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ABSTRACT

An experimental investigation of heat transfer in pocl boiling
of pure liquids : distilled water, acetic acid, and acetone; and binary
mixtures: water-glycerine, water-ethylene glycol, water-acetic acid,
and acetone-water was carried out at 1 atmosphere pressure., Acetic
acid and acetone were of chemically pure grade; whereas glycerine
and ethylene glycol of commercial grade. Two.test sections of ‘brass
tubes of 25.6 mm., and 27 mm, outside diameter were used. The
outer surface of smaller diameter tube was silver-plated to resist
the corrosive action of acetic acid. The test section was oriented
horizontally in the pool of liquid in the vessel. Liquid and surface
temperatures were measured by means of ccpper-constantan

3 3
thermocouples,  Heat fluxcs in the range of 6,8 x 10 “to 39.97 x 10

2 :

Keal/hr.m were used. Liguid tempe ratures were varied to cover
from non-boiling through subcooled to saturated boiling regions. “The
data 'were taken for wide¢ range of compositiong for all the binary
mixtures. In.all the series of test runs the heat flux was approached

progressively to theé highest value starting at a-low heat flux.

The experimental data on the pccl beiling of saturated water
have been found to éompare well with the data of others (30, 49, 57, 58)
at 1 atmocsphere pressure, The experimental data on the saturated
boiling of water-ethylenc clycol mixture showed a good agreement with

tio date <f Sternling and Tichacek {<3).



i

The experimental data on boiling of saturated binary mixture
showed a minimum in the values of heat transfer coefficient when
plotted against the concentration of more volatile component. The
concentration corresponding to this minimum value of heat transfer
coefficient compared well with the predicted value by the method of
Grigorev,(18), Tolubinskii ¢t al (14) and van Stralen (18) for all the

mixtures.

As a result of data analyses, the following correlation'has been
found best to represent the experimental data on subcooled and saturated
boiling of 4 binary liqiid mixtures studied in the present investigation
Wwith a standard deviation of 31.88 % and average deviation of 31.8% %.

0.6 -0.5 0.37 -0.034

Nug = 0.0578 (Pep) (Ksub) (R K (Kc)

B t

The maximum error of ¥ 31 % covered about &5 %= 697 data points.

The experimental data on subcooled and saturated poel boiling

¢ pure liguids have beem corrslaiad by the follawiig equation with a

standard deviation of 20.5% % and average deviation-of 20,16 %.
0.6 -0.8 0.37
(K )

Nu.. = 0.08%.(Pe.

B B) sub) <K‘c

About 123 data points were found to be represented by the above
correlation within a maximum error of + 24 %. The merit of this
correlation has been exarained with respect to cther correlations

available in the literature.



iii

ACKNOWLEDGEMENTS

The author wishes to express his deep sense of gratitude and
indebtedness to Dr. B.S. Varshney, Associate Professor of Chemical
Engineering at the Univergity of Roorkee, who provided ingpirational
guidance, encouragement and whole hearted co-eperation throughout
the duration of this.work. Iis painstaking efforts in reading the
manuscript and giving valuable suggestions for its improvement are

gratefully acknowledged.

Many thanks arc extended to

Dr. N. Gopal Krishna, Professcr and Head of Chemical
Engineering Department for the various facilities made available in the
department and the encouragement received from him;

Shri S.D. Bhattacharya, Lecturer in Chemical Engineering
Department for his help and co-operation extended during the course of
this work;

Shri M, S, Quraishi, a student of the author for his help and
assistance in doing computer=-calculations;

Shri A. Basu, Liecturer in Electrical Engineering
Department for his help in calibration of electrical instruments ;

the staff of fabrication section and other laboratories of
Chemical Engineering Department for thelr help in fabrication and

installation of the experimeaental set up ;



iv
t he staff of Computer Centre, 5,E.R.C., Roorkee for
their co-operation in computer calculaticns;

and finally to his parents and wife for inspiration and

understanding.



CHAPTER 1

CHAPTER 2

NN

Do
H

CHAPTER 3

W W W W LI
. . . ol

NN DD =

CHAPTER 4

w DN

,.,.
=

Hes b= Res
. s e

M
.

e

=

B

N g W

CONTENTS

ABSTRACT

ACKNOWLEDGEMENTS

CONTENTS

LIST OF FIGURES

LIST OF TABLES

NOMENCLATURE

INTRODUCTION

LITERATURE REVIEW

Nucleate Pool Boiling Correlations for
Saturated Pure Liquids

Boiling of Subcooled Liquids

Nucleate Boiling of Binary Liquid Mixtures
Growth of Vapor Bubble in Binary Liquid
Mixture

EXPERIMENTAL INVESTIGATION
Experimental Sct up

Experimental Procedure

Perfermance of thermocouples

Calibration f wattmeter
Operating prccedure

RESULTS AND DISCUSSION

Nucleate Pool Boiling of Pure Liquids
Variation of wall temperature with ligquid
temperaturc

iii

vii

xi

xii

10
20

B
(o)}

L) LI L D
He W L3 O

[

’fco

41
41

Variation of heat transfer coefficient with heat flux 45

Boiling curves for pure liguids
Effect of subcooling on beoiling heat transfer
Effect of Peclet number cn boiling

49

w

e i
w



vi

()]
]

4.2 Nucleate Pool Beiling of Binary Liquid
Mixtures
4.2.1 Variation of t5with ty for binary liquid mixtures 353

1.2.2 Variaticn of heat transfer coefficient with 61
heat flux
1.2,3 Beoilingseurves for mixtures 61
1.2.4 Effect of cumposition on'beiling heat transfer 70
in bimary liguid mixtures
1,2%5 Effect of degree of 'subcocoling 87
4.2.6 Effect of Peclet number 31
4.3 Generalized Correlaticns 87
1.8+1 General correlation for binary liguid mixtures 87
4.8 General correlation for pure liquids - comparison 95
between axperimental and predicted values of
NUB by correlaticns of wtherg
CHAPTER 5 CONCLUSIONS AND RECCMMENDATIONS 103
APPENDIX A TABLES AND CHARTS OF CALIBRATIONS 106
APPENDIX B PHYSICAL PROPERTIES CF PURE LIQUIDS 111

APPENDIX C PHYSICAL PROPERTIES OF LIQUID"MIXTURES 117

APPENDIX D TABLES OF VAPOR-LIQUID EQUILIBRIA 1274
APPENDIX E EXPERIMENTAL DATA 132
APPENDIX.F SAMPLE CALCULATIONS 154
APPENDIX G LISTING OF COMPUTER FPROGRAMS AND 166

RESULTS OF ' SOME EXPERIMENTAL RUNS

REFERENCES 194



FIG,

3.

3.

M
.

'
e~
.

y
e

1

2

(97}

-0

.10

=1l

vii
LIST OF FIGURES
TITLE

‘Schematic Diagram of Experimental Set up

Photograph of Cverall Apparatus Lay Out
Test Section Details
q versus At During Stabilizaticn of Test surface

Reproducibility of Surface Characteristics of Test
Section

Variation of tw with ty, for Pool Boiling of Water
Variation of &, with tr, for Pool Boiling of Acetic acid

Variation of h with g for Pool Boiling of Water
Variation of h with q for Pool Boiling of Acetic acid
Boiling Curves for Saturated Liquids

Variation of Nquith Subcooling Criterion for Water

Variation of NuB with Subcooling Criterion for Acetic
acid

Variation of Nug with PeB for Saturated Pure Liquids

Variation' of ty,, with t; for Pool Boiling of 15 Wt. %
Water-Glycering Mixture

Variation of ty,with t; for Pool Boiling of 65 Wt. %

Water-Glycerine Mixture

Variation of ty, withity for Pool Boiling of 14.6 Wt. %
Water-Ethylene glycol Mixture

Variation of ty, with ty for Pool Boiling of 57.4 Wt. %
Water-Ethylene glycol Mixture

Variation of tyy with f, for Fool Boiling of 14.4 Wt. %
Water-Acetic acid Mixture

PAGE

27

<3

o
o)

(1
=

58

=
el e

59



Hes

S

ey

S

e

.14

.15

.16

o &

.18

.58

20

.21

[\%]
Do

.28

.30

Variation of ty With t for Pool Beiling of 58.8 Wt. %

Water-Acetic acid Mixture

Variation of tyy with ty for Pool Boiling of Water-
Glycerine Mixtures

Variation of tW with tL for Pool Boiling of Water-

Ethylene glycol Mixtures

Variation of tW with tL for Poocl Boiling of Water-

Acetic acid Mixtures

Variation of h with q for Pool Boiling of 27.5 Wt, %
Water-Glycerine Mixture

Variation of h with q for Pool Boiling of 86 Wt. %
Water-Glycerine Mixture

Variation of h with q for Pool Boiling of 1 Wt. %
Water-Ethylene glycol Mixture

Variation of h with g for Pool Boiling of 37.5 Wt. %
Water-Ethylene glycol Mixture

Variation of h with q for Pool Boiling of 38.9 Wt. %
Water-Acetic acid Mixture

Boiling Curves for Saturated Water-Glycerine Mixtures

Boiling Curves for Saturated Watcr-Ethylene glycol
Mixtures

60

Boiling Curves for Saturated Water-Acetic acid Mixtures 73

Boiling Curvesg for Saturated Acetone-Water Mixtures

Variation of h with Wt, % Water in Saturated Water-
Glycerine Mixtures at Various Values of g

Variation of h with Wt, % Water in Saturated Water-
thylene glycol Mixtures at Variuvus Values of g

Variation of h with Wt, % Water in Saturated Water-
Acetic acid Mixtures at Various Values of g

Variation of h with Wt., % Acetcne in Saturated
Acetone-Water IMixtures at Varicus Values of g



=

s
.

Ha

i |

.33

.34

. 35

.38

[o%
WO

. 30

421

e
Y]

(Y-X) and Aty /Crd versus Water Concentration in

Water Glycerine Mixtures

(Y-X) and Aty /'Gd versus Water Concentration in

Water-Ethylene glycol Mixtures

(Y-X) and Aty /"Gd versus Water concentration in

Water-Acetic acid Mixtures

(Y-X) and At /Gd versus Acetone concentration in

Acetone-Water Mixtures

=

Comparison between Boiling Data of Present Investiga-

tienand.of Ref (45) for Saturated Binary Mixtures;
Water-Glycerine, and Water-Ethylene glycol

Variation of h with Wt. % Water in Pool Boiling of
Water-Glycerine Mixtures at Varicus Values of atsub

Variation of h with Wi, % Water in Pool Boiling of
Water-Ethylene giycol Mixtures at Various Values

of At

sub

Variation of h with Wt. % Water in Pool Boiling of
Water-Acetic acid Mixtures at Varicus Values of
T
A. r'u'b

(]

Nug as a Function of K, for Binary Liquid Mixtures
NuB as a Function of Pep for Binary Liguid Mixturcs

Comparison between Experimental and Predicted
Values of NuB by the Proposed Correlaticn for Binary

Mixtures

Comparison between Experimental and Predicted
Values of NuB by the Proposed Correlations for Pure
Liguids

Comparison between Experimental and Predicted I‘T‘-JB

using Different Ccrrelations for Saturated Pool
Boiling of Water

81

82

83

88

89

(o]
2



4,45

A-1

A-2

Comparison between Experimental and Predicted Nu B

using Different Correlations for Saturated Pool Boiling
of Acetic Acid.

Comparison between Experimental and Predicted NuB
using Different Correlations for Saturated Pool Boiling
of Acetone '

Variation of t; for Water at Different Normal Positions

of 8ide Thermocouple from Test Surface

Variation of t; for Ethylene glycol at Different Normal

Positions of Side Thermocouples from Test Surface

Variation of tL for Glycerine at Different Normal
Positions of Side Thermocouple from Test Surface

100

101

109



TABLE

]

ot

w

LIST OF TABLES

TITLE
Values of Csf in Eq.(2.2)
Constants in Eg. (2. 3)
Correlations for Pool Boiling of Saturated Liquids

Concentrations of Binary Mixtures Studied

Xi

PAGE

40



- R 3 U L

W

ourface area

Specific heat at constant pressure
s o

Bubble growtlieonstant, R/ o

Diameter of test section

Diameter of bubble, \/

Mass diffusivity

Gibbs' free energy
Acceleration due to gravity
Vaporized mass fraction
Heat transfer coefficient
Mechanical equivalent of heat
Thermal conductivity

Equilibrium constant, y/x

Pressure

Heat flux

Heat transfer rate

Curvature radius of bubble

Molal entropy

Temperature

Absolute temperature,
Temperature difference, (tyy- tL)

Degree of subcooling, (ts'

NOMENCLATURE

xii

2
m

Kcal/kg. C

m

m

m /hr

Kcal /kg molé

m[sec

Kcalfhr m”°€
Kg. m/Kcal

Keal/hr m C

2

Kg/m
2

Kcal/he. @
Kcal/hr
m

) 0,
Kcal /kg mole. K

c

?\«0



At

At

sup

xiii

Y o)
Temperature difference betwecn dewr C

temperature of vapor in bubbles aind boiling
temperature of original liquid in binary

mixture

)
Degree of supegheat, (t -t ) ¢
W8

Molal veolume tms/kg mole
Mass fraction of ruore volatile

component in liguid phase

Mole fraction of more volatile

component in liquid phase

Mass fraction of more volatile

component in vapor phase

Mole fraction of more volatile

component in vapor phase

GREEK LETTERS

)_/

Thermal diffusivity, rl/’\c m® /hr

oy
S~
)

Coefficient of velumetric expansion
Difference

Time elapsed gince bubble departure Sec
during dclay time
Latent heat of vaporization Kcal /kg

s

. - .’I. ~ -l » ~
Viscosity Kg/hr.m

. 3
Density Kg/m



Xiv

a~ Surface tension Kg/m.

) Kinematic viscosity, A /¢ m? /hr

Y Instantaneous uniform superheating of OC
microlayer

SUBSCRIPTS

sub Subcooling

B Boiling

c Critical or convective

HB High boiling
LB Low boiling
L Liquid

MP Melting point
R Reduced

S Saturation

v Vaper

W Wall

min minimuin

DIMENSIONLESS GROUFS

Y
2 S 2
"f' { g 1 JJ | — lV\i
Ar Archimedes nuraber —Zw-aeg I VA
b g - O
) Lo
IS 5 = g iz
Ga Gaililean number we B [ \
yilf-6€/
= b ‘_(;_)./ $ g-
Gr Grashof number oo A /f} A



Iz

(Y«x)l"
Criterion for concentration term = ° “’\,“ Y)
(1-Y)
Criterion for pressure tcrm P
in boiling e (6> 5}
& ! ?’. Z‘\‘huga
Criterion for subcocling term = bt = T
i
5
W,
x \} { é_-v 7\ \‘
Criterion for bubble break off — -
frequency (j; SV 7@'6;»
h. | go ®

Nussgelt number for bolling %

il —;—- A ..! ___.
g e ¢.)

n a1 (8 N
Peclet number for boiling [ Mo o 1: B\
o - e
% ® e

e YEE)
: L C AL
Prandtl number e o

&

Q X

G = MLm=

Reynolds numbcer St 1/ .
>)f\) TAR A (,\-’)

Xv

i RS

KH_,



CHAPTERI1

INTRODUCTICIT

A large effort hc\.s been made to ressarch aimed at gaining
fruitful understanding of boiling heat transier process of pure liguids.
Pending to some conclusions, our present day knowledge of this
complex process is quite limited. Receaz_ﬂy considerable interest
has been shown to the problems related to tue critical heat flux
density in nucleate boiling, which is of decisive importance in*huclear
reactors because this valuc of heat flux dengity determines the
highest limit of safe working of nuclear reactor. . Intensive
liguid égitation (1,2), desraze of subcoolii g of ligquid 3,4,5,86,),
inerease of pressure upto one-third of tae critical pressure (7, 8, 9)
and other factors have been used to increase the limit of critical
heat flux. Usge of binary liquid mixtures (3,79, ¥, 11, 12§°1 3) was
centered primarily on the determination af the conditions which gavern
the point of maximum heat flux, A favourable gffect, increasg 1
critical heat flux, occursata certain contortraticn of morewolatile
component in the binary mixturcs. However, theré is'an important
field of process industrice where the beilicg of bitiary or multicomponent
liquid mixtures ig of coinmon occurence at heat fluxes much lese
than the critical values ad the pressure apually low at or about
1 atmosphere. The binary mixtures invelved in process industrico
may =2xtend over a wide woraposition range. Till recently the process
design calculations of the sguipments - evaporators, vaporizers and

rcboilers, dealing with the boiling of binary or multicompenent systcuic



were made based on the tacit assumption that boiling mechanism of
mixtures is similar to that of pure liquids. Thus the average physical
properties of the liquid mixtures were used in the correlations applicable
to pure liquids for determining the boiling heat transfer coefficient.
Recent research findings based enexperimental (14,15, 16) and
analytical (16, 17, 18, 19) approaches have shown that the mechanism of
boiling heat transfer in binary and ternary liquid mixtures differ

from that.in the pure liquids. This fact has prompted a few workers
for initiating research to collcct experi mental data on boiling heat
transfer of binary liguid mixtures. However these data are scant

and the systems studied arc also quite a small in number because

of extremely complex nature of the process. Most of the available
data for binary liquid mixtures have been obtained either at orly one
composition or over a very limited composition range. However,
some work ig available wiere data have been obtained at over a

wide range of compositions. Based on the experimental datay, small
numbér of corrclations.arc alsc available wiich are claimred fo be
valid forthe given conditions of parameters and systeim. No work
scems to havé-been published on pool boiliig of subcooled binary

liguid mixtures.

In view of the foregoing it was considered desirable to ccliect
a4 analyse exporimental data oo 2tol boiling f _u-e liquide and their

mixtures. The present investigation, therefore, was undertaken with

the following objectives :



To collect experimental data on saturated and
subcooled boiling of pure liquids at low heat flux values
and 1 atmosphere pressure,

To collect experimental.data on boiling of binary liguid
mixtures at low heat flux values and 1 atmosphere
pressure over a wide range of compositions.

To comparc the ébserw:d values of econcentration
corresponding to minimum rate of heat transfer with
those theorctically predicted for the binary mixturas
studied.

To develop, as a result of data analyses, a generalized
correlatioi. to predict heat transfer coeffi¢ient for both
subcooled and saturated beili.g of binary liquid mixtures
and their components in pure state.

To check the validity of the correlations available i
literature to the purec liquids investigated; and4to
obtain a generalized correlaticn applicable to saturated

as well as subecooled boiling of pure liquids.
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B3

LITERATURE REVIE

Boiling heatrtransfer has recently assumed the status of a major
interest area in heat transfer. During the last threedecades a vast
amount of research on hoiling heat transfcr has been undeprtaken, As
a result of the oxtenSive investigations, the underlying thermodynamic
and hydrudynamic principles involved in the vapor bubble formation and
growth and their effect un heat transfer ratcs are becoming known.

This is leading to fundamental approach for deriving design equations
of process equipments and ascertaining tha semi-empirical design

procedures.

2 M NUCLEATE POOL BOILING CORRELATIONS FOR SATURATE

PURE LIQUIDS

Much®information is now available to calculate boiling
heat transfer coefficients i the nucleate boiliig region. Unfortunately
no single generalized corrclation has so far been derived which would
currelate all or mostiof the experimental data in this regime. The
reason for this is that the heat flux does ot depend solely on the
temperature difference, pressure and the properties of the liquid

and vapcr but depends also on the nucleation characteristics of heating

surface.



A number of correlations have been recommended for
calculating heat transfer coefficient in nucleate pool boiling. These may
be expressed in the following general form :

n
B C (ty- tg) 2.1)

The constant C in Eg. (2.1) is found to depend on the thermodynamic

and transport-properties of the vapor and the liquid. The exponentn
generally varies from 1 tc 3. Experiments have shown that nucleation
characteristics (microrcughness and wettability) of heat transfer surface
affect not only the value of the constant, C but also the value of the
exponent, n. For example, the value of n may vary from 1 to 25 as a
result of polishing the surface with different grades of emery

paper (20, 21). Unfortunately no meth od nag been devised so far which
would give a quantitative description of thc aucleation characteristics

of the surface.

One 6f the riost widely used cortrelations for nueleatc

beiling region is dae to Rchisenow (22)

(Rgg) eer) L (2.2)

The constant Csf in Bq. (2.2) depends on the suriace-

liquid combinations as reproduced in Table 2.1.



Table 2.1  Values of Cs; in Eq. 2.2 (20)

Liquid-Surface combination Csf Liquid-Surface combination Cs

f
Water-nickel 0.006 n-Pentane-chromium 0.015
Water-platinum 0.013 Ethanol-chromium 0.0027
Water<copper 0.013 Isopropyl alcehol-copper  0.002 5
Water-brass 0.006 35.% K, Co, - ‘copper 0.0054
C cl, - eopper 0.013 50 % K5Co, - copper 0.0027
Benzenec-chromium 0.010 n-Butyl alcohel-copper 0.0030

Sciance ot al (23) have studied the pool boiling of saturated
hydrocarbons, ethane, propang and n-butaic outside a horizontal
gold-plated cylinder. They succeeded in correlating all the data of the
hydrocarbons (but not ethane) by modifying thc Rohsenow's equation

in the followingsform :

e
£y o o ;
[ 475 ; T n
V a8 e

g ; : it | i I
N e @.9

The constanty C, and expeaent, n @re giyen in Table 2.2

Table 2.2 THe constants in Eq. (2.3)
-2
Liquid Cx10 11
Methane AT, 2,89
Propane BT 2,6

DD
o
(v}
o
R

n-Butansc
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There exicts a large number of other correlations
(24, 25, 26, 27, 28, 29, 30) which have been proposed so far. They give
different results for different types of substances. Some of the
important empirical equations for nucleate pool boiling heat transfer

have been mentioned in Table 2. 3.

2.2 BOILING OF SUBCOOLED LIQUIDS

The boiling process of liquid on & submerged surface
without net generation of vapor is usually called subcooled boiling or
surface boiling. The bullk liquid temperature is below the saturation
temperature but its boundary layer is sufficiently superheated in which
bubbles form. Recently subcooled boiling has been regarded of
particular interest and important application because the periodic
formation and collapsing of vapor bubbles on ¢r closc to heating
surface (31) cause agitation of the boundary layer and therefore suaance
the coefficient of heat transfer between surface and liquid enorindtisly.
Thare are many engineering applications wherathe advantages of
subcooled boiling can beprofitably uged. Sorne of the systemis, wiere
subcouoled boiling occurs, are in the cooling of rocket motors, in
the entrance regions of bota conventicnal and nuelear boiler tubes,
in the early sections of evaporator fubes and other equipments of
process heat transfer. Subeocoled boiling always precedes the process

of boiling with nct vapor generation.

Ellion (20) describes the flow pattern induced by 2

bubble in a subcooled boiling liguid in a lucid manner. When the vapor-



TABLE.2:3 CORRELATIONS FOR POOL BOILING OF SATURATED LIQUIDS.

No. AUTHOR C O.RR“E L AT I1ON
b ol _F\- =_|_ g \/r-——- = OE?(CM g
| ohsenow ~ > r—_—ﬁ— 7 ey 118 5 (- 2
A e 0.69 Pd03l P _pN\033 C}u’)osg
2 McNelly (24) NP i K
L I
~ q = 2 x105_XChTs 2% A(ﬁ)% SN
3 Forster & Grief (27) T G2\ 7( X 8)2 y " K
h [ = e - 017/ : j‘” e |- v .
4 Kichigin & Tobilevich (30) K“J(?:_?—v) - " % nocl (Bes) k{o—_?ﬁ_—m SR o
F‘ 0-7 035 P 0.7
S Kutateladze (30) ok e = 7.0X10 (v 5 ad/;-fv) ( ) (m)\)
' i = 8710 o~ 0'7(___5_.__ £
6 Borishankii & Minchenko(3Q K (ﬁ_ ) vacx -8 \vo (P )
0.7 -0. 2 0.377
7 Kruzhilin & Averin (23 & m =0-082 T o /( ) GAK 705 GV
L
8 Labuntsov (29)

(ﬁ e

J_ °65 c,a) 32( A )0'35
( (Fir ﬁ*) Jeis Suyo (o 8, (- £)

|




bubble becomes considerable inigize and its top surface extends into
cooler liquid, the condensation rate at the tfop of the bubble increagsecs
to such an extent that it excéeds the evaporation at the bottom, and
bubbles begin to collapse. Subsequent pictures show the continuing
collapse followed by the inrushing cold liguid*which tends tc reduce
the surface temperature locally. Heat transferifrom the wall again

superheats the wall and the liguid; and the bubble cycle repeats.

Various aspects of surface-boiling-heat transfer with
forced circulation have been studied. Sore of the important investigationsg
carried out include the measurement of actual vapor volume flow-fraction
(32, 33), effect of degree of subcooling on the thickness of the bubble

boundary layer (34), interaction of liguid velocity on turbulence

created by boiling process (34, 35), and parameoters affecting the
pi & ) P I 5

bubble growth rate in subceoled nucleate boiling (36, 37). Armurgberof

correlations (32, 35, 39, 40) have been recom mended for calculating

o

heat transfef coefficients for subcooled boiling of liguids in tubes.

Subéocling has been found te itcreasc the value of critical
heat flux consider@bly. Thec cbserved increageof the critical heat
flux is, in general, mainly due tu an appreeiable reduction of the
direct vapor formation in the neighbourhcod of the heating surface due
to subeooling, whence the cnset of film boiling is delayed. Amongst
many others some of the important corrclations for critical heat

flux are due to Zuber et al (4), Ivey and Morris (5), Sterman (6} and

Kutateladze (7).
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23 NUCLEATE BCILING OF BINARY LIQUID MIXTURES

Broadly speaking the study of beiling heat transfer in
binary liquid mixtures has been initiated to gain two aims. One group
of workers confined their studies to determine the heat transfer
coefficient during nuecleate boiling while the other tc obtain the conditions
of parameters so that the peak heat flux could be inereased considerably
by adding an appropriate quantity of some suitable component to the

pure liguid.

It was as carly as 1937, Cryder and Finalborgo (41)
initiated the study of heat transfer in nucleate pool boiling using
20 Wt. % glycerine in water. The saturatcd temperature of the mixture
rangéd from 56.7C to 11372 C and heat lux from #x 103 to 3€ x 103
Kcal/hr. mz. The heat transfer surface was made of brass smouth
polished pipe which was izternally heated by ¢lectric heater. Bascd
upon experimental data -t.'..-.c following equation was suggested for

calculating heat transfer coefficient .

AN T v1,32
S_ ) (2.4)

ho= S8d
567,

Bonilla and Perry (42) determined the effect of adding
othanol, butanol and acetone to water on boiling heat transfer at
atmospheric pressure. They compared thoese results with those of

pure liguids.

In 1945 Cichelli and Boenilla (&) undertock the expericicatal

study of nuecleate pool boiling of propane-n neptane mixtures,
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The test surface was a horizontal copper chrome-plated plate which
was externally electrically heated. Their study was conducted for
33 Wt. % and 80 Wt. % n heptane mixtures, at pressure range of
17.93 to 32 kg/cm2 and 4,15 to 15 kg/CF:lg, for heat fluxes

4 5 2 '.‘3 . 4 2
5% 10 to 5 x 10° Kcal/hr.m and 2,5 X 10 0,37 x 10~ Kcal/hr.m

respectively. For these systems the following-respective ejuations for

calculating heat transfer coefficients were re..mmended.

N 0,58
hac 1.0 g ' (il 5
: L, (ARG (2.5)
and
G 1 0062
h = g 6 P (2.86)

For 80 Wt. % heptane in the raixture in which presgure

2 3 ] .
Yaried from 0.46 to 15.1 kg/ecm and heat flux from 35 x 10 to 38 =10

s
[ ]

2 ) . | ;
Kcal/hr.m with heating surface same as above, they recommended

that the hoat transfor coefficient can be calculated by the eguation @

. e 1. Bk P (2.7

Chernobyl ckii and-Luukach (43) conducted experimental
study to determing heat transfer coefficicrt from heated surface to
builing binary mixtures, benzene-toluene and cthancl-water, of
varying concentrations using laboratory giigle tube vaporizers with
the required control and measuring instrurcents. The heat flux was

oy - . 1n . el 0N : s o P t e :
varied between 18, 000 and 130, 000 Keal/hr.m™ at 1 atmosphere
pregsure. The results have been expressed Lo the following form: :

h = {2 .8)
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The values of ¢ and n vary with concentration of the

more volatile component in the mixture.

Chi-Fang Lin et al (44) conducted boiling heat transfer
studies of binary mixtures, ethanol-watcr and benzene-toluene, for
heat flux ranging frem 4, 000.to 40, 000 Kcal/hr, m2 at pressures
200-760 mm. Concentrations of ethanocl in ethanol-water were
5, 25, 60 and 81.8 percent by weight and that of benzene in benzenc-
toluene mixtures were 0, 12, 25, 50, 75, 27 and 100 Wt. percent.
The heat'transfer coefficient of pure liquid under various pressures

have been correlated in the following forms :

Water
-0.2  0.69
h*= 4.0 q (>=9)
Benzene
L. 0. 2926 e e
= /;I 8 O Rouks k-jl_ (:’.; . 1 _.)
Toluene
9.7 0.6
W PR3 1, ¢ (2.11)

The experimental data for bizary liguid mixtures
have been found to be best correlated by modifying the Kruzhilin's
equation (25) in the following form with error less than + 10 percent.

A =~ 1 [
-0.45 0.97 1,3
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Kutateladze's equation in its modified form correlates

the data of binary mixtures with an error of approximately + 10 percent.

The modified equation assumes the following form :

-4 _0.35 _0.55 _0.65
Nug = 47x 10 Pr Reg K. 2.13)

Sternling aud Tichacek (45) have'determined heat
transfer coefficient in a pool boiler for fourteen saturated binary
mixtures at atmosphéeric pressure. The systems chosen for investigation
woére bothideal solutions or systems with strong positive and
negative deviations from Raoult's law. Unlike others the experimental
data have been obtained at cver a wide range of eompositions dnd
heat fluxes. Expcrimental results of all systems tested, clearly
demonstrate that boiling heat transfer coefficients decrease markediy
as material of low volatility is added to the pure light component uitil
there is specific compogition ¢f the systen. at which turnarcund is
dbserved.” The turn around behaviour has been attributed to the-charges
in the pate of nucleation. In nucleate boiling, bubbles form and grow
only at defigite nofnsmuving sites. Near agtive sites,, themixture
becomes preferentially lean in light componeattas it feeds to the
growing bubbles. In time, then, there will accumulate near the sites
the material of low volatility. In order tc raairtain a n~ucleus of vapcr

on the site, the temperature there may have to be raised. The

results show that, for the mixture possessin; large relative volatility,
boiling heat transfer coeificients are smaller by upto thi rty fold thas

the appropriate average of the coefficients for the two purs comporetts.
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Huber and Hoehne (46) have measurcd the heat transfer
coefficients for the pool boiling of benzene, diphenyl and benzene-
diphenyl mixtures on a 3/8-in. out-side diameter horizontal tube at
pressures ranging from 13,5 to 488.5 psia., They found that the nucleate
pool boiling heat transfer coefficients for pure liguids to be best
correlated by the Rohsenow (22),7 Gilmour (2€) and Levy (28) equations.
The surface superhéat in the boiling benzene-diphenyl mixtures was

found to be two'to three times those of purc liquids at all pressures.

Tolubinskii and Ostrovgkii (47) have determined the
heat transfer rate during boiling of ethanci-water and ethancl-butyl alcohol
mixtures 'at 1 atmosphere pressure. For {hese systems the rate gf
vapor bubble growth was found to be decrcasing with the increase in
the difference of concentrations of more velatile component in vapor
and liguid phases. The experimental data of cthanol-water were

correlated by the equation @

Nu =2 5K FPh 1-( Y= X) (2.14)

Klimenko and Kozitskii (48) nave studied the hcat
transfer in boiling of light hydrocarbon mixtures, For calculating
heat transfer coefficient, the following correlation has been recommended.

0,34 -0.85 ~0,15
h = 320 £ o M

crit crit crit

I : =y ]
i 0.62 + 3.0 PHl/T —! =t LA
2t e il erit |
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P and T in above equation refer to pressure and temperature respectively,
M to molecular weight; I is a function for multicomponent mixtures;
subscripts crit and m refer to psuedocritical conditions and to mean

values respectively.

Filatkin (49) carried out experimental study in pool
boiling of ammonia-water mixture on a 28 mm diam, and 450 mm long
3
horizontal tube. The heat flux was varied four fold (from 5 x.10 to
3 2
20 x 10 Keal/hr.m ) and composition over a wide range. The plot of

heat transfer coefficient as a function cf cuneentration of ammonia

in ammonia-water mixture shows that heat transfer coefficient
decreases with the composition until there is 0.4 mole fraction ammonia
at which turnaround is cbserved. Beyond this point heat transfer
coefficient progressively increascs with ammonia concentration. This
characteristic behaviour is exhibited at all heat fluxes, For ammonia-
water mixture the boiling heat transfer cocfficient is lower than for
cither ammuonia or water. The following reasons have been

attributed tc explain the turnarcund in the above plots :

L At 0.4 mole fraction ammeonia, the value of (Y - X)
is the maximum as a result of which the nucleation sites,

where bubbles originatg are reduced to minimum values.

b)

b. The maximur value of dynamic viscosity at 0.4 mole

[¢

fraction amrmonia scemingly lewers down the value of

heat transfer coefficient to the lowest.
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Pressure appears to increase the heat transfer coefficient

of ammonia-water mixtures at low rate

The experimental data of the abcv: investigation have

been correlated in the following form using Kruzhilin's theory of

similarity. (25, 50).

J ——
L’ p
B, [l

it

b (][ fm""?(ﬁ—ﬁ,)]‘/s
LIAERE ]

= [ N - h,
B (L)J @.16)

(2.16) is valid for the following conditions

The above HEqg.

" &4 Jopllior” 1d 206.0 x TOH
TN )

d (iii) T 0.3 to 40. 4
an 1ii . . o 40, %
kRt (6-€)

The valuc of n and D can be calculated by the two

expressions given below :

n. = 0.70 - 0.2

D

0.083+0.33(Y -X)

It may be stated that for mixtures with ammunia

concentration from 0.2 to 0,41 the value of & will be minimum anc that
of D maximum.
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Filatkin concludes that the effect of variation of

Prandtl number, ¥/ on heat transfer cocfficient is less noticeable,

Boiling heat transfer studies of the mixtures of F-12
and F-22 have been reported to be made by O, P. Ivanov (51). Heat
flux ranged from 2, 800 to 25, 000 ‘J‘\/atts/r_e?j and temperature from
2-—'&01-)1( to 293OK. The concentration of low boiling component, ¥-22,
were varied from 0 to 100 percent. For these ranges of.parameters
it was observed that the value of heat transfer coefficient of boiling
mixture was minimum between 15 to 35 pereent of =22 concentration.
The experimental data have been correlated using thermodynamie
correspanding state. Ivanov has extended the method of corresponding
state which was suggestcd by Borishanskii (52) for boiling of liguids

in their pure state. Standard pressure, P* for the mixture was taken

analegous to that of pure liguids as used by Borishanskii and was

calculated by the expression :

k2 e ; OF
where Pe is p8a.docritical préssure of the mixture

and can be calculated as below taking intc account the relative volatility.

R \ [(Pe) (Pe)_
P = e + \I/ c - (Pe (2.2
" F-12 | 32 F-12 (2.20)
\l/ symbclizes relative volatility which is defined by
the fullowing expression
o= froaz - fpoa) (2.21)
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For ideal behaviour in both liquid and vapor phases
Eq. (2.21) assumes the fcllowing form :

ff 5 g

\*/ - o (2.21a)
tead TPy
- ( Pz

Ivanov recocmmends the following relationship for

heat transfericoefficient.

0.75
h/ q P *\ T <
s 124 = f _ﬁu‘ { ((—4 .2&)
hk fqY- 75 V5

Tolubinskii et al (53) have conducted photographic study
on the mechanism and havc measured the heat transfer rate to the
saturated boiling of water-glycerine mixtures at 1 atmosphere pressure
over a wide range of concentrations. This study reveals that no reduction
in break off diameters of vapor bubbles in boiling water-glycering
mixtures uptc 70 Wt. percent glycerine wag observed. Convergely,
with increasing glycerinc concentration the break off diameter

d;

increased slightly with reduction in break off frequency, §,
o]

which resulted in a slight increase in ratc cf vaper bubble growth.

For glycérine concentrations greater than 70 Wt. perecent it was found

that break off diameter,” dy was.somewhat reduced and at very high

concentration ($4 Wt. percent) the diameter became markedly smaller

and the frequency of the bubble break off dropped rapidly.

]

A continucus reduction in beiling heat transier coefficient
with increase in concentration of glycerine without any intermediate

minimurm upto 96 Wit. percent was observed,
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Wright et al (54) have presented results for saturated
nucleate and film pocl boiling heat transfer to the binary mixtures cf
ethane and ethylene containing approximately 25, 50 and 75 mole percent
ethylene as well as for the pure components, The pressure in their
study ranged from near atmospheric to anapproximate reduced
pressurc of 0. 75, .Boiling took place on the horizontal gold-plated
surface of 183/16-in. diam. and 3.5-in. leng eylinder: All nucleate
boiling-data were recorded with increasing heat flux and were
taken pricr to initiation of the film boiling to prevent high temperature
detericration of the gold-plated surface. The authors have eompared
the data obtained with purc components and binary mixtures with
correlations developed for boiling pure components. Both Mc Nelly (24)
and Kutateladze (30) equation correlate the data with average deviation
of 42 percent and Borishanskii - Minchenko (30) with average absclute

deviaticn of 48.7 percent.

Wright et al employed the Rohsenow's eguation (22)
in the empirically modified form proposed by Sciance etal (28)
and was fodnd to correlate all of the data with an average absolute
deviation of 55.7 percent. The best fit line for'the data was-obtained

in the following form :

8] r‘*""*“

/ At ¢
\

>

b ol :
= €833
D L, J# %) % Vb )

IR

i

S
———— )
HA%)

e

Ly
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For a given mixture concentration both the nucleate
and film boiling curves generally shifted to lower A t values with
increased pressure. The nucleate boiling data exhibit maximum At

values corresponding to mixtures having highest relative volatilities,
2.4 GROWTH OF VAPOR BUBBLE IN BINARY LIQUID MIXTURE

The growth rate of a vapor bubble in a pure component
depends only on therheat flow towards the bubble boundary %o satisfy
the heat requirement of evaporation (565, 5¢). In mixtures mass.transfcr
of the more volatile component plays an irmportant role in bubble growth
and its frequency because this component is rapidly exhausted from the
liguid layer near the bubble. This, in its turn, affects the physical
properties of the liguid in the liguid layer, in particular, increases
the saturation temperature, since the less velatile eomponent
predominates in the layer., Consequently, the process takes place
with.a reduced superheatinug of the liquid in the layer which results in
a decreased bubblegruwth, Some of the Important gstudies on growth

rate of bubbles are discussed in the following paragraphs.

o

@rigorevsand Usmanov (18) have determined
analytically the effect of binary mixture composition on the value of
minimum radius of curvature of a nucleation site, R, ;,, in a heating

surface. The value of R SRR be calculated by the following ejuation !
i 5
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The:term ( aT )S ig evaluated by Clausius-Clapeyron eguation

in case of pure liguids.

dpP /\< gjL fv ‘
( IT ) = (2.25)
" TS (?1_ f\/)

Unlike pure liquids the vaper pressure of a component
in binary mixture depends upon the temperature as well as on the
liquid compositién. The following eguaticn cxpresses vapor pressure

asa function of tendperature and liguid composition.

[(\/v—\/(‘) — (Rl (?)Y)PT] df = L;——; X (¥—x) dx

(¢ 8y LE .
0.k sy r- D2 .36)

+

For the conditions of the systems (much away fromithe

critical point) the following is found to be valid.
@, ) O > T s
W ) 22 8RR L,

and

On using the above inegualitics in Eg. (2.26) the following

eguation results

(W, ~V ) dP= (Sv=G ydT # (‘/—x,\(«.j:?.) d X

o



AP (Sv=8) . (=) OF dx

& i il (2.27a)
2
dT (\/V~\/L> (V,-V) 0x* d1T
dapP
Substitution of value of Fp from Eq. (2.27a) in
(2.24) leads to the following form :
9
(2.28)

\ 0 F g
['( ~\/ (\5 )i/)ax‘d'f}(t tsf

The Eq. (2.28) shows that the value of R 1. depends alsc

on the coneentration of beiling mixture.

It is 1mpurtant to examine the effect of the coneentration
term appearing in‘the dencminator of Eq. (2.28), which is reproduced

below, on the value of lei_ﬂ in more perspaective manner,

i

—

3 /\‘)F>Cj{

\\/ >
The term Y-X will always be pusitive.fur nun-azevtropic
bingry mixtures wheraas for azeotropic mixtures it is positiwe uptc
the pointiof azeotrope and negative beyond it. The complex B may
=

have either a positive or : ive sign. The effect of sign before &

cn R_. 1is discusse S for non=azcotropi€ mixtures only.

s

a. If the sign is positive, then an increase in the valuc of
(Y-X) will activate a greater number of nuclei by making
smaller ones active. This, i turn, will raise the ratc
of vaper bubkledormation and therchy ‘ne value of heat

r.

transfer coefficient will be increased
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W

b. For negative sign of B, increase in the value of (Y-X)
will activate the limited number of nuclei. Thus the

heat transfer coefficient will be decreased.

The sign before complex B depends upon the signs of the

e B 10 E.A dX \ ‘
terms, V\'f - VL and ( ——— ") 22 which are considered separately
DA T

as follows :

For the state of the systern, far from critical peint,

(VV - VL) is always pusitive. The sign, therefore, depends upon the

sign of (Y - X) which is always positive for non-azeotropic mixtures.

Expressing the second term the following form

srovides better understanding as regards tne sign before it.
= b §

- _\
PEy Hx Qi an-), (AW, ]
MR A T ~ == ahg (2.29)

Qg is differential latent heat of vaperization.. For the state of system,

far from critical peint, the-following-is found to hold true .

x:ﬁ A AVie—V.%

ST

G 1 VE

Bl

\/
s/
Vi

e 4 SR {2.30)
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The above treatment suggests that the sign before
left hand side term depends upon the difference of values of latent
heat of vaporization of more volatile component and 1 ess volatile

component in the mixture,

Recently a censiderable number of wurkers (14, 15, 16), )

have determined the size of vaporibubbles in different binary systems
by taking their photographs. The photographic study has proved guite
useful tolcalculate the growth of vapor bubble in liguid mixtures. An
extensive photographic study was carried out by Tolubinskii et'al (14)

caleulate the growth rate of vapor bubbles on a superheated surface
in pure liguids and binary mixtures. They have shown the effect of
concentratinn of more volatile component on the rate of vapor bubble
growth. In this study binary mixtures of twe types - azeotropic apd
non azeotropic were included. Based cn the results of the photographic

Study, the following important conclusions were drawn.

The rate of vapor bubble growth.in non=azeotropic binary
mixture is found 10 decreage with-the"increase in“concentration ¢f more
volatile compenent upto a certain coneentration. Beyond this
concentration it begins to imcrease. The congentraticn at which the
rate of bubble growth is rminirmum corresp onds to a maximum value
of (Y - X). The quantity (¥~ X) is obsurved tc affect the rate of

vapor bubble growth in binary liquid mixtures significantly.

In his must extensive investigations on builing of

binary mixtures van Stralen (16) has analysed the problem o grovrth
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rate of a vapor bubble which is generated on a superheated heating

surface. The radius R of a free, spherically symmetric growing,

bubble the boundary of which is entirely surrounded by an infinite

volume of superheated liquid, is given by

f?\/L tz - ) r
FR M e y) (72 (2.31)
(’ 7 VALX’/"‘ )-u6
T
- "y B (2. 32)

Where <} is superheating of the heating surface. The
growth Eg. (2.32) is alsc valid for binary mixtures. The growth

constant Cl for a constant liquid superheating depends then on the

concentration of the more volatile component according ta the expression:

{2y aa)

Byg. (2.33) shows that C; possesses a minimun value

in coincidence with a maximum in A ty [/G4d , usually oecuring at a

small concentration of more volatile component. A rélationship

between A te /G "and.eoncentration x.has beénderived from
x 1G4

equilibrium data in the following form :

-df\
e = Xy

AT,
= w2 (K-

Gy

(2.34)

The photographic study of the vapor bubble growth in

acrrae well with the theoretical

water-methy! ethyl ketoue was found to 27

prediction by Eg. (2. 32).
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CHAPTER 3

EXPERIMENTAL INVESTIGATION

Sia ik EXPERIMENTAL SET UP

The experimental set-up is sinown schematically in
Figure 3.1 and by photograph in Figure 3.2. The vessel for holding the
test liquid was made of aluminium. It was cylindrical in shape 282 mm
inside diameter and 425 mm long provided with a conical bottom and .
a flanged top cover. A S—kilowa.tt auxiliary heater was fitted in‘the
eylindrical portion of the vessel near the bottom in order to raise the
liquid temperature to the desired value and also to drive off the dissolved
air from the test liquid before taking the experimental runs. The
clectrical power to the heater was regulated by a temperature controller.
A water-cooled condenscr was provided belew the cover of the vesgel
to condense the vapors and return the condensate back to the pool of
liquid.  The condensatc drips are likely to generate additional turbulence
in #fic boundary layer near the test surface which can affect the ratc
of heat transfer from the surface to the liquid, To safeguard agalist
this source of-error a clzarance of about 140 mm between the
condenser and the top of the pool of liquid was provided. Thus the
descending condensate drips could be heated up by the ascending vapors
before joining the top of the pool, and the penetration of the drips
wac restricted to a very small distance down the top of the pool.
Besides this the test section was submerged to a depth of about 150 min

from the top of the liquid pool. Hence the boundary layer could be
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kept away from the turbulence due to condensate drips joining the

liquid pool.

Another irnpor*tant consideration was to maintain the
uniformity of the concentration of liquid mixtures as far as practicable
without causing much additional turbulence. In order to achieve
uniformity of concentration a recirculation loop attached to the side
of the vessel. was provided. The dctails of the loop.are readily
identified in-Figures 3.1 gnd 3.2, The level of the pooliin the vessel
was kept hiéh enough so that the recirculation loop was always full of
liguid., The valves B and C were kept ope:t wide, On heating, the
liquid in the vessel becomes less dense and thus heated liquid rises

upward in the vessel; while liquid in the recirculation 1oop moveg

downward as it becomes denser due to cooling in the jacket. As such
a closed liquid cireulation eircuit set in which helped in co_ualizing the
coneentration of the liquid mixture throughout the pool considcrably
and without adding appreciable turbulence,

he

Diametrically opposite sight glasses wereg provided in

the vessel to perrhit th\_ ;\rigua_l ebservation of the bubble dynamice

on and near the t8st section. The vessel body"was'thorcughly lagged

with rockwool insulfition sc that the heatidess from the vessel to the

surrounding was almost negligible. Since the vegsel dimensions werc

iarge as compared to those of test surface, thc temperature gradiznt

existed only within a small distance off the test surface (boundary layer)
.

beyond which the temperature gradicnt wae negligible when heat

transfor took place from the test surface.
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The details of test section are shown in Figure 3.3. The
test section consisted of a horizontal brass tube of 27 mm outside
diameter, 3.5 mm thick and 160 mm long. The outer surface of the

test section was turned smooth and was further rubbed against -

emery paper. The internal heating by an clectric heater was done in

the present investigation. “The heating element was fnade of nichrome
wire (gauge 26) wound on a porcelain rod 16 mm cutside diameter with

8 turns per cm on it. The rod alongwith elcment was thoroughly wrapped
with thin-mica sheet which ensured electrical insulation between the
heating element and the test section tube. Alternate current was
supplied to the electric heater and was regulated by an autc-trangformer.
The supply voltage was held constant by means of an A.C. voltage
stabilizer. Thus the heat flux could be maintained constant at desired
value. The energy input to the heater was mcasured by a single pnhasc
alectrodynamometer type wattmeter with an aceuracy of less than

1.25 percent. The whole assembly of test seciion was suspendedifirom
thestcp céver of the vessel which is shown in Figure 3.1. Bxperimental
datd of watcr-acetic acid and acetone-water mixtures were taken on

a similar test section of brass tube, 25.6 mm cutside diameter,

3.3 mm thick and 155 mm long. The outer surface of the test

cection was silver plated.

One of the objectives in the present investigation was
1o obtain the local heat transfer coefficicits because tais informaticn
permits a detailed study <& the thermal responsc to the changes in

heat flux, temperature levels and concentrations cf the liguid
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mixtures, and provides a nearly complete physical picture of the
process. The local heat transfer coefficient can be readily calculated

by using the values of local temperatures in the following equation

Q

o i
I
o~
L]
"
—
Namar”

(- tr)

The important consideraticn, therefore, was the
measurement of the wall'-and liquid temperaturés. A calibrated copper-
constantan thermocouple (gauge 26) was used to register the heat
transfer surface temperature. The thermocouple bead (hot junctien)
was inserted in a hole bored in the wall of the tes.t section.at an axial
distance of 50 mm from the right end (Fig. 3.3) and oriented in the

horizontal plane passing through the axis and the hole wasg filled with

!

araldite. Th 2 couplelocation in the wall is shown in the sectignal
view at A = A in Figure 3.35. As the thickuess betweer. the thermccduple
location-and cuter surface cf the test section was very small and the
thermal c¢onductivity of metal (brass) was high, the temperature drc
across the metal thickness was obscrved to be negligibly small

(Appendix ¥') hence the thcrmocouple readings represented the outer

surface temperature.

There raised a potential prdblem as to where to locate
the liquid thermocouple position in the hor izontal plane passing
11]=

through the axis cof the test section so that 11: may monitor the bulk-

liguid temperature. Tais prompted to measure liguid temperature
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variation at normal distances from the test section. From the
experimental data, as shown in Figures A-1, A-2 and A-3 of Appendix A,
it is clear that the maximum distance beyond which temperature does
not vary any more is about 5 mm off the heating surface. However, a
calibrated copper-constantan thermocouple prob. was placed at a
distance of 20 mm from the test surface. The probe consisted of a
copper-constantan thermocouple (Gauge 26) pasgsing through a 6 mm
diameter glass tube with its bead (hot junctien) just projeeting from
one end of the tube. The couple leads were takenout from the other
end which, in turn, werc connectad to a selector switeh through proper
sheath. The bead end of glass tube was made leakproof by sealing
with an adhesive (araldite). The probe was positioned through the
vessel cover as shown in Figure 3.1. The thermocouples (wall and
liquid) were connected through a selector switch to a cold juncticnand
G
a potentiometer. The cold junction was maintain ed at 0 C by dipping
it in melting fec bath. The e.m.f. of thermocouples wag-measured by
a vernier poténtiometer with mirror galvanometer and lamp and scale
arrang ement. The potcntiometer eould read e.m.f. upto 0.001 mV

with an accuracy ©f 0.01 percent.
3.2 EXPERIMENTAL PROCEDURE
3.2.% Performance of Thermocouples

The performance of the thermocouples placed in the test
section wall and in the liguid was examinad, A ztandard mcrcury &

4:J - — 3 3 11
slags thermometer of 0.1 °C least count was placed in the liguid.

Lo
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Then the liquid temperature was raised gradually by means of auxiliary
heater. The readings of the thermocouples and thermometer were
recorded after thermal equilibrium was attained. From the data as
given in Table A-1 of Appendix A, it is seen that the thermocouple
readings deviate from those of the thermomcter by a maximum value of

0.1 percent.
3.2.2 Calibration of Wattmeter

The wattmeter was calibrated against a substandard
wattmeter, BS-89 Grade Pr supplied by M/s. Cambridge Industrial
Co. Ltd., London. The calibration readings have been recorded in

Table A-2 of Appendix A which shows a maximum errcr of 1.08 percent.
3,2,3 Operating Proccdure

The experimental apparatus was set as shown in
Figures 3.1 and 3.2 and ali the water, electric and thermocouple
connectiong were made. The vessel and recirculation loop were
filled with water and checked against any lcaks. The electric leak
was also carefully checked and rectified. ¥ater was drained off
completely and the syster was filled with distilled water. Before
conduéting the main experiment it was felt necessary to stabilize
and age the test surface. To achieve this, ihe auxiliary heater wag
switched on and the temperature controller was adjusted sc that water
was kept boiliﬁg at its saturation temperature for an hour. After
removal of dissolved air the heating element in the test section was

cnergized and auxiliary Leater was switched off. The wall and liguid
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temperaturga were noted when they became steady at various heat
uxes. Similar runs were taken after 4 hours beiling and 24 hrs,
aging and successively 8.1:oursboiling and 48 hrs,aging. The data
collected during stabilization have been shown in Figure 3.4. After
boiling for several hours and aging for scveral days the data were
found to be #eproduced which ensured the stability.characteristics

of the test gurface. Then the first series of experimental runs

were taken with distilled water.

With all the test liguids the level of the liquidiin the

vessel was kept above tha inlet of the recirculation 1oop and the

-

liguid was boiled by means of auxiliary heater at its saturation
temperature for about twe hours till no more esecape of the dissdlved
air from the liquid was observed. Water supply to the water - cogbed
sondenser ard to the jacket of the recirculationlocp was resumed
before allowing thé boiling to ceeur. The condenser condensed the
vapors‘and returncd the eondengate back to the pool. Thus the gt~
~entration of the liguid was maintained ccngtdnt ag'far asg pratticablc
during the period of experimentation. The condenser albng-with
cooling jacket also helped in adjusting and maintaining the desired
degree of subcooling. After removal of last traces of dissclved air
from the test-liquid, the au}{;'lia.ry heater was switched on. The
desgired heat flux was then adjusted and the readings of thermo-

3

~ouples’ e.m.f. and wattmeter were noted culy when the wall and

liquic temperature became steady. Steady state conditicns of
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approximately 10 minutes duration wefe egtablished at each test
peint prior to recording the data. It was observed that the wall
temperature taken just after switching off the auxiliary heater
changed with time and it took about 15 minutes before the wall
temperature became steady. All the data were taken with increasing

heat flux.

Before switching to a new system a few experimental
ruhs were taken with distilled water as check tests which have
been shown in Figure 3.5 for both the test sections.” Good agreement
between values obtained prior to and aftcr-boiling data with
mixtures indicates that heat transfer surface characteristics
did not change significantly during the tests. The dotted curve in
Figure 3.5 is for data taken on 25.6 mm O, test sectidn and
loewer curve on 27 mm O.D, test section. The negligible
difference between two curves shows that the surface charac-
teristics of the two test sections were almost identical, "The
27 mm O.D. test section was used for water-glyeerine and water-
ethylene.glycel mixtures and 25.6 mm O.D, silver plated test
gection for water-acetic “acid and acetune-water mixtures. A
liquid level indicator was previded.tc the vessel and its reading
was noted before starting the experiment, During the courge of

whole series of runsg the level of liquid almost did not change.

The binary mixture used for the present investigatico

were water-glycerine, water-cethylene glyccl, water-acctic acid
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and acetone-water mixtures. Acetic acid and acetene were

of reagent grade while glycerine and ethylcne glycol were of
commer cial grade. The heat flux changed step-wise from 6.9 x 103
Kcal/hr.mz. The degree of subeooling was varied in such a way
that data could . cover from natural convection through subcooled

to saturated boiling regions.
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«CHAPTER 4

RESULTS AND DISCUSSION

In the present chapter the exparimental data on pool bolling
of pure liquids : distilled water, acetic acid, and acctone; and binary
mixtures : water-glycerine, water-ethylenc glycol, water-acetic acid,
and acetone-water systems at 1 atmospherc pressure, have been
discussed.with reference to some of the iraportant results. The data
cover the regions of low heat flux extending from non-boiling throtgh
surface beiling to.saturated boiling. Table 1.1 enlists the compesition of
the binary mixtures used in the present investigation.

Table 4.1 Concentrations of Binary Mixtures Studicd

System | More volatile Less volatile Wt. % of more volatile
No. component "~ component component
1 Water Glycerine i, 17.5.2"27.87 50,62, 5,
65, 86,7100
2 Water Bthylene 1,.4.5, Pk 14,.620.2,
glycol 79. 3,87 "5, FTRAR 78.2, 100
3 Water Acetic acid 0=, 8, 6, #%.4, 19,3,
29.1, 38.9%¥58.8, 79.3, 100
4 Acetone Water ol 12.25, 25.3, 39.3,
54.4, 70.4, 87.8, 10

For water-glvcerine gystem the experimental data could not be talen
below 15 Wt. percent watcr because of excegsively high temperatire

on the heater which proved unsafe. The data for systems |
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water-glycerine and water-ethylene glyccl were taken on the 27 mm O,D,

3 S
test section at heat fluxes ranging from 12.56 x 10 to 38.00 x 10

Kcal/hr. m2 while for water-acetic acid and acetone-water on 25,6 mm O, D.

test section at heat fluxes from 6. 9x103 to 39.9x1&Kcal/hr.m2

The experimeéntai data of the preseciit investigation are listed

in Appendix B.
4.1 NUCLEATE POCL BOILING OF PURE LIQUIDS

4.1.1 Variation of Wall Temperature with Liguid Temperature

Figures 4.1 and 4.2 show plots of wall temperature versus
liquid temperature at diffcrent values of heat flux for distilled water
and acetic acid, respectivily. On examining these figures, the following

characteristic features may be noted :

ag The wall temperature, t changes linearly with the

Ww?

liquid temperature, uptc a certain peint 'B,

t Rk
followed by a decreasing slope which finally becomis
zero."~The point 'B! is distinct'in all the curveg and for
all such peints the value of 1y is essentially greater

than the saturation temperature, ts o~ The wall

temperature corresponding to point 'B' is 101.5 C,

G
and 120 C for water and acetic acid, respectively.

b At higher values of heat flux, the curves are found to have
essentially the same featurcs as those at lower value of

heat flux with the difference that the point 'B! is shiftcd 12
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the lower values of liquid temperature. However the
value of tW at point 'B' remains almost unaffected.
The region corresponding tc the linear change upto

point 'B' in all the curves is due to natural convective heat transfer

because in this regioh near-eonstancy in tie value of ( t by L) is observed.

The fact, that the natural convective region extends even for t W > ta .

may be attributed to the fellowing reascn . It has been found that the

minimum anount of degrec of superheat, { A tsup £

w.= tal)
is.absclutely necessary for facilitating the bubble formation on the heating
surface in saturated liguids and it depends on the microstructure of

the surface. The minimuin radius of curvature of a nucleation site

for bubble formation may be expressed as a function-of A tsup and
other parameters by the cxpression (59).

2%
Rmin —d (&.1)
As seen from Eg.;(4.1); an increase in the valuc of At activaten

sup

greater mamber of nuclei by making smaller cnes active. It is, of course,
realized that Eq._(4.1) is applicable for saturated liquid boiling. It

is felt that the degree of superheat required for bubble formation in
subcooled liquids should be greater than that calculated by Eq. (4.1).
Therefore a certain val:zc of é-tsup is necessary before significant
beiling can begin. This scems to be the reason why the lincar regich

extends upto point 'B'.
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Beyond peint B, a gfadual increase in the value of
Atgyp and decrease in the value of At_ ., make the boiling

process increasingly effective, Therefore wall temperature changes

with a decreasing rate. After-a certain value of A toup 18 reached,
the turbulence cause‘d by the bubble dynamics becomes so high that

the adverse effect of subcooling on nucleaticn process becomes
insignificant. - Under such a condition, therefore, the wall temperature
seems to Attain a'constant value. This cbservation is'in accordance

with the findings of Forster and Grief (27) who processed the data

of Ellion (60).

SHifting of point 'B' to the lower values of f§§  at highex
i ]
values of heat flux is expected because the number of nuclei for bubble

formation becomes increasingly more at higher heat fluxes.
4.1,2 = Variation of Heat Transfer Coefficient with Heat ¥lux

In Figurcs 4.3 and 4.4, log-leg plots between heat
transfer coofficient and heat flux have beendrawn forswater and
acetic acid, respectively. The experimental data of'a number of cther
authors (49, 57, 30, 58) have also been showi in Fig. 1.3 for saturated

pool boiling of water at 1 atmosphere pressure. These figures suggest

the following :
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Heat transfer coefficient increases linearly with g with

a slope of about 0.7 for saturated boiling of water and
about 0. 66 for acetic acid, The data of others (49, 57, 30, 58)
for water agree well with the data of the present
investigation, - This ensures that the measurements and
technigues 'used for data collection in the present
experimental investigation are reliable, Agmall scatter
amongst the data may be attributed to the differences in
thé nucleation characteristics of the heating surfaces.
The i_ncrease in the value of h with g is«clearly
understandable from the fact that the number of nueieation

gites becomes greater as ¢ is raised.

Increase in D“tsub ghifts the curve to the right suggesting
that for a given heat transfer coefficient higher values of

heat flux are required if o is inereased. § The

sub
relative positions of the curves seem to suggestthat bulic

temperature of liquid has a considerable influence on

boiling.

The higher values of A t. . suppress the boiling process

and this effect is more pronounced at low values of g, But at higher

values of g, the adverse effect of A tsub on the boiling process is

reduced, because more ceatres of bu bble formation become active.

Therefore, the value of h tends to increase with ¢ first slowly upto the

breaks in the curves beyond which a marked rise in the valuce ol =
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occurs. The decrease in the value of &‘tsub is favourable for the

bubble growth which, in its turn, increases the value of h.
4.1.3  Boiling Curves for Pure Liquids

Figure 4.6 presents the boiling curves for saturated
pool boiling offacetone, watér and acetic acid. <n these curves, the
variation of heat flux has been shown as a function of tempgrature
differeriec between the heaf; transfer surface and the saturation
temperature of liquids cna log-log plot. A similarbehaviour is.nActed
in-all the~curves and it is observed that thevalue of A t inerdaases

as the heat flux is raised.
4.1.4  Effect of Subcooling on Beiling Heat Transfer

The resulis shown in Figures 4.3 and 4.4 seem to
suggest that the degree of subcooling affects the value of heat trancfer
coefficient significantly. Figures 4.6 and 4.7 have been drawn-in
whieh Nusselt number is plotted as a function of*degree of subcooling

in the dimensionless form (1 + A jfi-_ _A_’B'_*_jﬂ_ ) “. All the
3 7

s
experimental data are found to be represented in.the following functional

form :
"“j';" . AT b o }1‘
Nu, = <| + 1\ = b ) 4.2)
uB Cl fv _ts : (

The value of exponent is observed to be aliost same for both the
liquids. The constant C; depends on the values of Peclet number and

the properties of the liquids.
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4.1.5 Effect of Peclet Number on Boiling

Figure 4.8 shows a log-log plot of Nusselt number, Nu]3

versus Peclet number, PeB for saturated boiling (KS = 1) of acetone,

ub
water and acetic acid. The best fit lines through most of the

experimental data poihté can be-represented By the equation of the

following form :
Nup = C, ( Peg) 2 (4.3)

Three parallel lines indicate that the value of C-’Z is
different for different liquids whereas exponent n, is almost the

same for all the liguids having an average value of about 0,6,

4.2 NUCLEATE PCOL BOILING OF BINARY LIQUID MIXTURE

4.2,1 Variation of tw with t I for Binary Liquid Mixtures

Figures 4.9 to 4,14 show the typical plots of wall
temperature as a function of liquid temperature at constant heat
fluxes for some compositions of the binary mixtures. Referring to

the Figures'™4.1 and'4.2 it is noted thatithe plots of tx, versus t_ for

W L,
binary liquid mixtures exhibit the characteristic features essentially
similar to those of pure liguids. The probable reasons of the typical
variation in wall temperature with liquid temperature have been

discussed in section 4.1,1,

The effect of concentration on the variation in iy,

with tL has been shown in Figures 4.15, 4,16 and 4.17 for binary
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mixtures; water-glycerine, water-ethylene glycol, and water-acetic
acid, respectively. These figures represent the experimental data
for boiling heat transfer at constant heat flux for the mixtures. The
general behaviour of curves for all compositions are almost the same.
However, addition of more volatile component decreases the value

of wall temperature for all the mixtures studied.
4.2.2 _Variation of Heat Transfer Coefficient with'Heat.I'lux

In Figures 4,18 to 4.22 heat tramsfer coeffic¢ienthas been
representéd ag a function of heat flux with &tsub as parameter for some

concentrations of binary liquid mixtures studied on log-log plot.

These figures reveal the following charactieristic features :

Boiling heat transfer coefficient for binary'“ liquid
mixtures is found to increase linearly with heat flux with averageislopes
of abdut 0.60 for water-glycerine, 0.59 for water-cthylene glycol
and 0., 65 for water-acetic acid, The different slopes for different
systems as.compared to that of water which wagdfound to be 0s.7, may
be due tg'the effect.of physical properties .::-fltllc mixtures on“the change
in nucleation eharacterigtics with heat-flux, The valugof A ts;:l;-
seems to have significapt influence on the valuc of heat transfer
coefficient for binary liquid mixtures in the similar fashion as with

their pure components.

4.2.3 Boiling Curves for Mixtures

Boiling curves (q versus A t) for various concentrations
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of water-glycerine, water-ethylene glycol, water-acetic acid, and

acetone-water have been shown in Figures 4.23, 4.24, 4.25, and 4. 26,

respectively. From these figures the following points may be noted :

4.2.4

The bhoiling curves of all the binary mixtures are

straight lineg similar to the pure components.

Except for water-glycerine gystem, it is ¢learly seen
that the b6iling curve shifts.progressivelyito

higher values of A 't with the incrgase in congentration
of more vclatile component upto a certain value. Such
a value of concentration is found to be 7 Wtl" % water in
water-ethylene glycol, 17 Wt, % water in water-acetic
acid and 35 Wt. % acetone in acetone-water mixtures,
When the concentration of more volatile component
exceeds these respective values, the boiling curve
begins to chift to lower values of A t until finally the
boiling curve of the components constituting the mixture

become clése to each other,

Effect of Composition on Boiling Heat Transfer in Binary

Liquid Mixtures

Figures 4,27 to 4.80 show the effect of concentration of

more volatile component on heat transfer coefficient at various values

of heat flux. All the figures, except Figure £.27, illustrate the

following points :
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a. Addition of more volatile component decreases the
boiling heat transfer coefficient until a certain
concentration of more volatile component in the mixture
ig reached at which h becomes minimum, Further
addition ef the more volatile component results in a
turnaround and h.continues io ingrease. The concentration
of the more votatile component locating theturnarcund
in h is found to be about 7 Wt. % in"water-éthylene glycol,
17 Wt. % in water-acetic acid and 35 Wt. % in'acetone-

water mixture.

D. Higher valucs of q shift the curves to higher values of
heat transfer coefficient. However, qualitatively all
the curves are-alike and show their respective minimum

at the definite concentration of the mixtures.

It is important to mention that it was/not possible to
conduct experiment with water=-glycerine mixtures having water
concentration less than 15-Wt. % because the heater temperature became
quite high and it proved unsafe. However, it is clearly seen from the
trend of all the curves i. Figure-.27 that they may pass through their
respective turnaround points at some low concentration of water in

the mixture.

G The reduction in heat transfer coefficient becomes
appreciable in all the systems at their respective

turnaround points.
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The behaviour of the curves with the appearance of

turnarounds in Figures 4,27 to 4. 30 may be attributed to the following

reasons

a. The heat transfer rate during boiling is influenced by the
vapor-bubble growth rate whieh, besides other factors,
depends on the vapor-liquid equilibrium compositions
of.the mixture. The dependence of bubble growth rate
on the composition of binary mixture is represented by
Eq. (2.33) as derived by Van Stralen.(16). It is clear
from the above mentioned equation that the growth rate
constant C; attains minimum value in coincidence with
a maximum in- At /Gd. Figurés 4.31 to 4.34 show

the effect of conecentration of more volatile component-on

the value of A tijd . The maximum value of A t‘-;’,Gd

for the respective systems Gceurs almost at the same
concentration as found experimentally and thissexplaing

the turnaround points in the curves of Figures 4.27 to 4, 30,

b. The increase in the differeiice of vapor and liquid
compositiciis decreases the numbetr of nuclei for bubble

formation by making the valuc of R greater as

min
discussed under section 2,4, In Figures 4,31 to 4.34,
the plots of (Y - X) versus composition of more volatile
component show the appeara:nce of maximum value of

(Y - X) at 1.5 Wt. % in water-glycerine, 7 Wt. % in

1673
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water-ethylene glycol, 17 Wt. % in water-acetic acid and
35 Wt, % in acetone-water mixtures. At these concentra-
tions the number of nuclei for bubble formation are
expected to be minimum and consequently the value of
heat trangfer coefficient beeomes minimum, This also
supperts the experimental findings about the turnaround

points.

The saturated nucleate beiling data for water-ethylene
glycol and water-glycerine mixtures have been compared with“the
data of Sternling and Tichacek (45) in Figure 4,35, The data points of

these authors were cbtained from the faired curves which represented

the cross plot of h versus g with composition as parameter.

Thé data points for water-ethylene glycol appear o
possess indiscernible secatter. The experimental datasof the préscnt
investigation ‘as well as those of Ref, (.i5) oxhibit a definite concentration
{(about 7 Wi, %) atiwhich hecat tra.nsfér coefficignt becumes minimum,
However there is apparent Eeatter with the data for water-glycerine

which may be attributed to the following rcasons :

a. There I8 obvious uncertainty in the evaluation of test
points as they have been cbtained from the faired curv=c
as stated above.

b. The glycerine used in the present investigation was not

extra pure guality which wag the case with the data of Ref.

(45). Nevertheless, the trend of the curves 13 similar,
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4.2.5 Effect of Degree of Subcoocling

The effect of liquid subcooling on the plot of heat transfer
coefficient as a function of concentration of more volatile component
is shown in Figures 4.36 to 4.38. The gurves in these figures possess
almost similar features as those observed in Figures 4.27 to 4,30
for saturated boiling. Degree of subcooling does not alter.the
concentraticns at which the heat transfer coefficient becomes minimum.
The curves with high values of &tsub , /seem it become flatter.
The value of heat transfer coefficient decreases markedly with the

increase in the value of A tsub at a given heat flux and concentration,

Figure 4. 39 shows the dependence of NuB on the values
of K1, on log-log plot for different systems. All the curves are found

to possess almost same slope of about 0.5,
4.2,.6 Effect of Peclet Number

Figure 4, 40 represents a typical log-1og plot of NuB as a

function of PeB for saturated boiling of the binary liquid mixtures.

All the curves are straight.and parallel with a slope of about 0.8,

4,3 GENERALIZED CORRELATION

4,37 General Correlation for Binary Liguid Mixtures

It was argucd to choose the dimensionless groups for the

general correlation, whicn would take into account the effect of all the
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variables influencing the boiling process. The groups should contain
such properties which could be determined easily and precisely as far
as possible. Keeping this in view and considering the results of
Figures 4.39 and 4.40; a generalized correlation for boiling heat
transfer might be sought in the following form using dimensionless
groups of earlier workers (22, 25, 30, 50, 61) alongwith a new proposed

subcooling group, & .= .

N c (» = K 2 g
—] ( = A
ug e.) ( Sub) (Lt) (4.4)

However, the above correlation lacks to iniclude the effect of mass
diffusion 'on the boiling of binary mixtures., Therefore HKq. (2.4)

was considered to be inadegquate to correlate the experimental data‘of
liqu.id. mixtures. To include._the effect of mass diffusion, a
dimensionless group, K’c , was chosen. This group was suggested by
Grigorev (18) who extended the Kruzhilin's analysis for the boiling heat
transfer of binary mixtures, Thus Eq.(4.4) asgumes the following
form™:

1‘1‘.1 112 I'JB I'l_,}
Nu 5. C{ P&, ) (K ) (Kt) (Kc ) (4,5)

B B sub
All calculations, in processing the experimental data

of 4 binary mixtures, were carried out using an IBM 1620 computer,

A least square curve fitting program wag used to dcte mine the values

of exponents and constant, €. The program listing and results of

some data points are given in Appendix G. Using the computed valnes of
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exponents n o, Ny, Ng, and n,; and constant, C, the following

generalized correlation can be recommended :

6 -0.5 0,37 -0.034

0.
Nug = 0,0576 (Pe 4 (
ug 0576 .PeB) ( Sub) th ) (KC) (4.6)

Since the value of exponent, Ty, to which the concentration

group is raised is found to be small, thercfore the group, Kc , may be
omittéd. However, it is felt necessary to retain the group in.its

present form,-firstly, so as to include the effect of mass transfer on

the boiling of binary mixtures, secondly, the omission of the graip, K_c,

is likely to cause a maximum error of about 10 % for some systems,

All the physiczal prope rties of the binary liquid mixturcs
used in the correlation were calculated at the saturation temperature
corresponding to the relevant concentration of the system. A ceurate
predictions of the properties of the mixtures at high temperaturcs arc
neticeably Jacking, Therefore the properties were estimated by thc

methods as mentioned it Appendix C.

Fiorthe systems : water-glycerine and water-ethylcne
gloeol the group, K was modified to thedollowing form :
2
(Y - X)
o dame ki et
€ Y(1-X)
The inclusion of the group, K _, in its modified form, in Bq. (4.6) "-.'.rasf'found

favourable to correlate the cxperimental data of these systems.



95

The experimental values of NuB of all the systems and
those predicted by Eq. (4.6) have been compared in Figure 4.41,
Eq. (4.6) seems to corrclate most of the experimental data of the systems
investigated. The standard deviation betwcen the predicted and
experimental values of Nug for about 697 data peints con 4 different
liquid mixtures varying widely in physical properties is 31.88 %. The

average deviation is .31.84 %. The maximum error of =31 % covers

95 percent of the experimental data.

4.3.2 General Correlation for Pure Ligquids - Comparison between
Experimental and Predicted Values of NuB by Correlaticng of
Others
The results of Figures 4, 6 through 4.8 and the
desirability of the correlation in the form, as discussed under section
4. 3.1, suggest that all builing heat transfcr data on 3 pure ligquids
might alst be described by the Eg. (4. 4). A least squaxre curve
fitting*program determined the values of cuwonents and coenstant i

BEq. (4.1) and thefollowing form of correlation resmlted i

0.6 -0.5 0.3%

= n i g i 3 { \ i T
Nup =0.084 (kuBJ ‘Ksub) (Kt" (4.7)

The physical propertics cf the liguids appcaring in Eq. (4.7) were

salculated at their saturation temperaturc,

Figure 4,42 shows the comparison between the
experimental and predicted values of NuB by correlation (¢.7). The

proposed correlation (4. 7) was found to beet correlate 133 data points
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on water, acetic acid, and acetone with standard deviation of 20.54 %
and average deviation of 20,16 %. About 95 percent of experimental data
lie along the line describing the correlation within a maximum error

Of_jL 24 %.

Referring to correlation (4.6), it can be easily noted
that the correlation, if extended to the pure liquids i, e, the concentration

group K is unity, assumes the form of Bg, (4.7), However.the

differencedies_only in the value of constant, C.

Scme of the important correlations (Table 2.3) werc selected
from the;literature to check their validity using the saturated pool
boiling heat transfer data of present-investigation. The experimental
values of NuB have been plotted against thuse predicted by the correlaticns
of others in Figures 4,13, <4.44, and .45 for water, acetie acid,
and acetone, respectively, From these figures the following points can
be noted

a. Correlations due to Borishinsldi (80) and Kichigin ot al (30)
are found tc Dest correlate experimentalidata on water

with a maximum.error oft 24 %.

b. The experimental data on acetic acid are close to the
predicted values by corrclations due to McNelly (24)

and Labuzntsov (29) within a2 maximum error of + 24 %,



99

EXPERIMENTAL Nupg

BEA RN
80 -t
70 ! = iy
60 ..__-._/./',..I_ v
50t f. %_ bl
40} 4L ﬂi}_ '1_
|
|
| :
30 4_1 | et
25 —§ + r___,
20 BT Y SR R —I—ﬁl—l——
| e
15— . = e e o o
| ; I
3 ' | 1 7 AUTHORS
g e i
ol —Hi o £ & - ] .._:_ __[_ | @—ROHSENOW(22) L
sl—% A —t+—+— @—MeNELLY(24)
S Kl MR e ) et LELET - FORGTERGE ol ()
6L___|_ | Sl B __‘I G”KICHIGIN ef GlL(SO)
I | ®— KUTATELADZE (30)
e . ~| ®—BORISHANSKI1{30)
' . Ty e— KRUZHILIN (25)
& B o % T 1 o —LABUNFGOW?29)
I | |
| | . | | '
N | FlE O T | |
| = L i | | ] | {

4

5 6 78910

5 20 25 30 | 40 50 60 80 I00

PREDICGTED Nup

FIG.4-43 COMPARISON OF EXPERIMENTAL Nug WITH THOSE

PREDICTED BY DIFFERENT CORRELATIONS FOR
SATURATED POOL BOILING OF WATER .




100

4% SR 0 Y N o B oo, NPT R O IS
P "
o .
AN g | __
- Gil @ | ¢§ |
.| - - O I
B o & © Y3 B
.| ' : \ |l
. vyl s | | i
= el BT
2 Bt | T
= | P sty
1 d ! 1 : T
L | Lt <44
x o
w I | ]
AUTHORS
| @ — MeNELLY (24)

@ —= KICHIGIN et all (30)
{ @ — KUTATELADZE(30)
1 ¢— BORISHANSKIL(30)
® — KRUZHILIN (25)
4L | e LABUNTSOV(29)

15" PO 2530 40 50 60 80 100

PREDICTED Nup

FIG.4-44 COMPARISON BETWEEN EXPERIMENTAL AND PREDICTED
Nug USING DIFFERENT CORRELATIONS FOR SATURATED
POOL BOILING OF ACETIC ACID.




101

100
90
80)
70—
60

50

40

m
2 30
i
25
s
z
uEJ 20 - S
- | | AUTHORS i
el 1 5 : ——L McNELLY (24)
x ’
w KICHIGIN et ol (30)
KUTATELADZE(30)

BORISHANSK Il et al (30)
__{
KRUZHILIN et ol (25)

LABUNTSOV (29)

ol 0 S &6 | C

|
__1|___
T~

[ LTl el

|5 20 25 30.. 40 50 607080 100

PREDICTED Nug

FIG.4-45 COMPARISON BETWEEN EXPERIMENTAL AND PREDICTED
Nug USING DIFFERENT CORRELATIONS FOR SATURATED
POOL BOILING OF ACETONE .




102

c. Correlations due to Labuntsov (29) and Kruzhilin et al (25)

predict values of Nu_, within + 24 % of the experimental

B
values of acetone.

O No single correlation scems to extend the generality
to the expérimental data of all the 3 pure liquids within

cf.

a'maximum error of=+ 24 %.

It may be pointedrout from Figure'd, 42 that the proposed
equation (4.7) represents the best fit ecrrelation for 133 data points
of all the 3 pure liguids within a maximum error of + 24 %. The
correlation is applicablc for buth subcooled and saturated boiling of

pure liguids.
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CHBAPTER b

CONCLUSIONS AND RECOMMENDATIONS

o The experimental data of the present investigation on the
pool boiling of saturated water were comparcd with tho-se of other
workers at.1 atmosphere prgssure, It was found that the data pbints
of the present investigation compared well with the data reported by
(495517, 1803 58).

2 The data points on the pool boiling of saturated water -
cthylene glycol mixture showed a good agrecment with the data of

.
Sternling and Tichacek (45).
. Heat transfer cccfficient in boiling of binary mixtures decreascs
with the inercase in concentration of meore velatile component until o
certain concentration is reached at which the valve of heat transfex
cocfficient becomes minirmum, Beyond this conceatration heat transfer
cocfficient beging to inercasc giving rise toa turnaround poiat. The
concentration ef the more volatile compenent corresgponding to the
turnaround points is found to be about 7 Wt. %, 17 Wt. %, and
35 Wt. % for the binary mixtures ofwater-cthylenc glyccl, water-acetic

acid, and acetone-water, rospectively.

The concentratic:. of a binary mixture at which bciling heat
transfer coeffici ¢cnt is minimum was predicted using the metheds
proposed by van Stralen (12), Tolubinskii ot ol (14) and Grigorev et al (18),

The predicted concentrations for the above Dinary systems were found
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to be in quantitative agreemoent with the experimental results.

4. Experimental data on subcocled and saturated peol boiling
of 4 binary liquid mixtures have been found to be correlated in the
following form with a standard deviatien of 31,88 % .

0.6 -0.5 0.3% -0.034

Nus = 0.0576 (Pe) (K ) (K. ) (K )
B c

B
A mazximum error of + 31 % covered about 85 % of the total data pcints.
9. A general corrclation is recommended for calculating heat

transfer coefficient during subcocled and saturated boiling 6f pure liquids;
o)

water, aeetic acid, and acctone in the follovring form

0.6 =0.E Q.37
= A . T y (K
NUB 0.08}. (.. \.B) (I{SUbl \ 'f: )

The abovd correlation showed a standard deviation of 20.16 %, A

maximuin ercor of + 24 % ecvered about 95 % of the tutal data poiats

ofjpure liguids.

It"is easily suen that the correldtion for pure liquids is a
special casc of the correlation meant for bingry mixtures. But the

value of constant, C,is diffecrent in the two corrclations.,

6. The generality cf other currelations was tested for water,
acetic acid, and acstone. It has been found that the propused
correlation yields better gencrality results than any cther correlation

-
(22, 24, 25, 27, 29, 30)., The propcsed corrclation pPossesses ons LACre
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special feature as it can be used to calculate beiling heat transfer

coefficient during subcooled and saturated boiling of liquids.

The present investigation can be extended to cover the

following :

g Addition cfdimethylamine has been studied as an
aid in acetic acid-water separation by normal distillaticn
espeecially in the water-rich megion where relative
volatility is low (68). As such it would be importan
to collect boiling heat transfcr data for the ternary system,

acetic acid-water-dimethylamine.

($]

. Glycerine is recovercd as a by-product from soap-
making by means of evaporation. Thus it will have its
industrial utility if boiling heat transfer studies arc
conducted using soap-lye gystem at atmospheric and
subatmosphieric pressures

Rebpilers used in process industries op erate over o

(F%)

il

range .of pressures. Therefore it'would be uselul te
carry out beiling heat transier gtudies oOf liquid mixture
at presgurces other than onc atmosphere and at high hcat

fluxes.
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APPENDIX A

TABLES AND CHARTS OF CALIBRATIONS

Table A-1 Performance of Thermocouples
Table A-2 Calibration of Wattmeter
Fig. A-1 Variation of tj for Water at Different Normal

Positions ¢f Side Thermocouple from Test Surface

Figa""=A=2 Variation of ty, for Ethyleag¢ glycol at Different
Normal Pogitions of Side Thermocouple from Test
Surface

Fig.m = A-3 Variation of t1, for Glycerine at Different Normal

Positions of Side Thermoceuple from Test Surface
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Table A-1 Performance of Thermocouples

Standard Wall Thermocouple Liguid Thermocouple

Thermometer mV e & mV C

=/

50.1 2,037 50.05 2,040 50.10
80.5 2.490 60.50 2,488 60.45
70.2 2,918 TOR 1 3 2,914 70.15
80.0 3. 360 80.05 5,360 80.05
90.3 3.824 90.20 5.828 30. 30
g W 4,230 99.00 2, 232 39 .05

Table A-2 Calibration of Wattmeter

Readings of Wattmeter, Watt

Error

Substandard Wattmeter %

80 80 ¢
120 120 9
M7 230 1,08
4166 250 J, 86
636 640 063
797, 800 0. 31
575 930 O
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APPENDIX B

TABLES OF PHYSICAL PROPERTIES CF PURE LIQUIDS

Table

Table

Table

Table

Table

B-1

B-2

B-3

Physical Properties of Acetone
Physical Properties of Acetic acid
Physical Properties of Ethylene glycol
Physical Properties of Glycering

Constants for Physical Properties of Ethylene

glycol and Glycerine
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Table B-1 Physical Properties of Acetone

2
t, =235.0C E, =48.6kg/cm

Lo Density, Viscosity, Surfacetension, Specificcheat and Latent heat

of Vaporization (62, (5)

t Al nx104 px10% clf " =
Re g/cm g/cm.sec kg/m  Kcalfkg R Kcal/kg
20 O 87905 Onte2 5 24,2 0,516 132
30 0.7788 0.295 - O, G882 -
40 0.7674 D27t 21.6 8.,5630 128
510) 0.7564 0,249 - 0538 -
82,20 - Q. 24085 - - -
53. 86 -~ .27 - - -
BG.1 - - - - .
60 0.7446 - 9.0 - 123.5
70 0. 7326 - - - -
80 0.7205 - 16.5 - 18,3
I, = - - 112.8
2 Thermal conductivity (52)
o
b 5 50 75 100
Kecal 0.145 0.140 0.135 @ 130
k s)
m.hr, C
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Table B-2  Physical Properties of Acetic acid
Formula : CHg; COOH ; ‘Molecular Weight = 60
£ =16.7C 1tn =118%C ; te= 321.6T B = 59,1 kg/cm?
I\/IP . 3 B 8 3 ‘o & o U C » g

Density, Viscosity, surface tengion and Latent heat of Vaporization(ﬁZ)

f:.:. T 2 _,,"1: b
t 'L ux 10 o x 10 A
s g/cm’3 g/em.sec Kg/m K cal/kg
20 1.0491 - 28.4 84,1
30 ¥,035%2 0.79 2%, 35 85.7
40 1,0284 0.69 26,3 87.2
50 1,075 .62 3o 3 88.4
60 1.0060 0.55 2%3 89.6
70 0.9948 - 23.258 90.6
30 0.9835 0.453 22 .2 91.6
80 g8 0718 - 2152 2.4
100 058589 0.377 240, 2 9§3.1%
110 0.94483 - 1942 934
120 0,9362 0.320 18325 93. 2
130 0.9263 0,287 12 82.7
Thermal conductivity (62, 65)
0
t, C 25 50 75
o) 0,147 ole#3  0.139

(]
hr.m, C

Specific heat (65)

O
¢ = 0.4688 + 0.000909 t, Keal/kg. C
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Table B-3 Physical Properties of HEthylene glycol
Formula : (L‘HgOH CHZOH Molecular Weight = 62.07

Density, Viscosity, Heat Capacity and Thermal Conductivity (66)

t 3> - e k
(9, 3 3 Q % (@]
& g/em g/em,sec Keal/kg., € Kcal/m.hr C
20 182 19.6 0.548 0.228
40 1.100 9.5 G,604 0,228
60 1.087 Bl B C,626 0.2286
30 1. 068 5.23 0.644 0.226

Surface tension (85)

D2

09

ot

"
(6]
D2
]
(5
o
t
L4
P
o

A

o’ x10~ kg/m

h
oo
[43]
=
(a5}
.
(W]}
¢
w
ad
e |
o




Table B-4
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Physical Propertics of Glycerine

Molecular Formula CH2 - OH : Molecular Weight = 92,1

{
CH - CH
|
CH, - OH
1. Density, Viscosity and Surface teii’ion (62).
- ; 2 -t nd rl x 2 =T ,W]i
t ?E" 3 PXIO g~ %10 é 'YL 5 ,}JX].O o xX1C
b & g/em® g/cm.sec kg/m e g/em g/cm.sec kg/m
20 172594 1480 60,17 110 1, 2876 - 54,4
30 1.264% 600 60, 2 120 1.1876 5.2 53,3
40 1.25060 330 88 127 130 1,1765 - 82.1
50 1.2438 180 59.2 140 1,1628 1.8 o¥g O
60 1.2376 102 58.5 150 11,1468 - 49 8
70 1., 2805 59 57.8 160 P, N Gl 130 -
80 1.2839 32 870 180 - 0.45 -
0 1.2165 21 561 200 = 0.22 -
LOCE s BT T 3 5 57 - - - -
2 Thermal Conductivity (62)
o e - -
£t C 25 50 it 300 125 150
gl | 1.240° 104243 0.2469.0.248 251 0,25
m.hr. G
3. Specific heat {62, 55)
t, 0 20 50 100
o A 0.54 7= 058 | 0.60 k767
7 kg-C
4, Vapor pressure (323)
C . T~ ™ Y P -~ o b s
t, )C PV’ nlrﬂIIg t, ~ J-V, rLA;Ll..J.g Ly C }:1’, mn g
125.5 3 153,0 40 240.C 200
153.8 5 208.,0 51¢] 263.0 100
167, 2 10 220.1 100 290 7650
182.2 20 = = 5
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%
Table B-5 Constants for Physical Propsarties of Ethylene glycol
and Glycerine (45)

Formulae :

R | &= G+ byT

k = K+K.T N = Xy~ JyT

,_ a 43
P = P expi( Tl] o e = (\1 g

H

lc,

Symbol Units Compound .
Bthylene glyccl Glycerine

T3 s 705 973
3 A5 i
Y. g/cm 1,461 1.445
5 0L s v B o E
a glem , K 0.0015 0,000625
o
CC; K cal J/lif_:,', C 0 s 2%k 0,122

K cal/kg, C .UK 0,50108 0,001 %

_"__)'

U Kcalk/moL. C 0, 226 G,244
o O,

K. K aal/risyr, OF O
b _ : - 3
-‘i\ 0 Keal ;’ ks e B P 235
¥ Keal /kg 0 .8 Ol
1 =
Plx 19 atm, 48,6 193.8
Dy Fr ooy AL
a h { LU ool
1
E s P =t e i
(}Ez kg/m Cem 0 x 10 106 x 10
»

* Some of the properties of Ethylene glyccl and Glycerine were not
available for the experirmental temperature range. They have been

'

calculated by the formulzz o obtained by Sternling :md Tickacek |

=5) .
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APPENDIX C

PHYSICAL PROPERTIES OF BINARY LICUID MIXTURES

Table C-1 Physical Properties of V/ater-Glycerine Mixtures
Table C-2 Physical Properties of Water-Ethylene glycol Mixtures
Table = C-3 Physical Properties cof Water-Aeetic acid Mixtures
Table C-d Physical Properties sf-aAcctone-Water Mixtures

e S Estimation of Physical Properties of Binary Liquid

Mixtures at Saturation Temperatures



Table C-1 FPhysical

1. Density (70)
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Properties of Water-Glycerine Mixture

Wt. % Density, kg/m?

Water T5®& 20 25C

30C

Wt. %

Density, kg/m?

Water 159

209C 25CC

1254.
1228.
1202, 4
1175.
1148,
112w

95
90

65
30
10

A
LERY
75
8%
an
(oL
(a¥n ]

iy

1101.45
107%.55
1048, 40
1023.25

100 999,13

1099, 30 1097
1072,70 1070

1046.90 1045,
1022 ,40 1020,

998, 23 997,

., 10
i)
25
70
08

1,75
8.55
43,50
9.05

0 1264.15 1261.08 1258,02
10 1238,.10 1235,10 123200
0 1211,.60 1208, 5Q0=1205,45

30 1184.15 1181,25 1178, 40
40 1156,50 1¥5388" 116%,05
50 1128.70 1186.30 TLESR 75
g Surface tensinn (64)

b = BAC

Wt.% Water 0 2 15 50 70 30 35 90 95 100
4 ! i P x 4 A o) 'y ) ” g € ry o ry o HaedT 4
owr x10 ,kg/m 61,63 g2.04 64,83 69 .8 81 H 73:21M%3, €1073.88 785 74,5
B Viscosity (62)
=7 = : 2, Z ,

Wt, % g1 x T gm7m-.1.s:&c Wt. % Az 10 om/cm.8e0.
T : o H_U,.‘. 0o J T o~ r-l—'l‘-" - \"-‘
water 20 C 24: B 30 C Water 286 25 °C 30 @

0 1498 915 524 60 3,750 3451 2 3T

10 284.8 16326 i1 593 70 2=a0l 2. 15% o

0 62850 15 86 38792 30 1.763 logb4k 1, 36T

30 22.54 17.986 B, 32 80 " p i 1 = 53 1RO24

43 10.96 8823 RET2 120 1..006 0.898

50 6.05 5,041 2%
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A
&

Specific heat (70)

Mole % _ Wt. % _ C, Kcal/kg.C Mole % Wt.% C, Kcal/kg.”C
Water Water 15“C 30oCc Water Water 15%C 32C

a2

~ .1
s Ufx

0 9.9855 0.576 88 G 60 0.851
- 0,929 0,924

. 672 096. 341 80

~J »nn O
-3 M
=
o DN
(]
(s T
.
O =3
Cn
O

5768 97,8890 0.961  0.9€0
5, “Thermal conductivity (62)
Wt. % _ k, Keal/m, b, C
WatepD= ofC 20C 10%C Sle 30°C o<

0

# ~ 0.243 G.245 PRy 0.230 ). 292
20 0,,2%9 ™0 ,284 2289 0.28:& ).299 0. 30
418) 0.228" 0.383 Ba343 Q.85 J. 361 -
80 0,373 %0 4389 J.400 Q.4 132 -
80 00427 0.449 0.470 0,489 0. 5l 3 -
10C 0,186 0v515 0.540 GabC gl € 585
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Table C-2  Physical Properties of Water-Ethylene glycol

Mixtures
I bE Surface tension (64)

o)
t = 15C

Moles of Glycol /litre 1.0 0.5 O 25

o~ x 107 kglm 7308011 83.8 24,5 74 435

2, Viscosgity (65)

o
t. "= "5 G

Wt.% Water 0 24486 30,18 139 16

6@.45 5% 87

2 ~ Oy 0 8 ] 1 o
}leO ,gm/cm. gecl8.09 92,4 62.54 45,08

32,42 28.%

3% Specific heat (65)

0
= 20 C

i
1

Wt. Dﬂ;

oo o4 a¥e o sie an
i ) l:‘ .'11'_:‘ J T gl 3t J )
water
Chak cal ZRaliin
el B ‘o o v e Tt a 25 E 37a
roe  G.p82 TTe2s 0,674 0.72 0.7670.304 . 255G .991
4 W a8
%, Thermal conductivity (€2)

Wt. % k, Keal/m.ar”

Water — _
g=C 20°C 40%C 60C

o 0,217 0,219 (. 243
29 3,252 3.256 J.2064
40 0. 288 0. 308 0. 322
60 2,351 J, 36 0. 39€
85 0,417 J.437 0,473
100 O.486 0,515 J.561

s A AT

Ay s

- P

. £
Rrre

e D

L1
o TR
, 30
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Table C-3 Physical Preperties of Water-Acetic acid Mixtures

s Densgity (70)

Wt. % (S:L x 104 k;g/z::g

&

Water
10<C 159C 20%C 85°C 30<C 40°C

0 1.0697 - 1,0545 150498 1,9240 #1.0380 1,0271
10 1.0865 1.0766 11,0708 1%, 06al 1, 0605 5., 120849 1.0445
20 1.0885 10798 1.074 1.07G0C 10647 1.0586 1.0485
30 1.0869 1, W79 %0732 1., 0635 1,953%% 1, 0%30 1.0493
40 1.0813 1.0728 1,0684 1.9€22 10597 11,0552 1.0462
50 In 0728 10654 1.0613 120575 1.0084 A.492 1,0408
60 1,0627 1.0587 130522 1.04C€ 1.0450w, 1.0e16 i

70 1,0491 1.2440 1.0311 1,084 30350 "l.0320 ]

80 1.03843 1.0306 - 1.0283 1.0263 120235 FROZ4S 1

80 1, 0173 170156 1,0141 1.0125 I,0897 1.,8089 T
100 0.9988 02997 09901 0.9502 0; 3871 0.5957

e Surface tension (64)

Wt % . "oix 10%kg/m Wt. % ot x 10tkp/m
Water 25O 35 Water 9500 a5y

G0 27587 26,860 58.51 41,9 30,05
6,47 28,445 27.:0 8295 [45_ pas 48,0
8.63 28 .45 20 36, 01 o2 88,25
16.92 3. 17 3€,8 9406 86U A, 3
34,75 35. 353 34.8 £ L7 63, 7 37 ke
:2.16 33,6 Tt 100 73 80 pess




3. Viscosity (62)
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Wt. %
Water

px 102, gm/ecm. sec

20% W 2070 s s ot 80°C 90 100%C
0 1.22 1.04 @, 90 0.7%. 0,700 063 0.56 0.51 (.48
5 1,89 .52 8= 2¢ a4 0.82_« 0.7% 0.69 0.59 0,52
10 2.43 100 710G 1.2 1 1,84 Coea9 O 0.65 0.57
20 2.75 2.08% "1,86¢ L.35. 1.12 04 0. 81 0.69 0.5
30  2u66 2,05 1.63 1.83 5 1. 1070, Ot 0.78 0.67 0.58
40 2,53 89 T, 48 ¥,23 "1.03 OTeg oy 3 %63 0.54
50 2g21 1.78% .1.38 Sid 1 well. 92 '§ 0.76 9.65 0.57 0.50
60 =, 96 152 11 20 0.99.. .00 88% 0.868 0.59 Q=51  0.45
180 1,33 Slo8 0T8T " 0.797 Bl 9. 52 0,480 0,40
80 ¥ 1.45 1.15 = 0,92 oh7gl oy s, "0E52 847 0M1 0.36
90~ 1.22 0, 9% 6,79 0.65 0,560, 4% 0, 41 0.9 0, 32
4,  Specific heat (£5)
Q
t=34C
Mole % Water 350 5.5 1 3.93.0%2" ¢6
U
C,Kcal/kg.s C 538 0. 637 0,725 GLS1LESG. 908D, 05! 99




Table C-

L,

Surface tensicn (84)

Physical Properties of Ac

stone-~

o
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Water Mixtures

Wt., %

(% o

10" kg/m

Acetone

%

‘f' X lul

kg/m.

5) = A i =
o ﬂr}cb 457 Acetune OJ« 25°C 154

0 T7.285 =i%.% MO, 3 50 84,2 Bl.0 28,4
5 60.8 6.5 5386 75 SO0 27 =8 25.0
10 5473 40.95" 168 B 85 29, % 26.1 28.8
20 1614 4270 %38, ¢ 90 28,5 2.6 23.1
25 W 352 59, 1 26% O g5 278 2487 P R
30 10. 9 30,7 I3, 100 ZEN 23.5 2150
40 3D 3304 3026

2. Viscosity (65)

mn

~ -
Vol. px 10 gm/om. ged,
Acetcne 75 e - 5 -

0C 15 € 25 C 35 C 19 C

0 1.794 1,145 a0g 0793
12,6 1,445 1,090 C. 855
25 Z 96 15720 . 2 0.981
37.5 . 1, 343 ToB5k 1,037
50 3.9 To %65 L85 1.02%6
6215 - 1,529 163 3,913 0
5 T 2 1,986 % el @~ 72% Qe 8l
100 5 21 - O824 - -

3. Specifie haat (€5)

t = 17
Wt. % Acetone 13 20 30 18 50 80 70 8¢ 80 108
&) ae = = - ~ - yis v ., =
< h e 7 W L a1 o R 5 { Ly £ | 2 ! T

C,i’lcal/i;g. ¢ OuSS1 Q978 8095 35985 0,858 0855 000G 0 63850,




4, Thermal conductivity (62)

124

Wt, % k, Kcal/m. he, C

Acetone ;% 20°C 10°C 60°C
0 0.486 0. b%5 0,340 0,561
20 0m382 0,399 0.eisd 0,426
40 0,285 0. 303 g.310 3407
60 0,226 g, 228 D g das 0.230
&0 0,17% R Y 4 0,158 0,165
100 0,146 Q.£389 "k 32 0.%26
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C-1 PROPERTY ESTIMATION METHODS FOR MIXTURES

Mixture properties were available for a limited range of
temperatures., However, in the correlations, properties have been
alsc used beyond the available range of temperatures. Therefore
it was felt necessary to devise methods for their estimation. Only
those methods which were tested successfully with the available

properties of the mixtures have been used for property predicticn.

1. Density
The liquid density was calculated at the saturatic

temperature of the mixture assuming no change in their

volumes on mixing.
The vapor density was obtained by using equation of

state for ideal gases. The composition of the gaseous mixture

was taken as that of liquid at its saturation temperature.

2. Surface tensicn

~

The surface tension of liguid mixtures were available

at low temperatures. These values woere extrapolated for
higher temperatures by using the cquation of Meissner and

Michaels (71) as reproduced below @

<Tc' T >1u
e 2| L
= Tc: 2 TO

The value of Te in the above equation was calculated

by Kay's rulc for mixtures. o ie the surface tensiorn
4 v

available at TO .
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However, the surface tension of Water-Ethylene
glycol mixtures was available for a very small range of
concentration, and was estimated as molal average of the
surface tensions of pure components at saturation temperature

of the mixture.

Specific heat
The specific heat of liquid -mixtures were calculated
using linear mixing rule based oi pure component values at the

saturation temperature of the mixture.

Thermal conductivity
The thermal conductivity of the mixtures was estimated

by using the equation of Filippov and Nevoselova (72)

km= koxg+ kyxg- 0,72 (kg - k1) {x9 - x1)
where xo refers te the component having larger valueof k.
Thermal conductivity of pure compcnents were used at the
saturation temperature of the mixture. THe calculated values
compared well with the extrapolated experimental values

available in the literature,

Latent heat of vaporization
The latent heat of vaporization of mixtures was estimated

as weighted average of the latent heats of the pure components

at their normal boiling peints.
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Table
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APPENDIX D

TABLES OF VAPOR LIQUID EQUILIBRIA

Vapor Liquid Equilibrium for /ficetone-Water
Vapor Liguid Equilibrium for Watep-Acetic acid
Vapor Liguid Equilibrium for Water-Ethylene glyccl

Vapor Ligquid Equilibrium for Water-Glycerine
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Table D-1  Vapor Liquid Egquilibrium for Acetone-Water at P = 1 atm(69)

t Wt, % Acetone - Mole % Acetone

¢ Liquid Vapor Liquid Vapor
100.0 0.0 0.0 0.0 0.0
92.0 8.2 54 '8 1.0 2%. 9
34,2 T_ 74,0 240 47,90
7h. & 14,5 84.8 5.0 63.0
66.9 25 .2 91.0 10.0 75.4
62.4 45,6 93.2 20.0 81,8
61.1 58,0 94,0 30.0 33.2
60,3 6. 5 94, 4 40.0 84.2
59,8 J6 50 g5 50.0 85.1
58.2 83,0 S5 60.0 86.3
58.8 88.5 96.C 70.0 R
58.2 92.0 6.5 80.0 89 .7
57.4 96.5 98,2 90.0 93.5
56.9 98.0 99.0 95.0 96.2
56.17 99.4 99, € 275 Sy
56,5 10G.0 106.90 100.0 100.0
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Table D-2 Vapor Liquid Equilibrium for Water-Acetic acid at P=1atm{58)

¢ Wt. % Water Mole % Water

oC Liquid Vapor Liquid Vapor
118.1 0.0 g.C 0.0 0.0
107.90 1040 & 2759 40,0
104.7 29.0 3051 45.86 59 52
103. 2 30.0 42,3 88.0 71, O
102 40,0 9.9 69.0 13,0
108 3 20.0 62.2 F¢.0 84,5
100.9 60,0 (/040 83,4 88.8
18616 70.0 . & 88.8 92%0
100, 2 80.0 88 .1 98 .0 95,0
100.4 90.0 200 970 98.0
100.0 100,90 100.0 100.0 100, 0
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Table D-3 Vapor-Liquid Equilibrium for Water-Ethylene glycol at
P = 747 mm Hg (67)

* Wt. % Water Mole % Water
e Liquid Vapor Liguid Vapor

196,17 g, 0 .0 2.0 .0)
186.6 g% 1 15,0 0. 1854 3, 36
182.6 1,8 19.0 4,383 44,7
17156 2.1 34,0 T 54 'R
168.6 Zu 6 38.8 8,4 68.5
153318 5.8 62 .0 1% 5 85.0
140.8 9.9 7G.0 2 ) g 1en
1365 12.0 s 32 .8 83,9
133.0 13.0 23,0 34.0Q 94,5
127.9 1654 81 2 40,4 96, 0
1250 1827 89,4 44,0 9681
120,86 267 3 93.2 5B 'S 97.6
12,0 38%7 98 68.5 938, B
LIDh 10.2 98.0 T4, @ 899 .6
O, 7 T2 2R b 88,4 98.8

§9.,6 100.3 1C0.0 160 109
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*Table D-4 Vapor Liquid Equilibrium for Water-Glycerine at P=latm(45 62)

o Wt. % Water Mole % Water

°c Liguid Vapor Liquid Vapor
290 0.Q0 000 0.00 Q.00
249 0.398 18,2 2,00 53,34
223 1.019 51,0 5.00 84.12
193 2127 G4#6 10,00 90.28
17345 3837 73,0 15.00 93. 3%
162 4.66 80,75 20,00 95,54
145 7,74 84,86 30,00 97.52
133 11454 96, 83 40.00 g9, 36
125 16.36 160,0 50,00 "= 160.0
147,58 22,69 100.0 60.0Q 106.0
112 31.34 100.0 70.00 10040
107 13, 90 100.0 80.00 , 100.00
103 63.717 100.0 90,00 100.9
100 100 400 100,0 100,00 100.

* The vapor-liquid equilibrium data have been calculated by using
experimental boiling points and derived Van Laar Coefficients (45).
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Experimental Data of Heat Transfer to Liquids

Experimental Data of Heat Transfer to Water-

Glycerine Mixtures

Experimental Data of Heat Transfer to/Water-

Ethylene glycol Mixtures

Experimental Data of Heat Transter to

Water-Acetic acid Mixtures

4 TT

Experimental Data of Heat Transfer to

Acetone-"Water Mixtures.
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Table E-1 Experimental Data of Heat Transfer to Pure Liquids

Run Temperature,©C h o Run Temperature,°C h

No. tw 5 Keal/hr.m “C Nao, tw to Kcal/hr,m,

O
L\ )

Tube-1, O0.D = 25.6 mm, q =28,43 x 10° Kcal/hr, m®
-1 9 -2 2
A=1,248 x 0 T m 29 105,80 99,00

3905
WATER 80 ¥05.10 §7.00 2892

L " 31 105,00 94482 2302

q= 6,9 x 10 Kcal/hr; m“ 32 105,00, ., 93,00 1953
33 104390 +89.60 1531

—

102,54 199,00 1949 34 104.55. 85,95 1250

102.01  9%.50 1530 35 102.20 "=81.55 1135
3 100,20 99, 1 1352 g 98,170 77.45 T16D

W

37 94,40 72,45 1070

[SV]

3 2
q.= 12.4% 10 Kcal/hry m” . g
q=24,8x10"Kcal/hr. m

4 103.80 83.00 2583
5 103.60 67,20 1937 38 105,25 98, 90 390€
6 103,40 95,8 LHA2 39 105, 30 94,95 22398
q 102495 34 135 1442 40 105,05 90. 65 1725
8 102.40 91,85 1153 41 104, 60 -~ 85.00 126%
9 101 . 32 59. 45 g H B 42 102.50 281.05 1183
10 | 93.25 86,00 1012 ! 2
11 M 95 1,50 923 g = 27.57x 10 Kcalfhr.m <
9 an ' - o
e P . £ 13 105.55  98:90 LA
q ="16.54% x 133Kcal/h':.m2 24 106,50  96.4 306
45 105,40 - "92.50 213
21, 104320 S Geihe ooy A8 105.10 8889 1691
14 104 gou™, 97,44 2564 17 104757 - =82, 95 1275
156 184,19 95,30 RSk . 48 102,65 78.503 11.1%
16 103.70 g, 330 246 49 . ;491,80 7820 1165
17 103.6 91. 76 13806 50 93,170 68, 40 1097
18 102.12 = 86.% 1040 5 :
19 96,40 80.35 1032 == 31571 ™0 Kcal/hr, m®
20 90.70 73.60 o617 - § 585 99.00 o
q = 19.3 x 10°Kcal/hr, m? 52 105,80 96.90 35¢
53 105,80  93.50 257
21 104,70 98,95 33517 54 05,70 980,862 2100
22 104.50  97.40 i 55 105,50 86.5 166!
5% 104,50 98.50 1755 56 105,05 82,20 1373
24 104,10 90,05 1574 57 108,85  TT.40 1248
25 103,80 87.50 1184 53 99,85 72.12 1143
26 101.80 83.80 1070 53 95,10 66.65 1idE
27| 299,20 80.90 1055
98 | 195,20 75,35 1000
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Run  Temperature, i & TR Run Temperature,oc B o
No. tw tg, Kcal/hr.m.C No. t t;, Keal/br.m. C

3

2
q = 35.84 x 10 Keal/hr, m q=19.00x 103Kca1/hr. e

60 106. 30 99.00 4910
61 106.35 96.00 3463
62 106.35 91.65 2438
63 106.00 84,80 1691
64 105,860 79.95 1387
65 103.80 75.90 1244 104,45 90,95 1407
66 101,10 71.086 1175 103,20 89.60 1400
67 87.35 66430 1155 101 102220 8860 1327
63 95,05 63.70 1145 102 101,25 86,60 1300

3 2 103 99,40 84.60 1284
q =%39.97 .10 Kcal/hr, m A 95.25

105.55 99,00 2900
105.40 98.10 2603
105.55 97.865 2400
105,36 85,55 1936
104,30 93,65 1704

eI <]
Cy -3 & O B>

O w o

L]
(@< ]

105° 91,60 Wp.65 1271
=Y o] N =3 L
69 108460 - 99,00 5259 108~ 84.50  69%05 123

70 106. 77 wb, 711

L.

107 80,05 64,10 1101

71 106.65 = 91.65 2664 1 2
72 ®6.50 586,07 19586 g = 25.33 x 10" Keal/hr, e
73 106,20 4 79.95 1523

3 9 o8 - 10950 189.00 3610
q=41.35x 10 Keal/hr, m 195 105. 90" 9%, 60 2470

. csremm | oouat Lot 110 105,90  97.10 2518
. o a0 N9z 28 i, 111 105,80 ' 9580 2533
s 6B o sl i 118 105,60 93.85 2120
06,80 o N 113 104,80, 180,00 1710

Ul o e e S N i Wt o e O
%3 16&275 %;:2; 135 1?% 1?3'50 i?‘gd lﬁf5
g0 109207 69%05 ..1245 Lhar=jogiie0 54 PETI
g1 o7 80 "e6s. 0, 1239 L1 b Pme TJE DS g
j : 11z 92 .10 72 .08 126U

=—_ 119 36.60s" 606,25 1267

Tube-2, OFD =R7 mm, A= 17860x10 m
WATER

™~

1 2 120 106,55 9¢.00Q 11E3

3 .,
q = 31:.66x 10 Kcal/hr., m

T

L 121 10668 0860 3923
82 104.70  92.00 9220 122 W™ 106455 =07.65 3557
83 104,70  97.% 1135 125 106,55 £6.45 3135
84 104,70  96.60 1585 12~  106.55 95.20 5950
85 103.40  93.95 1340 125  106.45 94,35 5517
26 130,70 90.40 1229 196  105.9 92,25 9319
87 99. 35 15,05 1120 127  105.8 91,20 5147
28 97.00 35, 59 1100 23  105.6 90.15 2042
89 93,25 $2.25 1150 129  105.5 98.30 1955
50 90, 15 79, 45 1150 130 105,35 38.00 1325
91 85,00 T4.20 1172 131 104.65 85.65 1365
o2 33.29 12.25 11es 3¢ 104,00 83.09 1504
33 79, 5 o e (LSS F120
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-

Run Temperature, C h " Run Temperature,°C b g
No. tw tr Keal/hr.m“C No, tw tr, Keal/hr,m"C

-

133 101.10  79.00 1433 167 122,75 110,38 = 16566
134 99,10 76,20 1330 166 122,55 108,55 1378
135 97.30 13.75 1344 169 120,60 104.20 1176
136 94.8 70.70 1315 1§0me. 118,45 99.75 979
137 91,80 68.10 13836 141 114765 93,60 915

_ 3 2 172 #1850 peE. 15 272
= 38.00 x 10 Keal/hr.m 175 1086, 00 83.35 Y EA

Ol

138 107.0 99700 4750 3 2
. . - s 3 K 1 l !
139  107.00 198,50 4470 q = 24/8x 10 Keal/hr.m

140 10700 9%.80 4000 174 123780 116,70

[
-3 WO
W

DI o

141 106980 2. 15 3262 175 124,10 %114 i 570
142 ¥Q6,%5 93.20 2304 176 184,20 T13.60 poh: 0
143 106.55 918090 24344 B 12343 108.85 1859
$44 196.25 = 38.70 2165 178 122.30 103.60 = ¥328
145 106.15 86.50 1385 179 121.20 99.55 1145
146 105.40 184.70 1336 150 116,85, 93,75 1070
147 104, 80 82.05 1670 3 118. 65 /B9 70 1035
142 104.00 79,00 1520 12 109.50.85.55 1035

149 102.15 | 76.18 1459 5 ,
150 99, 40 73.00 1139 - g = 81071 =i0 HeayRr,

151 97.10 70.08 1405
152 94,10 56 uAl® 1372 183 125, 25 6.5 3730
153 |..62.60 64,15 1330 124 125,40 114,50 2355
154 89,13 80.235 1522 a5 1256, 91.08% 111, 85 2093
138G 18521 0™ 09 &0 1970
-2 5 1.8 124065 10415 1540
Tube-1, C.D = 25, 6mm, A=1,243x10m =138 121,40 38§, 35 1438

189 122. 60”9569 1¥g4

o ~ = -
ACETIC ACID 190 11270 _93.45 1285
3 ‘ 5 191 mui™F12, 0BWLR6, 40 1235
q = 124 x 12 Keal/Frum 192 _ 10625 73,80 1115
$55  122.25 118860 215% lle b 2
156 © 122,40 112%4F 11253 q = 39797 x/10 Keal/hr.m
157 22.05 111,40 Klif4 20 G 1165 a9sh
158 119,95 106,10 395 5 Sl g ot
192 126,85 115.40 3650
53 5 0180 .. .. 187 i i = :
TS i R 195 126,30 113.60 © 3147
(Vo) o I = I, (4] S ,,}ﬁ’ A as apnp
161 115.05 93.45 574 o it g 5 ea0h
o o ReR 15" 126,85 .105.50 1917
o T, U0 uvl.380 ch 53 04 AR an an TEE
163  100.20  79.50 510 Fas e e TR
j 155 1ad .Uy s, o Loy
q=19.5 % 10°Keal/nr. m® 200 114,15 23.85 1310
o 201 109,15 77,30 1450
$6a 123,850 118.8 2830
165 123.5%  115.95 2556
68" 123.40 112.8 1629
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Run Temperature, C H Run Temperature,°C _
No. t w ty,  Keal/hr.m, T  No, tw t1, Kcal/hr.m.°C
-2 o 2
Tuk -1, O.D=25.6mm, A=1,243x10 m" g= 19.3x 10 Kecal/hr.m
ACETONE 204 60042 Pl 2, 3920
o A 2
3] o g = 24.8:x 10" Kcal/hr.m
g = 6.9 x 100 Kcal/hr. m
208 61.15 55,8 4420
202 58. 38 5585 2400 3 R
| 2
3 2 g ="31.71 x 10” Kcal/hr.m
q=12.4x10 Kecal/hr.m _ |
286 62.05 5555 4570
203 59, 3 HaES 32060 2 9
g = 39.97 x,10" Ktaljfhr . m"
201 63.017 hoR.b 5280
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Table E-2 Experimental Data of Heat Transfer to Water-Glycerine
Mixtures

52 9
Tube-2, O, D= 27T mm, A=1.338x10 m

Run Temperature,®C h Run Temperature,oc h n 4
No. t t,  Kecal/hr.m.C No., tw t;, Kcal/hr,m. C
3 .
15 Wt. % WATER q ="31.66 x 10" Kecal/hr.m*
3 1 34 143,50 128,00 2043
q=12,66x% 10 Keal/hr,m" 35 | 148,50 126735 1847
36 133 Fe. 122.03 1500
1 139,10 = 128.00 1141 37 ==.342 33 5.118.80 1327
2 13§, TO="_ @l 40 1120 38  140%60 -~ 112,65 1137
3 138,90 . 126,25 1007 39 139,30% 107.60 999
4 6385207 L 324230 - il 40 © 138.50 "-.103.15 895
5 134, 158l 135, 30 672 41 137,90 99.70 829
8 #3200 $11.20 609 4 136,60 = 95.25 766
7 129.55 1107.20 587 43 135,80  92.85 737
8 123.35 | 100.00 542 44  133,00. 86,60 682
9 123,20 | 98.80 519 3 5
10 116,80  93.20 536 q = 38.00 x 10 Kcal/hr.m"
. 5
= 19.00 x 8 KC&I/E_II"'.I].I& A8 14;:. :0 128, 10 o
46 144,40 5 1286, 2123
11 140. 6 128.1 1520 " i ) s T “
i 144,35 123.50 1823
12 140.6 126,05 1305 BE F = el PG T
13 3o 98 %423.10 1127 > by ] e
: = & 205 142,40 118 15 1256
14 138,65 ", 119.25 979 : ’ - 3
: : 50 140.95 1i07.00 11389
15 137.000 11§.00 864 & B . 3
51 11'1 10 102 =0 Sut
16 135815 = 1110745 769 g, e o
. ) 5 52 139,50 . 98.25 921
17 134.25  108.35 734 cn o ogf - e
18 133,80, 104,50 ~.669 54 136.90 " 85.15 734
19 129,65, 97.85 528 © g i o
20 125,65, 98.25 586 - mempes
21 123,40 WS8HT5 548 17.5 Wt. % WATER
- D0 3 1 2 B o G 3 _:'J
g = 25,33 x 10™ Kcal/hr'm g = 12,66 x 10 Kcal/hr, m
22 142,10  128.00 1797 55 134.00 124.00 1268
23 142,00 126.00 1583 58 133,85 122.865 1150
24 41.55 122,25 1312 : | 3
25 140,25 118,25 1151 q = 19.00 x 10 Kcal/hr.m
26 139,70  113.46 965 . L i
27 139.40  113.30 970 517 150-23 }ﬁ{-gQ i“if
23 136.60  106.70 5417 : el i "
29 135.25 102,00 762 q = 25.33 x 103 Keal/hr, .°
30 182 25 97.40 70"{ 582 137.20 124,10 1934
81 132,30  938.70 658 60 137.20 123.60 1863
o 18i.50  21.70 g6 51 137,30 121,98 1650

33 127.95 86.65 614
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Run Temperature, C h 5, Run Temperature, &C b }
No. t ty, Kcal/hr.m, C  No. tw ty, Kcal/hr.m "C
= / _ e —
5 2
q=31.66x 10 Kcal/hr.m 4 119.55 89,40 840
95 116,40 83.80 FeTEr
62 138.60 124.00 2168 96 114.25 179.75 735
63 138.70 121,85 1879 g7 112.35 178.00 738
3 o 92 L3830 3,58 650
q = 38.00 x 10 Kcal/hr.m" " 5
o
64  139.60 124.10 = 2452 q'%,31.86 x 10" Keal/hr.m
65  139.60 A b gepEurP 98 127.40 134720 2398
100 129°.50. 113.90 2183
27.5 Wt. % WATER 101 127, 68 111 Koo 1907
> g 3 . 2 102 129,00 10§.3U 1459
q = TR OOIRLAy. Tt /r . n 103 126.15 102:75 1360
66 123,80 114,25 1399 1G4 125,50 *.98.90 T90
67 123, 40 11350 12 9 105 124 40 '94.30 1052
68 125.10 1¥1.00 1046 106 122,25 89.60 9770
69 123 .95 o7, 7o 891 107 119.65 83.20 850
70 120,70  104.10 763 108 118:50 79.95 821
T 119.00 101,45 721 108 116,00 76.15 0.1
72 ¥17.35 | 98,85 684 110 113.60 172.00 760
73 116%k6== | 97.3,0 672 111 111.70 68.4b 733
74 113.25 93,10 628 o o
75 106.90 187.10 640 q = 38,00 x 10" Kcal/hr.m”
76 102,00 81.15 607
" ] Tz 12895 114.256 256
g= 19,00 x 10 Keal/hr m” 113 128,85 113.0 2397
11 129,15 112408 2B 5
77 I8l 135 114.20 1767 15 128,550 106,55 #7127
78 124 595 i 20 1617 18 127 .80 105,00 1866
79 124885 118G.25 1301 117 1287, 00, 899, 85 1400
3 123,00 10525 1035 114 1268509 95 g0 a2
81 122,90 102,45 829 11¢€ 124,90 38.20 1035
82 ok gD 98. 20 828 90 192 . 708" SRV 350
83 118.85 93.65 754 21 124w 35 "8 . 75. 80 3 3¢
81 115.20 88.25 708 Jina 0| 74,75 ]30
35 110.80 83,00 634 A il 8.00 T1.00 309
86 106, 20 T7.05 650 12% 115.55 ©7.45 730
q=25.33x 10" Kcal/hr.mz c0 Wt. % WATER
87 126.02 114,20 2142 z g
38 126.02 112,80 19186 q= 31.66 x 10 Keal/hr.m
89 126,50 110. 30 1564
90 HRET s 104,75 1230 195 116.85 105.060 2914
91 124,65  102.40 1158 128 117.35 108.75
92 123,60 98. 10 1905 127 927.55 100.10 1814
93 122.10  93.85 891 128 117.65 97.55 1575
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Run Temperature, <C h 9 Rurr Temperature,®C h
No. tw tg Keal/hr.m,<C No, tyy by Kcal/hr_m;a @
129 s s LT 1 1403 161 107.90 90.80 1131
130 118,40 91.75 1188 162 100,30 81.90 1030
131 118.05 83.25 1062 163 96 .80 76.65 954
132 116.20 83.90 980 64 93,75 74,35 980
133 113,20 77.40 884 165 89. 30 68,60 920
134 102,65 72,140 843 188 8% 50k #62=580 910
135  105.30 66,30 813 |
a =25.33 x 102 Keal /hr.m”
55.5 Wt. % WATER
; - 167 112985 182,60 2598
q = 31,.66x"10 Kcal/hr.md 168 112,15 .102.25 2582
1687  112.35 99,00 1897
136 115780 104.50 2800 170° 11.90 | 93.%85 140973
137  #15.95"'=102J95 2438 171 " -108.80 87.05 1165
138 115.90 100.10 2000 172 ' 105.30,482.50 1110
139 116,40 98.00 1720 178 U= TGRS 77.80 1035
140 . 116,50 95.75 1530 174, 99.301 ", 30 1001
141 116,65 91.45 1255 1767 . 95,40 | =.69.45 978
142 ™F15.50. B7.95 1140 ] ~
143 | 115,05 84.70 1045 q = 31.66 x 10° Keal/hr.m~
144  112.90 %79.60 950
145 ~111.00 7¢.40 018 176 113.00 | 102.65 305
146 & 106.80 71.50 200 177 308 A0 2102, 50 2957
148 3. 60 66,35 550 73 113.20 100.690 9399
18071 i 3.40..98 2o e |
65 Wt. % WATER 131 113.25 aF. 79 12G8
182 13, 35+" 93.60 18095
_ 3 . 2 183 111+80 96100 1456
q = 12.68x 10" Keal/hr.m pOT™111 0% T 88, 95 1233
ipE 1. X6 Qo = i l'u
149 110.40 192.63 1624 IE iif';f fi‘?ﬁ o
150  109.95 101.25 1455 il =2
151  109.30 99.00 1229 . B CRET o
152 108.90 97.7%5 7135 1:2 GQ’PS s ;f j?i“
153  107.70 94.30 15 SIS i s
154  102.40 90.20 1038 E¥ry v e B8 S
155 101.70 88.55 265 e Sl e B
156 95.70 83.15 100.—'; 2 -Sua OL.- X ].'J I\.C?‘l.x./llr.x.‘;
» o P a 181 113,50 102.865 3502
g =18.00 x 10" Ecal (az.m 182 114.45 101.70 5
157 111,30 102.60 2184 192 13,35 190,00 674
158  111.50 102.20 2043 184 113.90 ©8.13 Al
158  111.3C 99.65 1651 195 V400 94,4 1959
160  110.40 66.55 1372 19€ 113.4C  90.00 1635
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Run Temperature, C h Run Temperature,“C Tl
No. tw i, Kcal /hr.'m% © Mo, tw tr, Kcal/hr, 2%
15947 112.8% 87,36 1487 231 107,86 87.75 1273

198 112.65 85.35 1392 232 106.85 85,70 1158

L5 111.90 384.35 1379 233 L 74  Bl 98 1113

200 110,556 72,65 1230 234 108,35 TT.20 1050

201 108.55 76,40 1182 235 9§.00 73,35 1025

202 107.40 73.50 1121 238 94,175 689, 70 1010

203 102,00 67.80 1110

3 2
q =81.66 x10" Kcal/hr.m

86 WT. % WATER

237 108.50" 100.00 3725
q= .60 @ 5% K capfBr. m? 238 109 kg 99,10 3166
239 109.50 "98, 45 2865
204  108+70 99+80 1835 240 110.45 97,30 2407
205 106.85  98.50 1516 241 110,75 95.65 2097
206 106,85 =9%7.75 1391 242 109.90 92.85 1857
207 105.95 95.00 1156 243 110.00 90.25 1603
208 0104.20 92160 1091 244 108.50 ~ 86,90 1401
209 102.70 98.90 1073 245 108.35 83.70 1284
210 sealdl.45 88.20 1033 246 105.70 "9, 45 1208
211 95,95  83.75 1040 247 104.65 175,90 1101
212 98,00 80.70 1030 248 98,65 .68.80 1060
213 .8%.85 7§.40 1015 3 o
214 85.05 72 30 994 q/F 38.00%<0 Kcal/hr.m
q =J19 A00kx IOJKcal/hr-m2 249 109, ¥0 '.109.00 41§6
: 250 109,50 99.75 3857
215  187.40 98.75 2484 551 105.85 99700 3410
216 108.8% 97880 AT A 952 111.49 .87.85 5764
217 108;390 96.19 1490 254 111, 1" 968gd 2550
218 108,349, 05 1338 25 11 55 04 25 17
218 107.30 92.25 1262 285 111458 "¢ . 05 1854
220  105.90 99,00 1195 255 111 50 Sgeeh 165
221 02.35 88.00 1162 257 111, 90= 25§40 1434
222  101.50 84.30 1104 255 108,85 "86710 1322
223 §9. 55 82.20 1070 259 186 85 75.10 1197
224 94.75  75.60 900 250 103.60 -70.90 1182
226 89.10  7J.20 =099 261 99,10  84.25 10280

g=258,38x% lﬂﬁﬂcal/Lr.Inz

26 107,96 100,300 o156
2217 108.50 99.00 2666
228 110,00 97.20 187
229 109.40 95.10 B
230 108.70 91.30 1473
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Table E -3 Exzperimental Data of Heat Transfer to Water-Ethylene
glycol Mixtures

_g?

Tube~-2, O.D=2Tmm, A= 1,358x 10

Run Temperature, «C h 9 Run Temperature, °C h

20
No. tw ty Kcal/hr.m.CC No. tyr tL Kcal/hr.m". C
LV e WATHE, 31 | 1b5.70. 170.48 1254
2 32 194,60 ' 163.10 1004
q = 12.66 x 10 Kcal/hr.m 33 193,20 =156 20 855
; T N T 34 191,45 . 150000 763
p 193,85  184.09 1297 E? 102 > 1;;_?3 Zi?
3 193,004 379,31, - 925 5 g s poiie T
) o ' o 37 179,00, 151.00 560
: ' _ 3 2
2 133?2 igg?’a 23?} g = 38.00 x 10" Kcal/hr,m
7 188,40 161,10 594 38 199.95 = 185.15 2563
8 177.00 « = 154100 550 39 169,95 184.35 2440
2 3 40 199.95 . 182,38 2163
g = 19.00 x;10° Keal/hr.m 41 199,50 ' "179.00 1854
. sl it B o e 42 198.62  <175.24 1625
e g 43 ¥97.25§ Nirid, 02 1449
12‘ ;g;-?Q i;;'%zo 24 44 »196.40' | 168.00 | 1438
4 -, U o] = ? - AN ne arme
12 188,00 1§3:60 % 978 § Lo B Ll Rl
13 190,40  166.086 781 7 o gl ol 5
14 Bews8 1158, 45 65% o I;Q-G g b
15 17747 " =§46354 608 X ag B o 08 ioa
16 1M.14 =ras. 593 3 3 ' &
q = 25,83 x 10 ]Kuﬂ/hrdnz 4,5 Wt . % WATER
17 197. 600_#"¥35. CF 2080 Y 2
13 197.32 _#83.00 1769
R 196,70 REQRWE, KA 50 r-LIB00"™ 15295 74
20 195.14 174.79 1243 X A o, . -
21 194.00 70.48 1077 ;1 igé‘?g ii:';“ 667
23 192.00 163.23 = 880 o bl 135 20 501
23 190.60  157.61 767 X § 1 ”: ] ;
2; i:;;; 151'? ;: Zlg q=19.20x 10° Kcal/hr.m "~
< V.4 : ! U
26 132,60 143.50C 655 51 162,190 152.50 121
27 175.43 139.25 €39 55 167.00 146,85 934
. - Bigmcuis 9.2 56 166.08 145.64 630
q;* 8%.667% 10" Keslfhr. m 57 164.03  138.40 740
T L g q=25.33x 10" Keal/hr.m’
30 197.11  177.920 1573 55 17090 152,40 Jrd
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Run Temperature,°C B 94 Run  Temperature, C h b
No. tw t;, Kcal/hr.m. .C  No, tw t;, Kecal/hr.m. C

3 2
59 1689.44 146,85 1131 q=38.00x %1 Kecal/hr.m
60 68.10 142.64 995
61 166.80  137.10 853

G2
-3

162,12 140.05 1722

82 162.22  138.90 1630
: i n. N 2 39 162 .31 137,00 150
= 31.66 x 10° Kcal/HE. ' ;
! - al/hx.m 90 82000 i 82, 90 1308

62 172.21 152.50 1626

63 172.21 148,08 1310 14.6 .-VWt, % WATER

64 171.20  142.00 1084 " »
65 169, 80" "= _#40 .08 1062 q = 12,66 x 10° Keal/hrim™
69, 44 ' 0! 97
66 169,44  13%.00 976 = I e ol o5
92 139295 1280 IhL
93 T39eh@ M 122.§5 726
67 173050 =i 527 50 1810 94 138,80 » _118.5§ 634
63 178,21 48.24 1522 95 136.20 = 114.85 593
69 172,27  142.Q0 1285 96 182,80 " 107,70 515
70 170.20 185,00 1050 87 131,16 ° 18500 485
9.1 Wt. % WATER
q= 12.66 x 10° Kcal /hr. m2

r_/
D

- 2
q # 38700 = 103 Kcal/hr.m

r

g = 19,00 x 10° Keal or.m”

71 153.57 142,00 1094 59 143,05 = 125.55 108¢
72 153 57 140 50 369 99 142.5'-_}‘ 126.30 1203

73 $69§ 84'00= 130 . 20 761 100 142,65 ° 122,00 962

74 152100 133, 55 706 101, a4 255 W118:75 044

i 162"~ 1205088 T114.99 755

g hawioo 3 L% onl fne, i 103 =_q437.48 _ 1094"70 605

$0%am 185.00  1a¥%.20 817

75 155.82 141,85 1370 fosil, 1315 52,68 55
76 155, 00" 135,56 1238 3 2
77 156,61 437.00 969 q = 25.33x10 Kcal/hr.m
78 155.00 132755 846 , A R | oat s
3 y 10h=""144, a0 122875 1159

bo 3 O 8 /:L ; S 3 =

g = 25.3x 10 TNgh/ag-m 195, 4= 00k HE. 75 1008

79 157.80 140,10 1489 109 113028 11€.40 223

80 158.37 139,60 1348 10T 141,65 - 111.00 126

81 158,47  136.80 1168 £11 ¢ 1895000 165,10 147

8 157.80 132,90 1016 112 136,40 99,10 875
83 ' % ; 115 13400 98.20 656
q = 31.66 x 10" Kcal/hr.m o= 8L 86% 10° Keul Jhr. o

23 160,00  149.00 1583 . > bt 13
84 160.03  139.20 1516 114 146,60  128.30 1588
a5 160 34 13720 1368 115 1-:6,E0 123.10 1317
) 160.00 132, 90 1168 115 146 40 e £ 1153

117 145,305 112,65 382
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Run
No.

Temperature,®C h

tw

i

- (o
Kcal/hr.m-

Rl,u;
Na.

Po

118
119
120

121
122
123

143,00
141,40
139.00

107,20
102.10
56,60

384
306
747

| 3 2
q = 32.00 x 10° Kcal/hrsm"

148, 40
148.20
148,20

126,
124,
120,

@ DD Q= Co

1759
1577
1372

124  147.74 115, 1168
125  146.60 "108. 1027
126 144,05 10475 942
127 14300 98,80 360
128 141.65 95.40 522
20,2 Wt. % WATER
= 12.66 x 10° Keals/hr.m
129 [195.40 122.50 p - 951
130 * L.134,60°120,95 _ 927
131  133.85 118.40 £19
132 [T32.95 117.65 0217
133 1130, 40=s114,00 2
134 125300406500 366
135  1g0. 40 g5, 50 580
q 19800 % 10° Kcal/’;‘ir.mz
136 135.20 .122.50 1210
137  138.40° 120.65 1079
138 137.10 119,35 1070
189  137.00 IgH65 043
140 136,40 116,15 539
141  133.20 111,85 290
142  129.25 102.75 45
143 122.50 92.35 620
144  121.40 88.8 505

145
146
147
143

122.50
120,70
121.20
117,15

A b
Keal/hr.m

1415

w

13L
1123

2

o
O W

P Ll
LR O LY € s
o I

[

o
gy

th a1 O
T

.

Gy Gy O

e T T R o

i b e e S e e
fap ;

G
GS

Tenﬁperature,qC h 5
tw ty Kcal/hr,m”.
139.85 114.65 10035
137.40, 110,80 952
135,30 105,55 861
181.26 89,10 788
123,60 652.10 696
127.30 86,10 615

3
q = 81.66 x 10 Kcal/hr.m

142, 80N 1R, 5 1560
142,380, 121.25 1469
148.45 "115.99 1325
142,30 114.70 1127
141 ;408 110500 1008
139,36 106.3% 0.5
136+,.50° 100.20 872
“138.99" m94.05 7893
1832730 9845 T34

q = 38.00 x 10° Keal/hr. "
145,00 1 182 . 5¢C 1885
145,00 ; 118455 1493
144,62 114,95 1273
144, 60 119. 0§ 098
143480 105.80 1008
1115725, 108.03 934
140,60 88, O £a2
138,90, 91,06 834
135460 84,15 w64

29,8 Wt, % WATER

il

r il
=

«J

-3 €y R

TR
|
< 3

]

€

q = 12.66x 103]£cal/h:u.;j

127,30 115,05 1033
127,30 113.30 936
127,10 112.05 £41
125.75 108.380 77
121,80 102,75 585
115,85 94,60 575
g=18.90x 10 ,Jbal/ 1, m”
130,05 115.05 287
129,75 112.85 113
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Run  Temperature, T B Run Temperature,°C h 5
No. t o tr Kcal/hr.mz,% No. tyy tp Kcal/hr.m®.C
-
181 129,75 109.85 955 214 107.30  88.90 690
182  128.80 106,20 841 " 5
183 125,80 101,40 779 q =19.00 x 10° Kcal/hr,m
184  123.85 96.25 688
185  121.65 93,30 670 215 124745 110,00 1315
186~ 121,20 92,30 657 216 124850 =g 108,35 1176
] 217 124.95 105.60 1013
g = 25.33 % 10° Kcal/hr,m” 218 12830 'M03T& 920
219 121,05  99.00 862
187  132.50  114.90 1439 220 119,95 I 86,170 817
188 132,50 "412.75 1283 221 114,95  90.60 787
189  132.65 110.00 1118 222 111,80%, 85,30 17
180  131.60 106.00 989 223 107.40 “=80.00 6974
191  129.65 101.26 892 ' 5 -
192 126,30 94,40 794 g = 25,33 x 10° Kcal/hr.m
G = 31,66k 10 Emiliahies | 822 125.85  110.00 1598
225 125.75 = 107.95 1428
183 134.85 115,05 1599 226 125,%0= 105,30 12386
194 | 134.85 112.75 1433 2275 124,20 'B101l.45 1067
195 184,75 111.00 1333 228 24,65 © 99.00 938
196 133,35 103,50 1061 299 123,70 96. 80 942
187  132.20 100.20 989 230 121,85  92.85 873
198 128, 75" 984,710 903 231 21,05 80.05 817
195 129,05 92.20 859 232 119,15 86,30 701
g : 233 118.00 32.00 745
q"==88,00'x 107, Kcal/hr.m” 234 119920 77.50 730
abf  13cge _Lloigg {05 g = 31,66 210" Kcal/hr,m"
201 136,50 113.10 1624 3
202 136.50 11,10 1486 235 127, 85 119,09 179
203 134,25 HOS MO 15331 236 127.80 o 90 1591
204 134.80 100, 40 1108 287 N L 105.20 14407
20>  133.45 97,10 10 15 238 1270708 #"01.80" 1222
20% 132.85 ©93.85 9% 239 154670 99,20 1111
240 W20 97,00 1048
37.5 Wt. % WATER 241 127.20  94.30 962
= ; 242 125,55  88.60 857
q = 12.66 x 10° Kcal/hr,=.% 243 122.25  84.00 828
244 118,20 76,20 791
207 122,45 110,00 1017 245 116,00  175.55 783
208  122.45 109.10 918 A ’
B vy 08,00 " R0 TR0 867 o = 38.00 x 10 Kcal/hr, %
210  121.40 105,60 301 ) T e
211 118,90 102.85 789 246 12949 410,00, . 15
21% 115.20 99.75 770 2417 129,45 10?}. .:\;J 1(;‘,:-:.;
9343  113.70 97,20 766 248 149.85  1070.75 1745



145

Run Temperature,®C h 20n Run Temperature, C h o,
No, tW ¢ : Kcal/hr. yn e No. 't-'_f—‘; tL Kcal/hr,rn LS
249 129,65 105,50 1573 4 = 31.66 x 105 Keal/hr,m®
250 129,55 101,80 18369 .
251 128.40 97,40 1226 283 120, 30 105,00 2069
252 129,65 94.40 1078 284 119,75  103.70 1973
253 128,95 83,50 963 285 120,50 101,25 1645
254 127.60 87.00 836 286 120, 50 88.20 1420
255 125,55 82.40 881 287 119436 93 .80 1201
256 122,35 7T8aD 825 288 118,00 .881540 1069
289 116,73 84.25 974
57.4 Wt. % WATER 290 115420 80.40 292

291 112,03 75.30 665
252 109.20.  "{1.5§¢ 342

3 N
= 12,66 X" K r. R : :
q X cal/hr, o 293 1104 65 73.75 860

267 4. 15 L0750 1312 294 104,28~ 64.90 132
253  113470.7303,05 1189 3 S
256 | 1¥8.20 100.50 997 g= 56,00x 10 Keal/hr.mo
2y N ’
262 £ 102.05 87.50 8170 296 121,35 101,35 | 1845
963 | 955500079 30 -oh 297 122,18 | "Sg. 85 1564
262 5@ 70 78,20 § 293 121,85 | 9340 133¢
299 121,50 11 39.15 1175
oy - LA 300 119,85 1 32,30 1031
g 2 19,08 xjL0~ el oy 301 117.25" 76.65 1 1836
235 115,80 .104.,95 1751 302 115,35 14270 892
246 116.20 "1€1.90 1333 303 115,50  2.68 387
28% 176,00 98.70 1093 304 Tk , 30 54 460 37§
268  114.09" 94¢1Q 855 305 WeS.25 54,09 S0
269 112,20 91.00 896
210 108,00+ 85. 30 837 7852 Vte o WATER
271 104,45 179.85 72
292  97.30 ThJC 772

g =12.66 x I Weal/hr.m”

qg=25.33x 133 Kcal/hr-.._:;‘r"

306 109, 50 T01.60 1644
gma 118,40 104.40 1209 307 MR o 100,38 « 1422
274 118,20 103,580 1723 308 108,65 93.50 1247
275 148,80 101,25 1443 308 187 .00 95, 40 1091
R 118 40 97.85 233 310 104,80 G220 1029
) 117.25 83,00 1345 SAE 99, 50 85,75 934
27 116,10 92.190 1055 312 94,10 50.00 692
27L 113,70 88,50 931 313 88, 50 62.05 376
280 110.10 80. %5 054
281 104,00 2,00 79C
254 98, 40 65, 30 764



Run Temperature,0C h G 2 Run ‘Temperature,°C h
No, tw t;, Keal/hr.m C No. tw ty,  Keal/hr,

q=19.00x 103Kcal/hr.md 338

165,60 75,40 104!

339 163, 40 71,50 1024

314 110.80 101.70 2086 340 99, 15 52.70 1030
315 110.70 99.55 1704 3241 997,10 65.20 954

316 110,25 97.30 - 14&7
L7 109,50 94,15 1238 Gemihs, @b =0 Keal /hr.m

L&

318 107.40 90,45 & #8121
319 102.95  85.00 1058 342 tig.65 (flOL#E0 2912
320 97.50 78:15 924 343 Tasp. 99 25% 2484
321 88.90 68.55 935 344 114,18 .3097. 36 . 2255
| - o 943 11%645 = 94,50%" "L905
q #25.33 %.10" Keal/hr,m 346 114,25% 90385 1590
347 12,25 "w81/0¢y Mi3eP
322 ' 01735 | 2303 : g |  °
o b ot L3R 348 113,40 %g:00.1 1133
3 [= S gad Y oy T L) 1 | (8
324 118, 700= 97.10 g "1735 - Sl o i i
i oy o b | 2 350 105,40, " 69.50 =" 1068
326 | 109.95 ;90,1557 1270 i3 i R i O
397 107.20 51 55 1112 352 160,00 62.00 1006
320 803.26" 1-78.58™: . 3023
320 g8we0=s | 7320 . 990
320 84.70 | 68.35 . 963

5]

g= 31,66k lagiical/hr.ig“

331 113.50 181,60 2280
332 113.-0 99825 . & 44
333 122 795 9%.10 2023
35 112550 3 05 1878
3355 112045 90 290 58
336 109,38 z. 00 1225
337 107.30 78%.50 1389
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Table E-4 Experimental Data of Heat Transfer to Water-Acetic acid
Mixtures.

¢

| -2
Tube-1, O.D.= 25.6 mm. , A =1.248%x10 m?

Run Temperature,°C h Run Temperature,®C h

_ 2 21
No, t t Kecal/hr.m %  No, g t Kcal/hr.m® ¢
W L W L

1 3 2
4,8 Wt. % WATER g = 38,87x 10 Kcal/hr.m"

gl e ST T | RN Siae. 110500 %, 3701
q=12.4x 10" Keal/hr.m 31 121.40 4108, 00 2083

1178 5" 1405 = 1965 32 121,20 107.60C 4939

—

2 11725 108, 75.41.260 = b " fa i ?*23
3 117,25 ., 106,95 1151 #4 i R R i, o
116530 . 103.90 1000 k. e S A R Lo

302

143,40 97.00 756
112.15 95.25 S 9.0%Wt. % WATER

7 114,40 Oy 15 533

3 5 a5 12,9

3 .
10" Kedl /hr.m"
Kcal/hl". e v .L/[

>

Ca
»
=
()

B = 199

3 13860« | 11080, 2383 36 112,30 (10§, 30 1879
9 112.35  109.00 2003 317 13,00 | 16580 1494
10 112,10 | 108,00 185 5% 112,80 5SRO0 ¢o9
12 Te.000 %03,35°0181% LR S 2
13 114 30 96.25 1069 y Ak R 10 ;&cal/hr.;n
14 114, 10" 995%00 - 935
5 TI6.00 841,99 772 10 116,55 107.:0 1339
21 BLE. 5D 185,30 1892
q =@ L8 x Kcal/hr.:t_.;-:? /"‘?2 118,90 ]‘ 10 ““
43 11570 40010 1295
8 119,658 1kE,.25 #2588 T 15400 " 9%, 30 1023
17 119,50 ™A07850 2867 3 | g
18 119,55 108, 25,565 q = Zx.0% 100 Keal/hr.m
19 119.15 103.50 1505
20 116.35 96,50 1949 45 116,90 107.30 2523
21 116.42  95.00 1159 6 116,95 105.00 2078
22 117.55 93.70 1039 < Llo, oo 100.0 1512
49 114,85 95,80 1318
q= 31.7x 10‘5 Kcal/hr‘ m- q= 51,71 x 1()5 Kca]/hr 1
23 120.30 110,50 3170 49 118,00 107,30 %963
2% 120,60 108,75 2875 50 118.20 104.85 2378
28 120 15  107.40 2486 51 115,20 102.85 2039
26 120.20 104.10 1563 52 117,20 58,50 1696
ai 119.35 97,80 1470 55 116.75 294.05 1387
24 119,15 95.60 1346
25 118,20 95.25 1381
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Run  Temperature,°C h Run N Temperature,®C h

: 2 90
No, tw ty Kcal /hr,m. C No. t tp Kcal/hr,m“C

3 of ;
g = 39,97 x 10° Kcal/hr,m? g = 29,77 x 10° Kcal/hr, m?

54 119,20 3359 83 117,15 105.00 3273
55 119,20 2815 34 116,75 103.70 3047
56 113,90 10 2304 35 117,25 99.90 2292
57 118,40 94. 5 1672 96 116,95 © 92,10 1600
37 115, 30 %35, 30 1304
14,4 Wt, % WATER 83 114500 177.86 1100
8 119,00 -« 70.00 994

30 167,20 63,30 906

O1L-)°o
o e ol

= 1954 ¥ 102 Keal /hesrd®

58 112,99 0{’%. 00" 1687 19.3 Vt, % WATER
59 w5 L M00 .80 1074
8C 110.504°"92490, 764 =S 10 e oo
61 105, 66" 86.65 653 i e cal fha,
62 100.10 76,30 520 91 110205 « 10%. 10 1337
. 3 5 92 111,00 % 10a. 50 1222
q = 18.3 # 10 Kcal/hr.:‘n 93 110,80 97.80 954
. ) g4 110.05 94.05 775
63 113.50 . 105,00 227C s 10665 £7.85 o
6 $13.30 | 100.50" 1508 96 102.60 131 65 cad
65 115.00 93,85 1008 917 97, &« 75,10 546
66 108.95__ B£9.1% ‘928 )
g ey m i L 00 d o
o e e A ¢ q = 19.39 x 10 Kealfhr, o’
bu A, S, D . Uag |
89 0340 am74"B30 686 _ _ ]
2 ; i s f12%:8 104,30 2311
o < 'y = 59 182,35 10805 1702
g =3%.8 x"10 Kcal/hr.m - 112.00 9%.40 L4178
= L L LY ey Wy 101 110,88 9485 116€
Y siopcbolll g ; ,g o 102 =0T, 25 (B85 260
7 111.50 e85 .M 1298 108 il PRgN 1. O B
73 118.15 91.85 113* 10§ 102,25 16.1R =
o sl N g 106 97,10 4™ 6k.00 602
75 104.50 172.10 70% Lt

I T e 7
= %=.80 x 167 Keal/hr,.m

o]

5

g = 31.71x 12,‘ Kecal/hr,in”

106 118,800 164,18 2557
76 116.20  105.00 2831 107 | aiigyue 40000 1934
i1 116,10 100,80 2073 R et h s
7E 116,00 97,40 1705 Mo Slasid 8890 iae
78 114,50 95,50 1669 18 (303,50 06, 49 o
83 115.20 90,00 1252 121 107,30 77,66 i
35 118,80 80,10 819 e e (48
82 165.55 68,50 9631 41587 2EA0 08,00 e
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Run
No,

Temperature,

W tn

t

eC h
Kecal /ar.m

Run
No.

tw

Teraperature, C h

t Kcal/hr,m 22 %¢

L

114
115
118
117
118
119
120
121
122

123
124
125
126
127

3 2
g = 31,71 x 10 Kcal/hr.m

115.05 104,
115.05 101
114,85 97.1

114,35 91.00
112,15 83465
110,60 60,05

10 2896
O

.55 2316

0 178¢

108,50 73,30 914

104,45 &%, 2

1@1.15 8,9

3
4= 39,97 x 10" Kcal/hr.m?

116,2 104,
116,30 ' 101,
116,15 _ 96.6

5 853

10- © 3303
65 2720
0 2044

115,40 83.40 1480

113,30 81.0

3 1239

145

&6
147

q = 31.71 x 10° Kcal/hr.n12

112.85
¥R, 35
1 1{1 » TJ5

114508
11310
114,08

102, 40
100.60
98,00

3034
2588
2135

3 o
3= 39.9% x.10] Kcal/hr,m*

102,40 3431
99,00 2647
96.25

38,9 Wi,

% WATER

128 112,45 73,10 1164
129 118,10 72.10 1025
130 109.00 66.55 941
131 105,90 61.56 910
29.1 Wi. % WATER
) 3 0
=12,4% 10 Kecal/hr.m
135 08%45 102,50 2050
133 103. 45 :20.75 1610
134 03.35 68,50 1255

e el
=)
3

b=
=2

g = 18.3% 133

110,

102,40

Kcal/hr, ol

L

10 2508
110.00 100, 80 2008
110.00 99,75 1383
108,75 §7.00 1514

g =24.8x lu

111.10 102,

111.50 100.8

111,40

' Koal/hr. ;2

)
n
ate I L)
o

>
—t
D b 09
oy B L
o W =

&)

(97 S I 7 B &) SEFRENTES

I Sy S O = T S Y
W N = (O

RS ISR
G an v O
(o> Ty S N

o

O O g

e Y G €

[T S S S
b

162
163
164
165
166
187
168

P
i
=t
[\
-
=5

ixL

o

Q OO n

.
P

el o T e =
L]
{ i

g & h
e
&

LRG3 o0 CReEEy
.

L
SRCH Y D O

W

e

% 101 I<Ical/hr'.m2

208%
1170

101.60
87,04

92.55 364
38.06 1719
J‘_T' 15 516

71 500 517

3 2
X 10 Kcalfhr, m

10820 . %01, 60 2535
109,20, 07, 5F 1657
@oiul* £5,50 1430
198, 20 82708 1149
1085 "§6.85 918
1086, 18.7380.50 183
180,60 171,10 723
)6, 15 67.10 6641

2] o
3=24,8x%x 10 Keal/hr, m*

A
=
-l

J

—t
=]
hyte]
-3
(%]

191,60 27725
96,45 1740
91.35 1285
34,20 990
78.75 869
73.20 803
67.95 713
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Run Temperature,OCK h e Run Temperature,OC h 5
No. o t cal/hr.m, No. tyr t, Kcal/hr, m"C
= 31,71 x 10° Kcal/hr. m? . 8 ar. m2
I 2 g =31.71 x 10" Kecal/hr.m
169 111.75 101,60 3124 206 109,00 1&0.20 3603
170 111.75 ©98.60 2411 201, 109.10 97, 2710
171 111.75 91.65s "WHTR 202 1069.00  S¢ ”O 2072
i72 110.65 21160 1091 203 108.40 SI.JS 1485
173 110,25 3. 3p 981 204 106.00 83-85 1261
174 109,00 /4.865 923 205 = 101.15 /4,00 1170
175 106.00 388,25 840 @6 .. 97. 30 J.CO 1045
& NS
q% 39 .°9'mx 10° Kcal/br. m? q=39.97x 19 }\ical/hr.m2
176 12,76, '10%. 60 3585 207 110.00 100.20 4078
177 11288 97.08 2533 208. 110.00 938,00 3331
178 113.18 €3.85 2071 209 110.00 92,860 o7
1752 112,75 p85. 70 1478 210 109, 40 a4 4p 1599
180 112,405 80,106 12T 041 167 10 78,00 1873
181 111.10 -73.20 1055 212 98.40 62.90 11E5
182 109.00 €6.20 835
7.3 Wt. % WATER
58.8 Wi, % WATER .
3 % q=12.4x 10 Kcal hr.m2
q =.12. %=z 10 Keal/hr.m*
. 218 " 163.586G 89 .85 2918
183 104.50- 100.20 288 214 104,00 98.50 2254
18 403, 09" 25%L0 1132 215 Of.CO 95,20 1476
185 98,50 , €5.10 1000 216102, 30 91.40 1138
136 94.36 830.00 869 217 " 9%.80 85525 990
187 90.80 75,20 795 218 9laM0 TE,. 20 860
g = 19.3 10" Keal/hr.m’ g% 19.3 x 18° Keal/hr.m?
188 106.20 100,20 = 3217 210" 10426,  §2.59 3574
189 106.60 ©92.00 20 8% 229 105,05 $8.00 2737
1990 105.80 93, 40 1556 221 104,80 94,29 1821
191 102.60 85.55 1132 ea2 103.10 g7.40 1229
199 gg.{;5 79 .20 1000 223 100.40 82.80 109¢6
q=24.8x 10° Kcal/hr.r:;.a;; g=24.8x 107 Keal/hr, m”
194 107.70 100.20 3307 225 105.80 $9,55 3568
195 107,70 98.00 2557 226 105.90 98.00 3939
196 107,40 81,50 1560 227 105.90 93.00 1953
197 104,20 2£.50 1259 228 101,60 85,20 1278
198 100.10 (7.85 1115 229 100.80 78.50 1112
198 4,85 70,30 1001 230 85.50 70.50 992
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Run Temperature, °C h Run Temperature, i o h
No. tw 1 Kcal/hr.mg No. tw t, Kca]_/hr,mz
3 5 03 2
q = 31.71 x 10° Kcal/hr.m*” q=39.97x 10 Kecal/hr.m
231 107.20 99,55 4145 237 108415 99.55 4648
232 107.30 97.15 3124 238 108.25 81,80 2172
233 107,30 .  95.40 2665 239 108,20 89,10 2093
234 107.480 90.50 1965 240 107.80 88, 20 1574
235 105.80 33.10 1397 241 104 .80 n4.,00 1298
236 102+ 156 Y4,80 1159 242 100,20 85, 40 1145
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Table E-5& Experimental Data of Heat Transfer to Acetone-Water

Mixtures

Tube-1, C.D = 25,

Run Tomperature,°C 163 h
Vo B
TJ O _t ! L " =
= vy T o Ls =
oy Y1 Heal/hr.m“ Kcal/hr.m%g

2.2 Wt. ACETONE

1 Ba.ad 76.35 ©.90 1278
Z <9 76. 86 12.40 1870
3 Gik . 6¢ 76.385 89, 30 2482
4 ab, 62 76, 85 24, 80 2860
& 8C 09 76.85 51.71 3432

87,30

oft

Qe )
76,8 o

3825

25, 3 Vits

% ACETCITE

8

10
19
12

L4
RS T
w 1 (o 1 T oy T )

638.50 ¢.80
68,50 12.40
8,50 19.30
G8,50 24.8
58.50 al.7%
68.50 38897

1109
1521
2021
2443
27745
3041

. % ACETCIE

3 00/ O 63.74 €.90 1140

14 L. 79 63.74 1z.40 1540

5 (3,19 63174 9. 30 2042

16 72,08 63.74 24.8 2400

1% 15,14 83,71 STR71 21782

18 77,04 63,741 a9=9 7 3005
5 '-.«—-."t O/o ACETL/.J.IE

67,05
83 687
70,52
& N
72.10
74,00

o
-
w
(s

Oy R

Sk 2
(N
5
o
&

.

o

1202
1682
2140
2523
2936
3147




Run Temperature,~C -3 A

No. = $ qx 10 20
W L Keal/hr.m? Keal/hr.m%°C

Ll

0.4 V/t. % ACETONE

60.00 €00 1400
L 60.01 12 .40 184
. 8% £0.00 £.30 2462
.80 60.00 24,80 2818
e ©0.02 T 3229
10 50.00 28,9 3601

H=
o
(#h)

B DD OB
O W e 30 G

B
-1 3 O O Oy &

o N
—~ G0 =1 O

. % ACETONE

-
co

S 62.25 58.72 b, 90 1038
32 [* i G 58.72 12.40 2667
33 64.67 58.72 12,30 3243

1 65, 42 58,72 22,80 3701
35 66. 34 58. 172 3l. 71 1161
36 67,47 58.72 S5 9 4568
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F-4

LHOPFENDIX F

SAMPLE CALCULATIONS

Pure Liquids
Binary Liquid Mixturzs
Percent Deviations of the Propesed Corrilations

Calculation of Natural Convective Heat Transfer

Coefficient



F-1.

Pure Liquids

]

Run No.108 is selected to-dzrnonstrate the calculational
procedure for pure liguids.

The following experimental data were taken for this run :

Systoin @+ Water
Heaf flux, q = 25.33 % 10°Keal/hr.m”
Wall temperature = 105.9 C

Liquid temperature = 89.0 C

Calculation of Temperature Drop in the Wall of Test Surface

Using the equation of conductive heat transfer for
cylindrical surface, the temperature drop for Run No., 108

is calculated as below ¢

gxd d
A i = __,_911’1-0_
m 2k h
where
do = O.D. of test surface
dh = I.D. of test surface + 3 (do'di)
+ diameter of the holce for thermocouple
. 95.33x 10° x 27 x 107° : 27
Aty = 3 % 89 D TR T % (27-20+1.5)

o}
9,129 €




a2 Calculation of NuB

The values of experimental N“B during saturated boiling

wera compared against the predicted values by a nuraber of other

correclations.and by the propaesed corrclation for pure liguids.

(1) Experimental Nup
§= 25, 37%ag “ThE 20
R Tty " 108.9 - 990, * 0 Bcligtige . C

g =i gw="%, 60§ | 601 o
Nup® K\Np_¢ ~0.5868 J 95950 388wy L2aBS

(ii) Predicted Nup using corrclations of Table 2.5,

1. Rohsenow (22)

1 b g.68 E: -0.7
NuB = 3——3—66( ":B) (Pr)
123 X 10 [60.19;:10‘} i = . Th 2
s = L Al ™ T o msre =il -5 x 14
B 1. 015% 539, 1 9590~ .0, 553
B, . 1.008% 1,015 _ 4
0.5868
1 il 0. 67 e 7
NU‘B = ©.006 [T exah” ) (1.786)
1 I B
= 3 006 %0 . 285 K _Ow's
= 26,20




q

157
q.d _ $.7%10°% 25.83x 10" e
/,(,,\ 1.015 x 539 i
1 w2 ,
Pd _ 1.03x10 x2 /% 10 =4.64x 10"
o 60,19 x 10™*
€£~F 950 -0.585 _ 1850
T 0.585
el 0.69 a8 Giss  o.e9
h = =2 x 0:225(1.25) (4.64%10) (1650) (1.7¢)
%, 7x10
o2 SB00 T 006 xu 1607528 & 100E x 1 N
R v
a2 x40
2
=1'2710 Kealf/hr.m. C
2710 [60.19x 107"
Nu, 5 — —
B 0.5868 Y 959.0 - 0.585
# 11.55
3. Forster and Greif (27)
b /
" magn A %/, s
g K j)L-[g AT, o N 5 M X L ; P)"
w =il .2 x LR Lo Sl A
J)\ ?\/ o '/Z j(),g/u\-i /l Y ﬁt \ 1y
dP /dzp\ Atz 9
A Pgle 8l "At+ (=5 " 231,35 % 10" kgfm”
dt - =2 ] —_ i oL, X 1y 4
» s\dt S8 1P
e 0. ouég = Bhah a0
X iF 959.x 1.008
-4 [ -1
L1 axio? 62710 xi,008 x 959 X 99 | 1.008x98(5.07x10)?
TR 127x539x0. 585x(60. 19%10- ¢ | 127659x0.585)° |
959 5/8 1/3 9 2
X ({515 (1.76)  {31.35% 107)
3 2
= 16.2 x 10 Kecal/hr.m
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g - elltEaa . o ;
i et 058 59.0 2350 Keal/hr.m. "C
k3
=3
2350 £0.19 x 10

T
n
W

il

(]
-

A

oy

- —
Wy
-
@
[}
&0
o

|
[
[+7¥]
I3

[

LT

. 3.81 60,19x10" " 0,585\
o 6,2 959,0-9.5'"-5) (i' 355

e 0.7 1% 8 =01 128
Nugp = 1.04x10. (331.025)  (4,3x10%)  (1.725x10%
= 1.06x10  x5%3% 3%8x% ¢.1
= 151 4
5. Kutatzladze (33)
84 @ = -0.35 0.7
Nu = Tl 2 19 (P ) (Pr) (Kp)
i 8
0.7 -0.35 2.
=T7.0x 10 (334.025) (1.76) (4.3x10%)
= 7.0x 10" " x58x0.82 x



15
8. Borishanskii and Minchenko (40)
-4 83T BT
Nug = 8.7x10 "(Peg) (Xp)
& Rk
= 80TK 10™5@34_025) (4.3 x 107)
517,55
i Kruzhilin and Averin (30)
9.5 -8, 5 0,377
= B! o _3\1
NuB 0.082 (PLB) (Pr) (Kt)

2

427 (0.585 x 539) .

Ky e 472
e i o, .y TRECE

1,008 x 99 x 959 fso. 192958, 415x10 )%

kLot 8.5 0,377

sl

Nuj = 0.082 (384,028)  (i.7¢) .= (178)

= 2610
3 Labuntsov (29, 30)
0.65 , \—0.32 im35
NUB =43, 125 (PeB) (Pr) (K‘t)
0.065 - d, 35
= 0y 25 (332=925) (.76 (178)
#2960
(iii) Predicted Nug by-the proposed correlation
G.€ 0.5 8 a3
Nu_ =0.084 (Peg) 0y ) (Ky)
: 0.8 =0.5 5. 37
= 0.0841 (334.025) (1) (178)"
= 18

w
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(iv) Percent Error in the values of NuB calculated

(NUB) caletd, = (Nu ﬁ exp‘t‘f,.

Parcent error = g
(Nug) caletd.

The calculated values of percent cryror have been shewn in

the {ollowing Tahle F.1 .

Table™f-1 Percent Error i Predictzd NuE

Correlation % Error Correalation 7% Brror
Rohsenow (22) +40,02 Kutateladze (30) =3y
McNelly (24) -37.4 Borishansgiii and +10.165

Minchenko (20)

Forster and -53.5 Kruzhilin and +49
Greif (27) Averin (30)
Kichigin and -22.6 Labuntsov {#9, 30) +4.3

Tobilevich (30)

Proposed Fragy

i:j
1
(3]

Binary Liquid Mixtures

To illustrat~ the procedurc followad in procuessing the

experimental data of mixtures, Bun 1o, 119 of water~acetic

fon

acid gvstem ig selecte
The following data were take . for this run :
Systemn 1 Water-Acetic acid mixture containing 19,3 Wt, % Water.

(11,3 Mole % Water)



t - 104.1C
O e

o
;- = 80.05 C

3

I 3 3 2
q &8 3.71 x§10 Kcaljfhar. m

F-2.1 Calculation of physical properties of the mixture

. v 100 -y 3
(1) e 19.5 0 a0, 7 el

P

o —
955.44 555.3

i
]
<o)
o
o
o3
(1]
=
m
e,
B

¢ 100 x 1 x 10°

(1_931_-_8:3 ?».(3__-37_) x 82.0% x 377.1

= 1,3%kg/m’

(i)

(iii) Critical temperature is calculaied by Kay's method.
P ¥ &

Q..
£ 1= 0.443=0647 90,557 x 534m=" 0617 |k

~
.78

(iv) Surface tension is calculated uging the equation of

Meissier and Michaels (71)

N -4 617 - 377 L:2 4
oo s (31042 x 107y (gTr - 3o B 28.2x 10 keg/m
35°C

<
&
i
(#
—
o
(Fe]

x 1,009+ 0,807 x 0,5633

0
17 Kcalfkr. o€

]
(o)
o
=

~1

(wvi) N = 0.19% x 539 + 0.807 x 93,26

199.3 Keal/kg.

(vii) Thermal conductivity is calculated as follows :
£=0.588x0.193+ 0.1343 x 0.307 -0.72 x 0,425/ x0,198

x 0.807
; 0]
0.171 Kecal/hr.m. C

H



¥-2.2

Calculation of dimensionless paramcateve.
L 72

. 955, 35-1, 34
(I} Pey, =

i 3 23.2x 107= X ass
21.TIX 10 = =4 A-885; 35 ® 8,64
L T/

7

(i 1,34 x179.28%x0.171

(iii) =< E
t 0.647x104.1 x 955. 35 Lﬁs.ZX 10

il

= 250
- . 2‘
(0.58 - 0.243)
B g% 2 0680, 58)

Calculation of NuB

A
‘

1(9

J1
n

(1) BExperimental Nug
q = s
I\I‘J.A = -} B L ol
3 (g = t) Sty
3 [ 74

= '35
(ii) Predicted Nu,3 using proposad correlation
I
0.6 -0.5 0. 37
I'-T'-_LB = Q.05%06 (PeB) (Kgu[\) (Kt) (X
0.6 -G,8 3/
= 0,0576 (740) (7.186) (260)

= 3,

w

v
LGy =

.34}]

pr-



Percent error in NuB

8.9-9.85 . 4 g5

i .

.3 Percent Deviations of the Proposed Correlations

-3.1 Purediquids
Percent standard deviation

otandard deviation B
B — 4 100

5
( 2 Nug \
Number od data points/f

Percent Average deviation

Average deviation o e

( > I‘T‘JB \
Number of data points /
2591
= 11924

(55)

2 207 kenT

|

P-.3.2 Binary liguid mixtures

Fereent standard deviation

g6

- : x 100
- 7900

657
= 31.88 %

Percent Average deviation

3. 60

T 190

x 100

(]




-4 Calculation of Experimental and Predicted Natural Convective
Heat Transfer Coefficient
To illustrate the calculatior fc» natural convective heat
transfer, Run No. 3€ for water is uged, The experiiaental data
for this run arc reprodiced below :

.

= 3 Fr
gl s 23.43 %10 Keal/hr.m

—
(1) BExperimental heat transfer ccefficient
I, - "
1 il
W 1
3
23.43 x 10
= 98.7 - 77.45
- - e 2 e
= 1100 Kcal/hr.m. C
(i) Predicted heat transfer coeffifient
Nap = C (Gr x Pr)
o e

All the physical properties i the above corrzlation are

: g *
taken at the averageten:perature (it = WLy

3]
£y



(iii)

= -2 9 g
58,4x 0 T
o e —— %0185
c 25.6x10 ° -

]

165

2 o
= 1080 Kcal/hr.m. C

Percent error =

-6
1x16,8x10 x6,8x21.25 _ \
= x2,0 )
(3.34)“ /

Calculated 1T: - Experimental Nuc

C

1086& - 1100
o 1080

Calculated I»Iup

x“100 '=+1.85 %

(% §
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APPENDIX G

LISTING CF COMPUTER PROGRAMS AND RISULTS OF SOME
EXPERIMEITTAL RUNS

L, Program for Calculation of Dimensgionless Parameters

2, Curve Fitting Program

3. Constant Correction Program

4, Correlation Verification Program

Table G-1 Dimensionless Groups of Some zperimental Runc for

Pure Liquids

Table G-2 Verification of Proposed Corrclation using Runc of
Table G-1
Table G-3 Dimensionless Groups of Some Experimental Rung for

Binary Mixtures

Table G-4 Verification of Proposed Correlation using Rung of
b

M1 i o
Pgble G-3
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=y

Y OY Y £ SR Y

A

)
=N

1100

SeSoALAM CALCULATICN OF DIMENSICNLESS PARAMETERS
IJ=1 IF ANOTHER DATA SET IS TO BE EXECUTED
IJ=2- 1F THIS DATA SET 1& THE LAST SET

167

AK= THERMAL CONDUCTIVITY AT TS KCAL/HR/METER/DEG.CENTIGRADE

SIG=SURFACE TENSION AT TS KGF/METER

RHOL=LIQUID DENSITY AT. TS® KGF/CUBEC METER
RHOV=VAPOR DENSITY AT TS K@FALCURIC METER
TS=SATURATION JFMPERATURE DE@REE CENT BCRADS
DELH=DELTA H FOR BOILING. AT T& KC A/ KGM
CP=SPECIFLE. HEAT AT TS 'KCAL/KG/DEGRER ICENTIGRADE
B=EXPONENT OF (RHOLZRHQV)

READRL,IJ
FORMAT% 30X sI"10)

READS 57 Ka SHG RAOL sRHCOV
READ 5,ISeNELH,CP

FORMAT (4F15 %)

READ 30%F

FORMAT (F20p6)
AAA=SQRTF (S1G/ (RHOL-RHOV) )
ABB=RHOV*DF | H¥gK / (RHOL#CP )
BBEB=(RHOL/RHQV) #*p
ABC=SORTF(STG*(RHOL—-RHCV) )
ACE=CP*TSERHNL*ARC

TK2427 ;0% (RHOV#DELH ) % ( RHOV#DEWLHY JACC
PONCH 1100 TK
FORMAT (6X s&H KT=44XsF14,8)

DIMBMNSTONY T (20@) s TLEZ00) + 8 ¢200) sHL20C)
ATW=WAL L FEMPERATURE DEGREE CENTIGRADE

ATL=LIRUIDSEMPERATURE DEGREL JEENTIGRADE
AQ=HEERT FLUY Keal /HR/METER SQUARE

CALCULATION aQOF

T
o
P
=
™
o
_—
=P,
_—
i
N
i

PARAMESTEL 3

8 TS s S

FORMAT (2%, 1OHNUS. MUMBR 24K 5 1OFPEC I NUNMR 82, 14HSURCOOL o TERM. )

READ 2 ATW ATL s AQ
FORMAT { BF20 .6}
IFLATW-50C0,0)343523534
HC=AQ/ (ATW—ATL)
ANU=HC*ALA/ A K
PEC=AGXALL/APR

ANSUB=(TS~ATL) *RBB/TS+1,0



™ OO O MO0 M

PUNCH 22 sAMUSPEC s ANSURB
22 FORMAT (3F14.8)

I=1+1

TWT)=ATHW

TLET)Y=ATL

G{I)=A0

H(I}Y=HC

LL=T

G O 33
23 PUNCH 25

25 FORMAT(T7X»11HWALL TEMPS,,6X.12HLICUS.

18X910HH BCILING)

TEMP ., 8%, IO0HHEAT

PUNCH 26 (TWILN o TELLY «Q (L PFaH (L) ol=1 L L)

26 FORMAT (4F1848)

XAW IS WEIGHT=PERCENT AIN LIQUID
YAW IS WED@HT PERCENT A IN -=VAPOR

AMA TS SMOLE CULEAR WF GH# OF A
AMB 1§ MOLEQULAR WEIGHT OF R
XaW+XRW= 106,09 s YAW+YRW=100,

AMTRSHMOL B FRAETION A "IN LIO“’ﬁ

AM IS MOLE FRACTION A [IN VAFOR

READ 11CsX AW, YAl AMA s AMB
110 FORMAT (4 Flﬂnﬁ)

Al 1—'\{1—\"\‘/:—\

BM=(1090 YA”) AMB

Y AM=AM / ( Aﬂ+ﬂw)

AM=XAW/AMA

BM= (100 .9-X2W)/ZAMP

XAM=AM / CAM+EM)

Ge={ YAM=XARN) * (Y AM=XAM) /YAM

CK=CK /(Lo O-4XAM)

CK=AK + 1o/

PUNCH 113 sXAM»YAMsCK

111 FORMAT (SHaXAMSF5:3 52X s FHLYANEF50392% s

GO RLOwe( 32853} 50 )
33 STOP

END

4H KC=F14.8

)

168
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0.5868
9950
a5
G99, 40
500800
050 afﬁfj
0.5868
99,0
0.5
92,40
580,00

950 360

£ € 5,500 AM

KM=

NUS. NUMBS, RECe NUMBEL GURGOOL TERMs

62 1B329980 W5 4 ) 565108 Q 11.675C6800
WAL pm=™" TEMBS LIQss 171 B%E..

99,40000006 {3 G030 O0H 345

XAM= 010 YaM= ",012 KC= 1.C0038130

KT =

NUSo NUMB. PEC S MNIEB o aSUBCOOLs "TERM
60183299005 my 0506 W00 1 6790680
WALL TEMPg4 LI, TEMPEL

99 .40000005

XAM= o010
0 STOP

Y&

CRLEUL AFION @F
18094895000

= el
END AT 5

€.00609
539,600

104
2
C.00609 G59,.,0
b3S .600 10

7:{\:!—50
73000
20

e

10¢

B B Ean"ih

ey

18T SLESTEO0

T3ENGNC0000
(=
33 =

}

O

g Lo N

DIMENSTGNLESS PARA

SOCC . NA00L000

3809G.A0800001
1800038130

Oaf B0

oA oy
FECOE

28LO0C,

05830

38000 .
38000 ¢

L IS

METERS

HEARE FLUX H

‘14139

HEATe mfFlslX H

169

B
@I L ING

a3 3G I0

BOILING

7532390000



i L A i O S, L

™M

Y

bS]

O3y Y

C Se<S.ALAM CURVE  FITTING PROGRAM

NP IS NQ CF DATA POINTS 10 pI'& MO OF NON RANDOM VARIABLES
AY ARE RANDCOM VARTABLES AKX ARE NONRENDOM VARIABLES
NP URTO 50 LANDTR TOSEECTO 5 PERMIGFTER

DIMENSIGN AY(50)sAX(50 94 ) s XMAT(5004) s YLOG(50) o XAVG(4) s XTANS(4250)
DIMENSTONTAC 4G oG (43 s C(494) sB{4)Y s YPRIDESO) SMARPEL 4)
READ 1R I «NT
111 FORM®RIT &8 2 )
DN 1 1T2: NiNTiSs] o N T
REABD. 1,NFsIQ
1 FORMATH{EZ110)
DO 45 I=1NP
READ. 275,AY (T ) s (AX (T K)aK=1,1@)
2 BEORMASC4H]L 48]
45 "CONT INUE

AA=NP

TAKING LOG OFwAY AND AX AND SUMMING

DO 3 J=1,I0
3 IXAVG(J)=0,0

DO4T=1,NP

YLOG( I } FLOGF AN &I )

DO 4 Jd=1s1C

AX (T J)=UCGF ( AX{ dind )

4GEXAVG (= XANG(J)+aX (L 1)
DETERMINATION, OF AVERAGENMALUE OF X(IQ)

DOBJ=Te I Q
XAVETJ YEXAVE( I BLAA

AN

FORVMATTEONTOR X MATRIX

NQ=1G+1

DO12T1=13sNP

DO12J=1sN0

IF(J=1)10+1038%3
LE: ZMAT(T s Y=Y

GO TO 12

92 XMAT(TsJ)=2X(IsJ=1)=XAVG(J=1)

12 CONTINUE
TRANSPOSE OF XMATRIX
DO351=1sNP -
DG35J=15NG

35 XTANS(J>I)=XMAT(IsJ)



m

25

7L

MULTIPLICATION OF XTRANSPOSE MATRIX WITH X MATRIX

DO 201I=1,NQ

DO 20K=1,N0D

AlTsK)=060

DO20J=1aNP

ACT o K)YSACTEsK)+XTANS(T o JYXMAT (JoK)

MULTIP LLICATION OF X TRANSPOSED MATRIX WITH ¥MATRIX

DO251=1sN@

GtI)=0.0

DO25J=14NP
GIIJ=GUIY+XTANS(I s Y %XYLOG(U)

INVERSTON OF AMATRIX

GO TO (7s859),510
AA=A(L 1) *A(2:2)
Cllpl)=A(2+2)/AA
Cl2+2)=A(151)/AA
C(152)=0460
C(251)=0.0

GO fTO 6

AA=R (2 92)%A(353)~A(233)%A(352)
BB=A(1s1)%A(3,3)
CC=A(151)%A(252)
PD=AG1,1)%A(2,53)
EE=A(L.1)%A4

C(1§1)=ﬁ&/FF

e C ( Jigig) = 0On, O

C(l,d):g o

C{2+1)=0,0

(2, 2)=BR/EFE

C(483 ) =—DPD¢PE

CER.1 0,0

C(392)=CH2:3)

C(342)=CC/PE

GO TO 6

AA=A(3,3 Al J—A(3 94 ) %A (453
BB=A(2, 5

> 4
CC=8(2s72 (392)*A(;31)*’(392
BREN (2D ’5(494)‘” 294)¥A (354
EE=A(2:2)%A(3s4)—A(2:4)%2(253)
FF=A(203)%A(3:4)—A(2s4)%A(353)

\(191) (A(22)*BA~-A(2,3)¥DD+A(2:4)%FF)
s11=160/A(0151)
9
>

)
f)%ﬂ(494)—&(.94)‘h(2

) *

)

-

-
3G

il 0 e R G L
e e

N

M)—‘r—-‘r—‘t—-‘ll

4
21)1=0,0
2 9 2
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Cl2353)==A11,1)*DD7&C
Cl254)=A{1,]1)%FF/GG
C(BSI):OQO
C(352)=C(2,3)
Cl3+3)=A(1+1)%BR/GG
Cl354)==A(1s1)%CF /GG
Cl451)=0,0
C(492):C(294)
Cl4+3)=C(2:4)
ClLs4)=A(151)*CC/GG
&G T 6

MULT IPEI GATION OF IC MATRIX"WITH G-MATRIX 92" GET B MATRIX

DO _22T=1,N0

P =0 .0

D022 J=¥sNO

RUT)=B Bl )€ 1:J)%G(J)

CALCULATICN OF " YPRIDECTED FPOM XMATRIX AND BMATRIX

DO 24 I=1sNP

YPRID@I V=0 2.0

DO24J=1sNQ |
YPRID(I ) =YPRID(I)}+XMAT (I oJ)r*EA))

CALCULATION OF sSUM OF 'SQUARES OF ERRORS

SUM=I0 . ©
DO261=1 NP

SUM=SUM+ (YPRID(T)~YLOG(T) ) #%2
AB=10

AL=NP

AC=AAS(AB+1.0)

TE(ACY2T 227,28

HNCH "2 %

ORMAT 238D ATA FIINTS ARF "LESS)
STOP

AC=S@ARTF ( SUMVAG)

CALCUIRTLON OF SPANDARD DEVIATIAN IN oL vl uEs

DC 30 I=1.N0

VARBUI ) =ACHSORPELLE (I 1)}
B1=B(1)

DO 31 I=2sN@
B1=B1-BfI)%*XAVG(I=1)
Bl1)sEXPF (R1)

ERSQ=0,0

PO231=1,NP

YPRID(I)=EXPF(YPRID(I))
AX( Tl )= YPRIDII ) =AY (1)
AX{T o2)=(AX(Ts1)/AY(T))#100-D
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23 ERSO=ERSO+AX(1s1)%AX([s1)
AC=AA-(AB+1.10)

<

ERSQ=SQRTF(ERSQ/AC)

PUNCH 32
PUNCH 8989
8989 FORMAT (//)

32 FORMAT (3X513H EXPERIMENTAL » 9 XsdadH CALEULATED»8Xs14H PERCENT ERROR)
PUNCH 33, (AY(LISYPRED( IV AX (IR s I=15NP)

33 FORMAT (3F204:8
PUNCH 34

34 FORMAT(////74X54HBL 1) 98X s 4HB (2) s BX4HBI23) 38X +4H3 (%) s8Xs4HB(5) )

SOB (1 WS NOT=CALCULATED DUE TO TRANSFORMATION OF MGDEL

PUNCH 8989
PUNCH.365 (B 1)5T=15NQ)
36 FORMAT ( 6F12,4)
PUNEH 8959
PUNCH 37
37 FORMAT (2Xs8H . SDE(1)s4Xs8H SDB(2)s4Xs8H ~SPBR(3):4X>8H SDB4) s4X e
18H  SDB(5))
PUNCH 8989
PUNCH 385 (VARR(IT»1=2,N0)
38 FORMAT (12X +5E]1244)
PUNCH 8989
PUNCH 68,:ERSO
68 FORMAT (10X'536H.STANDARD DEVIATION IN Y VALUES. 5 =E20.8)
PUNCH 8989 -
PUNCH 7872:%(1)
7878 FORMAT (F14.83)
PUNCH 2989
1112 CON®THYE

STOP
END
C PR O G REE"M
% DN A= TH Bl
1
5 2
18, Ts By
36 7 3
L|'-.' Zu 19
8o 1la %
8ea 4a il
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g LR Rl b T B

C C SoS)IALAM CURVE FITTING PROGRAM
EXPERIMENTAL CALCULATED PERCENT ERROR
18,00000000 1 7 &9 9 B 9 206 -.,00002778
36,00000000 36.,00000500 »00001389
4,00000CN0 3299999690 -.00007750
8600000000 7,9999994¢C —--0000075C
8,00000000 7695992700 =o,00003750
B(L) B2) B(3) B(4) B (59

0.2000E+01  0,1070E4+01 0.,2000E+01

SDB(1) SDE(2) SDB(3) SDB{ &) SDB(5)

08 7618E—=0&6 0os7988E=06

STANDARD DEVIATION IN.Y VALUES IS = 0587829 30E~05

il « 3909520

0] ETOPSEND AT, So 1178 Ll dsg = &
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C S, So ALAM CONSTANT CORRECTION PROGRAM
B2N AND B3N ARE SELECTED POWERS FOR PECLET NCeo AND KSUB
B20 B30 ARE POWER CALCUBATED BY CURVE F&TITING
B10 IS CONSTANT RY GURVE B8 T THsNG
PEM IS MEAN PECGEFTINO. AMND AKSM-IS MEAN KSUB
BIN IS CORRECTER CONSTANT
READ 1. B2Z2NS B3N
1 FORMAT(2F 1R 5 )
6 READ 2.5B10s R20,830
2 FORMATH S E MY 49
IF(B10=5000,3)3s443
4 STOP
3 REAQ 5% PEM. AKISM
5 FORMAT (2F kb o &)
B2C=(PEM®REZQ) / (PEM#*¥BZN)
B3IC=CAKSM%#%¥BR0) / (AKSM##B3N )
BIN=B10*B2C*83C
PUNEH 5, BI1N
GO RO &
END
G H FE & =g PYR O @ELRSA 4
BN
0.6 =0 .5
0,5871 D.,E02%9 —{) ¢ felonlll
3639 2%al ¥
0:266% C.g037 =) o hla® 1
256, 8 2o
Qa3321E+T] NVods & 0 e B
340,55 1)
0aBb000E+04 00,7226 mE 4580
#* R @l ') il 5 >
C S. S- ALAM CONSTANT CORRECTION PROGRAM
« 68950473
46493450
136888719
SToR END AT S 0004 =+ B0 15 Z
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13

5

6

1

8

10

14
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So So ALAM CORRELATION VERIFICATION PROGRAM

NUS=BA* (PEC*%BB) * (KSUB**BC)* (KT*%¥BD)* (KCON**BE )

KC AND KT CHANGE WITH SET_ o+ .NUSsPEC AND KSUB CHANGE WITHIN SET
READ 1sBAsBRsBCsBD»BE

FORMAT (5F15.9)

READ 2 sNTsS5UMS

FORMAT(110+F20,9)

NT IS NO OF POINTS ALREADY EXECUTED

SUMS 1S SUM OF SQUARE OF ERROR OF ALREADY EXECUTED POINTS

READ 7 9AsAKT s AKCON

FORMAT (3F14,8)

IF(A=500:0)13914,13

AKTR=AKT**¥RBD

AKCP=AKCON#*#*PE

PUNCH 5

FORMAT (/ /)

PUNCH 6

FORMAT (60H NUS  EXPERo NUS CALC. PERCENT  ERRO

1R )

READ 7sANUSsAPEC s AKSUB
IF(ANUS-99€99,0)8:958
APECP=APEC**RB

AKSP=AKSUB*#RC
ANBSC=RA*ARECPXAKSPHAKTP#AKCP
AA=ANUSC=ANUS
ERR=AA*100,0/ANUSC

PUNCH 10 ANUS» ANUSC «ERR
FORMAT { 3F20 .99
SUMS=SUMS+AL*AA

NT=NT+2

GE To gl

AA=NT

STD=SQRTF (SUMSV/(AA=5 00 )7)
DM=SQRTF (SIUMS/AA)

PUNCH
PUNCH 2,NT,SUMS
PUNCH 5
PUNCH 1
FORMAT (
sTOP

fo]

1

2+5TD DM
21H STANDARD PEMIATICON =F12,8520H"AVERACE DEVIATION =F12.8)

END
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L.0576 0.6 ~ 0 037 -0.,034
2.0 065 4 10 2.0
0 0,0
1.0 1.0 0.8
205 450 1.0
Tol 9.0 4.0
706 9.0 4.0
99999,0 9,0 400
1.0 200 1.0
860 4.0 1.0
2540 2,0 4o
24,0 9.0 460
999959,0 9.0 400
500,0 9.0 450

R el U TR

C € S5s So ALAM | CORRELATION VERIFICATION PROGRAM

NUS EABER . NUS GALCs PERCENT ERRER
22500006000 2,555999300 2.3437232200
1. 700000@N00 T.679296300 —o 260 6 5360
Tee 00008000 7875296300 1041618900

NUS BEXPER. NUS CALC o PERCENTy "BREOR
8000000000 R, 100008800 +P00110000

25,0000@G0O0E 24,000021000 =&, 16875500
24000000000 24.,000021000 s OO0CSTE00
6 1.01035%400

STANDARD DEVIATION = 1.00516540 AVERAGE DEVIATION = 41033704
0 SRGRVEND AT Se 0012 » 0T Ls Z



TABLE 6=1

PURE LIQUIDS

W AT ER

KT=
NUS. NUMBo
863731025¢
6057223550
58119180
11.09739400
8,32304610
4,95511550
14,41883100
7.53711600
5.08639720C
1677716400
7039826320
40,96666590
19,88594500
11.07469300
7016940670
5035240550
21.09044300
10047348600
600234850

5034584160
22,59233600
1144678300

6054101900
22, 717306500
14,15377800
1073292500

8.47875490

6685829750

KT=
NUSo NUMBS
3062422200
19, 44555700
14,65587700

1753 290 G0 G
PEC. NUMB»
9152497800
91.5249%800
9152497800
16447966000
16447966000
164,47966000
256.00465000
256,00465000
256000465GC0
B28,95934000
328,95934000
328295934000
420,61696000
420,61696000
42061696000
427.,61696000
&75,39931000
475,39931000
475:,39921000

475039931000
537 ;18164000
520418164000
53754 8 W6 400
548,48662000
54E,48662000
548048662000
548,48662000
548,48662000

C & C F B

273.,02011000
PECo NUMBE.

363,99774000
263,99774000
363,99774000

SUB CO&Hse

[

SUBCOOL s

TERMo
1,00000000
1l.616100210
2:60186030
1.00000700
19 738322 0%0
4,01889060
1.,02053660
3.25903370
5072343430
1.C04107330
4042962400
R.37266%90
1.00008000
Sow I W3 10
6.13416770
987184190
1.Q00C0C00
4001889060
8. 83244 T Ial)

085760200
1000000200
401889060
Bo82447170
1. GRaC 0 Ao
2,95098370
ET5939T 730
6042168110
8555749490

TERMo
15 0000C 300
175724700
e SEXST 730

]

O o

0 09

S 0B

0 00

09 5
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DIMENSIONLESS GROUPS OF SOME EXPERIMENTAL RUNS FOR

RUNe N
001
002
003
004
005
008
n21
023
025
038
040
042
05.1

T
]

oS-
Of—ﬁ
060
062
06

U

Qo



1041534400
39.66065500
25:44268400
16094048000
12,48576100
44.96606800
26064133700
1656644500
14.88368900

363099774000
598,05019000
598005019000
5980,05019000
598,05019000
753.833690C0
753.83369000
753.83362000
753083369000

A C E TlfONaNaiC

KT=
NUS. NUMBS
27090968100
38.01336700
45069725300
51.1330270C

560239663700
61.,50869900

1126,06940000
PECo NUME.
121. 77450000
218084115000
347.61567000
437-.68231000

559663332000
10540976000

4526859320
1.00958530
1:94894640
3042508530
5006417460
1,00C00C00
2023650590
445071420
5047634330

SUBCOOL s TERMo

1.000C0C00
18 CO0N0L00
1.000n2200
1.00060000

1.000020200
1.0002C~00

© 00

o o0

e Qo

o C o0

(SN vl

0 o o

0 6o

oo o

o 08

o 00

a9 w

G 0 o

T 00

o 0 G

c o0

29 0¢C

o Q0

oo

179

170
183
185
187
1 O
£93
196
198
105

RUNeNQOo

202
203
204
205

206
2007
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TABLE G-2 VERIFICATION OF PROPOSED CORRELATION USING RUNS OF TABLE G-1

NUS EXPER-
8.87310253Q
6% 572238500
50811918000

11,097394000
80323046180
4, 955815500

14,418831000
Te5371Fk6Q00
5:086397

16,777164C00
b 4 398242?"’
4o 966H6597

"_),

19.88594500
150 074693”53
7 169f0L7 o
025240550 C
210JJﬁ44{ 18]
100473486"*0

£.0023485%
Emen? 4 %Oilé""‘
(_.:.c 562 ?\"KF)k a0
1 446783690
A egd 4il=Q 1 90 (T
22 %1350
141530778600
10673292574
o 4TRBTSLS

635829750

-

T

" TN S e (e e A

NUS EXPERe
30824222000
19, 448557Cn0
L4 65587 7GCO

10.415 3440“
39.,660655N
25o442684?35
1694048000
12,488761000

NUS CALC,
8,578989400
6,74842020C
5,318562800

12,19493800¢C
Q96246767300
6,083122900

PesT7415250C0
8,808797700
6.,6471081C¢C

18 M5 EBEC 00
B 182423000
6,388C16000

2172300800

11, 888883000
Bo649014900
6o ”179173“0

2305 0880089

1l , 4999070 D”

Te 769739508

60296549486

24, 613143000

2ot IBG0H

n 285577607

119553000

NUS CALCo

23,034118000
17,376252000
Ba, 3365037000
11,148830C07
30,882439C00
22,225676700
16,76560500"7
18 787983000

PERCENT - ERROR
2,399896800
2061054700

~9, 276099900
8599996500
9.,989666300

18,543228008¢
8. 4025 78560

T4,4636495000

23479547000
Pas89251900

. 760548000

22250298000
I Pe 718 (00
Go 66T THRLTOD

. L.E 7285002

21493855000
B 51 AG3F50
85925472900

22.6585 7518000

23459 26 (RQ0H
8. 2 A2 41 G0
66 FCELTIO0

21055364000
Q. 3412808610
3207033600
B8 2Q6# 5700

14464870000

QM 31112000

PERCENT ERR”h
*11 326.
= A e )

65579040170
=200 43 293 F0 05
~14.4T74286000
-1,043058000

g ) L b6 f.f--:,;'\

?SOOf



44,966068000
2606413377400
160566445000
14,883689n00

A CE T OGNE

NUS EXPER.

27909681300
38,013387017C
45,6972920G0
5L 133027200
56.306637NC0
61.508699nn¢

35,651483000
23.,839251C0n
16,899072000
15,234646000

CALC,
200,169359006

28, 6705290C¢

37.386695000
43,45638500"
50,36L697000
57,865960700

181

=26.126781000
©211.754085000
1.968315100
2030367670C

PERCENT " ERRGR
=88, 5 6638B000
=32 .586904000C
-2.P, 2287906
R17.668F164000G
217,9831940090

=62 95182705
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TABLE G-3 DIMENSIONLESS GRCUPS OF SOME EXPERIMENTAL RUNS FOR
BINARY MIXTURES

27050 WTo PERCENT WATER - GLYCERINE

XAM= o660 YAM=1,000 KC= 1'#=339T =830
KT= 2554875571000
NUS. NUMB, PEC. NUMB® SUBCOOL., TERM. RUNoNOo
10034606500 /_15 61 8000 0Q874‘315(\ o000 o ce 066
Q45T MEL G0 MALS, 6P 798000 I I8 5900 oo soG 6 7
FoT381 72800 gl 561 798000 130118440 oo oo0o 068
5¢99TUB54Q "R15,61798000 2.61483730 coan 000 069
564047560 "218.,61798000 3,52873820 °on 000 70
5033515080 215.61798000 4519221900 ooa o5 071
5.06118360 215,61798002 4,84318140 suo 34 (a7
4096720940 215,61798000 D E2SIEASE T () oo sao0 i ]
13 EELE500 823,59 89000 100000000 604 ace (63~
1195930200 323,5972290C0 1.2503701¢C soo so0 C78
9.62478080 323,59729000 198896190 sao xy 0 il
T.65T7T86370 323,59729000 3024051269 coc oae 680
6c8TP4BIBC 3123,5272900C 3.941E84900 soe soo Qe
6e1B295430 . 303659729000 5oL¥ 92200 sca Ao ng2
5.5 928200 " 323.59729000 €.14510610 cec s0a n83
5.214160720 "8 2%, 59728000 Ta49710490 Y 500 N84
584180043 1340627000 1 600000CNH @00 aea 087
14, 1708380 "GB1.HLE627660 1435051810 aoa 060 088
11.56405800 431.40627000 1e97644340 e0o0 aos 689
9.094068560 431040627000 3.36599770 ) sco 090
8-‘341967?8(" 431:;40(‘;’7_": 3095@3(‘75”‘ 00 [SIE- -} 091
743403760 43140627000 1o 65584800 oo o soo (5
626314247C 431406272008 " 6. 02503210 o000 oo d (93
6021352400 G31.40627000 T2 OQWT 920 0oa suo 094
5. T4655670 431,40627000 8.61125190 dR ach 095
17.73891600 539,24547090 loCOOROHON °oo oao 324
1614853100 529,21527000C 1.30044410 60ec ono 100
14,10564400 539,2152700¢ 1.80118440 cos oao 1@,
10. /9049200 539,21527000 B 77H?Q’1“ oo o o0 o 102
10.0065680C 53@021?970"” 2.86673800 aag 60ca 103
B.80277030 539,2152700 40¢3r662)0 cso a0 104
FafT919230 5394 ’lg?7“"“ 5698236550 s0o0 oao 105
Fal7162920 53%2,21527000 15910510 coa soe 106
Ga 42396960 539,21527000 Boa76147390 050 o= 107
607402570 539.,2152700D 957517690 0o 600 108
5.87587700 539,21527000N 10.52658300 oo 0a o 109
19005380300 64719458000 1.0Q00C00" @0 san 132
17:73145800 6£47,1945800C 1,30C&4410 oo 660 it

16928(3820C 647.,19458000 1.55081420 0o oco 114



86,00 WT,

12,77470909
12,32647300
10.35151300
9,03677170
7065786370
702609020
617000240
6021090830
5.97965120

XAM= .969

KT=
NUS. NUMB,
8045048290
6098303350
6.40750860
5.324967130
5.026658020
4.94138380
4075986340
11.43902600
7095532290
6086341580
6616257390
5.81452150
5.50368240
535220500
14,67455600
12,28028600
0011427490
8015823190
6078211620
5.862448710
5.515967808
5.12803180
1715492700
140.58168800
1319609800
11,08873600
Q.65674740
8055230960
738313320
6245207430
5091545210
555492870
5,07189120
19.23264900
17.95047200
15.,98329700
12, 72851600

PERCENT

647:19458000
647,19458000
64719458000
647:1945800C0
647219458000
647:,19458000
647,19458000
647,19458000
€47.19458000

YAM=1 5000 KC=

204,08842000
PECeo NUMB%

¥ 70m2NM 34 106T
E7Q. 273241000
176.,27341000
170,27341000
179527341006
Y70:27341000
17927341000
28554461000
255.54461009
255,54461000
455254463000
255054461009
255054461000
26554461000
380, 68432000
34C,68132000
340 681320C0
340.68132000
340.681322000
346,68432000
30,588 132000
34068132000
425,818020C30
425.818020T0
425481802C00
426,81802000
425.81802060
425,818@2000
425,81802004
425:.8180C200C
425,81802000
42581802000
425,8180200¢0
511.08223000
511.08923000
511,08923000
511.08923000

2091533140
3.30340519
4.59281130
5070695840
750962330
8088665910
1061421200
10.8771010¢
1181598200

WATER = GLYCERINE

1.C3083470

SUBCOOL. TERM,

1.07722550
157919490
1.86879230
2,9306497n
3285736160
4,51378250
5017020340
1.09653240
184948580
2: 48860030
329747320
3a9Q250%10
4686129950
5663355540
100000000
1.38612290
2.08116380
2088203670
%5 282 104503
56 13009187
£.5216582¢
Te96964550
1.,00C00002
134751690
16598501 40
2004255080
267966520
8-,76082919
Lo THBL4TETCO
& e NB R 3I0P2AN
7229391810
809349704C
L0, 3057300
lo2000CAGCH
109653240
1,38612990
190740530

208

09 o

009

o 0 o

200D

092 o

000

IR

oo

(S I -]

Qoo

co0oo

0 ¢ o

0o e
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115
116
1L
118
119
120
121
122
123

RUNoNO o,
204
205
206
207
208
209
29¢)
215
216
287
218
219
220
221
226
2247
%28
228
230
247
72382
233
s
238
239
240
241
242
243
244
24D
246
247
249
250
251

75



1174611400
10.,11659500
8053741990
757649800
660441890
6.08755160
5051234940

100 WTe PERCENT

XAM= 034
K=

NUS. NUMB,
12,04776100
1092445500
7.788363200
654126940
5005320810
4097075450
14.88541800
1086342400
966293740
E-24836390
6057429160
17.,01193000
14.89731800
13.37489600
1047273400
9.,07013530
7041500170
046649260
6.03819970
1567942200
3,24655800
10.552%8000
8:.4567705C
7219968850
642673760
21.624085800
2055468300
18021494000
15661153700
13.68847300
1220116300
9.58193120
8,21659830
716606410
6256485130
6034363730
5096526580

511,08923000
511,08923000
511.08923000
511.08923000
511.,08%923000
511.08%923000
511.08923000

WATER —

YAM= .005 KC=

2239288000
PEC.,. NUMB.,
217:18504000
217,18504000
21718504000
21718504000
2¥als 18504000
21718504000
325094911000
32569491100¢C
325,94911000
325694911000
325094911000
434,54763000
434,54163000
434,54163000
434,54163000
434,54163000
G424, 54165000
484,54163000
43454163000
542,61950C0¢
542461550000
B42 . 8L 950000
52451950000
rf? &l 58000
«612350000
”?ﬂZB;O

(93] ‘\)‘I

9.1 *Qb7339(
1.898230G0

189823000
1o 33"1 )'%R".JC
1.8982300

1 uowpanfp
1.89823000
1.89823000

ETHYLENE

2646729380
3622024720
4045586300
5047910740
6063749720
8:68398600
10.61463500C

ol SO S 70

SURBCOOL 4 TERM,

1.0000000N
R TSI
Jog BB 6555 10y
2026543000
3,24490910
347781030

« 98706110
1.64436000
199241800
2049444950
347004690
1a0116450"%
L2 7 8 18G50

«a56931410
234306370
2.89814500
383621940
L,56338880
b6 23233300
1 o "\8494’380
2.0545250€
2289814500
3.8530401
4o 74582810
5:54804350
g 00000 00
le 39962990
1La35840910
1795 T45R0
2028225060
2.82827460
30 B8655TSO0
476523660
5463344050
640848300
095192200

To76T7C7480

GLYCOL

© 5o c

000

Q6o

e g

e 60

O oo

o 95 0

o o0e

0 0 o

L

o0 e

© 00

o 0

o G o

© 0o

900

o o

QB0

000

200

2900

C .0 0

o0 06

S ao

@ a0

o0 G

000

o3 g

oo

00 @

¢o o

850 ©

¢ oo

& uo o

o oo

L I~

o e o

o e o

LB = -

0 0¢ao

@gco

260

09

o Do

o 00

o0 0

c a0

Qo 920

o 00

0 00

9 B0

oo

o oo

o n o

o000

o 00

0 o0

0 oo

06 o

@ 0 0©

© 00

o Qo

9 00

184

253
254
255
256
257
258
259

RUN-NO
001
002
003
004
Q05
006
009
010
9=
012
N3
olL7
018
619
020
Ol
022
D23
024
029
030
831
032
B33
034
038
Q39
040
041
042
043
N4y
045
046
ngv
048
049



29080 WTs PERCENT

XAM= .594 YAM= ,032 KC=

KT=

NUSe NUMB.
8,38160860
760553440
6.82224000
605750510
5.38974880
10.27287700
911793890
774337560
6.81828210
631529390
155‘ 308590
3538530
5o33194360
11.67218900
10.40154500
2.0697798C
8:02463000
7023346940
6243982830
12926807400
11.861845500
10,8112790¢0
Bo 60193030
8:,.02399670
7032676990
6.967%21140
14.30099000
13.17085500
1213332000
10.79461700
8.95890510
8447830390
720221400

261,1312300C
PEC. NUMB%

225,11540000
25,11540000
211540000
a11540000

(3%}

L

5
5 oML 1 57n0
7o GH0Q2 OJO
3 Te 85092000
Ta 85092000
7885C92000
TaBH092000
785092000
837.85%5092000
233785092000
450.40861000
450.,40861000
450,40861000
4504086100
45040861000
45040861000
296632000
56296632000
262.96672000
262.96632000
562,96632000
562.96632000
562,926632000
675470184008
675 0184000
675u70194000
Taed 0184000
T15a70LBLTOG
u750?018’“CC
675, 70184000

W) w0 L pooN
LOUJKQM‘Db)Nf\)M

B7.40 WTo PERCENT  WATER =

XAM= 823 YAM=

KT=
NUSe NUMB,

8439776500
7060924260
6038097940
5074740710
5051281900
1120937020
8.53485390

=083 KC=
22757872000
PECa NUMB.

204,7636300C0
204, 76363000
204.,76363000
20476363000
204, 76363000
30730719000
307030719000

1

1o

1

<

WATER = ETHYLENE GLYCOL
25031688000

SUBCOOLs TERMa

200000000
32269540
0 17446890

2461347700

4,1753228¢0
100000000

1

4

5

6o

6
1

256794390
34241280

3.28468350

652383380
«85333890
63490020
0 B7305640
« 03872340

159375950
2:30368940
2033631470

4
&

1o
lo
2o
3¢

4
6
6

1

«H6255730
033092820
Q0000000
F93 TR0
04553300
98170560
283362140
0253481390
«8988721n
e™Q000200

1650340480

.’
4
:':J
E!

ERHYLENE

(_

JO?IO/OFI{]

2001971740
0 4I3T7616C
78199010
«633906 10
e 47271420

106.,38296000

SUBCOQL. TERM,
1.163626%90
ls639144Q0

a4-‘2'~421"

5.1RBE84897

1
1

168362480

~
LRV o fo )

e 909812400

£\

GLYCOL

90606

G o0

2 0D

-3 -]

oo

@ 0o o

2900

o 8o

¢ oo

2 00

0 06

© 0o 3

[T}

€ 0 0

o oo

coa

LB - §

Q00

2 0

o c 0

efin &

v oo

@00

oo

& 00

[<BR -2 ]

3 0e

4 90

206G

o n o0

185

RUNoNOo.
L)
174
175
176
17
179
180
181
182
183
184
185
186
187
188
189
120
191
192
193
194
1®5
196
197
198
99
200
201
202
203
204
205
206

RUNoNOs
257
258
25
260
261
265
266



7.03015370
6011164170
5.73687130
5035778270
11.58149200
11.02999200
9023879680
7489006750
6068622180
6075586990
5096106210
5046849540
13,24575800
12.62679700
1052779700
9008789690
7.69108560
6084662460
6523569560
14.47877000
11,80792800
10.01001400
8054985370
7.51911370
660090410
5099121510
5. 75723890
5.67662380
5.61762920
5049702450

38050 WT. PERCENT

307.30719000
307530719000
307.30719000
307.30719000
409.,68901000
409.6860100¢C
402,68501000
409,68901000
409.68901000
409.,68901000
409.,68901000
409,68901000
512,07083000
512,07083000
512.,07G83000
212.070830C0
51207083000
512.07083000
512.07083000
614.61439000
614461439000
614061439000
614:61439000
6€14,61432000
614.61439000
61461439000
61461439000
614.61439000
614061439000
61461439000

XAM= o680 YAM= 780 KC=

KT=
NUSo NUMB,
15.,62121300
B.76851139
647708830
5038818660
19.03503800
12.41770700
1071602100
8.61108880
6.88887120
588074340
20042774100
13.04508300
9632173230
742085580
6051111880
6201593650

26292500000
PEC o. NUMB o

240,65270060
240065370000
240, 65370000
240465370000
374,56585000
374,56585000
3740,56585000
3764,55585000
37456585000
374.56585000
481630741000
481630741000
481.30741000
481,30741000
481.30741000
431630741000

3,06169900
4:56706660
50581553560
7046690030
1019635220
149088070
2022720180
3.33986480
4092704590
5.22157430
T.0541T9580
7003408140
1.00000000

3022532600
«92704590
643241350
71079051680
1.13090150
2019447630
3033986480
4079614430
618697310
826503490
10.27764600
1091579000
1158666000
12.61751000
1441740600

E

WATER® & ACETI'C ACID

1. 05915420

SUBCOCL s TERM,

100000000
2:39059440
3073584350
209620760
Ls00000OCCD
2022432770
2084404920
3.90211020
5:45897140
7037859640
1,00000000
2055686120
4.09860720
626007480
71050762690
958540940

© oo

G oo

Q0

o 2o

¢ Qo

o006

o vo

o0 ¢

o002

o 0o

@ 00

000

Q0o

00 o

& 09

o e

¢ oo

c oo

o o Q@

o 00

c ao

o 6 0

o e

9 e

G 00

9 00

e 0
Lol <4

© 0o

¢ o0

o &o

000

o 0o

© 00

[~ 3 - I

ceo

L oo

o ¢ a

G 0 ¢

c 0o

Q00

[ <« J

[ e |

c oo

o004

o 0a

o 00

186

267
268
269
270
23
274
295
276
2177
278
279
280
283
284
285
286
287
288
289
2%
296
B9 7
298
299
300
301
302
303
304
305

RUNQNOG
148
149
150
151
154
155
156
12
158
159
162
163
164
1685
166
167



2341748500
18,07509300
11.82524700
818201240
7045101800
691957700
6029635690
26087010300
18,98616300
15052340100
11.07584600
9.27559280
7.90505660

12:25 WTo DEREE N

KT=

XAM= 041
NUS. NUMB.
537797650
787175790
1036107500
12. 83915900
1444401200
16,0983530Q¢C

70040 WTo PERCENT

XAM= o42%

KT=
NUS. NUMB,
12,52733000
17.38295800
27205180400
25024479300
2B,92595100

32025626400

61541363000
61541363000
61541363000
615641363000
615.41363000
615,41363000
615:,41363000
17572005000
T75.72005000
7175.72005600
175,72005000
i 750 72809 RICO
B S/ 20050040

ACE TONE

366665756000

YAM= ,027 KC=

PECo NUMBo,
76039045500
13728139000
213,67185000
274456279000
35106396000
442:,51109000

ACE TONE

viive Jo31 © k@s

933,47204000
EBC. NUMB.
10502983000
1 8B &S 2 TOHD
R, FU9L 1000
\770%QPJRUO
48 WG 8 CEQADG
S 3-\,&.] 7(3F}G )

- 00000000
1 90690940
4.00791630
704606290
8.02854820
9614706980

11 .,08180 006
1,00000000
2037547930
3034284940
5.80662000
7649951770
9558540940

- WATER

100748530
SURCOOLs TERM,
1,00000000
99951900
1,0000000
1o OCOOGOEO
1.00000000
1.20000000

B WATER
6005652540

SUBCOOL. s TERMo
Io\ alete arelole.
JQQJD 700
1.20000000
1s00 000000
99163400

L" QOGN CQ

o 0® o0

o ® o

c oo

o Qo

c oo

6 0o

6 Co

00

coo

e oo

oaco

20

S 00

LI ]

cQ0aQ

c 00

c o0

o006

20 0

000

o 0C

& 0 o0

0 o0o0

o co

c 0o

c € o

0o 0o

o009

o ¢ 0

o o

O Q0

o ¢ o

c e

D oo

o 0D

187

169
170
il
172
e
174
i s
176
17
178
180
180
181

RUMNsNO.
001
002
003
004
005
006

RUNcNO
025
026
D2V

28
029
030



188

TABLE G-4 VERIFICATION OF PROPOSED CORRELATION USING RUNS OF TABLE G-3

27050 WTo PERCENT WATER = GLYCFRINE

NUS EXPER. NUS
106346065000
96 45776686
7.738172800
60593795400
50640475600
5,335150800
5,061183670
4967205400
13,07¥Z95000
116959302000
9, 62478080
72657863700
60871481870
60122954300
56576262000
55214167200
15.8492180%0
14,170788000
1165640580
9.0940655°C
8641967380
7o 434037600
506314247N¢
6021352400
50 W4 65567
1773891600
16, 1%8533C"
14010564460
10.790492 ¢
10,006568¢ "9
8,8027702310
7779192303
Tal 16292230
60423969600
6.074025700

o

i

Ll s

>

()

£

5.875877050
19,053802n70
17,731458000
164387382000
12, 774709600
126326473070

CALCo,

Bl 2I878EC00
10283561000
8:s3067526C0
6,894201300C
5,934725200
5.4448811C0
5. 065746 670
4, 874246700
14,223358000
X2 sl T8 T HCOG
Le 08590 TH0S
7.900875905
70163944100
6 o 35, fRissT Sy O
5o P3RE 95 Ll
5199640300
L&, 90IF2HBACQ
llwm,_\54—3’30"‘“1
12.022336¢C
00212429805

Bo,49948410n

70592280400
60 3460C8 1G]
692948 %4 367
5ar21676’“,
94 321 267906
1659437923C’
14,397 18060
L Zi8 20 30002
9,886166B00
8o 1o L Q2T
) 8 2160
€21496000
o DR ] 7 20
0 244290500

[FARNOAREN |
o

5.9554271Cn
21l.558h 82000
18,904897C0
LT 03 LT 28GR0
1 2 w6630 R0NC
11.86149101

PERCENT

1

HET = | o

ERROR
70§ 79085500
80030243600
60844790300
45357375500
45958059800
2,015292800
0090450296

1. QT 228,800

800962807ﬁp
9T7SL06200
4 566289300
Be 0T5TERTO0
4.,082420100
20683486800
24813558200
o 3?39047:.\
6022 T 218400
28565458500
3,811888100
1.284832500
9394801688
2. N84 259000
8o 704500
D A6

o ©

= MY
T

5 Ik.)

o o

o 13

gl |
O”:Q

o o
B I A I S ]
2 X
)

e
N Ba
-~
b
U= .1"_"*-

N}
6 NI W]

amln) B2 Ny D
WL
3
B
h
£33

)

a3
i g

ob905*2d2;
1590847200
2o T 2B 2T 700

335758100
1618477000

le
11
&5 20T063TCC
C.

cﬂ“04207av
17534770
309200973r2



10351513000
9,036771700
70657863700
7.026090200
66170002400
60210908300
50979651200

WTo PERCENT

NUS EXPERw
8o45048290:0
6,9830835%0
60407508€:70
54324961370
5,026580250
4,941383800
40759863400

Tlo 4390260800
1% 983322900
6863415800
6162573900
5,814521500
5,503682410
55302245000

14,674556070

12,280286n7¢C
96114274200
8o 158750970
G, 782716210
50862448170
20 51 5GE AL
5l 2 S O8pt 200

1% o 1Bl © 20080 O

145816880

13, 596@89 80"

11 083 730
Qe b5688 74
8.55230967
Ts3831352
50452074237
591549210
50554928700

&)

O gl GHTD

5,071891200
19,232649C00G

17.95047200
1B 983297000
12, 728516000
11,7461140C0C
1i8rg 3 LES95006
Bo 537419970

=

10,05960600°7
9.02%39090D
70867G3770¢
7,231876907
6617232900
6536777400
6271698700

~— GLYCERINE

CALE S
B8,652499800
7 0.1 k6232600
6.,569228800
5,245816000
U o5 8285 8 200
4,226926400
3,949491800
0941480000
o H42L4832400
0265806800
a3 0P SRS 08
s 134082307
o ISP T T R
o8 A2 01
a1 49 42 GEC
o DG SO BT
&3 T76244070
VB 05 27 200

579414700
«BBTATO6LD
a2l 3455080
0 B22TE6IE0L
¢ 5647 100
LG 08 S 2000
o AN 580008
g330673002
« 20825030

8. 026004900

T ooy 5 R i

B 3255620500

5o 163 IR0

520708640

4848438807
17.366196000
L6, 5840 BAn
Ll o 75036 6000
L2 574283525
11.,05590662

Qeb T 7433207

Bo 226950900

1

—t
WO POy = 0O

o

L5 GO

AN

N e
00 £ M W N

~20901773600
-0137192630
2.658866100
2845550300
6.758572700
40985164400
45656593200

PERCENT BERR@R

20334780400
20283708200
2461783600
=1,508721500
-%9,931681800

=16.9025870C0
=20 5H8 36000

~4,547337208
a5 7292 3908
56538146120
2328928 300
-1.402826000
o 91139/ 700

=104875948080

~7 o2 723 7CT
=6,1926790C0

3c4286174T00
=i SS9 1 380200
=3, 08990 3360
2207 2F 55 71RE
~3:462958800
~6,0 3239604400

=1042 16168000

R TELE9007)
=7 5l P15 G 6akt O
—ilw 811 86 447 9 00
=% 561665800
—~6 o G5 PGB8 00
230328062000
R 51333100
~2.643161600
~6,680173500
~4,60BT749500

~10.747621000

—-8.238506500
~8,358646800
—10226574900
~6,2428895C0
—4.,5380007C0
35 7738039CC

189



1,00

7.576498000
6.604418900
6087551600
56512349400

WTo PERCENT

NUS EXPER,
12,0477610C0
10924455050

Te 188363000
6541269400
505320810
4o WITOELSL520
14885418600
10,863424000
96662937470
86248363900
66574291600
17501 E9308C0O
14,897318000
13,37489605C0
10.4727340C0
9.070135300
70415001710
66466452600
6,038199770
15,679122000
13.,246558000
10, 56268000
8Be456770500
o199 6025
62 6 T37600
21e6240G8B8020
20554688540
18, 20 4940070
15.,61153F020
13,688473000
12,2011638°0
9581931 208@
8.,21565983120
TolB6066100
60564851320
6343637300
5,965265820

Te 419077700
£.740662600
9893120000
5,330308200

ETHYLENE GLYCOL

C A o
10,701040000
10034982000

£o,076234900
7.10)691600
54940525000
5,73816590C
13,741870006
10,646809000
9,67225290¢
Bob44315300
72329093007
16,129941000
145349919000
12.950661007
10,59875200¢0
9,5298646800
20283141400
72594569400
7,092497907
14,724225005
12,932111007
10, 88842900¢
94443292300
8,50881930"
7:86264860°"
206693594000
19,733890%300
17,75499900"
15, 442354500
13,697508000
12,304819000
10,5246130069
G 4796831C1
8, T1864800C
8, 174444900
70848443707
7.42518580¢

=2,121831100

2021221100
M2 302981 00
©B3,415209600

PERCENT ERROR
N12.584954000

=5.8837229C0
3,564431900
1099503300
14936674000
1343738090QC0
™8 .3216330C0
=2 x034553200
2096311584
4,58048300¢C
10:298%0I0EE
=5,46802370C
—30,8146487C0
38275778100
1,188989000
4,824112500
10.4808020020
14,853729000
14,864977000
=66485210500
=2,431521000
2o 29260 TEE T
10, 446799000
15,385634002
18.335138000
—4:4965316C0
B4 od REB 31800
~-28904 8380
=L F0955 THEZ A0
-« 06BB87213 1]

o BL2401667
8.,986%927900C
13824124000
17807529000
19.690555000
19, 1732309600
19,661730000
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29,80 WT,o

NUS

NUS

PERCENT

EXPER
381608670
76605534400
6822240000
66057505100
56389748800
10, 272877060
901179389020
T 743375600
60818282100
6643152939G0
5,5830865900
56435385300
5331943600
11672188090
10401545000
9,069 7T79E(:0
802463000
T0233469400
6439828300
12,968074000
2l 6 1845H00G0
B0.811279000
B8,601989300
8023996700
7« 325195900
636 F9 281 G
14,300990000
T3:; 1 ROE560:00
124 133320060
100794617FF~
Ba95850G510C
80%78303953
TE¥022140€58

s PERCENT

EXPER.
8239776500.C
7.6092426
A ’2,.30 "/410
5.74740710

0512819060

11209370000
8534853900
1030153750
6111641700
5,736871300C
54387782700

WATER =

NUS

WATER

NUS

ETHYLENE GLYCOL

C4l.Co

10,432473000C
©.07104690n
7831647900
64532441070
5. W0584 7900
£3.,310085800
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