiling Pressure Constant Heating 1Investigator Statistical
Liquid kN/m2 o Surface Paraneters
' x4 for Constant
— - — - — Cl I ——
Bthanol 98,1 0.511 Stainless Borishanskii ¥ = 0.7274
Steel et al [36]
301.1 0.468 . g = 0, ZLT3
Cylinder
500.2 0.576 COV = 29,88 %
696.3 0.567
99045 0+596
1471.0 0.633
1941,8 0.638
Vo480 0.669
3942 .4 0.853
i F N 0.833%
4942,17 0.856
5344.8 1.102
5943.0 Lo 238
X = Mean

otandard Deviation

Q
Il

COV = Coefficient of Variation

5.5 NUCLEATE POOL BOILING OF BINARY LIQUID MIXTURES

The literature survey of. Chapter 2 has amply shown
that the pool boiling for binary liquid mixtures is more
complex than that for pure liquids. In fact, it is
affected by the composition of the vapours in equilibrium
with that of the boiling liquid, besides +the heat flux,
the system pressure, the heating surface characteristics,
and the physico-thermal properties of the boiling liquid

mixture. The effects of these parameters on the boiling
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heat transfer of binary liguid mixtures are given in

subsequent Sections.

The range of the heat flux, the pressure and the
compositions of the binary liquid mixtures, for which
the data were conducted, are given in Table 5.1, while
the experimental data in Appendix-B. It may be pointed
out that ethanol-water and isopropanol-water systems form
azeotropic mixtures. However, the present investigation
did mot cover the azeotropic compositions for conducting

the experimental data.

The physico-thermal properties of the binary

liguid mixtures are compiled in hppendix-C,

5.5.1 BEffect of Heat Flux on Heat Transfer

Coefficient

Figures 5.17 through 5.25 represent the typical
log—-log plots showing the effect of heat flux on heat
transfer coefficient for different compositions of
ethanol-wadter, methanol-water, and isopropanol-water
mixtures with system pressures as parameter. From these

plots the following characteristic points emerge out 3

a. The heat transfer coefficient changes linearly
with the heat flux with 2 slope of 0.7 similar
to that for pure liguids for all the pressures
studied. This behaviour is well-represented by

the following mathematical expression 3

0.7

h=0 q PP o = 3
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The increase in the vélue of heat transfer
coefficient with the heat flux is an
expected behaviour for the reasons given
i1 Beotion 5.2.1.

The term, Cn , in Equation (5.5) is,
in fact, the constant of proportionality

like constant, C , in Equation (5.2).

Higher values of the system pressure shift
the straight lines to higher wvalues of heat
transfer coefficient. However, qualitatively,
all the lines are alike and xepresent a
family of straight lines.

The above behaviour of the data points,
obviously, is for the reasons given in
Section 5.2.1 and can also be exaplined by
the consideration of the following expression

for minimum radius of curvature, R gt

min’
nucleation site for the bubble formation :
"

)s (Tw—Ts)

min (

QJIQ-
=1 Lge]

As per this expression, a reduction in
surface tension, which takes place as the
pressure is raised, lowers the value of Rmin
and thereby larger number of nucleation
sites on the heating surface becomes active,
giving rise to increased induced turbulence.

This, in turn, enhances the value of heat

transfer coefficient.
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5.5.2 Effect of Surface Cheracteristics on

Heat Transfer Coefficient

To demonstrate this, a typical log-log plot is
shown in Figure 5.26. This plot represents the data of
Sternling and Tichacek [18] and of Alam [126] conducted
for the boiling of 19.3 whe_ per cent water~efhylene
glycol mixture-at atmospheric pressure on two differing
heating surfaces. In fact, Sternling and Tichacek [18]
employed stainless steel, whereas Alam [126] used silvér

plated brass tube.

The above plot, h vs g, clearly shows that these

two data differ widely amongst themselves. In fact,
they fall on two distinct straight lines represented by
the following relationship :

vy

h = const. q

vhere the constant for the data of Sternling and Tichacek
[18] is smaller than for the data of Alam {126]. This
is attributed to the differing heating surface
characteristics. Consequently, it is concluded that

the conStant of above equation depends on the heating

surface characteristics.

5.5.35 Effect of Composition of Liquid Mixture

on Heat Transfer Coefficient

Figures 5.27 through 5.29 represent the typical
variation of heat transfer coefficient as a function

of heat flux to show the effect of concentration of



3,W/m2 K
o

[ I

\

| ]

o]
Pk e o a
= o
k.4
|< il
K ° . 9 © Sternling & Tichocek[w] i
® Al
S am [125]
o
1 / N 1 OO s ol B - o i g o) ST
1 2 4 6 B a0 20 30 40 60 80 100

qx10%,w | m2

Fig.5.26-Heat transfer coefficient—heat flux relationship for 19.3 wt.% water in water-ethylene
glycol mixture on different heating surfaces at 98.63 kN /m?

671



150

60_ S i L | | | T
40 < 5
o
201 // ~
¥
o~
crF 101 5
E 1.0 I
A, - gD :
1O »2nf o
x 6 LB -
P
41 -
» 11. 86 wt.% ethanol
%, ® 31.10 wt.% ethanol o
é 52.30 wt.% ethanol
& 71.88 wt.'l ethamol
e 100.00 wt.% ethanol
r o 100.00 wt.’lo water
1 =k 5= | l [ | |
6 8 10 20 30 40 60

-3
g x 105 W/ m?

Fig.5.27-Variation of heat transfer coefficient with heat flux
for ethanol-water mixtures at 66.64 kN Im?



151

BT T T |

40} .

W/mzK
2 ¢ ~N
o o
I I |
| I |

" &S -
N
x 6 2= M
|
4 W
[ ] 8.56 wt.% methanol
! A 30.80wte methanol i
A 6400wt methanol
O 100.00 wt.% methanol
o 100.00 wt.%. water
2 =
1 | R 1 | | | ]
8 g 10 20 30 40 60
q X 1(33,Wlm2

Fig.5.28-Variation of heat transfer coefficient with heat flux
for methanol-water mixtures at 33.32 kN/m2



162

60T T T | I l R
40 o
20—~ P
x
o~
E h =
2
o~ L3
2 10 .
x = =
|1 £ 8 =
6 -
4+ -4
% 15.0wt.’lisopropanol
1 ¢ 22.5 wt.® isopropanol
O 59.0 wt.® isopropanol
X 100.0 wt.% isopropanol
5 o 100.0 wt.% water
1 5 l I (8.2 o I
6 8§ 10 20 30 40 60

q X 1(33,Wlm2

Fig.5.29-Variation of heat transfer coefficient with heat flux
for isopropanol-water mixtures at 98.63 kN /m?2



153

ethanol, methanol, and isopropanol in their aqueous

mixtures, respectively. These figures reveal the

following characteristic features

Qe

Heat transfer coefficient changes linearly
with heat flux having the same functional
relationship as represented by Equation
(55 ), Barther, Brgm Bigure 5.27, it is
observed that an addition of ethanol to
pure distilled water lowexs the boiling
heat transfer coefficient. This trend
takes place t1ll the concentration of
sthanol reaches 31.10 wt. ver cent. Further
addition of ethanol results in a 'turnaround'
and heat transfer coefficient continues to
increase.

Figures 5.28 and 5.29 also reveal the
same results as those of Pigure 5.27 and
show their respective '"turnaround' at
the definite concentrations of the mixtures.

The concentration representing the
'turnaround' in heat transfer coefficient
is 31.10 wt. per cent ethanol in ethanol-
water, 30.30 wt. per cent methanol in
methanol-water, and 22,50 wt. per cent

isopropanol in isopropanol-water mixtures.
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The reduction in heat transfer coefficient

is appreciable for all the liquid mixtures

" at their respective 'turnaround concentration

To have better appreciation of the effect of

concentration on heat transfer coefficient, RE is

plotted against wt. per cent ethanol, wt. per cent

methanol, and wt. per cent isopropanol in Figures - Bt

5.31 and 5.32,respectively with system pressure as

parameter .

On examining these figures, the following

characteristic points can be noted :

2

Referring to Figure 5.30, it is observed
that the parameter, hx decreases with the
addition of ethanol till a2 definite
concentration of ethanol, beyond which it
begins to increase. The concentration at
which this 'turnaround' occurs is 31.10 wt.

per cent ethanol.

Higher values of ‘system pressure shift the
curves to higher values of heat transfer
coefficient. However, this does not change
the-concentration of ethanol i.e. 31.10 wt.
per cent ethanol, for which the heat transfe:
coefficient is minimum representing the

'turnaround' point.

The actual heat transfer coefficient for
any concentration of the ethanol-water

mixture investigated is less than the
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Fig.5.32-Variation of normalised heat transfer coefficient with wt.%
of isopropanol for isopropanol-water mixtures
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welighted heat transfer coefficient. The
weighted heat transfer coefficient is

calculated by the following equation :

1] 11"
hytg, = by %5 + by (1-Xp)

where hl and h2 are the respective heat
transfer coefficients of components 1 and 2

"
in their pure state and Xl is the wt. fractic

of component 1 in the binary liquid mixture.

& The dotted linc on this figure is the region
in which the azeotropic composition lies.
Therefore, the interpolation has not been

done.

Figures 5.31 and 5.32 have similar characteristic
features as those possessed by I'igure 5.30. The
concentration at which the turnaround occurs is 30.80 wt.
per cent methanol and 22,50 wt. per cent isopropanol
respectively. liethanol-water mixture does not form
azeotrope whereas isopropanol-water does and hence the
dotted lines have been drawn for the region for which

the data were not conducted.

Figure 5.33 shows a comparative behaviour of
all the three binary liquid mixtures investigated for
a system pressure of 33.32 kH/mZ. The data do not

deviate appreciably. This plot is a typical one.

The typical behaviour of Figures 5.30 through

5.32 can be explained as follows :
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Tolubinskii et al [103] have carried out the
photographic study to calculate the growth rate of
vapour bubbles in a superheated liquid mixture layer
over a heated surface., They conclude that the liquid
concentration at which the rate of bubble growth is
nininum corresponds to a maximum value of (Y-X). In
other words, the liquid concentration at which (Y-X)
attains a maximum value represents the 'turnaround'
point ,signifying the minimum value of heat transfer

coefficient.

With the above in view, the plots between (Y-X)

and X for ethanol-water, methanol-water, and isopropanol-
water are drawn in Figures 5.34, 5.35 and 5.36,respectivel;
for different pressures. These Figures reveal that the
value of (Y-X) is maximum for ethanol concentration in

the 1liquid phase of 31.10 wt. per cent, for methanol
concentration of 30.80 wt. per cent, and for isopropanol

concentration of 22,50 wt. per cent.

It may be noted that for these concentrations the
value of heat transfer coefficient, as found in the
present investigation is minimum for their respective

liquid mixtures.

The above results are in conformity with the
findings of Happel [60] who has reported the experimental
data for the pool boiling of benzene-toluene mixtures
conducted for the pressures; 0.5, 1.0, and 2,0 bar and

heat flux of lO5 W/mz.
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Figure 5.37 further illustrates the heat
transfer coefficient versus concentration relationship
for saturated pool boiiing of water~acetic acid, water-
acetone, water-glycerine and water-ethylene glycol
mixtures at 22,450 w/mz. These studies were carried
out by Alam [126] at atmospheric pressure and the
author has reporfed the concentrations corresponding to
minimum heat transfer coefficients as 17 wt. per cent
water in water-acetic acid, 7 wt. per cent water in
water-ethylene glycol, and 65 wt. per cent water in

acetone-water nixtures.

The characteristic features of the curves obtained
for various liquid mixtures in Figure 5.37 are similar
to those of Figures 5.30 through 5.33. Bach system of
binary liquid mixture possesses a 'turnaround! point as

found in the present investigation.

5.5.4 Effect of Pressurc on Heat Transfer
Coefficient

Figures 5.38 through 5.43 represent the variation
of heat transfer coefficient with pressure for all the
concentrations of agueous binary mixtures used in the
present investigation. The effect of heat flux has
been eliminated by taking BT on Y-axis and pressure
on X-axig, as done for the pure liquids in Section
5.2.4., The data of distilled water, ethanol and
ethanol-water mixtures are shown in Figures 5.38 and

5.39, whereas those of distilled water, methanol and
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methanol-water mixtures in Figures 5.40 and 5.41, and
of distilled water, isopropanol and isopropanol-water

mixtures in Figures 5.42 and 5.43. The parallel lines

obtained for various compositions of ethanol-water,
methanol-water and isopropanol-water are mathematically

expressed by the following expression :

-—*

e 11
h —_-leP

e bk Ba7)

where le is constant of proportionality. The
experimental data correlated by Equation (5.7) were
conducted on a given heating surface made- of stainless
steel. The parallel lines obtained for the boiling

of pure liquids as well as their binaries with a slope
of 0.32 indicate that the constant Cm; depends upon
the physico-thermal properties of the boiling liquids
for a given heating surface. It may be mentioned

here that the value of exponent over pressure in
Bquation (5.7) for binary mixtures remainsg the same

as for their constituents in pure liquid states.

The experimental values of .constant, les are
given in Table 5.5. The statistical parameters of
the values of constant, le were calculated. They
are listed in Table 5.5. The maximum value of
Coefficient of Variation is 8.87 per cent which is
well within the experimental error. Hence,it is
concluded that the constant, le is independent of
pressure for a given boiling liquid mixture and

heating surface.
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Table 5.5 g

g

Values of Constant, Cm; in Equation (5.7)
for Binary Liquid Mixtures at Subatmospheric
Pressures

Boiling
Liquid

Ethanol-
Water
llixtures

11.86 wt.%
ethanol

21 T wt.%
BEthanol

5 2 L 30 “‘Tt .%
Athanol

71.88 wt.%
Bthanol

Pressure

kN /m?

98.63
63 31
42.65
36,00
28.00
08463
66.64
50.65
3508
22.66

98.63
66.64
46.65
. 4
22,66

98.63

69 .54,
47.98
X I
18.66

Constant Heating Investigator Statigtical

surface Parameter
for Constar
Crmq Cmq

0.556 410 ASTS.  Present. X = 0.5504
0.540 gﬁzgiless Investigation & = D01
0.566 Steel COV = 2,01%
0.540 Cylinder
0.550
0.302 ~do- ~d.o= X = 0.3156
0.304 c = 0.0151
0.308 COV = 4.79%
0.332
D352
0.350 ~do- -do- X = 0.3656
TS a = 06551
0.369 COV = 4.15%
0.3568
0.588
0.399 ~do~ ~do- X =0.411
0.401 g = 10,0292
0.385 CoV = 7.11%
0.409
0.461
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Statistical

Boiling Pressure Constant Heating Investigator
Liquid ourface Parameters
2 for Constant
1
Methanol-
Water
Mixtures
ok 8 98.63 0.616 410 ASIS Present Y = dUB126
Sé%gaggi/ Grade Investigation
66.64 0.612 Stainless g = D.0208
50.65 = 0.580 Steel COV = 3.4%
Cylind
35.32° “0L6LT 2 Ry
5. o 0.638
16.50 wt.%  98.63 0.400 — B ~do- X = 0.4102
A 66.64  0.408 o = 0.0094
50.65 (o 409 cov 2.28%
DD 472 0.420
&5 00 0.420
30.80 wt.% = 98.63 0.370 -do- -do- % = 0.3868
Methanol 66.64 0.380 g 0.013
50,6% 0«68 cov 3.%36 %
S d 0.405
29,32 0.391
64.00 wt.%b = 98.63 0.410 ~do- -do- X = 0.4328
Methanol 66.64 0. 4_15 o 0.0214
49,32 0.430 cov 4.93 %
e 0.999
26,66 0.450
Isopropanol-
Water
Mixtures B
15.00 wt.% 98.63 0. 381 X 0.4088
Isopropanol 74 00  0.380 W,
49 .52 0.408 CovV = 7.09 %
o e B 0.430
25.352 Ox 445
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Boiliné- Pressure Constant Heating Investigator Statistical
Liquid Surface Parameters
5 for Constar
22.50 wt.b 98.63  0.300 élOdASIS Present X = 0.331
- rade Investigation
Teopropenol g6 64 0,321  gyad News . 5 = 0.0293
55,32  0.3% gtigld COV = 8.87 %
34,66 0,370 -
37.00 wt.% 98.63  0.370 mtio— ~do- X =0.376
Isopropanol 64.00  0.350 o = 0.0237
50.65 0.360 COV = 6,30 %
IO 0.392
258°53 0.408
77.00 wt.% 98.63  0.400 =do- -do- X = 0.4248
Isopropanol 66.64  0.420 gom 02018
50.65 0.424 POV = 4,24 %
85 j32F 0,430 '
£5.5% 0.450
¥ = Mean
c = Standard Devigtion
COV = Coefficient of Variation

5.6 VARLATION OF E*/ﬁi VITH<-P/P, FOR
SUBATIIOS PHERIC PRESSURE

Keeping in viewv that the constant,

le depends

on the nature of binary liquid mixture and the heating

surface characteristics, an attempt was made to plot

EX/Ef against P/Pl as done for pure liquids in

Section 5.3
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Figure 5.44 is a.log-log plot for distilled
wvater, ethanol and ethanol-water mixtures of varying
concentrations, Similar lograthmic plots are &bwn
for water, methanol and methanol-water mixtures and
water, isopropanol and isopropanol-water mixtures in
Figures 5.45 and 5.46 respectively. All the data
points are represented by a straight line. Further,
Figure 5.47 represents d1 +the data points of Figures
5.44 through 5.46. An examination of Figure 5.47 shows
that all the data points are well-correlated by a
single straight line within * 15 per cent deviation by

the following equation
R¥/n¥ - (2/2,)0+32 vun{5.8)

The significance of subscript 'l' has already

been explained in Section 5.3. The reference pressure

chosen was atmospheric pressure.

It may be noted that the correlation, Equation
(5.8) offers a procedure for predicting the boiling
heat transfer coefficients at atmospheric and
subatmospheric pressures and for checking the
consistency of boiling heat transfer data for binary
liquid mixtures similar to correlation represented

by Equation (5.4) in Section 5.3.
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5.7 GENERALISED CORRELATION

Figures 5.30 through 5.32 show that the heat
transfer coefficient is influenced considerably by the
concentration of binary liquid mixtures, in addition to
the system pressure and the physico-thermal properties

of the boiling liquids.

A scrutiny of the correlation given by Equation
(5.8) shows that the correlation ecan bhe used to predict
the values of heat transfer coefficient at any
subatmospheric pressure for a given liquid concentration
and heating surface only when one knows the value of
heat transfer coefficient at the 'reference' pressure
for the same liquid concentration and the heating surface.
In fact, in a way it is the shortcoming of the correlation
Bquation (5.8), unlike the generally available correlation

proposed for boiling heat transfer.

Keeping the above two factors into consideration,

a generalised correlation was attempted as follows :

Plots were drawn to represent the data of ethanol-
water, methanol-water, and isopropanol-water mixtures in
Figures 5.48, 5.49 and 5.50 respectively. Y-axis

al R 0 Sl : i =\
represents N, (P,/P) , whereas x-axis contains X .
Fortunately, such an attempt succeeded in correlating
all the experimental data of the vresent investigation
within + 15 per cent. Figure 5.51 correlates almost

all the data points of Figures 5.48 through 5.50 within

+ 15 per cent. TFrom this Figure it is seen that the
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data points are correlated by the following two
equations :

! -

(a) For the values of X § 0 < X'-€ 22.0
P
.. 0.352 -2, ' .~-0.60
Ng(ﬁl) e i 30 LR ) b THiE)

L]
(b) For the values of X § 30 & X £ 78.0

-
T (?1_)0.32 aset ¥ 1@ gy )9-90 | .(5.10)

In Bquations (5.9 and 5.10) the term g represents

n*/x j (p(f o )E P, stands for one atmospheric
pressure and P for subatmospheric pressures. The
remaining terms have their usual meaning as given in
Nomenclature. It may be noted that the physical
properties of the boiling liquids are to be calculated at

their saturation temperatures corresponding to the

piessures at which the boiling takes place.

The above correlations, given by Bquations (5.9 and
5.10), are capable to prediet the values of boiling heat
transfer coefficient for atmospheric as well as
subatmospheric pressures for any binary liquid
concentration: of the systems investigated for a given

heating surface.
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CONCLUSIONS AND RECOMMENDATIONS

The main conclusions drawn from the present

study are as follows *

iy

New experimental data have been generated for

both atmospheric and subatmospheric pressures

for the nucleate pool boiling of distilled water,
ethanol, methanol and isopropanol and their
aqueous binary liquid mixtures for the heat flux
ranging from 9618 W/m2 to 31854 W/m2 and pressure
from 25.35 kN/m2 to 98.63 kN/mZ.

The experimental data for the pool boiling of
saturated liquids; distilled water, ethanol,
methanol and isopropanol and their binary
mixtures, corroborates the well-established law
for the variation of heat transfer coefficient
with heat flux, i.e. h « qo'7 for the heat flux
ranging from 9618 W/m® to 31354 W«

Further, data points establish that the
heat transfer coefficient is directly proportiona
to the pressure raised to the power of 0.32 for

the pressure range from 25,92 kN/m2 to 98.63 kN/m
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The experimental data of pool boiling of saturated
ethanol, methanol and isopropanol, conducted on

a given heating surface, when plotted as heat
transfer coefficient ve heat flux are represented
by 2 single straight line for both atmospheric

and subatmospheric pressures. However, the
experimental data for the saturated distilled
water differ significantly from those of ethanol,

methanol and isopropanol.

The experimental data points of this investigation
and those of earlier investigatiomns [9,125] for
pure liquids, conducted on differing heating
surfaces, for both atmospheric and subatmospheric
pressures are well-correlated by the following
equation within + 15 per cent.

( B¥/B

0432
b7 ) = ( P/Pl )

The subseript 'l' denotes a reference pressure

for which the value of boiling heat transfer
coefficient is known for a given heating surface
and the liquid. In other words, the above
correlation is capable to predict the value of
boiling heat transfer coefficient at pressures
other than the reference pressure for a given
heating surface and the liquid from the knowledge
of heat tiansfer coefficient for the same heating

surface and the liquid at the reference pressure.
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For the present investigation the reference
pressure has been chosen as atmospheric pressure,
though it may be any pressure lying between

atmospheric and subatmospheric pressures.

However, the above correlation fails to
correlate the experimental data for pressures

exceeding atmospheric pressure.

An implication of this finding is that the
constant, C; in Bquation (5.3), which is analogous
to surface-liquid combination factor, Csf’ in the
literature [20,21] does not depend upon the
pressure for the data conducted at subatmospheric
pressures, whereas it depends upon the pressule
for the data obtained at superatmospheric pressures
This is clearly shown from the statistical
parameters, namelyj; Mean, Standard Deviation and

Coefficient of Variation, for the constant Cl for

both subatmospheric and superatmospheric pressures.

For subatmospheric pressures the maximum
Cocfficient of Variation im the values of C, for
the data of present investigation is 4.55 per cent,
that for the data of Cryder and Finalborgo [91
is 7.57 per cent and for Raben et al [125] is
95.66 %. In fact, these variations are negligible,
and are acceptable keeping in view the errors
involved in conducting the heat transfer data

especially for boiling heat transfer.
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For superatmospheric pressures the Coefficient
of Variation is as large of 67.09 per cent
indicating that the values of Cl are not independent

of pressure.

The experimental data for the pool boiling of
binary liquid mixtures showed a peculiar behaviour:
the 'addition of any of the alcohols investigated
into the distilled water keeps on lowering the
boiling heat transfer coefficient till such a
concentration of the alcohol added f6r which the
coefficient attains a minimum value. Beyond this
concentration the heat transfer coefficient begins
to increase. The concentration for which the
transfer coefficient is minimum has been termed
as 'turnaround - concentration', being 31.10 wt.
per cent ethanol, 30.80 wt. per cent methanol,

and 22.50 wt. per cent isopropanol for ethanol-
water, methanol-water, and isopropanol-water
mixtures, respectively 3 lrrespective of the
system pressure.

The concentration for which the heat transfer
coefficient is minimum corresponds to a value of
X for which (Y-X) is maximum.

It is also noted that the value of the actual
heat transfer coefficient, for all the alcohol
liquid mixtures investigated, is less than the
welghted heat transfer coefficient. This phenomena

is observed at all the pressures studied. This
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observation, thus, provides a caution that taking
'weighted heat transfer coefficient value' in the
design of boiling heat transfer equipment like
vapourisers, evaporators or rcboilers is a gross

mistake which may lead to failure of the equipment.

Like the data of pure liquids, all the experimental
data of the saturated pool boiling of binary
liguid mixtures, obtained for both the atmospheric
and the subatmospheric pressures, satisfy the

following correlation within + 15 per cent s

2
Ty Ak i
Py

S

where subscript 'l' denotes the reference pressure
as discussed under conclusion 4. It may be noted
that the above correlation, like for pure liquids,
is capable to predict the value of boiling heat
transfer at pressures other than the reference
pressure for a given heating surface and binary
liguid composition from the knowledge of heat
transfer coefficient for the same heating surface
and the liquid composition at the reference
pressure.

This may also bec noted that the constant,
Cmy, in Equation (5.7) has a value which is
independent of pressure for a given boiling
liquid mixture and heating surface as is evident
from its values enlisted in Table 5.5 where the

maximum value of Coefficient of Variation is
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8.87 per cent which is, of course, well within
the experimental error for the data of boiling

heat transfer.

For the binary liquid mixtures, the following
generalised correlations are recommended based
on the data obtained in the present investigation

within £ 15 per cent :

! '
(a)" For the values of X' 5.0 <X X 22.0

T
Nu (-l)0'32

2( ! "0060
i

X)

235,70, x 20

1 !
(b) Tor the values of X ; 30 KX X 78.0

e & _al 7

These correlations can predict the values
of boiling heat transfer coefficient of binary
liquid mixtures investigated for 1 atmosphere and
subatmospheric pressures for a given heating

surface.,

The present investigation can be extended to

cover the following

1.

The experimental data should be conducted for the
concentration of ethanol-water and isopropanol-
water mixtures representing their azeotropic
composition and also in the neighbourhood of

these concentrations.
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Keeping in view the fact that the experimental
data of ethanol, methanol and isopropanol are
represented by a straight line on h ve qg and
h¥ vs P plots, it is nccessary to investigate
other alcohols also for their thermal behaviour

for the pool boiling heat transfer.

There is a need to determine the extent of
pressure greater than 1 atmosphere for which

correlation, given by Equation (5.4) is valid.

There is a need to obtain experimental data
for the pool boiling of binary ligquid mixtures
on differing heating surfaces, since the

literature does not possess enough of them.



APPENDIZX - A

ANALYSIS OF ERRORS

Errors in evaluation of the average heat transfer
coefficient are caused due to the inaccuracies in
measuring the current, voltage, dimensions of the heating
surface and the e.m.f. of thermocouples. To determine
the accuracy of the experimental data, error analysis
was carried out for several experimental runs. This
Appendix presents a typical sample calculation of error

analysis for Run No. 14 of Appendix-B.

The experimental error for the average heat
transfer coefficient can be defined mathematically [141]

as follows :
3D
ol.(Aoi)

|
.
@
N
\/
s 0 ol

n
dh
e-:! - (5'_
h = & 8
where e represents fhé error and Zs any of the n

parameters affccting average heat transfer coefficient.
In the present investigation, the average value of heat

transfer coefficient has been defined as

= Q
h = 3. = ...(AOZ)
A(Tw = Tl)
where
Q Power input, W
A Area
_w Average wall temperature
T{ Average liquid temperature
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Further, Q = VI R e
l"& = T do ( ooo(A-04‘)

From BEquations (A.l1l) and (A.2) the error in average heat

transfer coefficient becomes :

e \2 Qe\_ 2
3 + <' A%(D :1\) )
w A

Q er 0.5

o

o
31
()

AL Loah
ey A, - B )& 7 (A(TW - T{)T)

vanlig%)
The above Equation requires evaluation of eqr €y eTw and

Cq which will be discussed in the following Sections :

A#.1  ERROR IN POWER INPUT, eQ

Since Q@ = V I
Therefore, eq =[(V.eI)2 + (I.ev)z]o'5 e.s(A.6)

where er and ey are the errors in the measurement of

current and wvoltage supplied to the heater.

Run No. 14 corresponds to 80V and 104

ey = 1.0 Volt and er

= 0.05 Ampere
Substituting the above values in BEquations (A.3 and A.6)
Q=10 2 80 .= 8300 W

oq= [(80 x 0.05)% + (10 x 1.0)%]%*3

(16 + 100)°°°

10.77T W
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A2 ERROR IN HEAT TRANSFER AREA, e,

Since A = = dof I

Hence, e, = [(n do 01)2 + (% d ey )2]0.5
(0]

wvhere e3 and e{ are the errors associated in the
o)

measurement of diameter and length respectively.

Since

d

.07 m; . & =53 0001 m
o] do

{ = 0.179 m, e( = 0.0005m

ThemeToxs, A= ¥ X-0.07 0. 1= 590 = 10'2 m2

¢ =:[({® x 0.07 x 0.0005)%+(x x 0.179 x 0.0001)°1

e, = 1.235 x Mt w®

A.3 ERROR IN AVERAGE WALL TEMPERATURE, eq
w

Average wall temperature of the heat transfer

surface has been obtained by using the following Bquation:

I8 TS

T
= W e b | i,
TW = Q_'"_ 3 ) QO.(Al’?)

where subscripts 1,2 and 5 refer to the wall temperature
of the top-, the side- and the bottom-position of the

heating surface.,

The value of local temperatures, as obtained

corresponding to the measured thermoauple e.m.f., were

corrected by subtracting the temperature drop in the



197

wall thickness of the heating surface, GTW.

Thus, corrected wall temperature is given by

TW = TTﬂm S 6T1"T 'QQ(AA-OB)

where TW is the measured wall temperature. The valuec
m
of GTW was calculated as follows :
d do do
6T = 2 k n = oo.(ALag)

" W dh

The error associated with tenperature drop is calculated

as follows ¢

= 2 - ~2
| d q d q i
e In —9\ +i [n e e
2.3 ~< q 2k 3,/ [( 7k, d, ?E;) a f
g
3 a » CLals |
+ J - Q [n (—9 e L
L 2k$ \dh) kw_r
=% 1
+ 4 - —_— == g T . [y
{: 7z-l_iw dh dh J J

whErg ¢ ih e and e are the errors associated with
4 dh kw

heat flux, thermocouple circle diasmeter and the thermal

conductivity respectively.

: o 3 800 3 e
Since, q = 3 = E-%;—Y s 10-2 = 20356.20 W/m
bl 2 4
o8y =Lf E—%—-T ) ( - ;“zggg—* a ) + (- ;?——50
(o]
10.17_ 2 800 x 0,000 ;2
)+ ( 00001

93x10 3.93%x10 "x0.07

800%0,0005 2 P+5 2
+ (- 5 ) = 281.389 W/m
%.93x10 “x0.179
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Thermal conductivity, kW = 25.76 W/m K, e = & .
W

d: + 4
Since, dh = 12 9 = 0.0622+ 0.01 = 0.066 m

Therefore, edh = [(% eq )2 + (% ed.)2 10'5
0 i

Since e =
di do

[2(3 ey )219°
0

[2(3 x 0.0001)%70%3

$a g L DL EIGT o

On substituting the values of e_  , e and e in
9 dh kw
Bquation (A4.10), the value of egp 1s calculated as

follows :

- | 281.389 x 0.07 ¢ o 07
Y o L{ 2% 25,76 )}

2

2035620 - 4.00.07 \ , 20356.20
% % (Gt ie n(ggh) + 3225 76)0 0001}

20356.,20 x 0. 071 0.07
+ = x O
{ 4 i RS, 76) (OGH }

~

i I
20356.20 % 0.07 —SIKJ
& ‘{- 5235, 16%0. 086 X (*07L x 10 7y

. o]
w

From Equation (A.8), ep 1s calculated as :
i 240,5

3 2 =¥
® =i_<emw ) N L > 

m
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Since eq = 0.,01%
wm
Therefore, e = [(O.Ol)2 + (-0.0558)210'5
w
=0.0567 °C

By using BEquation (A4.7), the value of ep 1is calculated
W

as given below :

e _S
op = [_3"<"3E>]205
- QOB T
Aty

0.0%27 .26

Il

A.4 ERROR IN AVERAGE LIQUID TEMPERATURE

Average liquid temperature has been defined as

follows :
i} 2 e + 7
Pt T T
f = 3
3 e 2108
[ 2 )
Therefore™, eTI = '3 ( ! IR 5l %
- = i o)
Since €n = eTW ), 0l 'l
m

Thus, substituting the value of eT( in Bquation (A.11):

s Tt .
eT( - [ 93—- Vol > = 0.0058 °¢C
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#¢5> ERROR IN AVERAGE HEAT TRANSFER COEFFICIENT, eq

Equation (A.5) is used to compute ey On substituting
the values of Q, 4, TW, T(, eqr € > eTw and eT( in
Equation (4.5), the value of ey, is calculated as follows:

2

FNE 10.77 }
b s -
d B.93% 157 (obusoq - g 117)

. . 2
p, % 800 x 1.235 % 10-4 %
| 3,93 x 107°)°(90.306 ~ 84.117).
2
[ -800 x 0.0327
o il | o B}
J.93 .2 10T (90,306~ 84.917)

2 0.5
s i 8OO2x 0.0058 I '} I
L 3,93 x 10~ (90.306-84.117) e

48.77 w/m2 K

Since the average experimental value of the heat transfer
coefficient is 3289 W/mZK, the actual value of the average
heat transfer coefficient as obtained by this exror
analysis is 3289 + 48.77 W/maK. Thus the expected error

in the reported data of heat transfer coefficient is within

+ 15 per cgfnt,



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

B-1

B-3

B-4

B=5

B-6

B-7

B8

A F P RE D I-F - B

TABULATION OF EXPERIMENTAL DATA

Page

Experimental Data of Heat Transfer to 203
Saturated Pool Boiling of Distilled Water

Experimental Data of Heat Transfer to 208
Saturated Pool Boiling of Ethanol

Bxperimental Data of Heat Transfer to 215
Saturated Pool Boiling of 11.86 wt. %
Bthanol in BEthanol-Water Mixture

Experimental Data of Heat Transfer to 218
Saturated Pool Boiling of 22.12 wt. %
BEthanol in Bthanol-Water Mixture

Experimental Data of Heat Transfer to 223
Saturated Pool Boiling of 31.1 wt. %
Ethanol in Ethanol-Water Mixture

Bxperimental Data of Heat Transfer to 228
Saturated Pool Boiling of 39.0 wt. %
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Table B-1l 3 Experimental Data of Heat Transfer to Saturated Pool

Boiling of Distilled Water et 98.63 kN/m“(7,=99.0°C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient

W/m? iy °¢ °g °¢ °¢ Vi /m2K
9618.3%2 0.769 105.00 104 .231 100. 25 5981 2416
103.95 103.182 99.90 3,282 P51
106.30 =irg ST 3. 100.40 oL 1875

» AVG = 4,131 AVG = 2329
12620.90 1.009 106.05 105.041 100.90 g, 1400 3048
105.50 104 .491 100.45 L4l 3123
1:G7.525 106.241 100.92 5321 2372

| AVG = 4.501 AVG = 2804
16488.55 1.%20 106.90 105.580 101, 20 4,380 3765
106. 20 104.880 100.60 4 280 3852
107.95 106. 530 101.00 5630 29 29

LVG = 4.763 AVG = 3462
20356.23 1.627 107.65 106.023 30%.45 4.575 4451
107 . 20 LT O 100.85 4.723 4310
108. 65 107.023 101.15 5«87 3466
24.631.04 1.969 108.90 106.931 101,85 5.081 4848
108.3%5 106.381 10460 5.381 4577
109.25 107.281 EGdLs355 5.931 4153

LVG = 5.464 AVG = 4508

¢02



Table B-1 ¢ Experimentesl Data of Heat Transfer to Ssturated Pool
Boiling of Distilled Weter at 66.64 kN/m?(T_=88.5°C)
Run Heat Conduction Recorded Cor rected Liquid Wall Heat Treansfer
No. Flux Correction W2ll Temp. Wall Temp. Temp. Superheat Coefficient
W/m2 °¢ ¢ % ¢ % W/m 2K
6 9618.32 0.769 9.5 94.581 90.40 4.181 2301
94.85 94.081 89.50 4.581 2100
96.00 95. 231 90.15 5.081 1893
VG = 4.614 LVG = 2085
T 12620.90 1.009 96.30 95.291 90.65 4.641 2720
96.05 95.041 89 .65 5.%391 2341
97.15 96.141 90.60 5.541 2278
AVG = 5.191 AVG = 2431
8 16488.55 1.320 Q753 96.43%0 91 425 5. 280 3183%
97.15 95.830 90.40 X 5 3037
98. 30 96.980 91.10 5.880 2804
AVG = 5.4—97 fsVG' = 3000
S 20356.20 62T 98. 30 96.673 91.40 Gagdy 2861
S 96.123 90.65 54735 o o)
99.00 997373 91.30 6.073 2352
AVG = 5,606 AVG = 3631
10 24631.00 1.969 99.15 97.181 91.75 5.431 4535
99.1¢ O guile®s | 90.9% 2.231 3%52
080 9 -8 l lol ! . 1
B A : AVG ;736.131 Avg Z 4018

02



Table B~1 : Experimentel Deta of Heat Transfer to Seturated Pool

Boiling of Distilled Water at 50.65 kN/mz(TS=81.5°C)

Conduction

Run Heat Recorded Correctecad Liquiad Weall Heat Trensfer
No. Flux Correcction Vell Temp. Wall Temp. Temp. Superhent Coefficient
W/m? °g ¢ °g °g ¢ W/m%K

11 9618.3%2 0.769 87 .55 86.781 82.45 4,551 2221
870 86. 731 81l.6C 5 151 1875
88.40 87.631 81l.60 6,031 1595

_ AVG = 5.164 AVG = 1863
12 12620.90C 1.0C9 88.9C 87.891 82.LC 4 . 991 2529
88.45 87.450 82.0 5.450 2316
90 . L0 88.991 82.45 6,541 1930

VG = 5.660 4VG = 2230
1% 16259.50 L« 209 90.20 88.901 83.55 o L 3039
90.20 88.901 83%.00 5901 2 155
91.08 89.701 83435 by D5t 2560

AVG = 5,870 AVG = 2770
14 203%56.20 1.67 D185 89.923 84 .25 5:BTS 3588
99,95 90, 324 84 « 00 6.323 3219
92.30 90.673 84 .10 0575 8T

AVG = 6.190 AVG = 3289
15 2463100 1.969 92.85 90 . 881 94 .45 6,431 3830
93.30 91.%51 84 .00 % 3360
9%, 70 gT% ol 84 .00 Te 5L 3186

LVG = 7.164 LVG = 3438

602



Teble B-1

Experimental Data of Heat Transfer to Sstursted Pool

Boiling of Distilled Water at 33.32 kN/m®(I_=71.33°0C)

Heat Trensfer

Run Heat Conduction Recorded Corrected Liquid Wall
No. Flux Corrcction WVall Temp. Wall Temp. Temp. Superheat Coefficient
g o} o o} o o o
W /m c C C C C W/m“K
16 9618.32 C.T769 78. 60 T8 T72.40 5.431 LA
T8a25 FT-.98% T1. 50 5. 681 1693
.20 78.431 71.90 6.531 14T
AVG = 5.881 AVG = 1636
1 12620.90 1.009 B.35 T78.341 T2. 6% 5.691 2218
79455 78.541 72.35 6.191 20739
80.50 79 .491 72450 6.991 1805
AVG = 6,291 AVG = 2006
18 16259.50 1.300 80.45 79150 TAELY 6.000 2710
80.70 79 .400 72.90 6.500 2501
&al. ™ 80.400 73.10 7. 300 2227
AVG = 6.593 AVG = 2466
19 20356.20 14627 82.00 80,375 13.98 6.4 23 JFL55
82.50 80.873 T340 T.473 2724
83.10 81.473 75,90 T« 573 2688
AVG = 7.156 AVG = 2845
20 24 631.04 1.969 83.80 8L. 831 74 .65 7o L5 3430
83.80 81.871 74 . 40 T 451 3315
85.00 83%.030 T4 . 65 8. 381 2933
AVG = T7.664 AVG = 3214
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Table B-1 : Bxperimental Data of Heat Transfer to Saturated Pool
Boiling of Digtilled Weter at 25.33 kN/m?(T,=65.3°0C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? 95 ¢ O .5 ¢ W/m2K
21 9618.32 Q.769 5.8 74 351 68.45 5901 1630
74 .60 T9:831 68.00 5.B%L 1650
75.80 75.031 68.15 6.881 - 1398
AVG = 6.204 LVG = 1550
22 12620.90 1.009 TS5 5T Tas 361 68.50 5.861 215%
75. 20 74.191 68.15 6.041 20 89
. 25 76.241 68.45 i i ) 1620
AVG = 6.564 AVG = 1923
) 16259 .50 .39 TTRED T6 . 701 68.97 T s ABL 2218
TT. 5 76. 201 68.59 T. L1 2136
78.55 77 . 250 68.97 8. 2B1L 1963
AVG = T.741 &LVG = 2100
24 20356. 20 1.62¥¢ 9. 75 Tre122 70.35 T+ 578 2761
80 B% 78. 635 70 .05 8. BT3 2374
LAVG = 7.890 AVG = 2580
25  2491C.94 1.991 80.45 78.459 70.65 7.809 3190
80 .45 18.4 59 ™ 25 8. 209 B35
g1.T0 79 . 709 To=55 9.159 2720

AVG = 8.392 AVG = 2968
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Table B-2 : Experimental Data of Heat Transfer to Saturated Pool

Boiling of Bthamol ot 98.63 kN/n?(T_~78.0°C)

Run Heat Conduct ion Recorded Corrected Liquid Wall Heat Transfér
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? °¢ ¢ °c ¢ s W /m°K
26 9974 .56 0.798 85.98 85.182 78.45 6.732 1482
87.80 87.000 78. 25 8.750 1140
85.98 85.182 78.45 6.732 1482
AVG = T7.405 AVG = 1347
27 12865.14 1.029 a2y 55 86.521 78.85 T7.671 L 8T T
89 .25 88.221 78. 70 9.521 1351
86.70 85.671 78.85 6.821 1886
AVG = 8.004 AVG = 1607
28 16946.56 1.355 89.60 88. 245 79453 8.715 1944
Gladh 89.795 79.35 10.4 45 1622
88.00 86.645 T 50 7.095 2388
AVG = 8.752 AVG = 193%6
29 20610.70 1.648 9T =I5 90.102 80 . 60 9.502 2169
93.30 91-+652 80.50 L1252 1848
8.62 87.972 80 .55 7.422 = i )
AVG = 9.359 AW = 2202
30 25190.84 2.014 97%. 2% 91.236 al. 7O 9.5%6 264 2
96.15 94.136 81.70 12.436 2026
91.85 89.836 gl .85 T7.986 3154
AVG = 9,986 AVG = 2523
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Table B-2 ¢ Experimental Data of Heat Transfer to Saturated Pool
Boiling of Ethenol at 61.31 kN/m2(Ts=65.300)
Run Heat - Conduct1$ﬁ¢ﬁm*_Recorded Corrected Liquid Vall Heat Transfé;“*h
No. Flux correction Wall Temp. Wall Temp. Temp. Superheat Coe fficient
W /m? °¢ ¢ ¢ 2o % W/m%K
91 16317.05 0.809 Toang T4.691 67 .20 T.491 1351
B35 T6.541 66.90 9.641 1049
AVG = 8.341 AVG = 1213
32 13027.99 1.042 76.68 75.638 67.05 8.588 1517
77.65 76.608 66.70 9.908 1315
76.80 75.758 67.00 8.758 1438
_ AVG = 9,085 AVG = 1488
25 16946.56 1. 355 T8+ 15 76.795 67.20 9.595 1766
79.55 78.195 67.00 11.195 1514
71«25 To.a8 5 6 05 8.845 1916
AVG = 9.878 AVG = 1716
34 20814. 25 1.664 80.00 T8. 558 6TaH2 10.816 1924
8l.65 79.986 67. %5 12.63%6 1647
78.50 76.836 U0 9.9%6 2229
.L'A\&VG' =10.929 LVG’ = 1905
35 25470. 74 2.036 82.25 80. 214 6. 35 10.864 2344
84 .25 82.314 69 . 20 15 0 1942
80 . 80 78. 764 69 .35 T 434 2706
AVG =11.131 LVG = 2288
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Teble B-2 ¢ Experimental Data of Heat Transfer to Saturated Pool
Boiling of Ethanol at 47.98 kN/mz(TS=60.25°C)
Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Tenp. Temp. Superheat Coefficient
W /m® ¢ ¢ °g °¢ o3 W /m°K
36 9974.55 0.797 70.50 69.703 61.88 7.823 12;5
74 .30 15503 61.55 11.955 824
T 1% 72,7585 61. 70 0. 633 938
AVG =10.136 AVG = 984
37 12946.56 1.035 72.40 71.365 61.80 9.565 1354
74 .40 TSs 365 61.5p 1§.815 1096
T a50 72.465 61.55 10.915 1186
AVG =10.765 4AVG = 1203
38 17984.73 1.438 74 .45 73.012 62.03 10.982 1638
€. 25 74 .812 61.80 13.012 1382
74 .45 73.012 61 .80 81,289 1604
Ve =11.735 AW = 1533
78. 70 76,967 62.60 14.367 1508
754 68 75.947 62.73 b2 P < | 18 52
AVG =12.657 AVG = 1712
40 26740.46 2.138 79 .55 T7.412 63.95 1%3.462 1986
S 79.112 63.50 15.612 1S
77.48 75.342 6§3.50 11.842 2258
LVG =13.640 L4LVG = 1960
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Teble B-2 3 Experimental Data of Heat Transfer to Saturated Pool
Boiling of Ethanol at 33.32 kN/m°(T =52.2°C)
Run Heat Conduction Recorded 1 Corrected Liquid ﬁgil ﬁvn*ﬁééthransfer
No. Flux Correction Wall Temp. Vell Temp. Temp. Superheat Coefficient
W /m? 5 i % o~ °g W /m2K
41 9974.55 0.797 64 .53 63.733 54 .80 8.933 1317
68.70 67.903 54.58 25,523 749
66.85 66.053 54 .80 11,253 886
42 33027.99 1.042 66.10 65.058 54.83 10.228 1274
70.48 69.438 54.45 147988 869
68.85 67.808 54 .70 134108 994
AYG =12,775 4VG = 1020
43 16717.56 1.336 68.32 66.984 54.95 12.034 1588
70.95 69 .614 54 .80 14.814 1128
69 .65 68.314 54.90 13.414 1246
AVG =13%.420 AVG = 1246
44 20404 .60 1.63% 68.90 67.269 SEe15 12,118 1684
V70 70.069 55.15 14.919 1368
70.10 68.469 54 .9% 15,518 1509
AVG’ =l3.519 AVG — 1509
45 25190 .84 2.014 T0. 23 68.216 B% .65 12.566 2005
75.30 71. 286 5545 15.836 1591
b 69.7%6 55«60 14.136 1782
AVG =14.18C VG = XT7T
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Table B-2 ¢ Experimental Data of Heat Transfer to Saturated Pool
Boiling of Ethanol at 25.33 kN/m2(Ts=46.l3°C)

Corrected

Run Heat Conduction Recordéd Liquiad Wall Heeat Transﬂit'er
No. Flux Correction Wall Temp. Wall Tenp. Temp, superheot Coefficient
W /m2 g Sy °¢ °¢ °n Y /m K
46 9974.55 0.797 53.53 52.733 47370 9.033 1104
58.23 57.433 43.6C 13.833 Tl
58.23 57.433 43.83 13.603 T35
| AVG =12‘ 156 LVG = 821
47 12946.56 1 4635 53.75 54,715 45.15 9.565 1353
60.40 59.365 44.85 14.515 892
61.10 60.065 45.10 14.965 865
LVG =13.015 ALVG = 995
48 16717.60 1.340 58.68 57.340 46.90 10.440 1601
63.25 61.910 46.90 15.010 1114
63.15 61.810 46.80 15.010 1114
VG =13.490 AVG = 1239
49 20610.70 1.648 60.73 59.082 47.50 11,582 1780
64.05 62.402 47.15 15.252 1575
64 . 30 62.562 47.15 15.50¢ 1330
AVG =14.112 4VG = 1461

£l



Experimental Data of Heat Transfer to Saturated Pool Boiling of 11.86 vt.%

Table B-3 3
Bthanol in Bthanol - Weter Mixture at 98.63 kN/m®(T =89.75°C)
qﬁ&n Heat Conduction Recorded Corrected Liguid Wall Heeat Transfer
Nos Flux Correct ion ¥all Temp. Wall Temp. Temn. Superheat Coefficient

W /m? U Q¢ Py g °g W /m2K
50 9974 .55 0.797 95.58 94.783 90 .20 4.583 2176
97.65 96.853 89 . 65 Te X35 1385
98.65 97.853 90.05 7.803 1278

AVE = 6.530 AVG = 1528
51 13027.99 1.042 97.15 96.108 91.15 4.958 2628
99. 20 98,158 90.80 7.358 Ly a8
100.58 99.538 91.20 81 338 1562

MG = 6.885 AVG = 1892
52 16531.80 1.372 99,80 98.478 92.85 5.628 2937
191.90 99.878 92,20 7.678 2153
103. 60 102.280 92.85 9.430 1783

AVG = 7.580 AVG = 2181
o 20865 .14 1.670 102.00 300 39 93%.25 7.080 2947
102.85 101.18 92.90 8. 280 2520
104 .80 1040 93.55 9.580 2178

. LAVG = 8.313 A4AVG = 2510
54 25190.84 2.014 107%. 6C 101.586 .15 7.436 3388
104.65 102.63%6 973,80 8.836 2851
106.50 104.486 94 .10 1C.386 24 25

AVG = 8.886 LVG = 2835
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Tgble B-3 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 11.86 wt.%
Bthanol in Bthanol - Water Mixture at 61.31 kN/m2<Ts:77.SOC)
Run Heat Conduc tion Recorded Corrected Ligquid Wall Heat Transfer
No. Flux Correction Wall Temp. Vall Temp. Tenp. Superheat Coefficient
W/m? . - o¢ °g dg ° W/m%K
55 10297.71 0.823 86.00 B85«d7T 79.56 5« 6L 183%3
90.43 89 .607 T2 .85 10.260 1004
88.50 BB 7T 79.80 e BT 1307
AVG = 7.918 AVG = 1301
56 13435.10 1094 86.70 85.626 79 .80 5826 2306
91.20 90.126 P2 .52 10.606 1267
89 .80 88.726 7990 8.826 1522
AVG = 8.420 &4VG = 1596
57 16946.60 1.5%55% 87.3% 85.995 80.00 5.995 2827
92.85 91.495 .75 11.74%8 1443
92.50 91.145 80.10 %l .045 1534
AVG = 9.595 AVG = 1766
58 20865.14 1.670 88.90 87.230 8¥.1I8 6.050 3449
94 .52 92.850 .83 12.020 1376
94.52 92.850 81,15 11 . 700 1783
_ _ AVG = 9.923 AVG = 2103
59 25076.3%4 2.000 30.75 a8, 758 82. 70 6.050 4145
96.65 Q4,650 8235 12.3%00 20739
Q710 95.1C0 82.55 12.550 1998
AVG =10.300 AVG = 2435
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Tsble B=3 ;3 Experimentsl Data of Heat Trensfer to Saturated Pool Boiling of 11.86 wt.%
Ethanol in Bthanol - Water Mixture &% 42.65 kN/mz(Ts=69.l°C)
Run Heat Conduction Recorded Corrected Liquid Wall Heet Trensfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W /m? G g % 9% %y W /m°K
6C 9974.55 0.%07 79.15 $8+35% 72.40 5953 1675
8%.02 SR8 T71.78 10.4 43 955
S0 80.903 TEe e 8. 633 1155
| AVG = 8.343 LVG = 1196
61 135027.99 1.042 T 55 78.508 72.40 6.108 R
8%.45 82.408 71.80 10.608 1228
8345 82.408 Tevah 10.058 1295
AVG = 8.925 AVG = 1460
62  16946.56 1.355 80 .. 80 79.445 72.70 6.745 2512
840y 82995 72.20 10.795 1570
85. 60 84.245 72.40 Ml . 845 LR
AVG = 9.795 AVG = 1730
63 20865.14 1.670 gg. 70 81.030 THe25 T« T8O 2682
8%, 65 8%.980 72.60 11.380 18535
87 .15 85.480 i DI 12, 25 1706
LVG =10.463 LVG = 1994
64 25194, 84 S5 B i B84 5 82.440 73.90 8.540 2950
87+ 55 B 5D 159 15 11.800 2135
88.95 86.95U 7%.95 135.000 1938
LAVG =11.113% AVG = 2267
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Tsble B-3 3 Experimental Dats of Heat Transfer to Saturated Pool Boiling of 11.86 wt.%

Ethanol in Bthanol - Water Mixture at 36.u kN/mZ(TS=65.4°C)

Conduction

Run Heat Recorded Corrected -iiquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
Ww/m® °g ¢ °¢ °g °g W/nK
65 9974.55 O 4197 72.50 71.703% 64 .65 7.0653% 1414
T4 . 87 T4 073 63.50 10. 57> 19453
75.20 74 .403 64 .65 g .75 10 2%
AVG = 9.126 AVG = 1093
66 12946.56 L.9%5 L dTH T-T15 64.75 7.965 1625
76.00 74 .965 64.22 .45 1205
76 .60 18565 64.90 10.665 1214
EVG = 9.792 LAVG = 1322
67 16946.56 Yo 5 74.90 13548 658 38 B. 215 2063
T8 25 76.895 65.25 I« TS 1443
79 .70 78.345 65.50 12.845 1319
LVG 210;935 ave3 = 1550
68 21119.60 1.690 T T e2b 75.560 66.50 9.060 2231
80,50 78.810 66,20 12,630 1675
88: 10 80.410 66.40 14 OB 1507
AVG =11.893 AW = 1775
69 25470.74 2.0%6 79 .05 7T wLEldd 68,00 9.014 2826
83%.25 8l.214 67.40 15,814 1844
84 .90 82.864 68.00 14.864 1714
AVG . =12.564 AVG = 2027
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Table B-3 ¢ Experimental Dsta of Heat Transfer to Saturated Pool Boiling of 11.86 wt.%
Ethenol in Bthanol - Water Mizture at 28.0 kN/mZ(TS=6C.8°C)
Run Homt  Conduction o Bt oliid Corrected ol  Wall Heat Transfer
No. Flux Correcction Wall Temp. Well Temp. Temp. Superhest Coefficient
V/m? o o Qg g ¢ W /m°K
70 9974.55 ° 0.797 68.90 68.10% 60.95 7.153 1394
71.35 70.553 59 .35 11.203 890
72430 71.503 60 .75 10.75% 928
. fsVG' = 9.703 fiVG = 1028
71 13027.99 1.042 70410 69.058 60.98 8.078 1613
72.95 71.908 60.75 11.158 1168
7% .50 73.458 60.90 12.558 1037
AVG =10.598 AVG = 1229
70  16832.06 1.346 72.85 71.504 62.00 9.504 1771
754 20 73.854 61.45 12,404 1357
75. 70 74 . 354 61.45 12.904 1304
LVG =11.604 4VE = 1451
73 20865.14 1.678 76.35 74, 680 62450 12.180 1713
76.%5 74 . 680 62. 25 12.4%0 1679
77.93 76. 260 62.50 1%.760 1516
AVG =12.800 AVE = 1630
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Teble B-4 ¢

Experimental Data of Heat Transfer to Ssturated Pool Boiling of
Bthemol in Bthenol - Weter Mixbure at 98.63 kN/n®(T_=85.3°C)

22.12 wt.%

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Walkl «Temp. Wall Temp. Tcmp. Superhe at Coefficient
W/m® °c S5 26 gc % W/mK
T4 10063. 61 0.804 H4.85 s Y 85.50 8,046 1251
96,58 95.496 35 .45 10.346 95
S840 97.596 85.25 mes 245 815
A¥G =10.246 AVG = 982
75 132351.55 158 95.90 94,842 85.[70 8.142 1447
7 ~55 964592 85.50 11.092 1193
99. 90 gg.s84 2 85.§0 1o.142 1007
AVG =11.125 A =1189
TE 16418.60 L. A% 96.85 S B /. 86.00 9,537 1722
08.70 97387 8 .80 11 .587 2437
XDOS 99.4 37 B85 13. 557 3.208
AVG =11.570 AVG =1419
17 20865.14 16T S8R0 9 6.5 86.25 10. 280 2030
100.25 98.580 86.00 12.580 1659
102.85 10L.: 180 86.25 14.930 1398
AVGE =1 2 5 660 AVG =1656
B2 2+ 100 100.15 98.0%0 8655 11.480 2309
B R 102.30 100,150 86.45 13.730 1930
105.55 103.430 86.50 16.930 1566
AVG =14.050 AVG =1886
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Table B-4 : Experimental Data of Heet Transfer to Saturated Pool Boiling of 22.12 wt.%
Ethanol in Ethanol - Water Mixture at 66.64 kN/mz(TS=75.7°C)
Run Heat Conduction Recorded Corrected Liquiad Wall Heat Transfer
No. Fux Correction Wall Temp. Wall Temp. Temp. Superheat Cocfficicnt

W/m® og °¢ °g °8 °¢ W /m %K
i 9974 .55 0.79% 87.00 86.203 76.20 10.005 997
89.50 88.70 ;5.8 128579 376
88.00 871.20 b 0. 973 09

MG =11.276 AVG = 885
80 13027.99 1.042 88.90 87.860 T76.2% 11.610 1122
92420 91.060 76.00 15.058 865
89.18 88.138 76.30 11.838 1101

Wiic =12.855 4V = 1015
81 16946.60 1.355 90.55 89.195 T76.45 12,745 1330
23.15 91 295 76.45 15.545 1104
9%.40 90.045 T6 5P 13.545 1251

AVG =13%.878 AW = 1221
82 20610.70 1.648 90.95 89 .595 76.60 12.59% 1586
85.25 9 %s o2 T 59 17.052 1209
92.45 90.802 96860 14.202 1451

AVG =14.750 AVG = 1397
83 26218.83 2.096 93.00 90.904 515 14 .3254 1852
97.30 95.004 76.60 18.404 1425
533,05 .- 90.9%4 T6.70 14.254 1839

AVG =15.604 LVG = 1680

61e



Peble B-4 ¢ Experimental Data of Heat Transfer to Satureted Pool Boiling of 22.12 wt.%
Ethanol in Bthanol - Weter Mixture st 53.32 kiN/m”(T_=70.0°C)

Run Heat Conduction Recorded Corrccted Liguid Wall Heat Transfer

No. Flux Correction Well Tcmp. Well Temp. Temp. Supcrheat Coefficient
W/m® °¢ Og ¢ g Gy W/m°K
84 1395533 1. @66 83.80 ST T70.60 12.054 1106
87.3%5 86.284 70.50 15 TEL 845
854l O 84.63%4 70.68 1 %954 956
AVG =13.97%31 AVG = 957
85 16717.56 ¥=S36 86.58 85.244 70«84 14 444 1157
89 .43 88.094 R0 T3 NT.104 =
B B5 85.914 70.90 15.004 1593
AVG =15.551 AVG = 1075
86 20865.14 1.670D 88.55 86.880 71 4E5 15,730 1326
90.43 88.760 70.90 17.860 1168
90.55 88.880 T . 5 17730 3TT
y AVG =17.107 AVG = 1220
87 25190.84 2.014 89.30 87 .286 L. >l 15.986 1576
91.3%0 89.286 Tl 3Q 17.986 1401
91.70 89.686 %L 90 18: 356 1374
AVG =17.43%6 AVG = 1445
88 30229.00 2.7 90.33 87913 ThaB> 16.363 1847
93%.00 90.583 Tiail 19.283 1568
94.95 92.533% T1.50 71 055 1437

AVG =18.893 AVG = 1600
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Table B-4 3 Experimental Data of Heat Transfer to Saturated Pool Boiling of 22.12 wt.%
Ethanol in Ethanol - Water Mixture at 33.32 kN/m®(T_=60.0°C)
Run Heat Conduct ion Recorded Corrected Liquid Wall Hegt Transfer
No. Flux Correction Well Temp. Wall Temp. Temp. Superhe at Coefficient
w/mz On 0n Oq On Oq ?VmgK
89 13333.33 1.066 73.67 T72.604 60+ 30 12.304 1084
F7.05 75.984 60.15 15 . B4 842
(e T T6.634 60.30 b . 354 816
AVG =14 .824 MG = 899
90 16832.06 1.346 T6..I% 75.004 60. 30 dede,. 704 1145
T943 77.784 60.30 17.484 963
79.50 5 15 50. 35 L1 « S04 945
LVG =16.664 LVG = 101C
o1 2(:865.14 1.670 U785 75.58¢C 60«45 15 .130 1379
. 25 79 .580 6C 30 19.280 1082
82.20 8C.530 60«50 20.03C 1042
AVG =18.147 AVG = 1150
g2 25470.74 2.036 79 .03 76.994 60.70 16,294 1563
82.63 80.594 60.50 20.094 1268
34910 82.064 60.75 21,3514 1195
AVG =19.234 AVG = 1324
83 30229.00 2417 80.80 TS. 785 6095 1T7.435 1734
84 .70 82.283 60 .80 23485 1407
AVG =20.750 AVG = 1457
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Table B-4 :

Experimental Data of Heat Tremsfer to Satursted Pool Boiling of 22.12 wt.«%
Ethenol in Bthenol - Weter Mixture at 21.33 kN/m®(T=50.6°0)

Liquid

Run Heat Conduction Recorded Corrected Weall Heat Transfer
No. Flux Correction Well Temp. Well Temp. Temp. Supe rhe at Coefficient

W/m2 o@ Oq 0q Og Oq W/m2K
94 9974 .55 0. TR P3:15 62.3%53 49.80 12.553 T95
65.60 64.803 49350 15.385 652
66.60 65.803 49.65 i5.153 618

AVe =14.670 AVG = 680
95 13027.99 18042 65.10 64 .058 50.1% 13.908 937
68.30 67.258 50.00 . 258 755
69.78 68.758 50.1% 18.588 701

AVG =16.585 LVG = 786
96 16946.56 1.365 67 .05 65.695 S50p 20 15.145 1119
%0.58 69.225 50.40 18.88% 900

T3 38 TP 50.50 20.525 B2t

AVG =18.165 4V¢ = 953
97 20865.14 1.670 69.25 67.580 50.80 16.780 1243
we .72 Tl 0al 50 5% 20.500 1018
S . 1.0 T73.420 50 .00 gy 918

LVG =20.000 AVG = 1043
b 2.014 71.05 69 .03%6 51.00 18.036 1397
e P T5.90 7%.886 50.85 2%3. 056 1094
75490 7%.886 51.00 22.886 1101

AVG =21.320 LVG = 1182

= : " o
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Table B-5 3 Experimental Data of Heat Trarsfer to Saturated Pool B01ld1ng of 31.1 wt.%
Ethanol in Bthanol - Water Mixture at 98.63 kN/m (T =83.7°0)
Run Hoat  Conmduction  Recorded Corrected Liquid Wall Hest Trensfer
Noe. Flux Correction Well Tempe. Wall Temp. Temp. Superheat Coefficient
W/m° o ). Pa i g W/n’E
99 13027.99 1.042 97.10 96.058 85. 25 10.808 1205
100.95 99.908 85«45 14.758 883
98.60 99.758 85.I8 13.450 969
AVG =13.000 LVG = 1C02
100 16717.56 1.337 98.70 97.363 85.40 11.963 1397
103.50 102.163 a8 . 25 %915 988
99°.95 98.613 85.40 13N 213 1265
AVG =14.030 4AVG = 1192
101 20865.14 1.668 100.10 98.432 85.80 2.632 1652
104.60 102.932 85.65 17 . 282 1207
102.85 Lol . 282 85.70 15.482 1348
AVG =15.132 AVG = 1379
102 25190.84 2.014 101.75 99.736 86.10 15.656 1847
105.80 10%.786 85.90 17.886 1408
105.00 102,986 86.20 16.786 1501
AVG =16.103 AVG = 1564
10 0534 .35 2.441 103.65 101.210 86.65 14.559 2097
2 i 108.00 105.560 86.45 19.109 1598
AVG = 1802

AVG =16.942

R
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Table B-5 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 31.1 wt.%
Bthanol in Ethenol - Water Mixture at 66:64 kN/m®(T_=74.1°C)
Run Heat Conduction Recorded Corrected Ligquid Well Heet Trensfer
No. Flux Correct ion Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? ¢ B o °g By W /mK
104 13027.99 1.042 86.70 85.658 74 .10 11.558 1127
90.90 89 .858 73.95 15.508 819
89.50 88.458 T4 .10 14.358 907
NG =1%.941 AV = 935
105 16946.56 1.35% 88.60 87.245 T4 .40 12.845 1519
9%+80 92.445 T4.350 18.145 934
92.85 91.495 T4.40 17.095 991
AVG =16.028  AVG = 1057
106 20865.14 1.668 90.73 89.062 75400 14 .062 1484
96.C0 94.33%2 74 .85 19.482 1071
94.90 93,232 75.15 18.082 1154
AVG =17.209  AVG = 1212
107 25190.84 2.014 92.60 90.586 75.40 15.186 1659
98.20 96.186 75440 20.786 3210
97.10 95.086 T .45 19 g i H 1283
AVG =18.536  AVG = 1359
108 30534 . 35 2.441 93.80 91.359 76.00 15.360 1988
99.30 96.860 75.90 20.959 1457
99.30 96.860 T76.05 20.809 1467
AVG =19.043  AVG = 1603
nNo
N



Tsble B=5 ¢ Experimental Data of Heat Trensfer to Saturated Pool Boiling of 31.1 wt.%
Ethanol in Ethanol - Water Mixture et 50.65 kN/m2(TS=67.7°c)
Run Heat Conduction Recorded Corrected Liquid Well Heat Trensfer
No. Flux Correction Wall Temp. Wall Tempe. Temp. Superhesat Coefficient
W/m2 ¢ % v g o W/mK
109 13027 .99 1.042 80.85 79 .808 67 %l @ 12.108 1076
86.00 84.958 57« 58 ¥7.378 750
83.45 82.408 67 .85 14.558 895
AVG =14.681 AVG = 887
110 16946.56 1.5 83.50 82.145 £8. 20 LinS45 1215
89.25 87 .895 68.20 | 19.695 860
87.50 86.145 68.40 745 555
AVG =17.13%0 AVG = 989
11k 20865.14 1668 86.58 84.912 68.65 16.262 1283
91.08 89.412 68.65 g0 .762 1005
90.00 88.3%2 68,88 19.452 108
AVG =18.825 AVG = 1108
112 25190.84 2,014 88.10 86. 086 69 .00 17 . 086 1474
93,50 G1.486 66.10 22.386 1125
92.3%0 90. 286 69.10 o1 .. 186 1189
AVG =20.219 AVG = 1246
138 30534 .35 2«441 89 .85 87 . 409 €9 .85 17.559 1739
94.45 92.009 69 .68 224 523 1367
94.25 91.809 69 .85 21.999 1320
AV =20.616 AVG = 1481
s
N

I



Table B-5 3 Experimental Data of Heat Transfer to Saturated Pool Boiling of %l. 1 wt.%
Ethenol in Bthenol - Watér Mixture at 33.32 kN/m° (T4=58. o
Run He gt Conduction Recorded Corrected Liquid Wall ﬁgéggé;;;;E;;wm
No. Flux Correction Wall Temp. Wall Temp. Tenp. Supe rhe at Coefficient
W/m? °c ‘e e % "3 W/nK
114 9974 .55 0.797 TX. 25 70.453 58655 11 . 903 838
74.83 T4.033 58.85 15 .683% 636
74 .83 T4 032 58.63 15. 402 648
MG =14.35%5 AVG = 696
135% 12865.14 1.0p8 Td L% T75.422 29 .00 14.422 892
78.05 77.022 89.. 00 B8 022 714
T 6 L% THe'#22 e 10 16.622 774
&VG =16,355 AG = 187
116 16946.56 L. 555 76.80 75.455 59.48 15.96% 1061
81.60 80.245 59.48 20.765 816
80,50 794145 59'.58 19 « 55 866
AVG =18.765 AVG = 903
117 2061 0.69 1.648 78.90 o 1 59 .87 17.422 1185
82.03 80.382 598%.0 20.682 997
83420 811552 5. 0 21 8502 9473
LAVG =19.985 AVG = 1031
118 25150.84 2.014 8L, 70 79 .686 59 .92 19.'T66 1274
DTS 81.740 59 .80 21.940 1148
84 .45 82.440 59.92 22.516 1119
AVG =21.410 AVE = 1177
ol | . , - L - S
N

(e)}



Table B-5 ¢ Experimental Date of Heat Transfer to Saturated Pool Boiling of 31.1 wt.%
Ethenol in Bthenol - Water Mixture at 22.66 kN/m®(7,=51.0°C)
il
Run Heet Conduct ion Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Well Temp. Temp. Superheat Cocfficient
W/m2 O@ 0 g O@ Oq Oa w/mZK
119 9974 .55 0.798 GP.55 64 .752 50.50 14.252 700
70.45 69.652 50.50 19.1%¢ 5EL
70.22 69.422 50.58 18.8472 529
AVG =17.420 e = 575
120 13027 .58 1.042 67.70 66.658 50.75 15.908 819
73.40 T72.360 50.70 21.700 600
75.10 74 .060 50.98 23.078 564
AVG =20.23%0 AVG = 644
121 16946.60 1305 70.20 68.845 56 .8 5 LT L5 946
T4.45 T2.095 508 83 22.265 761
7%.185 g o P 7 50.98 22.815 743
AVG =21.000 AVG = 807
122 20865.14 1.668 T 2D 71.082 71 . 0% 20.032 1042
75.00 T s adg 50%9 2 22,402 931
T 15 73.482 51L.20 22,282 936
AVG =21.572 AT = 967
12% 25190.84 2.014 T4.55 42 .56 Sdkx 35 21.180 1189
76.10 74,086 B 555 22. 756 1108
76.10 74 .086 51.40 22.686 1110
AVe =222.205 AVG = 1135
™ o

LZ



Teble B-6 ¢

Experimental Data of Heat Transfer to Saturated Pool Boiling of 39.0 wt.%
Fthenol in Bthenol - Weter Mixture at 98.63 kN/m®(T_=32.1°C)

Correcteciw

Run Heat Conduction Recorded 1 iiquid Weall Heat Transfer
Noe. Flux Correction Wall Tonmp. Well Temp. Temp. Superhe st Coefficient

124 10152. 67 0.812 92.93 92.118 8%.55 8.570 1185
97.10 96.288 85.9%p 12.940 785
97.80 96.988 83, 45 15.538 750

AVG =11 .683 AVG = 869
125 13027.99 1.042 @ T4 92.658 83.Jp8 8.978 1451
98.90 97.858 83.50 14.7358 907
98.90 97.858 83.60 14.258 914

AVG =12.530 AVG = 1040
99.95 98.6153% 84510 14.51% 1152
100.80 99.463 84 .45 1%5.0173 1114

AVG =12,963 AVG = 1290
127 20865.14 1.668 96.ED 94 .482 84 .80 9.682 2155
.01. 785 100.082 84 .70 14.382 1451
I'01.75 100.082 84.75 1% 552 1361

AVG =13.465 AVG = 1550
128 24961.83 1.996 97.90 95.904 85..10 10.804 2310
103.00 101.004 84.90 16.104 1550
104.20 102. 204 85415 17.054 14 64

AVG =14.654 AVG = 1703

- = -

N

[00]



Table B-6 3 Experimental Data of Heat Transfer to Saturated Pool Boiling of 39.0 wt.%
Bthanol in Ethanol - Water Mixture at 66,64 kN/mz(TS=72.6°C)
Run Heat ) Condﬁéfion Recorded Corrected Liquid Wall Heat Transfer
No. Fluzx Correction Weall Tempe. Wall Temp. Temp. Superheat Coefficient
W /m? g =lv 93 Oy ¢ W /m°K
129 15251.55 1.058 85.20 84.142 T249%5 11.192 1182
88.80 87.742 1T2.85 14 912 887
88. 60 87.542 72.95 l4.592 90T
G =15%.565% AVG = 975
130 16946.56 1:p0% 87» 85 86.495 T3.45 13.045 1299
: 90.73 89.375 s o0 16.075 1054
90.20 88.845 73.50 15.345 1104
4AVG =14,822 VG = 1145
131 20610.70  1.648 88. 65 87.002 73.65 15,553 1543
02.73 91.082 73360 17.482 1179
9%, 20 89.552 73.70 158952 1292
AVG =15.600 AVG = 13%21
152 25190.83 2.014 90.65 88.63%6 74 .30 14 .3556 L1757
95.90 9%,886 74.20 19.686 1279
93.70 91.686 74 .40 17.286 1457
AVG =17.103 AVG = 1473
135 30534 .35 2.441 935,10 90.659 74.95 15768 1944
97.35 94.909 T4:85 200« 059 1522
S T:55 94.909 75.10 19.809 1641
AVG =18.525 AVG = 1648

N
N
O



Table B-6 3

Bthenol in Bthanol - Water Mixture at 48.0 KN /m® (7,=65. 8°0)

Experimental Data of Heat Transfer to Seturated Pool Boiling of 39.0 wt.%

Run Heat Conduction Recorded Corrected Liquid Wall Hest Transfer
No. Flux Correction Well Temp. Wall Temp. Temp. Superheat  Coefficient

W/m2 0@ oC Oq 04 %a W/mZK
134 10152.67 0.812 78.98 78.168 66.83 IL. 738 895
82, 60 81.788 66.83% 15.558 670
81890 81.088 66.95 14.138 718

AVG =13.545 AVG = 750
i, 13027.99 1.042 80«25 79.208 67.00 12.208 1067
84 .35 83%.308 66.83 16.478 s 3 6
83.60 82.558 67.00 15.556 837

AVG =14,750 AVG = 883
136 16717.56 1.337 81.55 80.213 67.30 12.913 1295
86.45 85.113 6Zad5 17.-983 9 5a
84.80 83.463 #Er55 15915 1051

AVG =15.600 AVG = 1072
LT 20865 .14 1.668 Snfi5 81.482 67.85 13632 1551
88.60 86958 6775 19.182 1088
FL.15 85.482 68.00 17.482 1194

AVG =16.765 AVG = 1245
138 25750. 64 2.059 86.20 84 .141 68. 20 15.941 1615
91.08 89.021 68. 20 20.821 1237
88.10 86.041 68.35 17.691 1456

AVG =18.151 AVG = 1419

: = -
N

(@]



Table B=6 3

Experimental Data of Heat Transfer to Saturated Pool Boiling of 39.0 wt«%
Ethenol in Ethenol - Water Mizture at 36.0 kN/m?(T_=58.4°C)

Wall

Heat Transfer

Run Heat Conduction Recorded Corrected Liquid
No. Flux Correction Wall Temp. Wall Tenps Temp. Supcrheat Coefficient
‘N/m2 OC OC OC OC OC W/mZK
139 12946.56 12059 74.60 73.565 59%50 14 .065 920
125 T6. 255 3095 15.965 763
7788 76.815 59 .40 17 . 415 Td5
AVG =16.150 AVG = 802
140 16946.56 1.75 76.00 T4 . 645 59.62 15.025 1128
78.60 77 . 245 59.62 BT « 625 961
79 .40 78.045 59.80 18.245 929
AVG =16.965 AVG = 999
141 20865.14 1.668 K799 76,282 60.10 16102 1290
80.80 - 2% oy P 60.10 19.03%2 1096
S1 % O 80,032 0 . L% 19.882 1049
AVG =18.360 AYG = 1136
142 25190. 84 2.014 79 .45 b 56 60.40 17 0956 1478
82.60 80.586 60 .28 20.306 1240
82.60 80.586 60 .40 20.186 1248
AVG =19.180 AV = Y213
143 20534 .35 2441 81 .85 79 . 409 61 .00 18.409 1659
84 .35 81,909 60 .85 21,059 1450
85.90 83.4 60 61.10 22.360 1%66
1 AVG =20.610 MG =

1482

[A®]
W
[



Tsble B-6 3 Experimental Data of Heat Transfer to Saturated Pool Boiling of 39.0 wt.%
Ethenol in Bthanol - Water Mixture ab 25.33 kN/m®(T_=53.2°0)
Run Heat Conduction Recorded Correccted Liquid Wall Heat Transfer
No. Flux Correction Well Temp. Wall Temp. Temp. Superhe st Coefficient

¥/ne °¢ 20 g °8 °¢ Y /m°K
144 12946.60 1,085 &l .15 66.115 51.60 14.520 892
TLs70 70915 51548 19270 672

RVG =17.350 AVG = 746
145 L6717 .56 L3537 68.40 67.063 51.9% 15,113 1106
73.70 72.363 51.90 20.463 817
T2«%0 J.2 a6 52.00 20.363 821

AVG =18.650 AVG = 896
146 20865.14 1.668 T8.19 68.482 52.40 16.082 1297
75.087 74 .202 52.40 21.802 957
76.40 74.732 52.50 22,292 979

AVG =20.040 AVG = 1041
147 25190.84 2.014 73.15 T ol 52.85 18.286 L3537
77.00 74.986 52465 225306 1128
1%. 20 TSEISH 82 M5 22,336 1128

AVG =20.986 VG = 1200

[4%4



Tsble B-7 ¢ Experimental Data of Heat Tramsfer to Saturated Pool Boiling of 52.3 wt.%
Bthemol in Bthanol - Weter Mixture at 98.63 ki/m®(T_=80.7°C)
Run Heat Conduction Recordedm.‘ Corrected Liquid Wall Hezat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m2 Oq Oq Oq Oq O¢ W/m2K
148 10152.67 £« Bla 91.25 90.438 82.35 8.088 1255
94.90 94.088 82.05 2. 038 8473
AVG =10.838 AVG = 937
149 12865.14 1,030 02.3%0 91.270 82.45 8.520 1510
96.10 95.070 82.35 ¥D, TP0 1081
97.25 96.220 Bl O 1%.520 952
.LVG' =llo 590 .s':-VG’ = 1110
150 17674.30 j T 93.25 91.837 82.90 8.937 1978
97.40 95.987 82.60 1% 3587 1320
98. 20 96.787 82.60 14.187 1945
AVG =12,170 AVG = 1452
151 21119.59 1.690 95.00 9 %5+31L0 83.50 9.810 ZL55
98.65 96.960 835+ 38 1%5. 610 1552
99.90 98.210 83.85 14.660 1441
AVG =12.690C 4VG = 1664
152 25610.70 2.048 97 50 95.452 83.90 11:552 2217
130, 30 a8.252 a3.80 14 452 1772
101,05 99.002 83.9C 15.102 1696

AVG =13.702 AVG = 1869

¢ge



Table B-7 ¢ Experimental Data of Hecat Transfer to Saturated Pool Boiling of 52.3 wt.%
Bthenol in Bthanol - Water Mixture at 66.64 kN/m(T =71.1°0)
Run Heat Conduction Recorded Corrccted Liquid Well Heat Trensfer
No. Rux Correction Wall Tomp. Wall Tempe. Temp. Suvcrheat Cocfficient
W /m> °0 °¢ Pl % ° W /m°K
153% 12946.56 140355 83.9 0 82.865 i72. 80 1%. 865 1192
8¢.50 84 .465 26 20 i o= 6% 1056
AVG =12.665 AVG = 1022
154 16946. 60 1.356 85.95 84 .595 T2+ 20 1RF95 1367
88.45 87.095 T2R05 15.045 11256
86.80 85.445 . 2D 134195 1284
VG =13.545 AV} = 1251
155 20610.70 1.648 8%, 25 85.602 T2:70 12.902 1597
88.70 87.052 T72.85 14 .222 1449
AVE =14.832 4V = 1790
156 25470.73 2.03%6 88.10 86.064 712.835 1%, 234 1925
92.20 90.164 “ i 1T . 4564 1458
90.05 88.014 T2+83 15.184 1577
AVG =15.294 AVG = 1665
57T 30229.00 2:417 89.35 86.933 73.10 13:85% 2185
93.10 90.683 72.95 LT=T23 1705
93%3.10 90.683 TH«18 17503 11eT

AVG = 1848

vee



Table B-7 ¢ Experimental Data of Heat Transfer to Saturated Pool Boiling of 52.3 wt.%
Ethanol in Ethanol -~ Water Mixture at 46.65 kN/mZ(TS:63.6OC)
Run Heat Conduction é;corded Corrected Liquid Naii_ Heat Transfer
Noe Flux Corrcction Wall Tempe Wall Tcemps Temp. Superheat Coefficient
W /m? °g og °g ¢ g W/m%K
158 131 TH L. 059 76.90 75.850 6490 3.0.950 1199
81.60 80.550 64 .80 15.850 828
80.50 T9 450 64.90 3 . 550 Qg2
AVGR =135.T85 HV¥G = 955
159 16946.56 1.3p5 TT <85 T6.5985 85,13 11.465 1477
82.92 Bl . 565 65+ 13 18 455 10%1
B2.83 812715 £5.2% 16.04% 1056
AVOE=14.650 AWG = 1157
160 20865.14 1.668 2.1 78.032 65.90 12.132 1729
84. 00 82.33%2 65.80 16, 532 1262
84.85 2% 15 66.10 17. 082 1221
AVG =15.250 AVG = 1368
161 25190.83 2.014 8l.56 79.486 66.50 12.986 1939
B8 25 84.23%6 66.10 18. 135 1389
87.00 84.986 66.25 18.736 1344
LJVG =16.620 AVG = 1516
162 20534 .35 2.441 B7%. 2% 80. 809 66.98 1%, 3829 2208
88.88 86.439 hS. 8% 19.609 L5%T
89.00 86.559 67.10 19.459 1569
LVG =17.632 AVG = 1732




Table B-7 : Experimentsl Data of Hesgt Transfer to Saturated Pool Boiling of 525 %%
Bthanol in Bthanol - Watér Mixture gt 33.32 kN/mz(Ts=55.2°C)
Run He ot Conduction Recorded Corrected Liquid Wall He gt Transfég
No-. Flux Correction Wall Tenmp. Wall Temp. Temp. Superheat Coefficient
W/m® Gg °g iy Be - W/m?K

163 L3435 4L 1.074 68.20 67.126 55.68 1446 1174
T2.15 71.976 55.68 16,296 824
T 5> TL:976 55878 16.196 829

AVG =14.650 AVG = 917
164 16946.56 1.35% TG, 20 68.845 56.00 12.845 1319
76,00 74.645 55.88 18,765 903

AVG =16.675 AVG = 1016
165 20865. 14 1.668 T1.68 70.012 56.40 13<H1lP 153%3%
T+ 80 75.7%2 56.25 19.482 1071
8. 60 16.952 5 650 20.432 1021

AVG =17.842 AVG = 1169
166 25190.83 2.014 TS 72.416 56.85 15.566 1618
Z8. 5% 76.5b6 56.50 20.056 1256
79 .55 T 35 56.80 204736 1215

AVG =18.786 AVG = 1341
167 30534 « 35 2.441 75.90 TR0 57 o L5 1E6L318 1872
80.30 77.860 5703 20.830 1466
8l.60 79.160 O« 2B 22.130 1380

AVG =19.757 AVG = 1546

e
A

()



Table B-7 ¢ Experimental Data of Heat Transfer to Ssturated Pool Boiling of 52.3 wt.%
Ethanol in Bthanol - Water Mixture at 22.66 kN/m°(T_=48.1°C)
Run Heat Conduction Recorded Corrected Liquid Wall Heeat Trans£é£“
No. Flux Correction Well Temp. Wall Temp. Teompe Superhcat Coefficient
W/m? o °g °g o¢ °g W/meK
168 13027.98 1.042 64 .15 63.108 50.47 12.640 1031
8410 6T e0hHE8 hO'&2% 16.828 T74
68.10 67.058 50.58 16.478 Tl
wliz =1h,51hH &VG = 851
169 16946.56 1.355 67.40 66.045 1« 205 14.995 1150
RELO 71.145 50.93 £0 215 838
70455 69,195 51.22 L7975 943
e =1T7.750 AVa = 956
170 20865.13 1.668 68.43 66.762 51.35 15.412 1354
o435 T 5 F62 51.18 22.582 924
T3. 68 72.012 & . 20.662 1010
AVG =19,.,552 AVG = 1067
17 25190.83 2.014 70.00 67.986 h2.08 15.986 1576
76. 60 T4 .586 53%% 0 22 .686 1110
T 10 73%.086 52.13 20.956 1202
AVG = 12867

AVG =19.880

Lgz



Teble B-8 3 Experimentel Data of Heat Transfer to Saturated Pool Boiling of 71.88 wit.%
Ethanol in Ethanol - Water Mixture at 98.63 kN/mz(Ts=78.9°)'
Run Hegt Conduction Recorded Corrected Liquid Wall ﬁearb_E;z'ansfe;w
No. Flux Correct ion Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? o ¢ o¢ 5 N L %y W /m 2K
172 130G27.99 1.042 88.55 87.508 T9.70 7.808 1669
92.20 91.160 T2.38 11.578 115
90.70 89 .658 79 .80 9.858 13522
AVG = 9.750 AVG = 1336
LTS 16488.55 1. 3530 90455 89 .23%0 79.90 % 330 76T
T 91 .70 79.65 12.080 1365
91 o 7 90.430 79.95 10.480 1573
_ AVG =10.630 AVG = 1551
174 19824.42 1.585 91.30 89.715 80. 30 Y.415 2106
94.80 93.215 80.05 £5.165 1506
02953 91.3%45% 80.40 10,945 18kl
AVG =11.175 AVG = 1774
175 26218.83  2.096 92.65 90.554 80. 60 9.954 2634
97.10 95.004 80.50 14.504 1808
95.30 93.204 80,60 12.604 2080
AVG =12.354 AVG = 2122

8¢C



Table B-8 3

Experimental Data of Hegt Transfer to Saturated Pool Boiling of 71.88 wt.%
Ethenol in Ethanol - Weter Mixture ot 69.31 kN/n°(T_=70.4°C)
Run Heat Conduction Recorded Corrected L'gufsgd Wall Heat Trensfer
No. Fux Correction Tall Temp. Well Tenp. Temp. Superheat Coefficient
W /m® °¢ °c °g °c °g W /m’K
176 1352%1.56 1.058 82.40 M .1 Tl 40 0942 L33,
853 50 84.242 Tis 2@ 13.042 1415
83.30 82.242 TLAT d 0772 1228
HVG 211.252 AVG = 1176
ETT 16488.55 l.520 83.45 82.130 T1.47 10.660 1547
86.10 84 .780 T1l.3% E5.4 %0 1228
84 .25 82.930 Ti.47 11.460 1439
e =11.850 LAVG = 1391
176 20865.13 1.668 84.90 83.23%2 72.00 11 B52 1858
87 .25 85+582 72.00 1%. 588 1556
AVG =12.43%2 AVG = 1678
179 25190.83 2.014 86.40 84 .%86 T2.2% 12,196 2076
88.45 86.43%6 TiZs 15 14.2885 1763
87.85 85.836 1.2.50 1%.5%6 1861
AVG =13%.320 AVG = 1891
180 30554 .35 2441 87.60 07 et 72.70 12.460 2451
V055 B88-110 T2:60 L5+ 53ED 1969
90.25 87.810 1270 1.5 130 2021
AVG =14.360 AVG = 212§m“

6¢2i



Teble B-8 3 Experimental Data of Heat Transfer to Saturated Pool Boiling of 71.88 wt.%
Bthenol in Bthanol - Veter Mixture at 48.0 kN/mZ(TS=62.7°C)
Run Heat Conduction Reecorded Corrected Liquid Wall Heat Trensfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat coefficient

W/m? °g °g °g I °¢ W /mK
181 13027.99 1.042 76.50 75.458 63.72 11.738 1110
79.03 77.988 63.50 14.488 899
76.90 75.858 65.83 12.028 1083

&VG =12.752 AVG = 1022
I8, ISTXIT.55 1.337 78.05 76.713 63.83 12.883 1298
80.50 79 .1863 63.58 X5 . 583 1G75
78.68 T7.343 63.83 L3515 L2597

Mg =135.993 AVG = 1195
183 20865.14 1.668 7945 17.782 64 .10 13. 682 1535
8l.85 80.182 63.90 16.282 1281
80. 60 78.9%2 64.18 14.752 1414

AVG =14.905 AVG = 1400
184 26218.83 2.096 81.20 79 .104 64 .50 14. 604 15
83.30 8L. 204 64 30 16.904 G,
8. 30 81. 204 64 .65 16.554 1584

AVG =16.021 AVG = 1637

o2



Table B-8 : Experimental Dsta of Heat Transfer to Saturated Pool Boiling of 71.88 wt.%

Bthanol in Bthanol - Water Mixture at 33,32 kN/m2(Ts=54.o°c)

Correctecd

Run Hesat Conduction Recorded Liquid Wall Heat Transfer

70 . Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coe fficient
W/m2 o bl ge %3 W/m2K

18 16717.55 1.337 68.50 67.163 54.53 12633 L5324
! 72.60 TLE2D S 54.53 I6.753 989
70.50 69.163 54 .65 14.513 il52

AVG =14.626 AVG = 1143
186 2C865.14 1.670 70. 65 68.980 54470 14. 300 1459
74 .00 724330 54.58 17.750 1176
71.80 70.130 54,30 15.430 i, |

AVG =15.830 AVG = 1318
18 25190.83 2.014 Ta P 70.236 54.95 15.286 1648
g : 75.40 13+386 54.95 18.456 1366
e .58 71.566 55.10 16.466 1530

aVG =16.730 AVG = 1506

Ve



Table B-8 : Experimental Data of Heat Transfer to Sgturated Pool Boiling of 71.88 wt.%
Bthanol in Ethanol - Water Mixture at 18.66 kN/mz(Tszéll.'?OC)
Run Heat Conduction Recorded Corrected Liquia Wall Heat Transf;;«
No. Flux Correct ion Hall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? °g °g °g o °g W/m%K
188 165%1.80 l.322 60.88 S5 T 46.43% 15.128 1259
63.85 62.528 45.98 16,548 999
64.90 63.578 45.98 1T 598 ¢ B
AVG =15.760 AVG = 1049
189 20865.13 1.668 62.93 6l.262 47,27 15992 1491
8e &7 64.602 47.19 1T»452 1196
67 @0 65.432 47. 27 R 1149
LVG =16.535 AVG = 1262
190 25190.83 2. 014 64.70 62.686 41975 14.936 1687
68.45 66.436 47 .60 18.836 LB
69.90 67.886 47 ¢35 X 056 LEST
AVG =17.9%6 AVG = 1405

eve



Table B-9 :

Experimental Data of Heat Transfer to Saturated Pool
Boiling of Methanol at 98.673 kN/mZ(Ts=64.OOC)

Conduction

Corrected

Ligquid

Heat Tranéfer

Run Heat Recorded Wall
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/mZ On O ¢ On On W/mzK
191 9618.32 0.769 7600 75.231 66.50 8.731 1102
.10 g 66.10 g8, 231 1169
¥5.55 T4, H8& 66.45 Bl oL 1569
AVG = 7.698 AVG = 1249
19 12620.90 1.009 77.60 76.600 66.85 1p.'(50 1174
75 .28 4250 bt 25 8.000 1578
74,10 . 100 66.85 6.2&50 2019
AVGp==B.333 AVG = 1515
fat 162%9.50 - 1.300 s 78.050 66.95 11.g00 1465
76.459 19250 gb.25 8.900 1827
74.65 T3 350 66.85 6.500 2501
AVG = 8,823 AVG = 1841
194 20356. 20 L.B27 &, 90 80 28> 67.40 e BT 1581
TR0 .99 66.80 B.12% 2231
557y B, 22 & 50 6,923 2940
AVG = 9.640 AVG = 2112
195 24910.90 1.990 8550 81.510 B . O 15.810 1804
79.00 TTwE@d0 66.85 10.160 2452
Tiees T5. 260 67.45 7.810 3190
AVG =10.593 AVG = 2352

¢ve



Table B-9 :

Experimental Data of Heat Transfer to Saturated Pool
Boiling of Methanol at 66.64 KN/ m? (T =55. Z2%0)

Conduction

Run Heat Recbrded Corrected Liguid Wall Heat Transfef
No. Flux Correction Wall Temp. gll Temp. Temp. Superheat Coefficient
w/mZ Og og O¢ Oq Oc W/mZK
196 9618.32 0. 7oA 66.80 66.031 55 . 33 10. a5l 943
64.50 b T2 55410 8.651 1114
64.62 631851 95.%5 8.101 1187
AVG = 8.978 AVG = 1071
197 12824.43 L9225 6. 20 66.175 i5d 90 0. 75 1248
65.10 64.075 5515 8.925 1437
65,70 b4 . gif5 95475 8.925 1437
AVG = 9.375 AVG = 1368
198 16488.55 L. 520 68.90 67.580 .99 13 ., 630 1418
65.80 64.480 55 . 2P 9.280 LFTE
65.80 64.480 55.65 8.830 1867
AVG = 9.913 AVG = 1663
199 20356.253 1.62¢ 69.60 BT 7 5 GuitD 1% 22D L7007
68.10 66. 875 5% 05 10.825 1881
67.55 65 s A2 55.85 10.897 2021
AVG =10.940 AVG = 1861
200 24910.94 1.990 71.60 69.610 8. 10 317050 1844
68.5% 66.560 ot R 10.910 2283
67. 65 65.660 H5.8% 9.810 2552
AVG =11.410 AVG = 2183

e



Table B-9 :

Experimental Data of Heat Transfer to Saturated Pool
Boiling of Methanol at 50.65 kN/mz(Ts=49.loC)

Conduction

Correccted

Heat Transfer

Run Heat Recorded Liquid Wall
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
Ww/m® °g °g o o o W/m°x
201 9618.32 0,769 59.45 58.681 49.40 Y281 1036
28.80 58.031 49.05 8.981 1071
58.70 T LR 49.25 8.681 1108
AVG = B.98) AVEG = 1071
202 12620.86° 1.009 21.25 68.250 38.45 10.800 1%69
Oely 351 50 .05 10.100 1250
80.25 250 49.30 9.950 1268
AVG =10.280 AVG = 1228
203 1625%.50° 11,3004 62.50 61.200 49.40 11.800 1278
6¥, 15 59.850 49,05 10.800 1506
60.85 59.550 49.25 10.300 2579
AVG =10.970 AVG = 1482
c04 20556.30  L1.627 64 95 65. K28 49.50 R.6275 1494
62.70 61.073 49,25 11.823 ¥7dd
61.85 60.223 49.35 10.873 LR
AVG =12.106 AVG = L6B2
205 24631.00 1.970 67.90 65,930 BULES 15.280 16312
64.85 62.880 50.70 12,380 2022
63+ 60 61.630 50.70 10.930 2254
AVG =12,800 AVG = 1924

Gve



Table B-9

Experimental Data of Heat Transfer to Saturated Pool
Boiling of Methanol at 34.65 ki/m°(7T_=40.0°C)

Corredted

Run Heat Conduction Recorded Liguid Wall Heat Transfer
No. Flux Correction VWall Temp. Wall Temp. Temp. Superheat Coefficient
w/mz Oc Oq Oq Oq O W/mZK
206 Q618 A2 0.7€9 50.75 49,981 40.95 91051 1065
51.40 50.631 40.70 Q0.951 969
52.70 51.931 40.95 10.981 876
AVG'="P,.981 AVG = 964
207 12824,43 1,025 55« 55 524525 42,20 108525 1242
54.25 53%< <D 41,95 115235 1137
540D T 525 42,10 3L, 22D 1142
AVG £10.942 AVG = 1172
208 16259.54 1.300 54.85 53.550 41.95 11,600 1402
55.20 54.000 41.95 12,050 1349
54.98 53.680 42,20 11,480 1416
AVE &11.710 AVEG = 1589
209 20356.20 1 627 55.90 54..RTE 4a% 25 §2.023 1693
56.65 5%y 02D 2 .a0 2,825 1057
55.90 54.273 42,30 11972 1700
AVG =12.275 AVE = 1659
210 24631.00 1.970 5645 54.980 42,30 12,680 1943
57.90 55.850 §2.28 13.650 1804
5T7.70 55.730 42,30 13.450 1831
AVE =il3,260: AVE = 1838

9v¢



Table B=9

Experimental Data of Heat Transfer to Saturated Pool
Boiling of Methanol at 25.33 kN/m“(T_=32.8°C)

Corrected

Wall

Heat Transfer

-Run Heat Conduction Recorded Liguid
Noe. Plux Correction Wall Tenmp. Wall Temp. Temp. Superheat Coefficient
W/m2 o O o ¢ o¢ /0K
211 9618.32 0.76p 45.75 44,981 55,08 Py 1031
8 7.45 46,381 5355 10.831 888
47,95 47,181 35455 Liwbo1 827
AVG =0.800 AVE = 907
212 12824 .43 1.025 47.15 46,125 7% (0 10.425 1230
48,20 47.175 35.40 41« Br5 1089
48.80 47.775 %, BU 1275 1067
AVGL=11.460 AVG = 1119
213 16259, 50 1.300 49.50 48,200 36.40 11.800 1378
50 .55 49.050 36. 55 12,700 1280
., 35 49.050 36,58 12,700 1280
AVG  =12,.400 AVG = 1311
214 20101.80 1.610 905 49,340 %6.60 12,740 1578
5 L8485 49,840 36.50 135.340 1507
hl . 5% 50.240 2. 50 13.740 1463
AVG =13,2T70 AVE = 515

Lye



Table B-10 : Experimental Data of Heat Transfer to Saturated Pool Bopiling of B.56 wi. ¢
Methanol in Methanol - Water Mixture at 98.63 1{N/m2(TS=92-3OC)
Run Heat Conduction Recorded Corrected Liguid Wall Heat Transfggw
No. Flux _Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? o¢ @ ¢ ¢ og W/m°K
215 9618.%2 0.769 98.10 97.331 92.15 5.181 1856
9% . 2% 96. 481 91.30 5., 181 1856
99. 70 98.931 91.5% ¥, ik 1303
AVG = 5.914 AVG = 1626
216 12620.90 1.009 Ueh 98.241 92,65 b3 2257
99.25 98.241 92.25 5.991 2107
101.00 99.991 92.80 191 1755
217 16488.55 1. 2R 100.90 99.580 92.90 6.680 2468
1005 98.830 92.30 5.520 AT
LOl.85 100590 92.60 7.930 2079
AVG = 7.047 AVG = 23%40
218 20356. 20 1. 627 Tl . 25 99.823% qIES 6.6T5 v oL
1020 99.673 92.70 6.973 2919
1025 101.073 92.85 8. 229 2476
AVG = 1290 AVG = 2792
219 24631.0Q 1.969 108880 108 .85 94, 50 T o A ?360
102,40 TOG. 431 93.%0 T.191 5454
103.90 AR gy, e 9% 50 8.471 2921
AVG = 7.631 AVG = 3228

8¥¢



Table B-10 :

Methanol in Methanol - Water Mixture at 66.64 kN/mz(Ts=81.2°C)

Experimental Data of Heat Transfer to Saturated Pool Boiling of 8.56 wt. %

Run Heat Conduction
No. Flux Correction
‘,"'-I /m 2 (e) C
220 9618.3%2 0.769
221 12824.,40 AR s,
222 16488.55 1.525
223 20556. 23 1627
224 24910.94 1.990

Recorded

Corrected
Wall Temp. Wall Temp.
O Oc
9Q4"20 89, 101
98, 90 Gwd D1
B2.lT0 918531
90.65 89.625
91.8% G0.925
93895 D2 .95
92.40 91.08
9% .20 91.88
phoab 03 .98
22 .55 AL ITRS
A9=90 92,895
96.10 94.473
94.75 92960
95=80 95, 910
g97.20 95.210

Heat Transfer

Liquid Wall
Tenp. Superheat Coefficient
°¢ o¢ W/n’K
84.10 5.39 1804
8%, 35 6,781 1418
84.00 7.952 1213
AVG = 6.681 AVG = 1440
84.25 D. 7 2386
65.90 1. 025 1826
84,10 8k 825 1453
e = 7,075 AVEG = 1813
84.90 6.180 2668
83,80 8.080 2041
84.45 9.480 1739
AG = 7.913 AVG = 2084
BALED 6.572 3097
84,00 8,215 2461
84.45 10.083 2031
AVG = 8,290 AVG = 2456
85.40 T.360 33585
84.25 9.660 2579
84.70 10.510 2370
AVG = 9,377 A¥G = 27159

ote



Table B-10 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 8.56 wt. %
Methanol in Methanol - Water Mixbture at 50,65 kN/mz(TS:74.7°C)
Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer )
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
225 9618.32 0.'768 a4 08 Bi 98 75 00 6.581 1462
82.15 a8 ey 5 74.40 6.981 1378
84.50 8% 2 T4 70 9« X1 1065
AYG = 7.531 AVG = 1277
226 1<824.45 18825 83465 8Es 625 5. 25 7.295 1758
83%.35 82,725 74.90 7. 425 1747
86.10 a85. 045 75.20 ¥. 875 1299
Ay = B.198 AVG = 1564
227 - 16488.55 1§20 85.20 8%.880 18. 95 B.320 1979
84.90 83.580 75.00 B.580 1921
87.40 86.080 TF5405 10.730 1537
AVG = 9.213 AVG = 1790
228 20356.25 L. 62 86.50 84,973 B0 o 2219
Bb . 25 84.623 TH=20 9.423 2160
87.85 86.223 75.38 10.873 1872
AVG = H.82% -AVG = 2072
229 25050.00 2.000 88.35 86.350 6,950 9.850 2543
%P0 85.9200 .90 10.000 2505
89.80 87.800 16,25 1L« 5 2169
AVG =10.470 AVG = 2393

042



Table B-10 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 8.56 wt. %
Methanol in Methanol - Water Mixture at 33.32 kN/mz(Ts=65.0°C)
Run Heat Conduction Recorded Corrected Liquid Wall Heat Traﬁsfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superhesat Coefficient
W/n® o 5 56 of og W/m’K
230 9618.32 0.76%9 74.40 7% 5 id. 66.40 Tad Rl 1530
74.00 e Sl 65.80 7.43% 1294
T76. 98 T6.151 66,15 9.981 964
RYE = 8,214 AVE = 11T
231 12620.87 1.960 7% . 125 4. 250 66.55 7.700 1639
18-00 74.000 66.20 T7-800 1618
¥B.25 TTee50 66.35 10.900 1158
&G = 8,800 AVG = 1434
232 16488.55 1.p20 Foi B 75.460 66.90 8.560 1926
TR Q 15 280 66.62 8. 760 1882
TR s B 250 66.75 11.480 1436
AVG = 9.600 AVG = 1718
232 2005075 1+ 52T T8 55 . 0R3 &R 10 9.823 2072
¥5 . 9% 64923 66.80 10. 123 2011
80.40 78 . 17 66.95 11,843 L1722
AVG =10.,589 AVG = 1922
234 24631.00 L9710 80.00 78.030 67.45 10.580 2928
73 .85 77.880 G« <) 10.680 2306
g8l. 7 8.0 67.45 12,280 2006
AVG =11.180 AVG = 2203

T4



Table B~10 :

Experimental Data of Heat Transfer %o Saturated Pool Boiling of

Methsnol in Methanol = Watcrsibxtmma at 25.33 kN/mZ(TS=59.O°C)

8.56 wt. %

Liquid

Run Heat Conductioﬂvﬂ Recorded Corrééted Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. superheat Coefficient
W/m® oy °g L g O W/mK
235 9618. 32 0.769 69.48 68.711 6l . %20 o ik 1281
69.10 el 301 60. 40 Ts 5L 1213
Te. 24 TL4DY 60.90 10. 50 913
A¥G = 8.658 AVG = 1111
236  12926.20 1,555 70.80 69.767 61.55 8.217 1375
Tlx20 TOAE T 61l.24 8.947 1445
To. 45 T2 8L7 61.40 118 OL7T LETo
ANE = 9,594 AVG = 1376
237 16488.55 1.620 72.40 118, 80 &4 . 8% 9.230 1786
T< R0 Taia JEL 61.65 9.730 1695
TS 65 3 a0 61.85 11.860 1390
AVG =10.2753 AVG = 1605
238 203%56,23 1.627 74,25 72.623 62.20 10.423% 1953
. 25 TE.625 ERE10 1050 1933
Teie5 T 0e3 62.40 12,6275 1613
AVG =11,200 AVG = 1818

252



Table B-11l :

Experimental Data of Heat Transfer to Saturated Pool Boiling of 16.5 wt.%
Methanol in Methanol - Water Mixture at 98.63 kN/m°(T,=87.7°C)

Corrected

Run Heat Conduction Recorded vLiéuid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. - Superheat Coefficient
W/m® °g °g og o °g W/n®
239 9618.32 0.769 47.88 97081 87.85 9.231 1042
96.00 Q5s B 86.70 8.551 1127
98'. 20 97.431 87.80 9.631 399
AVG = 9.131 AVG = 1055
240 12926.20 1.038 99. Qb 98.017 88.30 Q17 1330
97T 96.717 87.40 Je 1T 1987
99,30 98.267 88.00 10267 1259
AVG = 9.76T AVG = 1323
241 16488.55 o 100,25 98.930 88.40 1845350 1566
529 .35 98.030 AL 9§ 780 1686
1% +05 59,730 88.40 TY.330 1455
MG =10.550 A4VG = 1563
242 20556, 20 T B2T 101.40 8825 88.55 §1.225 1814
100.58 Q. 455 BEL 10.603 1920
1025 FY 100.6£7 88.45 P 1692
: AVG =11.350 AVG = 1797
243  24910.24 1.990 102,95 100,960 89.00 11.960 20
. 101.80 99,810 88.45 ll.%GO 218%
105.°TO L OFe§.10 88.7T0 135,010 1915
AVG =12.110 AVG = 2057

¢se



Table B-11 :

Experimental Data of Heat Transfer to Saturated Pool Boiling of 16.5 wt.g
Methanol in Methanol - Water Mixture at 66.64 kN/m (T =76.0°C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Tenp. Wall Temp. Temp. Superheat Coefficient
W/m2 O¢ i+ 24 ¢ i W/m°K
244 9618.32 0. 769 88.20 87,421 77 . 8% 10,20 940
g6 . 30 i g8 Nop 76.80 B 331 1991
888 20 8T«Fol 7685 1%. 781 892
ANF =10.114 AVE = 951
245 12824.43 1.02§ 89.80 15 P o T e L1 3225 1142
88aad 87ap25 B> 10+595 123%4
90.50 89.475 T - o q1.925 1075
AVG =11.180 AVG = 1147
246 16488.55 Fu 320 91.4 89.780 78.00 31,780 1400
89 ud® 87.920 D0 10.430 1581
92,50 81,180 W 1344350 1228
AVG =11.880 AVG = 1388
247 20556, 20 1627 92 %%l5 90.523 78815 .573 1645
¥l. 6 89."725 .84 21325 1707
995 QX 323 78.00 13,523 1528
AV =12.540 AVE = 1623
248 24910.90 1.990 F0ur0 Al 330 78.45 12.860 927
9210 a0 LET0 78.28 11.83%0 2106
94.20 9d.210 78.45 15,760 1810
AVG =12,.820 AVG = 1943

4T



Table B-11 :

Methanol in Methanol - Water Mixture at 50.65 kN/mZ(Ts=70-OOC)

Experimental Data of Heat Transfer to Saturated Pool Boiling of 16.5 wt. %

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient

W/m2 o¢g og g og °g W/m°K
249 9618. 32 0,769 82.90 B2. 131 70.78 11.051 847
o . U SU.BJ1 70.60 LG 351 s KT
8%.30 BZebal 70.68 L1.8%51 812

AVG =11.180 AVG = 860
250 12824.43 1.02p B4, 15 83,485 L0 12.025 1066
8315 SEANE2S 70.90 2T . 825 1085
84.45 83.425 ¥1.03 12.395 1055

AVG =12,082 AVG = 1061
251 16488.55 R 85.65 84.3%0 . 35 12,880 1270
84.85 83.530 Tde'25 138, 280 o435
86.55 85,230 71.39 13.890 1187

AVG =13,050 AVG = 1264
252 20356.23 Lab27 86.70 85075 Tk 68 15,425 151
86.70 o% qTD T1.50 13. 515 1500
87.40 85. 773 TdL S5 14,283 1431

AVG =13,.T40 AVG = 1482
255 24910.90 1.990 88.90 86.310 72,00 14.310 1741
88.00 86,010 71875 14.260 1747
89.20 B T 3 71.90 15, 310 1627

AVG =14.650 AVE = 1703




Table B-11 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 16.5 wt.%
Methanol in Methanol - Water Mixture at 33.32 kN/mZ(TS=60.0°C)
Run  Heat Conduction  Recorded Corrected Liquid  Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? °g %g °¢ °g °g W/mK
254 9618.32 04769 i 35 72,581 60,60 11.981 803
72.80 12. 00X 60.05 11,988 803
15465 72.881 60,%5 32.531 768
AVG =12.164 AVG = T91
255 12620.90 1.009 74.70 T2« 700 60.75 128950 975
74 438 73.700 60.65 050 967
T ., 10 T4+150 60,75 L3.400 942
AVG =13.130 AVG = 961
256  16488.55 L.520Q 76.15 75.330 6. 55 L3, 780 1397
76.80 75.480 Ft25 148230 1159
76.95 75.630 Pl.50 14,380 1147
AVG =14.130 AVG = 1167
297 P0556.23 LeH27 18.xD ne 1 61.80 14,673 1387
78.60 76.975 g1 .60 155 2009 1330
T9¢35 Y. T2 61.80 15,920 1278
AVG =15.300 AVG = 1331

962



Table B-11 :

Experimental Data of Heat Transfer to Saturated Pool Boiling of 16.5 wt.%

Methanol in Methanol - Water Mixture at 25.33 kN/m (T =54.0°0)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m® ¢ og o °¢ °¢ W/m°K
258 12620.90 1.009 69,55 68.550 05 MID 15. 500 935
70.28 69.280 54..92 14.3%60 g
1385 TE. 850 54.92 15,950 792
AVG =14.600 AVG = 864
259 16488.55 1.340 71.05 69.730 85545 14.280 1155
TIRSO T6.580 5. 25 19 458 1076
T3 %0 T1L.880 55.40 16.380 1007
AVG =15.330 AVG = 1076
260 20356.23 1.62% T2EH65 TL3Q23 B5 .53 15.493 1044
T . 78 11,873 5. 29 15.595 1227
T4.50 12875 5550 7. 545 1174

AVG =16.480 AVG = 1235

L&g



Table B-12 :

Experimental Data of Heat Transfer to Saturated Pool Boiling of 30.8 wt. %

Methanol in Methanol - Water Mixture at 98.63 kN/mz(Ts =81.6OC)
Run Heat Conduction Recorded Corrected Liquiad Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m® °g % o o g Ww/m® X
261 9618. 32 Q. T69 82%50 ok Rl 824,35 &.381 1025
L% 75 QP TORY 82.00 8081 1071
80 .95 93 181 8f.15 I1.951 iy b
AVG = 9.798 AVG = 982
262 12824.43 1025 96.80 g2, T%5 82. 70 10.07b 127TS
92.40 91 :3¥% 8280 9.875 1413
#5.90 94.875 82450 12.B75 1036
AVEE—18 510 - AVE = 1220
263 16488.55 X. B2 a5 94.030 a2.85 11.p80 1488
94 .75 33.450 82.60 10.83%0 1522
9%.10 95T 82.80 123980 1270
AVE =11.630 AVG = 1418
264 20610.70 1.648 96.50 94,852 8%, ¥ Fhab22 WA ]
96.05 94.402 82.90 el 502 LT3
98.05 96.402 8%.27> ¥.172 1565
G = 12.100 AVG = 1703
265 24910.94 1.992 98. 25 96.258 8%.68 12.608 1576
97 .80 95,90 8%.5% 1958 1984
99.70 7 il 83 45 14.258 1747
AVG =13.141 AVG = 1896

84¢



Table B-12 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 30.8 wt. %
Methanol in Methanol - Water Mixture at 66.64 kN/mZ(TS=7O.4°C)
Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m® o % g o @ W/m° K
266 9618.32 0. 769 82.25 81.481 T 95 10,531 515
B.L. 85 81,081 70 .65 18, 451 922
83,45 82,681 70.80 1IR881 810
AVG =10.950 AVG = 878
267 12824,43 1.025 835:80 2. T1h ¥& .28 11.495 1116
83.50 82. 415 T0i85 1%.625 1103
84.50 84475 T lm05 1A 425 1052
AVG =11.850 AVG = 1082
268 16488.55 1320 B b 15 84.1%0 .50 12,63%0 1305
84.20 82.880 70.90 11.980 1376
86.00 84.680 "Bl 25 1l 30 1228
AVG =12.680 AVG = 1300
269 20356.23 1.627 86.70 85.073 71.80 . 273 1534
86.10 84415 Tim25 Y3023 1563
8TraQ 85.673 .45 4,223 14351
‘ AVG =13.510 AVG = 1507
270 25190.84 2. 014 BR% 2 86.216 Ti.98 14,266 1766
87.60 85.586 e o S 15.836 1821
88 . s 86.686 [ 85 14.836 1698
AVG =14.313 AVG = 1760




Table B-12 :

Methanol in Methanol - Water Mixture at 50.65 XN/ m (T =64. 0%0)

Experimental Data of Heat Transfer to Saturated Pool Boiling of 30.8 wt. %

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m® °g 5g og 2g %g W/m® K
4 1§ 9618.32 0.769 16.75 5 98 64.90 11,081 868
76 TS Tos38L 64.70 11.281 853
TH-85 ¢ ary 5 1 B 64.70 1R.381 777
&G =11,581 AVEG = 831
272 12824.43 1:025 T8 BB 17 BE5 5, 15 12 35TS 1036
T8 =% 725 64.90 X2, 525 1041
B L3 I7. 748 6%.95 Yeuid 75 1004
AVG’ =12.492 AVG’ = 1027
275 16488.55 L3200 80. X5 78.830 65. 40 124350 1228
79.60 78.280 e KA, 13 4050 1265
80.50 T9: 180 65.30 13.880 1188
AYG =13.450 AVG = 1226
274 20356.25 1627 81.50 18 BRI 65.65 4,223 1431
80.60 TER KT 65 . 1:5 15,823 1473
82.10 80.473 65.35 5.125 1346
AVG =14.790 AVE = 1415
275 24910.94 1s992 82.90 80.908 65 480 15.108 1649
815 80." 'S8 £5. 85 14.808 1682
83.45 81l..458 65.45 16.008 1556

09¢



Table B-12

Methanol in Methanol - Water Mixture at 33.32 kN/m2(Ts=54,3°c)

Experimental Data of Heat Transfer to Saturated Pool Boiling of 30.8 wt. %

Heat Transfer

Run Heat Conduction Recorded Corrected Liguid Wall
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? b "q b °0 ug W/m® K
276 9618.32 0.769 Ol » 95 67.181 54.45 12,701 756
66.85 66.081 5 8ves il.831 813
68.20 67.431 54 45 16.081 Toh
G =12,550 AVG = T66
27 12620.90 1.008 . 55 68.55 54.80 155750 918
69.00 68.00 S, 65 550 945
70.45 69.45 54.80 14.650 862
AVG B13.920 AVG = 907
278 16488.55 L5280 71.03 69.710 55.00 14,710 1121
TO= 69.230 H4:02 LARRL0 1152
13, 39 TG40 §5.15 15.860 1040
AVG =14.960 AVG = 1102
279 20356 .23 1627 2 M5 IO 2% 55.40 15,525 1311
Ty 28 i ¥ e 55. 20 15, 37D 1324
Ta k0 71.473 55.40 16.073 1266
AVG =15.660 AVG = 1300
280 252%9,19 2.020 T4 3.0 72.080 55460 16.280 1550
THRTQ 71.680 55.45 16.2%0 1555
5.9 72280 5985% 75 17,230 1465
AVG =16.580 AVG = 1522
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Table B-12 : Bxperimental Data of Heat Transfer to Saturated Pool Boiling of 30.8 wt. %
Methanol in Methanol - Water Mixture at 29.32 K/ m® (T,=51.4°C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Tempe. Tempe. Superheat Coefficient
W/m? og og og °g °g Win® &
281 9796.44 B THD 64 . 55 63.767 50,80 13.470 727
64.20 G wdedf 50.1% 1T 5LT 736
69.45 64.667 50125 . 417 680
AVG 213.735 AVG = 713
282 12824.43 1025 66.3%0 65,875 SORSS 1487725 871
65. 55 54,528 B0 25 18075 911
664, 18 gh. 725 50.25 15 . SIS 829
AVG =14.760 AVG = 869
283 16488.55 g Ly 68.%0 66.980 50.85 16230 1022
67.45 66.130 50.85 ot 80 1079
68.80 67.480 50.90 16,580 994
AVG =16.000 AVG = 1031
284 20356.23 1.627 69.45 67 0EY 53% 10 16. T2l 1217
69.40 6. TTa 50.93 16.843 1209
69.90 b, 51 5 e A e 5y 1190

AVG =16.890 AVG = 1205
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Table B-13 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 43.24 wt. %

Methanol in Methanol -~ Water Mixture at 98.63 kN/mz(TS=78.1°C)

Run Heat Conduction Recorded Corrected Ljquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall 'Temp. Temp. Superheat Coefficient
W/m? o¢ °c °¢ °g ¢ W/’ X
285 9618.3%2 0.769 89.65 88.881 29 . 58 P e | 1031
89.00 g8l T 75 8.881 1083
90 75 89.981 9 %5 10.431 922
AU = 9.548 AVG = 1007
286 12417.30 0.993 0. 75 89.757 80.00 S.05T 127D
50.15 SR Y T8. 70 Qed 57 1315
2. 79 B U oy 1. 80 1L.907 1043
AVG =10.374 AVG = 1197
287 16030.53 l.262 02.:54 91,318 80.50 19.718 1496
D1.38 90.018 80.15 9.868 1624
94.05 g2. 768 80.25 12.P18 1281
AFNG =11.035 AVG = 1453
288 19847.33 LHaY 85.80 QA2 80.80 11.413 1739
99.0% 91.463 8d. a5 IN.B813 1836
95.60 94.013 80.% 15.263 1496
AVG =11.830. AVG = 1678
289 25190.84 2.014 QP85 93.236 81l 40% 12.186 2067
94 .40 92.686 80.90 11.786 2137
o7.14 95,086 ai<05 14.036 1795
AVG =12.670 AVG = 1988
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Table B-13 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 43.24 wt. %
Methanol in Methanol - Water Mixture at 66.64 kN/m°(T =67.2°C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/n? °¢ g °¢ °¢ °g W/m® K
290 9618.32 0. 769 T 45 78.681 68.40 10.281 936
S e 67.95 9.681 599
B0 19 79.361 68.10 Lls 261 854
AVG =10.391 AVG = 926
291 12824.43 1.025 8047h 74 5125 68.50 11.225 1142
79 .98 T8 525 68v25 10.275 1248
81,69 80.605 68.30 1 2==%0) 5 1042
AVG =11.2T70 AVG = 1138
292 16259.54  1.300 82.05 80.750 68.65 12,100 1344
B1.25 79.950 68.45 11,500 1414
82.95 81.650 68.58 13.070 1244
AVG =12,220 AVG = 1331
293 20101.80 1.610 &g , 55 81.640 68.80 12.840 1566
S0 80.690 68.70 11.990 1677
84 590 83.2590 68.80 14.490 1387
v AVG =13%.110 AVG = 1533
294 25190.84 2.014 85.20 £5.186 69.00 14.186 1776
83 5 81.536 68.88 12.656 1990
86.5% 84 #3356 69.00 15356 1643

AVG =14,060 AVG = 1792
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Table B-13 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 43.24 wt. %
Methanol in Methanol - Water Mixture at 50.65 kN/mz(TS=6O.O°C)
Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temps Superheat Coefficient
W/n® °g °¢ og o o W/m® X
295 9440.20 0. T55% T2%520 71.445 60TH 10.695 883
y 70.995 60.H55 10,445 904
15 430 72.345 60.85 >, 495 821
AVG =10.880 AVG = 868
296 12620.90 14009 TE580 Td {591 ok. 35 =541 1094
T kD Te ] 60.85 13; 711 1116
75.00 1l " 61.10 repol 979
ATG =11.914 AVG = 1059
297 16946.56 1., 305 To2560 74.245 68,45 R TO5 1324
74 .80 73 .445 60.90 124545 1351
76.80 75.445 b0 12,245 1384
AVG =13%.200 AVG = 1284
298 20556 ,.23 Y B2T 76495 58925 el 10 1.%.623 1494
The 5B 14615 o198 B I A 1551
T1.BS 6. 225 61.68 14.543 1400
AVE =13.765 ~AVG = 1479
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Table B-13 : Bxperimental Data of Heat Transfer to Saturated Pool Boiling of 43.24 wt. %
Methanol in Methanol - Water Mixture at 33.32 KN/ m (1,=51.0°C)

Run Heat Conduction Recorded Corrected Liguid = Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient

W/n? o o o o °g W/m® K
299 9618.32 0.769 64.10 63.331 51325 12.081 796
6% O 62.981 5¢. 99 2 . 051 798
64.95 64.181 5%.19 1900 758

AVETL12.390 AVE = T76
300 12824.43 =025 65.0% 64.625 51.45 L5.175 973
65. B0 64.075 hi. 30 25775 1004
66.65 &5, 625 51.40 1487225 902

AVG =13%.392 AVG = 958
201 16488.55 1220 87,20 65.880 7 sl o 14.150 1167
67.00 65.680 9150 14.180 YLES
68.10 66.780 51.80 34.980 1101

AVG =14.430 AVG = 1143
302 19847.33 L.587 68.60 6F. 013 52 L8 14.9E> 1521
68.30 e TS 51.88 14.835 3338
69.60 68.013 52.10 15.915 1247

AVG =15.220 AVG = 1304
303 25190.84 2.014 70.40 68.386 b 50 16.086 1566
@955 67.536 ne:13 15.406 1635
T2 69 . 286 B52e20 17.086 1474

AVG =16.193 AVG = 1556
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Table B-1% : BExperimental Data of Heat Transfer to Saturated Pool 30111ng of 43.24 wt. %
Methanol in Methanol - Water Mixture at 25.33 kN/m (T =45,5°C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m® B s °g Po 0 W/me X
304 9796.44 0.783 60.20 595417 46.10 Is.517 Ti&
S 1 58+967 45,85 1%, 117 747
60.95 60.167 46.00 . 167 692
AVG _=13.534 AVG = 724
305 12620.87 1.009 6 10 60.691 48.35 145541 880
60.95 59.941 4b.15 18,791 915
62.20 §1l.191 46,20 14.991 842
AVG =14.374 AVG = 878
306 16946.56 1959 63.60 62,245 46.60 15.645 1083
62,70 5 I 46.30 15+045 1126
68>.80 62.445 46.50 15.945 1063
AVG E15.545 AYG = 1090
307 20556.23 LeB2T 64.85 03 .§<> 47,00 15.22% 1255
64.85 65 . C2% 465 T 16.493 1234
65.60 B S 4,03 16.945 1201

AVG =16,553 AVG = 1230
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Table B-14 : Bxperimental Data of Heat Transfer to Saturated Pool Boiline of 64.0 wh. ¥
Methanol in Methanol - Water Mixture at 98.63 KN/m° (2 =T73. 390)
Run Heat Conduction Recorded Corrected Ligquid Wall Heat Transfer
No. Flux Correction  Wall Temp. Wall Temp. Temp. Superheat  Coefficient
Nin= g o o g °¢ w/m® X
%08 12824.40 1.825 8%.45 B2. % 7%.80 8.625 1487
b 1.5 21 T3 50 10.625 1270
8d. 7> 83-.325 ToT65 9.675 1326
AVG = 9,642 AVG = 1330
309 16488.55 1,320 84.50 8%.180 T4.05 9.130 1806
86 .45 85.130 75. T8 ek VD 1449
86.10 84,780 5. 85 10.93%0 1509
AVG =10.480 AVG = 1573
ol 20610, 70 1.648 85.58 84,202 74.30 9.902 2081.
87.60 85.952 VP 31.822 1743
837 2H 85.602 74 .20 T, 402 1808
AVG =11.042 AVG = 1867
I 24631.00 1.970 STeL5 85.280 T4.45 10.830 2274
89.10 87.130 T74.28 12.880 1912
88.10 86.130 74.40 i1.1.5%750 2100
AVG =11.813 AVG = 2085
b § 30534..05 2.441 885 5% 864,109 e .63 11.480 2660
90.50 88.060 T 4450 15560 2252
90.05 87.609 7450 15 1500 23529
AVG =12.720 AVG = 2401
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Table B-14 : Bxperimental Data of Heat Pransfer to Saturated Pool Boiling of 64.0 wt. %

Methanol in Methanol - Water Mixture at 66.64 kN/mZ(TS:62.4°C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/n° o - 6 s ., c W/m® K

b L 9618.32 0.769 T2 .20 j LW o 1 63.10 8.631 1114
TdE 1D Wy ni 62.85 10.481 918
74.10 15 o0 69 ,0% ¥0.281 935

AVE =19+798 AVG = 982
314 12417.50 5.995 74.20 - 13420 634 20 9.907 1253
75 « G2 T4:.657 65 5 k. SR 1079
74.85 T 857 b7.28 10,607 117Ti

AVG =10+674 AVEG = 1163
75 16488.55 1. 380 . g [ -950 8550 10.430 1581
7 DD Tk . 250 % T2 . ped 1280
76.20 74.880 B 5 =50 11 k380 1449

AVG =11.560 AVG = 1426
316  20610.70 1.648 76.60 74.952 63.65 11.302 1824
78.90 Tie252 60 .50 1. T2 1499
77.45 75.802 6= 70 £2.102 17073

| AVG =12.385 AVG = 1664
e & 24910.94 ¥.992 T8965 16508 65.85 12,708 1960
T 0 7 #58 8.0 13.858 1798
T8.95 204958 0. Th 13.208 1886

AVEG =13.260 AVE = 1879
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Table B-14 :

Experimental Data of Heat Transfer to Saturated Pool Boiling of 64.0 wt.%

Methanol in Methanol - Water Mixture at 49.32 kN/mZ(TS=56.l°G)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Plux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/ o og °g og o W/m° K
318 9618.32 0.769 s . > 64.981 55425 i 58 988
66.95 66.181 54.95 11.281 856
66.35 g5 . 581 59 .0 10.481 917
LAVEG =19.481 AVG = 918
319 12824.43 1025 67.00 65975 55.40 10.975 1213
68.60 i b 55448 12 . 2% 1043
67.70 66.675 35 40 hdeg 2 74 1157
AVG =11.3%82 AVG = 1127
320 1e488.55 1. 328 68.65 . 250 ey - X 11.660 1414
69.50 68.180 55 55 12 J630 1306
H 3 50 68.180 ab . 00 12.580 1511
VG =12.290 AVG = 1342
321 20356. 235 1627 70.40 68.773 55 80 ®.873 1581
71505 69.423% 95,15 1¥.675 1489
70.60 68.973 5585 < i W ) 1551
LVG =1%.223 4LVG = 1539
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Table : B-14 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 64.0 wt. %
Methanol in Methanol - Water Mixture at 33.32 kN/m (T =46, o)
Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux ~ Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
322 9618.32 0,769 Bule'l S Gibs I8 46.10 19,281 936
58 .50 Dty o 45.90 11587 813
57.80 7. 0% 45.98 i . 2571 870
AVG =11, 054 AVG = 870
323 12620.90 1.009 58 . 45 57.441 46.25 11. 158 1128
¥, 60 glaph . o) 46 . 12.441 1014
59.60 71 B 4§.ES 12,541 1023
AVG =11.991 AVG = 1053
324 167LX7.55 B 60.15 58.815 46.52 12 <59 1360
6%.30 B963 46.40 5. 363 1233
61.10 SINTRI 46.45 15210 1256
AVE =13%056 AVG = 1280
325 20556.23 1.627 61.90 60.273 46.70 ¥.575 1500
62995 60925 46455 143393 1414
62.25 60.623 46.70 5.925 1462
AVG =13.963 AVG = 1458
326 25190.84 2.014 63.50 61.486 A6 .85 14.536 1733
64.20 62.186 46,80 15.386 1637
64.05 62.036 46.85 15,186 1659
' AVG =15.036 AVG = 1675
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Table B-14 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 64.0 wt. %
Methanol in Methanol — Water Mizture at 26.66 kN/m"(T =42.0°C)
Run Heat Conduction Recorded Corrected Ligquid Wall Heat Transfer

No. Flux Correction Wall Temp. Wall Temp. Tenp. Superheat Coefficient

2 0 o o} o} o 2
W/m G C C - G W/m® X

227 9974.55 0797 e, 39 FEa S H5 42,30 1%.253% 886
550 54,503 42415 12153 821
56.60 55.803 42.20 5 .60 T

AVG =12.340 AVG = 808
328 12620.90 1009 35.96 54.891 42,55 12.341 1023
Ho. TH 55.741 42,45 15,581 948
NRE Géwill 2L §2.68 14.071 897

AVE =13.24d AVG = 953
329 16488.55 1.32@ 57.60 56.280 42,80 13.480 1223
5&.%55 57 .250 428065 14.580 1351

: AVG =14.463 AVG = 1140
330 20356,23 627 58«65 57.G23 43 5 ¥.875 1467
60.15 G H 22 4%.00 IR5205 iy 51 .
§l.22 50,595 43335 . 545 1246

AVG =15.250 AVG = 1335
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Table B-15 : Experimental Data of Heat Transfer to Saturated Pool

Boiling of Isopropanol at 98.63 KN/m> (7 =81. 6°C)

Heat Conduction Récorded Heat Transfer

Run Corrected Liquid Wall
No. Flux Correction Wall Temp. Wall Temp. Tenp. Superneat Coefficient
W/ m? °g i o o 3 /m°K
e Ji o 9974.55 0.7 88.90 88.103 80.65 T«453 1328
89.80 89.003 79.80 9e2025 1084
87.55 86.753 80.55 6.203 1608
AVG = 7.620 AVG = 1309
b e 4 1278%.72 1.02 90.55 89.528 81.80 B, 728 1654
91.50 90.478 Blylh 9.%28 1518
90. 25 89.228 81.90 T7.588 1745
AVG = 8.130 AVG = 1572
b 16305.34 1.304 92.58 91.196 e 9.066 1798
' 023 91.646 81,60 10.046 1622
91.75 90,446 82.195 8.316 1960
AVG = 9.143 AVG = 1783
334 20865.14 1.668 94,20 9F, 552 82,48 30,052 2076
94.80 43102 824 10 11,032 1891
92 .} 91032 82.55 8.682 2403
AVG = 9,922 AVG = 2103
e 25190.84 2.014 95,78 93%.766 82,95 10.820 23528
96.10 94,086 Beedd 1955 2107
95,90 91.886 82.80 9.086 2772
AVG =10.622 AVG = 2372

o
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Table B-15 :

Experimental Data of Heat Transfer to Saturated Pool
Boiling of Isopropanol at 69.31 kN/m2(TS=73.O°C)

Run Heat' Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m® o °c 3¢ Jc °¢ W/m°K
3%6 9656.50 Qs 772 o B G 80.358 72.38 8.178 1181
82.00 81.228 T145% 3.678 998
80.00 79.228 T2 418 7.048 1370
AVG = 8.301 AVG = 1163
AT 15027.99 1,042 81.90 80.858 T2as 8.578 1519
8% .38 82,338 R ol O 10.638 1225
81.03 79.968 Teegd 7708 1690
AVGI="8.975 AVG = 1452
338 16488.55 1.3518 82.70 g2, a8 gagras) 9.102 1812
M 25 82,932 .58 Py 1452
81L.60 80.282 e 1R 8.102 2035
AVGH= 9.519 AVG = 17352
=79 20610.70 1.648 8w 5 824 T2 72 .60 10. 102 2040
86.10 84.452 12850 11,952 1724
85.15 81,502 T2=50 9.002 2290
AVG =10.952 AV} = 199%
340 25190.84 2.014 86.25 84,236 e . 35 11.286 2e98
87.00 84.986 TER 50 12,486 2018
85.35 83,336 Tt 10.386 2425
AVG =11.384 AVG = 2210
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Table B-15 :

Experimental Data of Heat Transfer to Saturated Pool
Boiling of Isopropanocl at 48.0 kN/mZ(TS:64.5OC)

Heat

Conduction

Recorded

Heat Transfer

Run Corrected Liquid Wall
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m2 Oq 05 Oq Oc Oq W/mZK
341 10297.71 0.823 T .28 T1.457 6270 B8+« 757 1176
73.40 T<epll 62,03 10.547 976
72408 Tk aiTy 62.50 84707 1185
342 13027.99 1.042 74.00 T4 858 E915 9.808 1328
75.00 T72.958 62,50 113458 1157
TEL 95 Tl. 908 6015 84758 1487
AV =10,008 AVG = 1303
343 16H832.10 1.346 75.80 T4.454 63.50 10.954 153
76.90 75.554 b %2 5 12,304 1368
74.53 15, 184 63.65 9.534 1765
iAVF =10.930 A¥G = 1540
344 20610.70 1.648 . 28 T8 .8652 53 11,752 1757
. 25 76.602 63, 50 13, L2 L5753
109Ny Thded:32 63.90 10,292 2014
AVG =11,690 AVG = 1763
345 25190.84 2,014 8 5 76.756 63.98 12. 746 1974
79235 T &6 63,60 L 1833
T7uls b . 156 63.88 11.256 2257
ATG =12,576 /UG & 2000

GL2



Table B-15 : Bxperimental Data of Heat Transfer to Saturated Pool

Boiling of Isopropanol at 34.66 KN /m? (2,257 300)

Run

Conduction Corrected Tiquid.  Wall

Heat Recorded Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Tenpe. Superheat Coefficient
W/m? °g %¢ °g o¢ °g W/ mlK

346 10117.05 0.809 68.10 b7 .291 5755 9.941 1018
5% 15 68.341 5640 3 .641 869
6T &b 66.821 58,28 9.591 By

AVG =10.391 AVG = 974
347 30027.99 1.042 70.10 69.058 58.08 1o0.978 1187
71. 00 BY . Y5 57.40 12, 558 1037
68.98 67.958 58,08 | 5.858 1022

AVG=11.131 AVG = 1170
348 16488.55 1318 T1.20 69. 962 8505 20 1%, 782 1599
T2, 60 71,282 57258 . T2 1201
TOS 45 69.1%2 58 . 15 10,982 1501

AVE =12.165 AVG = 1355
349 20610.70 1.648 72.8D T L1382 58.55 12.8%2 1606
74.00 T2 -9 7 P i 14.602 1412
TILE® 69.852 55, 15 11,70 1761

AVG =13.045 AVG = 1580
350 25190.84 2,014 T4.45 72.436 58.90 P 1861
76703 =016 58.50 15,536 1624
T2+31D Tl.238 Ot T2 12. 386 2034

AVG =13.813 AVG = 1824
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Table B-15 ¢

Experimental Data of Heat Transfer to Saturated Pool
Boiling of Isopropanol at 12.66 kN/mZ(TS=38.lOC)

Conduction

Run Heat Recorded Corrected Liguid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Couvfficient
W/m2 °¢ °g °g °g °g W/meK
351 9656.50 0.772 52.80 52.028 39.10 12,928 74T
5%.15 s 6 28.85 25. 428 626
54.10 ol kgt 59, O 14,298 675
AVG =l4.218 ﬂVG == 679
i o 15027.99 1.042 St 35 53.308 9540 15,908 957
SETIS 55.308 N0, 05 36s 278 800
58, 63 54.588 .80 15,188 858
AVG =15,125 AVG = 861
] IETLT. 56 1337 55.80 54,463 29. 60 14.863 1125
27. 90 HaU51S T 28 -, S e 970
W i 2 59763 J9.BE 15,247 1029
AVG =16,113 AVG = 1038
354 20610.70 1.648 57.00 3 8052 40,00 15, 358 1343
60.35 58, TO2 39.45 19,288 I T
583 9% 0T 40,00 17,5682 13191
AVG =17.302 AVG = 1191
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Table B-16 ¢

Isopropanol in Isopropanol - Water Mixtur

Experimental Data of Heat Transfer to Sat

urated Pool Boiling of 15.0 wt. %
e at 98.63 K/m°(T_=84.6°C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Tenp. Wall Temp. Tenp. Superheat Coefficient
W/m? og °g og og o W/n® X
2 3 9974.55 0.798 5 20 93,102 86,00 Ta#d 02 1404
96.90 96,102 85 .20 10.902 915
97.80 97.002 Bh. 90 ] EF102 898
476G .G, 702 AVG = 1028
356 12946.56 LLESS 95.35 94.%15 86.13 8.485 1582
98.10 97.065 85¢35 11 Jids 1105
98.80 97.765 86.13 11,6750 13315
AVG 8510 AVE = 1232 -
rio ¥ i I6717.56 1.98% 96.88 95.545 86.80 8.743% 1912
99.80 98.463 86.00 1204675 1341
99.90 98.56% 86.58 11.983 1395
RTG =F1.06% AVE = 1511
e 20865.14 1.668 98.10 96.432 8F. 13 9.3%02 22473
1055 99.582 86.15 ¥r.432 1553
101.50 99.832 8703 12,802 1630
AVG =11.845 AVG = 1762
559 25190.84 2.014 99.45 97.436 87 .45 9.986 2523
10258 100.566 86.50 14,066 1782
L0253 100.566 87.20 13,265 1885
AVEG =12.4735 AVG = 2020

8L2



Table B-16 @ Bxperimental Data of Heat Transfer to Saturated Pool Boiling of 15.0 wta %
Isopropanol in Isopropanol - Water Mixture at 74.0 kN/mZ(TS=79.2°C)
Run Heat Conduction Recorded Corrected Ligquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m® o¢ og °g o °g W/m® K
360 9974.55 0.798 88.75 87.952 79.45 8.502 %) b
D18°75 90.952 1B.9% ra, 052 823
qE .85 O 1z O6id 9.65 11%502 867
AVG =10.685 AVG = 934
361 1L3e2T .99 1.042 90.45 89.408 T2 10,068 295
95.5% 92.488 18 80 i PR L 959
9%.53 92.488 79.45 13858 999
AVG =12.228 AVG = 1065
362 16488.55 1.718 91.75 90.432 TIR80 10632 X55L
94,70 93,382 g A 14.32 1159
94.80 93,482 B9 w2 1201
AVG. =12.865 AVG = 1282
363 20865.14 1.668 3. M 91.382 B0 5 m . 232 1858
95195 94,282 7.0 14.532 1436
96.20 94.532 80.15 14.382 1451
ATE =1%.382 AVE = 1350
364 25190.84 2.014 94.25 92.236 80.85 11.986 2102
o7 RO 95.086 80.00 15.086 1670
T.50 95.486 80. 15 15.3386 1643
AVG =14.1%6 AV = 1782
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Table B-16 :

Experimental Data of Heat Transfer to Saturated Pool B0111ng of 15.0 wt. %
Isopropanol in Isopropanol - Water Mixture at 49.32 kN/m (T &14.,190)

Liquid

Run Heat Conduction Recorded Corrected Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Tempe. Superheat Coefficient
W/n® °¢ 2 Pe ag %g W/n® X
365 10297.71 0.823 8l 70 80.87T7 T1.%0 QulTT 1122
84.70 BB i, 1% 12 27 809
BI4TR 8e . 877 T1a50 LIROTT 905
AVG =11.097 4VG = 928
366 12785.72 1.0 L u¥, 82.528 T2 WD 9.828 1 30L
87.80 86.778 125 08 14.400 888
85.80 84. 718 72.60 12.18 1050
AVE el 155 AYG = 1055
367 16832.10 1.546 84.90 8%.5%4 e oo 10.654 1580
89.45 88.104 T2.45 19654 ZOTH
R 85.904 Te+ 90 12.004 1291
AVG =1%.104 AVG = 1285
368 20610. 74 1.648 86 .25 84.602 . 15 11452 1800
91L.00 89.352 72.8% 26,502 1249
88.50 86.852 A 20 13.565< 1510
AVG =1%.869 4VG = 1486

08¢



Table B-16 : Experimental Data of Heat Pransfer to Saturated Pool Boiling of 15.0 wt. %

Isopropanol in Isopropanol - Water Mixture at 33.32 kN/mZ(TS=64.4°C)

Corrected Heat Transfer

Run Heat Conduction Recorded Liquid Wall
No. Flux Correction Wall Temp. Wall Temp. Temnp. Superheat Coefficient
W/ °¢ °g o °g °g W/m® X
369 9974.55 G« T 78.08 T7.28% 67.5& 9.763 1022
SOrLs 79.353 66.72 12,833 790
81.03 80.233 67.30 L2¥933 TiZ
£V0 Lad . 776 AVG = B4T
370 1560505 1.088 79.60 78. 5A2 6. 1R 10§12 1258
BX%. 05 79.962 66.72 13 8242 1027
85455 82.462 6T 18 93 912
AVG =12.989 AVG = 1047
o § 16T1L7.56 1s3°0 &L.70 80.363 67+ 9% 12.483 1347
88,23 81.893 6§8 00 145885 1123
84.90 8%.563 68.10 15.463 1081
WVE 4,256 AVE = 1172
572 21801, 55 1.7435 8370 81, 35K 68.30 L34 657 1596
855%5 8%.407 & .55 1o .857 1975
86.75 85.007 68.20 16,707 1305
AVG =15.407 AVG = 1415

J 32 1



Table B-16 :

Experimental Data of Heat Transfer to Saturated Pool Boiling of 15.0 wt. %
Isopropanol in Isopropanol - Water Mixture at 25.33 kN/mZ(TS=59.8°C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Tenp. Superheat Coefficient
W/m® o o og o o W/m° X
575 15027« 59 1.042 T 12 K- Rk i~ 1,35 10.428 1249
Fi.00 TS - 808 60.50 15.458 843
7. 24 1hs 200 60.65 15,308 851
AVeP==135.751 AVG = 949
374 16717.56 1. 387 74.82 73.4853 61975 W.733 1425
78.45 Wl . L5 61.00 16ril5 1038
79.40 78.063 61.50 16,963 1009
AVG =14.803 AVG = 1129
15 20610.70 1.648 6o 74.602 o e ) 12,672 1626
79.80 JB 152 gl.25 16.902 1219
80.82 wpe s i 61. 65 . 522 1176
AVG =15.699 AVG = 1313

28¢



Table B-17

Experimental Data of Heat Transfer to Saturated Pool Boiling of 22.5 wt. %
Isopropanol in Isopropanol - Water Mixture at 98.63 kN/m2(TS=85.1°C)

Corrected

Run Heat Conduction Recorded Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
2 o) o] o} o] o) 2
W/m C G C 0 g W/m® X
376 997435 0.798 SI=05 I 252 84.15 a2 bt 3
98.20 97.402 5 ] i« 23 699
83 .25 018452 8351 45 14.002 2
AVG =12.125% A4LVG = 823
T 1LATTL.00 1. 100 94.80 93.700 84,15 9.5p0 1442
100.05 98 J0 83.45 15.5068 888
100.70 99.600 84.53 Lase 70 902
AYG =15F%%0 AVG = 1025
378 17040.71 L 362 96g 10 045738 B s25 10.438 1624
4] 355 100.188 83.60 16.588 1027
.85 100.188 cq’. 3% 15 .858 1076
AVG =l4 . 305 AV& = 1191
¥ T 20610.70 1.5648 STl 95.882 84.50 13, 382 1811
1@3.10 10182 B4FI5 17102 1205
103.50 101,852 84.50 s P 1 1188
.;’A.VG' =15 s 279 A.VG' = 1349
380 25470.74 2,056 99.0@ 96.964 34.70 12,264 2077
Y0415 102.094 84.,3% 17.744 1435
104.90 102.864 84.58 18.4284 1393
AVG =16.097 A¥VE = 1582

£8¢



Table B-17 :

Experimental Data of H
Isopropanol in Isopropanol -

ent Transfer to Saturated Pool Boiling of 22.D whe %

Water Mixture at 66.64 kN/mz(Ts=74.9°C)

Conduction Recorded Corrected Liquid Wall Heat Transfer
Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
o¢ °g o¢ °¢ W/m® K
20254.45 89.43 o9l o071 12,140 1668
96.47 94.85 75 0% 19.820 1022
93,05 91.43 75. T8 15,650 1294
AVGE==15.870 AVG = 1276
25190.84 o 89.306 76.05 I>.256 1900
98.€0 96.586 Y2 (D 20.836 1209
94.80 92.786 1520 16.886 1492
AVG =16.993 AVG = 1482
30534.35 935.9% 91.509 75680 14.709 2076
100.70 98.259 TG ot T3 1403
97.10 94.659 76.90 &« 759 LTS
AvVed-18.076 AVG = 1689

¥8¢



Taple B-17 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 22.5 wt. %
Isopropanol in Isopropanol - Water Mixture at 53.32 kN/mz(Ts=71.8°C)
Run Heat Conduction Recorded Corrected Liguid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m° oG % ak o By W/m® K
384 16717.60 1.573 84.05 il e T0.18 3,553 1324
89.85 B8 T 69.65 18,863 886
86.90 B5.562 T .90 . 265 1095
AVe =Y. 5557 AVGE = 1075
B85 20278.62 1. G2l 85.08 835924 70.40 13.52% 1499
91.60 89.979 19 .80 19879 1020
88.45 86.829 70.58 16.249 1248
AVG =l60552 AVG = 1225
386 25190.84 2.014 £56.90 84.886 70.80 14.086 1230
93.00 90.986 0 .50 20.486 1230
90.65 88.636 That 1. 586 1432
AVG =17.3%386 AVG = 1449
387 29923.66 2.582 S5 5 86.158 .35 14.808 2021
94,56 51.950 Toe87 B 100N 1418
94.9% 91.958 71.45 T 204508 : 1459
AVG =18.808 AVEG = 1591

8¢



Table B-17 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 22.5 wt. %
Isopropanol in Isopropanol - Water Mixture at 34.66 kN/mz(TS=62.O°C)
Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
Ww/m? o g og og o w/u® €
388 20556, 25 1.627 T TR0 Fev 5 62.43 3.843 1471
82.70 8L.Q0q{2 62.03 195043 1069
£2.320 80.673 &2 A5 B8.243 1116
AVC =™7.043 AVG = 1194
389 25190.84 2,014 T e T7a536 62.70 14.8%6 1698
84 .25 gR. 276 62.55 19.886 1267
84325 82, 236 62785 19.386 1299
AVG £ 18.056 AVG = 1397
390 29923.70 2.7392 82.7¢ 80.308 < P 17.008 1754
86.00 83.608 §2.85 20.758 1441
&6 .10 83 .7o08 67.4Q 19.908 1503
AVG :A19.226 AVG = 1556

98¢



Table B-18 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 31.25 wt. %
Isopropanol in Isopropanol - Water Mixture at 98.63 kN/mz(Ts=82.2°C)
Run Heat Conduction Recorded Corrected Liguid Wall Heat Transfer
No. Flux Correction  Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m® o o¢ °g o °g W/w® X
391 1671756 1,504 94.60 9%.263 82,13 W1, Bk 1502
98.00 96.665 81.60 15.062 1110
97.40 96.063 af,25 16812 1230
AVE =35.336 AVG = 1254
392 20865.14 1.568 96.5% 94.882 82425 13, 632 1652
99 B0 g8, 034 8T 85 16.682 1251
98, (9 97.082 82.10 14882 1393
AVG I=14.765 AVG = 1413
393 24631.00 1.98% 98.00 96.031 82.58 a5l 1874
101.45 99.481 81.85 E7.531 19T
100.30 98.331 82.58 1% 751 1564
NG 15,611 AVG « 1578
394 30534.35 2,441 100.90 98.459 82.55 14,909 2048
10%.80 3101 . 254 83.40 17,958 1700
102,728 o 3o 2 83%.80 15,955 1913
AVG =16,276 AVE = 1BT6

182



Table B-18 @

Experimental Data of Heat Transfer to Saturated Pool Boiling of 31.25 wh. B

Isopropanol in Isopropanol -

Vater Mixture at 61.31 kN/m(T=70.0°C)

Corrected

Run Heat Conduction Recorded Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Tenmp. Temp. Superheat Coefficient
1
W/m2 On o¢ On O@ o@ Ww/m® K
395 20610.70 1.648 86.00 a1 ek L T1.0% 1%, 502 1549
g BO 88.902 70490 18.002 1145
88.05 86.402 #iLa70 14,702 1402
AVG =15.335 AVG = 1344
396 25190.84 2.014 87.3b 89.53p L 14.186 1776
92.40 90.386 70.88 19506 1291
89.38 87.366 TL T I5.806 1605
AVGI=16.463 4VG = 1530
FT 29424.94 2 . b 89.35 86.997 y o B (0 150097 1941
94.40 92.047 EL.55 20.497 1436
90.50 88.147 T<.0Q 26,147 1822
AVGA=17.247 AVG = 1706

88¢



Teble B-18 3

Experimental Data of Heat Transfer to Saturated Pool Boiling of 31.25 wt. %
Isopropanol in Isopropanol - Water Mixture at 50.65 kN/mz(TS=66.8°C)

Run Heat Conduction Recorded Corrected Liguid Wall Heat Transfer
No. Flyy Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m® °g 9 °g o °g W/m® K
398 16717.56 Ee 397 81.00 79.663 67.00 LA 6673 1320
84.80 835.463 66,35 17815 977
84.80 B5.4075 66.95 ¥}.513 1012
AVG =15.430 AVG = 1083
299 20865.14 1.668 82.45 80.782 67.05 5 el 3519
86.10 84.432 66.50 17892 1164
Sl ] 84.832 67.20 A7 . 62 1183
AVG E=T6.432 AVEG = 1270
400 25702.30 2.085 B85.90 81.845 67.40 14.445 LT
87.13 85.075 66.75 1&eD25 1403
88.05 &85 .99 67.50 18.495 1390
AVG E17.088 AVG = 1504
401 30534.35 2.441 g5 5 8%.109 6. 98 15.209 2008
88.45 86.009 67.10 18.989 1615
90.10 81509 651510 19.9559 1536
AVG =18.026 AVG = 1694

68¢



Table B-18 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 31.25 wt. %
Isopropanol in Isopropanol - Water Mixture at 34.66 kN/mz(Ts=58.6°C)

Corrected

Run Heat Conduction Recorded Liquid Wall Heat Transfer
No. Filux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? o % °g 9g °g W/m® K
402 20865.14 1.668 78.45 76.782 61.80 14.982 1393
81.80 80,152 61.80 $8s552 1138
81.80 80,134 62 .60 17.932 1190
AVG =16.949 AVG = 1231
403 241835, 21 .0 79.80 T1.867T 62.45 15.417 1569
83150 83:i9b1 52883 19 .77 1232
82.80 80.867 62w 3 17.837 1348
AVG =17.664 AVG = 1369
404 31355. 10 2.507 80.65 T8: 149, 62.80 15.343 2044
86.20 85 +695 62.60 21,099 1486
86.20 87,695 63.00 20.693 1515

AVG =19.043

AVG = 1647

062



Table B-18: Experimental Data of Heat Transfer to Saturated Pool B0111ng of 51.25 wt. %
Isopropanol in Isopropanol - Water Mixture at 25.33 kN/m (T =55 wha
Run Heat Conduction Recorded Corrected Liguid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? o o St o % W/m° K
405  20865.14 1.668 70.00 68.332 ab.10 15.432 1370
75. 00 7 5. 2798 52.60 RA0xTT52 1006
i D B 73.682 58,00 20.682 1009
AVG =18.882 AVG = 1105
406 25190.84 2.014 T1.5Q 69.486 52%45 16.036 1573
T6.85 74.736 55 3B 21,586 1167
TTe o8 e 5306 i T 21, {86 1156
AVG =19.800 AVG = 1272
407 30534.35 2.441 73,16 70.659 54.00 16 S50 183%
79.40 16.95%49 53.80 25159 1318
[ Pl T4 108 54.00 23.109 1321
AVG-=20.980 AVG = 1455

162



Table B-19 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 37.0 wt. %

Isopropanol in Isopropanol - Water Mixture at 98.63 kN/m2(Ts=81.5°C)

Run Heat Conduction Recorded Corrected Liguid Wall Heat Transfer
No. Flux Correction Wall Tenp. Wall Temp. Temp. Superheat Coefficient
/m? °¢ o¢ °g g °¢ W/m® K
408 16946.56 1. 35§ 94,15 S TS 81.70 118095 1527
94 .45 93.095 81.45 Bl.645 1455
$5.00 95,645 SE80 185845 1431
AVG =13.530 AVE = 1470
409 20865.14 1.668 45.19 9%.482 AleB0 1V.682 1786
95.485 Sk, 782 81.05 k2. 782 1639
95,18 94.052 81.85 1282 1713
AVG =12,200 AVG = 1710
410 25190.84 2.0k4 87.00 94.986 Bk 15 12§56 1963
97 .00 94.986 81.85 32.136 1918
Ot 15 96.136 82,25 15.886 1814
AVG-=1%5.290 AVG = 1896
411 30839.70 2.466 O89H 96.484 82.59 29+.934 S21D
99245 96.984 2V P 14.734 2093
95, 10 96.634 &, 10 12,9354 2215
AVG =14.200 AVG = 2172

c6e



Table B-19 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 37.0 wt. %

Isopropanol in Isopropanol - Water Mixture at 64.0 kN/mZ(TS=69.7°C)

Liquid

Run Heat Conduction Recorded Corrected Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m2 °¢ g o ¢ og W/me X
412 16946.56 L255 84.570 8o e95 71 488 118865 1478
88410 B, T4 TES 20 5. 545 1090
88.00 86,645 TL D5 15.095 1123
AVG =14.035 AVG = 1208
413 20865.14 1.668 86.75 85.082 T2 09 13,032 1601
90.65 88.982 71.92 17.062 12235
89.20 87.532 2028 Rty 2 1565
AV =1%.125 AVG = 13580
414 25702.3%0 2.05% 88.50 86.445 72 .60 1%5.845 1856
92,60 90545 72.40 i, E4% 1417
90.50 88.445 72.60 T5.3%5 1622
AVG =15.945 AVG = 1612
415 F0534.35 2.441 9da55 88.109 72.95 155160 2014
93%.95 91.509 72 .60 18.909 1615
91 TS 89.%10 T 55 U 16,260 1878
AVG =16,.780 AVG = 1820

e E—
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Table B-19 : BExperimental Data of Heat Transfer to Saturated Pool B0111ng of U7.0 vt. ¥
Isopropanol in Isopropanol - Water Mixture at 50.65 1N/ m° (T =65.5 il
Run Heat Conduction Recorded Corrected Liquiad Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m® °g g og °g °g W/m® K

416 17134.90 1.574 T 95 +71.58 68, 20 12,880 1584
§2.25 81.88 64.40 17.480 980
80.70 - o 64.75 14,580 B bty £,

AVG =14.813% AVG = 1157
417 21541.98 1. e 80.3% 79.228 65.38 13 B850 1355
84.80 83.078 64.43 18. 650 1155
81.70 TORRTA 64.90 15 oTe 1429

LVG =15.860 AVG = 1358
418 24961.83 1.996 82.35 80.354 65.60 14.754 1692
86.10 84.104 64.90 19.204 1300
8%.90 81.904 65.80 16 104 550

AVG =16.700 AVG = 1495
419 B0454.5% 2,441 84,25 81.809 66.00 15.809 18321
88.05 85..609 65. 0 19,308 1534
Gl 15 B, 09 66.10 16.609 1838

LVG =17.442 AVG = 1751

Y62



Table B-19 : Bxperimental Data of Heat Transfer to Saturated Pool Boiling of 37.0 wt. %

Isopropanol in Isopropanol - Water Mixture at 33.32 kN/mz(Ts=55.7°C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/ m? °g &0 o ¢ °¢ W/m® ¥
420 16946.56 X- 5% 7. 15 70,798 57 .68 =2 115 1292
o.78 ¥, 290 Sl £ 5 18.145 954
i s 80 T2, 445 L. 95 14,495 1138
AVG =%5,385 AVG = 1102
421 21541.98 L. Tee 74.30 T 78 58 25 14.528 1483
78.00 2718 57.40 18.878 11T4%
V6. 2 74.598 58.05 16.548 1302
AVG =16.651 AVG = 1294
422 25984.73 s E8T P .25 § 7 g | 58. 65 1% .525 1674
TS5 il - 1D T 19143 1357
78 .5 Fo-0T5 58.60 1LIw473 1487
AVG =17.3%80 AVG = 1495
4235 30229.00 2,417 EBL - » The B55 58.90 165.633 1817
81.40 78.983 58.45 20,553 1472
T9%H0 A 2! b3.90 18,185 1662
ATG =18.450 AVG = 1638

G662



Table B-19 : Bxperimental Data of Heat Transfer to Saturated Pool B0111ng of 37.0 wi. §
Isopropanol in Isopropanol - Water Mixture at 25.33 KN/m° (T =51.1 °0)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer

No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m® % *¢ - i g W/m° K

424 17134.90 1.3570 68.00 66.630 51.95 14.680 1167
il.60 70.230 5X. 56 18.730 914
70.20 68.830 51.80 LT (130 1006

AVG ¥16,813 ATG = 1018
425 21282.44 1.702 T0 .45 68.448 Bete o 5.2 ¥5.618 1365
: 12800 12.198 52.60 19.598 1086
70.80 69.098 e dep i 16148 1318

AVE =17.121 AVE = 1245
426 25190.84 2.014 Ti. Th 69 736 §5.05 16.686 15719
75 o 15536 et BY 20.686 1218
%2 .60 70.586 53.3p Y. 436 1445

Mg =18,.270 AVG = 1379

962



Table B-20 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 59.0 wt. %

Isopropanol in Isopropanol - Water Mixture at 98.63 kN/mZ(TS=8l.O°C)
_iun Heat Conduction Recoxded Corrected Liguid Wall Heat TransféZMM
No. Flux Correction Wall Tenmp. Wall Temp. Temp. Superhenat Coefficient
427 9974.55 0. T9T 90.20 89.403 84,59 8903 1120
90.60 89,5863 ¥4 90 9.903 1007
SHL5 9,855 80.20 325153 821
AVG 210-320 AVG = 967
428 120355 1. 058 91.00 89.942 80.50 9.442 1401
83, 70 Q2642 80, %5 12,892 1076
835.80 924t 2 80.50 12248 1081
AVG m3d, 325 AVG = 1168
429 I6FLT. 50 1,337 9¢ . 60 91.263 80.80 10.463 1598
9%..05 B3, 713 80.50 18T 2 b 1265
95.40 94.063 80.90 13,163 1270
AVG #12,.279 AVG = 1361
430 20865.14 1.668 0P > 91.882 81 80 20 .882 1917
950 94.03%2 80.80 1,232 i
97.00 85,2332 8 10 14,282 1461
AVEG =12.799 AVG = 16350
431 25190.84 2.014 94 .80 92.886 81=l15 11,736 2146
97.20 95.186 80.95 14.236 1770
YT 1% 9B, 156 #1.15 14.586 LRET

AVG 213.519 ﬂVG = 1863

Lec



Table B-20 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 59.0 wt. %

2
Isovropanol in Isoproponol ~ Water Mixture at 65.31 kN/m (TS=69-600)

Run Heat Conduction Recorded Corrected Liguid Wall. Eeat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temnp. Superheat Coefficient
W/m? ¢ g o¢ % ¢ W/m® K
432 10959.30 0.876 81la7hH 80.874 70.90 9.874 1099
86.30 85.424 20, 32 8. 104 726
giL.85 80.974 70.90 10074 1088
AVG =11.717 AVG = 935
433 136037, 05 1.088 B.TH 81,6562 70.90 10.762 1264
88.45 B8¥g 5062 73 . 16, 81R 809
B3 .15 82.362 T A0 11 =62 13197
AVE 1e2.979 4VEG = 1048
434 16946.56 1.55% 89,90 82.545 T asl.0 1485 1481
8%. 45 88.095 70.70 18295 974
84.50 G5 =) 45 Tl 25 11 4895 1425
AVG =13.578 AVG = 1248
455 2086%5.14 1.668 84,90 B¥es2 71,15 X2.082 1727
90,55 88.882 TORSS L7.5852 1164
8550 83.852 L= 25 12,582 1658
AVG =14.199 AYE = 1469

86¢



Table B-20 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 59.0 wt. %
Isopropanol in Isopropanol - Water Mixture at 50.65 kN/mZ(TS=64.9OC)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfefﬂ
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
Ww/m? o °g o o0 oo W/n® X
436 13027.99 1.042 76.40 75.558 64,53 10.828 1203
82.80 8l.758 64.05 17.708 736
Ti.20 Ty 1528 64,75 11.408 1142
AVG =12.315 AVG = 978
437 16946.56 I L 77.48 TRRL2 D 64,65 11.475 1477
84.00 82.645 64,30 18.345 924
79.80 78.445 64.75 12 3695 1237
AVG =1R 505 AVE = 1168
438 20865.14 1.668 79.45 THaslB2 64495 1§.852 1626
86.10 84.432 64,45 19982 1044
80.50 ol BB 2 65.00 e 4352 1508

ANG =15.548 AVG = 1342

662



Table B-20 :

Experimental Data of Heat Transfer to Saturated Pool Boiling of 59.0 wt. %

Isopropanol in Isopropanol -~ Water Mixture at 34.66 kN/mz(Ts=55.7oC)

Run Heat Conduction Recorded Corrected Liquia Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temn. Temp. Superheat Coefficient
W/m® o¢ o o¢ °¢ o¢ W/m? ¥
439 9974.55 0.798 & 105 66,252 5% .60 84652 11573
75.08 ¥2,282 . @5 15232 655
.50 71.702 5%. 80 1% 3102 TET
AVG =12.662 AVG = 1788
440 13027.99 1.042 68.00 66.958 50 .108 1430
74.87 TaaB28 5%¥s 2N 16.5%8 187
T4 30 Tl 08 57.60 g 840
AVG 213.725 AVG = 949
441 16946.56 1. 358 69.45 68.095 58510 9995 1696
77.00 b A5 5N 85 iR. 795 952
7605 74.695 58.20 16.495 1027
AVG =14.762 LVG = 1148
442 20865.14 1.668 TELS0 70,232 58°. 20 ¥ .032 1734
8.9 76, 552 28:0% 18.782 [ s i
77.40 TO . 1o SEVES 17.482 1194
AVG =l6.099 AVG = 1296

00¢



Table B-20 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 59.0 wt. %
Isopropanol in Isopropanol.- Water Mixture at 25.33 kN/mZ(Ts=50.3OC)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Tranéfer.ﬂ
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? °¢ °¢ g o % W/m® ¥
443 10297.71 0.823 99, 95 59.127 50.30 8.827 1167
66.00 65: 197 50.10 L5 G/ 683
67.05 66.227 50.40 15.827 6hi1
AVG =15.244 AVG = 778
444 13603%.05 1.088 6l .70 60.612 50 .45 10,168 1339
67.80 66 .12 50 25 16.462 826
68. 40 67.5982 50.60 16, 712 814
LVG =14.445 AVG = 942
445 16946.56 1355 63495 62,595 50.80 o 1457
68.90 67.545 50, 56 7. @45 994
70.00 68.645 50.83 17.81% 951
gVEF=as 552 AVG = 1090
446 20865.14 . 1,668 65.80 654,192 510 1540352 1601
TG.. 90 69.232 50,95 18.282 1141
J0.90 69,232 53 & LT 18.062 115%

AVG =16.459 A4LVEG = 1268

TO¢



Table B-21 :

Experimental Data of Heat Transfer to Saturated Pool Boiling of 77.0 wt. %

Isopropanol in Isopropanol - Water Mixture at 98.63 kN/mZ(TS=80.7OC)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
Wn® 0 2 Lt *0 °3 W/m® X
447 9974.55 0.7917 89.40 88.603 80.20 8.403 11B7Y
90.75 88.9623 19457 10,403 959
90.05 B9.253 80.30 B+353 1114
A¥G =R.255 AYE = 1078
448 13027.99 1.042 50+ 9% 89.508 80.50 9.008 1446
92.65 91.608 80§15 11.458 1135%
SITES 90.108 80.60 9+508 1370
AVG E 9.991 AVG = 1304
449 16305.34 1. 0% 91.40 90.096 80 . 75 9.246 1745
5 .95 92.646 80.30 32.546 1321
92.60 91.296 80.82 10.476 1556
LVG =10.723%3 AVG = 1521
450 20865.14 1.668 92,90 g, 252 80.82 20,412 2004
95 30 B 4 S50 13,052 1601
9%, 80 Tor TIE 80.82 11l.312 1845
kVG =11.585 AVG = 1BO1
451 25190.84 2,014 935.98 97,956 8hr0> 10.906 2310
96.40 94.386 8. 55 13.836 1821
94..90 92.886 B35 11.7%6 214.6
AVE =12,159 AVE = 2072

20¢



Table B-21 :

Experimental Data of Heat Transfer to Saturated Pool Boiling of 77.0 wt. %
Isopropanol in Isopropanol- - Water Mixture at 66.64 kN/mz(Ts=69.3°C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
Noe. Flux Correction Wall Temp. Wall Temp. Tenp. Superheat Coefficient
W/m? g ¢ ¢ o ¢ W/ mK
452 9974.55 0.797 79.05 T8s253 69.65 8.603 1159
23§55 TR TS 69 .30 D453 1055
82.13 L1359 69.65 11.68% 854
AVG = 9.913 AVG = 1006
453 13603.05 1.088 80.50 79.412 69.90 9,532 1430
81.65 S0TR62 69.55 deligiD 1 2 T899
8%.10 82 s 69.70 12. 1re 11048
AVG =20.94% AVG = 1243
454 16488.55 £ W 15 81 60 80,282 70.20 10.082 1635
82.95 81.632 69.88 1183752 1403
84.10 82 T2 O .10 12.682 1300
AVE@=¥1.505 AVG = 14373
455 20610.70 1.648 82.80 814352 Toe 55 10.602 1944
84,00 82,352 70.20 Bl 152 1696
86.00 4., 254 TOR55 1%. 802 1493
AVG =12.185 AVG = 1691
456 25190.84 Sx 14 84.05 82, 0346 70. 70 11.3956 2222 -
85.60 8%.586 T . 40 23.186 1910
87.5%5 85, hh 70.60 14.736 1709
AVG =1%.086 AVG = 1925

¢0¢



Table B-21 : Experimental Data of Heat Transfer to Saturated Pool Boiling of 77.0 wt. %

Isopropanol in Isopropanol - Water Mixture at 50.65 kN/m2(TS=64.O°C)

Run Heat Conduction Recorded Corrected Liquid Wall Heat Transfer
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m2 Oq 0g Oq 0@ Oq W/mz .
457 9974.55 0. 797 74.10 %00 63, 55 o535 1023
1D 74953 6355 11.403 875
74.90 74.103 &p .70 JOL405 )
EVG 0L 520 AVG = 948
458 IETLA DR 1,058 75 .60 74.542 5% TH 10,492 1226
Y755 76 2292 63.60 12,692 1043
¥6.50 75.442 6399 ddei 92 115k
AVG =FriehS AVE = 1135
459 16717.56 1.397 76.95 15, 605 T ae e 11.66p 1433
T, 25 76.913 62 B0 1325 1265
NTa25 75935 64.05 118863 1409
Ve =l2.246 AVG = 1365
460 20865.14 1.668 T 5D 76.882 64.20 ¥2,.682 1645
79 .80 TerL32 64.00 n.1352 1476
J9.50 T8 32 64.20 1346354 1531
VG =13.480

AVG = 1548

70¢



Table B-21 : Experimental Data of Heat Transfer to Saturated Pool Boiling o TT:0 wt: B

Isopropanol in Isopropanol - Water Mixture at 33.32 kN/mZ(TS:54.ZOC)

Corrected

ﬁun Heat Conduction Recorded Liquid Wall Heat Transfer
No. Flux Corraction Wally Temps Wall Temp. Tempe. Suverheat Coefficient
Ww/n° °g °g a: °g og W/moK
461 13603.05 1.088 69.45 68.%62 56. 85 11972 11561
o R yarfh2 H6W0 16,262 837
69.45 68.562 565 50 13.862 1147
AVG =1%.,280 AVG = 1024
462 16946.56 1P 70.80 69.445 56.80 12.645 1340
g B 0O T5.685 5G. 49 17.445 971
70.20 68.845 56.70 12,145 1395
AVG =14.078 AVG = 1204
463 20865.14 1.668 F1L50 69.832 e K 1.2 132 1639
%6 .25 13.ba2 50, BB 18.002 159
s T 71.482 S LU 1.4 .582 1451
AVG =15.038 AVG = 1388
464 25190.84 2.814 T3 .28 T1.086 5T o0 174586 1854
/.10 76.086 56 90 19.186 1713
.50 71.486 57 (25 14,216 LTI
AVG =15.663 AVG = 1608

G0¢



Table B-21

Bxperimental Data of Heat Transfer to Saturated Pool Boiling of o Y wt., %

Isopropanol in Isopropanol - Water Mixture at 25.33 kN/mZ(TS=49.6°C)

Heat

Heat Transfer

Run Conduction Recorded Corrected Liguid Wall
No. Flux Correction Wall Temp. Wall Temp. Temp. Superheat Coefficient
W/m? o oq o g °g W/moK
465 9974.55 0. 797 60.85 60.053 49,70 JOLD53 863
03 .Ta 62.903 49.50 13 34085 744
65.60 64.803 49.75 15.058 663
AVG 212.940 AVG = Tl
466 15603.05 1.088 62.20 6, 112 50.05 1l.064 1230
65.10 64.012 49,715 14,262 954
67.00 65.912 50.05 15.4962 858
AVG =13,729 AVG = 991
467 16488.55 1,%88 64.00 62.682 otl. 25 4254352 1326
66.00 64,682 50.00 14.682 112%
68.60 67.282 50. 35 164932 974
AVG =14.682 AVG = 1123
468 22493, 60 1.798 6% 85 64.052 50.60 L, 452 1672
68.10 66.302 ) 16.072 1400
68 75 67.952 (. 60 H g S s 1296
AVG =15.625 AVG = 1440

90¢



APPENDIZX-C

EVALUATION OF PHYSICO-THERMAL PROPERTIES

C.1 PURE LIQUIDS

Physico-thermal properties of pure liquids
investigated; distilled water, ethanol, methanol and
isopropanol are readily available in literature
[121, 127-133] in different system of units. However,
they are not évailable in the International System
of units over the entire range of temperature
employed in the present investigation. Therefore,
the physico-thermal properties of these pure liquids
were converted to S5.I. units and plotted in Figures

C.1 though C.5 as a function of saturation temperature.

C.2 BINARY LIQUID MIXTURES

Physico-thermal properties of the aqueous binary
liquid mixtures of ethanol-water, methanol-water and
isopropanol-water are available in the literature
[119, 129-132, 134] only over a limited range of
temperature and concentration. Therefore, methods were
devised to predict the physico-thermal properties of
these mixtures. These methods are discussed below
for evaluating physico-thermal propérties used in

this investigation.
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C.2.1 Liquid and Vapour Densities

The liquid density ﬁas calculated at the
respective saturation temperature of a given nmixture
with the assumption that for these mixtures the partial
molar volume of each component in mixture is equal %o
its pure-component volume at the same temperature and
pressures.  The liquid densities are plotted in Figures

C.8, Col2 and C.1l6 for these mixtures.

Vapour density was calculated by employing three
different equations of state; namely, the Virial
Equation, the Redlich-Kwong Equation and the ideal gas
law. For the binary systems under investigation, the
mixing rules proposed by Prausnitz [135] were used. A
comparative study of these three equations revealed
that ideal gas law predicted the vapour density for
these mixtures within + 2.0 per cent deviation as
predicted by the other two equations. Therefore, keeping
in view, the simplicity of the ideal ges law, this was

used to predict the vapour density of mixtures.

The vapour density as a function of saturation
temperature for ethanol-water, methanol-water and
isopropanol-water mixtures are shown in Figures C.8,

C.12 and C.16 respectively.
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C.2.2 Thermal Conductivity

For the prediction of thermal conductivity of
binary liquid mixtures under investigation, the equation
of Filippov and Novoselova [136] was used., The equation

is as follows :

k, = kl wy + ky W, - D7 2 (k2—1L_L)(wlw2) R { . Ry

where the welght fraction w, refers to the component
having the larger value of k. The values of thermal
conductivity calculated by Equation (C.1l) compared

well with the values those available in literature [134].
The calculated values are plotted in Figures C.9, C,13

and C.17 for ethanol-water, methanol-water and isopropanol-

water mixtures respectively.

C.2.3 Surface Tension

Surface tensions of the aqueous binary liquid
mixtures have been calculated using the method of
Tamura et al [137]. As recommended by these investigators
this method may be used to estimate surface tensions
over wide concentration ranges. In the method of
Tamura et al [137]}, the significant densities and
concentrations are taken to be those characteristic of
the surface layer. Tamura's method is complex and the

set of relevant equations can be written as follows :
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iEildsd)

<
+|=
=
<

w X
W W o0

v

and ¥y =
© alw 0'o

s

<

e
+lo
X {o

where WW,WO superficial bulk volume fractions of

water and organic material

i % = bulk mole fraction of pure water and
pure organic component

V 5,V = malnal volume of pure water and pure

organic component

Wq
B =10g @ﬂ' coo(cl4)
o]
where g = constant depending upon type and size

of organic constituent, viz. for ethanol

g ==& etos
e 0.667 K
qd v ,
. B B d' o 0.667 |
where L G W surface tension of pure water and pure
organic component
T = absolute temperature
(2%
¢ = log - =B+ V¥ B
¥o
[of o _
and ¥+ ¥ =1 repl )

Thus wz and wg (superficial volume fraction of water
and alcohol in the surface layer, respectively) are
calculated by solving BEquations (C.6 and C.7)
simultaneously with values of B and W from Equations

(C.2 through C.5). These values are then inserted in
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the final equation, to obtain surface tension of the

mixture

= [ 99 M4 4 g0 /4 14

gl A it OB

m

The values of surface tensions for ethanol-water,
methanol-water and isopropanol-water mixtures were
calculated by above procedure and plotted in Figures

Ce9y CuX3 and CG.17 respectively.

C.244 Vapour-liquid Equilibria

The vapour-liquid equilibria data at atmospheric
and subatmospheric pressures for the system ethanol-water
were obtained from Hirata et al [138], those of methanol-
water system from Othmer and Benenati [139] and of
isopropanol-water system from Davalloo [140]. Figures
C.6, C.10 and C.14 show the plots of equilibrium vapour-
composition of the respective aleohol in the vapour

phase, y, as a function of saturation preSsure, Py

Variation of saturation pressures with saturation
temperatures for ethanol-water, methanol-water and
isopropanol-water binary mixtures are shown in Figures

C.7, C.11 and C.15, respectively.
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APPENDIX-1D

SAMPLE CALCULATIONS

D.1 PURE LIQUIDS

Run No. 36 for ethanol has been selected to
demonstrate the ecalculational procedure. The following

experimental data were obtained for the above run 3

2
System Pressure, P = - 48.0 kN/m
Saturation
Temperature , TS = 59,6°C
Voltage VEF " B8 TolYs
Current ,o L. = 4.0 Ampares

The e.m.f. of the surface and liquid thermocouples and
the corresponding temperatures under steady state

conditions are reported below :

Heating Surface Liquid

Top  Side  Bottom  Top Side Bottom

e.m.f,millivolt 2.908  3.075  3.023 2.529 2.515 2.521
Temperature, C 70.50  T4.30  73.13 61.88. 61.55 61.70

Dimensions of the heating surface are given below ¢

0.D. of the heating surface , do = 70 mm
I.D. of the heating surface , d; = 62 mm
Length of the heating surface, { =179 mm
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D.l1l.1 Heat Transfer Area
A=mdj {

< 540% 3 1o~k 5t

D.1.2 Heat Flux

q:

& FlS
>

— = 9974.55 W/n
i 1. O

D.1:3 Correction of Surface Temperatures

In the present investigation, heating surface is
a thin walled cylinder. The temperature drop across
the wall is calculated by the following equation of

conductive heat transfer :

q do ( do (D
5TW= z—'ﬁ; n a;‘l S.08.1)

where, dh = Inside diameter of the heating
1
surface + 3 (do—di) PO 41

and kw = Thermal conductivity of the wall

. =3 -3
_ EqhxeTq e Ll 70 x 10
81 = FiTm e 1163 An RS
= 7.8350 x lO—5 7]
s 87 = T.995 x 10~2 x 9974.55 = 0.797°C

W

Therefore, corrected surface temperatures are as follows:

T, = 70.50 - 0.797 = 69.703°¢
T, = T4.30 - 0.797 = 73.503°¢
1.5 = T73.13 - 0.797 = 72.33%3°%
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Subscripts 1, 2 and 3 represent the top- , side- and

bottom- positions of the thermocouples respectively.

D.1.4 Average Temperature Difference, aT

aT 7.823°¢

i 4

Il

L 69.703 - 61.88

il
i

wl ~ Tf1

It

= m == (0]
ATz = T 3"~ T£3 72, 3% Gi.70 =10.6337C

Average temperature '
Arl + AT2 + ATQ

difference; AT = 3

Tul el o 113953 1 0%6 35

= 10.136°C

D.1.5 Heat Transfer Coefficient

The point values of the experimental heat transfer
coefficient at the top-, side- and bottom- positions

of the heating surface are calculated in the following

manner 3 |
> le = 221d522 = 1275.03 ;%E-
Epa sz = 923222 =" 834.48 ;%E-
hs = —%Tg = 922322 - 938.08 mzi

The average value of the experimental heat transfer

coefficient is calculated as follows :
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= q
AT )

7
974 984,072 ¥

: o3 | filas b~
n°K

P

D.1.6 Calculation of ﬁ*/ﬁi and P/Pl

i¥ is calculated by averaging the values of n*

at 48.0 kN/m> for all heat fluxes. ‘The procedure is as

follows 3
od
* 984,072 WO
For Run No. 36 Y = = 1,562
[ (9974.55)9+7 w0+ ox
For Run No. 37 h* = 1202.65 =1.591 —HS%E—
y (12946.56)0" 7 O %x
025
a* 1532.60 W
For Run No. 38 h™ = =1,611
] (17984.73)°0°7 0= 6k
0.5
* % 1712, 24 W
: (21671.76)°" ' mO‘E%
O
W
For Run No. 40 , hr = ( 6196O.Zj0 = =1,561 ;6737_
26740.4 > 2

Thus, BE at 48.0 1N/m°

il

0.3

% [1.562+1.591+1.611+1,579+1.561]

Similarly, E§ is evaluated by averaging the values of

h* at 98.63 kN/m2 from Run Nos.26 to 30. The value of
P
EY , so obtained, is 2.119 ;g73§f

5

Therefore, 51 = 32285 = 0.746
El 2
P . dBlo ..

and T -gr iy 0.487



D.2 BINARY LIQUID MIXTURE

Run No. 250 for 16,
methanol-water mixture has
the procedure followed in

data for mixtures.

The following data

uan

Met
16,

Mixture Composition

333

S

5 wt. per cent methanol in
been selected to illustrate

processing the experimental

were taken for the above

hanol=water mixture containing
5 wt. per cent methanol

(10 mole per cent methanol)

System pressure, P
Barometric pressure

Saturation
Temperature, T

s
Voltage, V
Current, I

Heat flux, g

The e.m.f. of the surface

the corresponding temperat

Bs aka

98.63 KN/m°

70. ¢ "8
63 Volts

8.0 Amperes
8 z 63/0.0393 = 12824.43 W/n°

]

and liquid thermocouples nnd

ures under steady state

conditions are reported below :
- Heating Surface Liquid
Top Side Bottom Top Side Bottom
ot Ts omElTivels I, 516 3.498 b 990 2,934 2.926 2.930
Temperature, °C 84.15 83,75 84.45 o S e TO S0 T 03
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D.2,1 Average Heat Transfer Coefficient, h

h hes been calculated in the similar manner as
described in Sections D.1.1 to D.1.5. The value of
h is 1061.45 W/m°K.

D.2.2 Calculation of ﬁ*/ﬁf and- P/Py

=%
h™ is calculated by averaging the values of h*
2
at 50.65 KN/m” for all heat fluxes studiéd in Run Nos.249
to 253, The procedure of calculation hag already been

M lustrated in Section D.1.6.

bR 80,32 1061.45 3263.5
Thus, BY = L - —_—
’ =5 0.7 o7 4
' (9618.,32) (12824.43) (16488.55)
F. 148,550 102 Thiee)
(20356.23)° 7 (24910.9)0°7 |
w03

il

A, 415 -6-3—“"
m *"K

Similarly, Ei has been calculated from Run Nos. 239 to 243

* o
and the value of hy is 1.733 ~5—7—
e T

x
Therefore, —ae— = To55¢ = 0.8165

il

B 20usE
and P, = 98,65 - 0.5135
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D.2,5 Evaluation of Physico-thermal Properties
of the Mixture

(i) of = 280 = 930 Kg/m3
; ———2 ___5
T4 978
(i1) M = 0.456 % 32 + 0.544 x 18 = 24.4 Kg/Kg-mole

100 x O x 24,4

= = 5 3
(Eis) p., 1= 55 06 3 313 - 0.433 Kg/m

(iv)  Thermal conductivity is calculated as follows

by using equation of Fillipoyv and Novoselova[1l36]:
km = 0.662 x 0.835 + 0.165 x 0.2053
-[0.72(0.6620-0.2053) (0.835 x 0.165)]
= 0.5413 W/m XK. ’

(v) Surface tension is calculated by using the method
of Tamura et al [137] as discussed in Appendix-C.

The steps are as follows

¥
Wl gy 8. 40

(a) g;— = o1 —'Z§—§§ = 3,861

(b)Y By = l0g 3.86¥ = 0.587

(¢) v = LAExl (18.4(42.89)% 3 64.4(18.40)%"

= - 0.289
(4) ¢ = 0.587 - 0.289 = 0.298
(e) wz = 0.665 and wg = 0.335
(£) o, = [O.665(64.4)1/4+o.335(18.40)l/4]4

il

44,2 dynes/cn
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D.2,4 Bvaluation of NuB

o]

Laplace Constant, D =\J

g(Pl 4 Pv)
-3
_l44.2 x 10 - -
Ve 0] - XA R
ﬁ—= o _ 1061.45 x 2.2 x 1077
up kmg(p("P) 0.5413
D.2.5 Evaluation of ﬁa: (Pl)o L
‘ Sk
—x W 4,314 .3 B
Nu = = 2 5074‘5 e 10 el
B W a28D4d5 ) ik "
(Pl O 52 'y 8 6é )0 /Y = 1.234
P1.0.32 -3
Therefore, mu (=) = 5,745 % 107" "x 1.238
1.4
= ALl 107

wo.r?
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