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Abstract—Pool boiling data were obtained for pure n-propanol, pure water and eleven of their mixtures at
atmospheric pressure. A horizontal wire with a stable surface was used for all the experimental data reported
here. The test section of nickel-aluminium alloy was 0-03 cm in diameter and 7:26 cm long. Its surface was

stabilized by an annealing process and by prolonged

boiling. All the data points obtained in the fully

developed nucleate boiling region were correlated by the equation

AT = (AT;x; + ATyxy) [1 +(x

-6 &)

In this equation AT, AT, and AT, are the (T, — T, differences for the mixture of concentration x, for
the pure component 1 and for the pure component 2, respectively, required for obtaining the same heat flux.
The correlating equation has no empirical constants but the knowledge of the boiling curves for the two

pure liquids, obtained on the same heat transfer surface,

is necessary. The largest deviation of the predicted

coefficient from the experimental value in this investigation, was 16-6 per cent.

NOMENCLATURE AT,,  apparent temperature difference for com-
SI-system is recommended but any set of consistent ponent 2 r o
units may be used except in equation (1) in which the x mass fractlf) 0 in the hqx»nd phase;
temperature is in °C and x; and x, in mole fractions. *1 concentrat_xon of the lighter component,
mass fraction;
A, a constant in equation (1), X3 concentration of the heavier component,
C, specific heat; mass fraction;
_ /__ d Laplace constant (characteris- y*, mass fraction of the lighter component in
(pL — pg)  tic length in Nusselt and Péclét equilibrium with the liquid phase;
numbers); o, thermal diffusivity;
D, mass diffusivity; . density;
E, constant in equation (2); o, surface tension;
F, defined by equation (6); Af, defined by equation (10);
ds acceleration of gravity; K P .
hyp  latent heat of evaporation; ' [gotp, — pa)]°>’
I Jakob number, in pure liquid, equation (4); hd
Fon Jakob number, in mixture, equation (7); Nu, —_
k, thermal conductivity ; ky
P, pressure ;
0, heat flux; Pe, 2) Eﬁ) &> d.
R, radius of a bubble in a single component he/\ po/\ kL
liquid ; .
R,  radius of a bubble in a binary mixture: Subscripts
:, time; L, liquid;
T., wall temperature, absolute scale; G, vapour.
T, saturation temperature of a liquid, absolute
scale; Abbreviations
Town saturation temperature of water, absolute NPA,  n-propyl alcohol;
scale; H,0, water.
AT =T, — T, apparent temperature difference;
ATy,  apparent temperature difference for com- INTRODUCTION

ponent 1;
249

PooL boiling heat transfer coefficients for binary



250

mixtures may be correlated by either of two recently
published correlations [ 1, 2]. Stephan and K6rner [1]
developed an expression for the Gibbs’ thermodyna-
mic potential for the formation of a vapour bubble in
a single-component iiquid and in a binary mixture.
An examination of these two expressions allowed
them to conclude that the energy required to form a

Yt fuancti of the
vapour bubble in a binary mixture is a function of the
ap

mass transfer driving force (y* — x). Subsequently an
empirical correlation was developed, of the following
form

= (ATyx; + ATx,)[1 + A|y* - x|] (n

in which 4 is an empirical constant different for
every binary mixture. AT AT, and AT, are the dif-
ferences between the wall temperature and saturation
temperatures of the mixture and of the pure compo-
nents respectively required for the same heat flux.
The authors stated that the value of A can be regarded
as constant for the whole range of concentrations in

vanour-liguid nqnu

the case of mixtures having a vapour-liguid

10 Case O IMIXTUres aving a

librium relationship approaching ideal behaviour.
But with the mixtures for which this relationship
diverges considerably from ideality the assumption
of the constancy of 4 is a major assumption.

Calus and Rice [2] correlated their pool boiling
data for several binary mixtures by modifying an
existing correlation for boiling single-component
..... ida Thair carrala 4»1',\“ ha thn fayvrm
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In this equation E is an empirical constant depending
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n the surface-liquid combination.

The object of this work is to show that the value of
A in equation (i) may be defined in terms of the
physical properties of binary mixtures, and that it
varies considerably with the concentration of a
mixture. The correlating relationship is verified with

experimentally obtained pool boiling data for several

mixtures of n- nrnnvl alcohol and water. Thisg ]’\ln)ry
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system was chosen as an example of binary mixtures
having a highly non-ideal vapour-liquid relationship.

THEORETICAL BACKGROUND

The analytical work of Scriven [3] on the subject
of vapour bubble growth in single-component liquids
and binary mixtures, and the work of Stephan and
Korner [1] and van Stralen [4] on nucleate boiling
of binary liquid mixtures provide enough information
to define the value of 4 in equation (1) as a function of
the and of the
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Scriven [3] developed a relationship between the
radius of a vapour bubble growing in a superheated
infinite liquid and the time and the physical properties
of the liquid, by the equation

N\

7 \o-5
12\05
R, = <7) J, £0s
T

where J, is the Jakob number for a single-component
liquid

3

Crp, AT
Pe hfg '

He extended this analysis to binary mixtures and

obtained a relationship (equation (72) of the Scriven’s
paper r'ﬂ\ which transfor

form is

~ /1 )0-5
i (@3 AT

) G

Taking note of the definition of the Jakob number,
equation (5) differs from equation (3) by the expression
in the square brackets which it is convenient to
denote as

4

rmed into a more convenient

—
N
~—’

Pahy,
pLCy

' /7 N0S S\ and
1+F=1+(x—y*)E b LY (6)
D hfg dx

It follows from Scriven’s analysis that the factor F
defined by equation (6) acts as a correction to the
apparent temperature difference, which is defined as
the difference between the wall temperature and the
saturation temperature of the bulk liquid mixture.
However, the effective temperature difference driving
force for the evaporation of a two-component liquid
layer surrounding the vapour bubble is smaller than
the apparent AT. This liquid layer, due to equilibrium
evaporation, is richer in the less volatile component
and therefore its saturation temperature is higher and
the temperature difference driving force is smaller by
a quantity Af. A8 is the difference between the satura-
tion temperature of the liquid layer around the bubble
and the saturation temperature of the bulk liquid.
Therefore the effective driving force is (AT — Af).
Van Stralen [4,5] suggested using a modified
Jakob number in equation (3) to account for the
diminished temperature difference driving force. The
modified Jakob number for binary liquid mixtures

has the form
pLCo
I = — (AT

— Af).
thfy

,-\
3
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With this correction equation (3) for a bubble grow-
ing in a binary mixture can be written as

12 05 (at 0-5
R.=|—) =—@AT-46 ®

n Ps hyg

pLCL

Equations (5) and (8) define the same process in a
binary mixture and therefore if their right hand sides
are equated the following relationship is obtained

AT
AT — Ab = )

a\%® [C,\ AT
T
/g,

which can be abbreviated to

F
A = AT ——

1+F 10

Thus equation (10) defines the lowering of the apparent
temperature difference driving force in terms of the
vapour-liquid equilibrium relationship, the trans-
port properties and the thermodynamic properties of
the binary mixture.

1t is proposed to assume, as an approximation, that
equation (10) is valid also in nucleate boiling on a
solid surface. Making this assumption we ignore the
fact that a bubble growing on a heat transfer surface
is situated in a thin layer of liquid having a temperature
gradient and a concentration gradient as well. But
these gradients are not as large as they are in a non-
nucleating portion of the boundary layer because the
process of heat conduction to the bubble lowers the
temperature of the surrounding liquid and of the
heat transfer surface itself.

Stephan and Korner [1] considered the relation-
ship between the temperature difference driving force
required to obtain the same heat flux with a binary
mixture and with each of the two pure components.
They provided experimental evidence that the AT for
a mixture varies linearly with the concentration if the
vapour-liquid equilibrium relationship approaches
ideality i.e. the mass transfer driving force (y* — x)
is very small. They concluded that in such a situation
the temperature driving force can be calculated from
the relationship

AT = ATyx, + ATyx, (11)

where AT, and AT, are the driving forces for the
pure components and x,, x, are the concentrations of
these pure components. Their thermodynamic analy-
sis proved that the mass transfer driving force
(y* — x) is one of the more important factors in the
determination of the Gibbs’ thermodynamic potential
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for the formation of a vapour bubble. Hence they
developed an empirical correction factor [1 + A|y*—
x|] to be used as a multiplier in equation (11) to
correct for the non-ideality of the mixture. Thus the
correlating equation (1), quoted in the introduction,
was obtained in which the value of A4 is a property of
every binary system and an absolute value of the
mass transfer driving force (y* — x) is used. The
authors themselves indicate that to treat A as a
constant is a minor approximation with respect to
binary systems approaching ideal behaviour, but it is
a major approximation in the case of binary systems
highly non-ideal.

There is no doubt that the relationship defined by
equation (11) is correct for ideal mixtures but it is
necessary to define a more precise correction factor to
be used with it for non-ideal mixtures. The temperature
difference correction Af# defined by equation (10)
and having an analytical origin is more suitable for
the purpose. Thus the effective driving force for a
binary mixture is

AT = AT;x, + ATyx, + AD (12)

the meaning of AT, AT, and AT, being the same as in
the Stephan and Korner correlation.

Substitution for Af@ from equation (10) and re-
arrangement of equation (12) gives

AT = (ATyx, + ATyx,) (1 + F). 13)

Insertion of the expression for F from equation (6)
gives

AT = (ATyx, + AT,x,)

e 5]

It should be noted that all the quantities in equation
(14) are based on the weight fraction concentrations.

On account of the approximation made by applying
the factor F in a situation more complex than that of
heat transfer to a bubble in an infinite fluid, it is
essential that the correlating equation (14) should be
verified with experimental data.

Comparing equations (1) and (14) the following
comments should be made: the empirical constant 4
of equation (1) plays the same role as the expression

6 )6

in equation (14). Its value changes with concentration.
The mass transfer driving force in the correction
factor F is used with its own sign, the factor F having
a positive sign as the quantities (x — y*) and dT /dx
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are always of the same sign. The discrepancy between
the expressions [A|y* — x[] and F is quite large for
highly non-ideal binary systems as can be seen in
Fig. 1 where these factors for the NPA-H,O system
are plotted against the weight fraction of NPA in
the mixture. If an exact value of the ratio [A]y* — x|/
F was required a slight re-adjustment to the numerator

o5

Band F

04H

03

o2

0TI 62 03 04 05 06
X, wt fract NPA

o7 08 09 0

FiG. 1. Variation of correction factor B and F with concen-
tration of NPA in water.

B = Aly* - x|

e

would have to be made on account of mole fraction
concentrations being used in computing it. For a
binary system approaching ideality in the vapour—
liquid relationship these curves would tend to merge
with the horizontal co-ordinate of Fig. 1.

EXPERIMENTAL RESULTS

Boiling curves were obtained experimentally for
pure n-propanol (NPA), pure water and 11 mixtures
of them of various concentrations, including the
azeotropic composition (71 wt%, NPA). These are
presented in Table 1 in the form of equations based on
the data points from the fully developed nucleate
boiling region. Also some of the curves are shown as
plots of heat flux against temperature difference in
Figs. 4-6. All the experimental work was carried out at
atmospheric pressure, and the same wire was used in
all the experiments. Hence it will be assumed that the

characteristics of the heating surface were the same
for all these boiling curves.

The test section wire of nickel-aluminium alloy
was 0-03 cm in diameter, and 7-26 cm long. A detailed
description of the pool boiler, of the test section and
of the preparation of its surface, as well as of the
experimental procedure, are given in [2,6]. The overall
experimental error in the value of the heat transfer
coefficient was estimated to be about +5 per cent

[2.6].

Table 1. Experimental boiling curves @ in W/m?, AT in °C
Single component liguids
pure water @ = 278 (AT)*®°
pure n-propanol ¢ = 0-0001479 (AT)®?

Binary mixtures

90 wt% NPA 0 = 83176 (AT)* 22
131 wt% NPA 0 = 10965 (AT)>17
219 wt% NPA 0 = 45709 ATy’

31-8 wt% NPA
39.25 wt%, NPA

0 = 069183 (AT)*?
0 = 0:000331 (AT)**

490 wt %, NPA 0 = 0:000446 (AT)* 5
59-0 wt®, NPA Q = 0:000010471 (AT)""*
680 wt %, NPA Q = 0006 165 9 (AT)S*
71-0 wt % NPA 0 = 0017783 (AT)**
77-5 wt% NPA 0 = 0028840 (AT)*2?
930 wt %, NPA 0 = 0029512 (AT)*°?

DISCUSSION OF RESULTS
To verify equations (14) and (1) with the experimen-
tal data the boiling curves for the two pure single-
component liquids are expressed in the following form

pure NPA: AT, = 3.873 0154 (15)

(16)

The use of equation {14) requires knowledge of the
variation of the factor F with concentration. The
gradient of the boiling point curve d 7/dx, forming one
of the components of the factor F, was obtained by
fitting a polynomial to the curve T = f{x) and sub-
sequently differentiating it with respect to x. A plot of
the factor F against concentration is shown in Fig. 1.
By means of equations {14){16) and Fig. 1 the boiling
heat transfer coefficients for the whole range of
concentrations at a flux of Q = 400000 W/m? and
Q = 100000 W/m? were predicted. All those cal-
culations were done wusing weight fraction
concentrations.

To predict the boiling heat transfer coefficients by
means of the Stephan and Korner correlation, the
factor [4|y* — x|[] was calculated for the whole range
of concentrations. An empirical® value of A4 in the

pure water: AT, = 0-81 Q%2543
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I
¢] ot 02 03

FiG. 2. Experimental and predicted boiling heat transfer

coefficients for NPA-H,0 mixtures at Q = 400 000W/m?.

O, experimental ; 0, equation (14), this work ; A, equation (1),
reference [1].

expression [A4|y* — x|], reccommended in [1] for the
whole range of concentrations of n-propanol in water,
is 3-29. Also the absolute values of the mass transfer
driving force (y* — x) must be used. The variation of
this factor with concentration is shown in Fig. 1. The
boiling heat transfer coefficients were then predicted
by means of equations (1), (15) and (16), and Fig, 1 for
the heat fluxes @ = 400000 W/m? and Q@ = 100000
W/m? These calculations were conducted on the
basis of mole fraction concentrations as required by

[1].
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6000

5000

h, W/rieC

4000

3000

i 1 I
c o 02 03 04 05 06 07 08 09 IO

X, wt fract. NPA

] | | I |

FiG. 3. Experimental and predicted boiling heat transfer

coefficients for NPA-H,O mixtures at ¢ = 100000 W/m?.

O, experimental ; O, equation (14), this work ; A, equation (1),
reference [1].

The predictions by equations (1) and (14) are
compared with each other and with the experimental
coefficients in Figs. 2 and 3 and Table 2. The coeffi-
cients predicted by equation 1 deviate considerably
more from the experimental values than those pre-
dicted by equation (14), the highest deviation for the
former being 51 per cent and 16-6 per cent for the latter.
This indicates that the use of a constant value of
A = 3-29 for the whole range of concentration is not
justified. The constant A in equation (1) corresponds
to the expression

) 6@

Table 2. Deviation of the predicted from the experimental coefficients

0 = 400000 W/m?

0 = 100000 W/m?

X

wt. fract. h eq. (1) eq. (14) h eq. (1) eq. (14)
NPA W/m? °C % deviat. % deviat. W/m?°C % deviat. o deviat.

experim. experim.

0 18300 0 0 6580 0 0
0-090 13800 =215 +105 6020 —432 -108
0131 14650 -380 85 6450 —483 -155
0-219 16300 —432 - 12 6660 -51.0 -166
0318 16950 —433 32 6210 —46:4 -106
03925 15050 -336 83
0-490 17400 -368 81 5320 -285 + 08
0-590 18200 -305 -1438 5320 -193 - 47
0-680 18200 -176 -159 5590 —11-1 -123
0-710 17750 - 82 —-160 5500 - 14 -11-8
0775 17000 -218 —-129 5550 —-209 —149
0930 15300 -36.0 - 65 5000 —378 —14.0
1-000 14100 0 0 4390 0 0
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FiG. 4. Experimental boiling curves for pure NPA and pure
water.

in equation (14), which clearly must vary with the
concentration of a binary mixture.

By a procedure similar to the caiculation of heat
transfer coefficients, the boiling curves for each of the
11 binary mixtures were predicted by means of equa-
tions (1) and (14)—(16) and Fig. 1. The results, for the
concentrations 49-0 and 93-0 weight per cent NPA in
water, chosen as representative of all the eleven
mixtures, are shown in Figs. 5 and 6.

4x10° |-
~
=
. 5
o 1O j

5¢10 [— 49 wt% NPA

l ! |
i¢] 20 30 40 50

L7 °C

FiG. 5. Experimental and predicted boiling curves for 4 wt 9,
NPA in water. O, experimental ; 0O, equation (14), this work ;
A, equation (1), reference [1].
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The percentage deviations of the AT predicted by
the two methods (equations (1) and (14)) from the
experimental AT are about the same as in the case of
the heat transfer coefficients, as would be expected.

The agreement of equation (14) with the experimen-
tal data is reasonably good. Most of the deviations are
about the same as, or slightly higher than, the esti-
mated experimental error. The use of the factor F for
the process of boiling on a solid surface constitutes a
minor approximation. In this geometry the driving
force AT is not uniform around the growing bubble
but no analytical correction to AT on this account is
yet available. An experimental correction could be
devised if it was possible to test all the available binary
boiling data. However this is not possible at present
due to the lack of data on the physical properties
required for the calculation of the factor F.

4><IO5 -
e
~
k3
S P
- 93 wt% NPA
| | | |
10 20 30 40 50

AT, °C

FiG. 6. Experimental and predicted boiling curves for 93 wt %,
NPA in water. O. experimental; O, equation (14), this work ;
A, equation (1), reference [1].

In view of the observations made in [2, 7] about
the significance of the surface-liquid combination
factor it is important that the boiling curves for both
pure liquids should be obtained on the same test sec-
tion. This condition was satisfied in the present work.

To compare the correlation developed here (equa-
tion (14)) with that of [2] all the 84 experimental data
points are plotted in Fig. 7 in accordance with
equation (2). The best line of slope 0-7 drawn through
the points gives 0-00057 for the constant E in equation
(2). The points representing two pure components and
11 concentrations of NPA in water are well inter-
mixed and 87 per cent of them are within the 420 per
cent accuracy lines.

On this evidence, it should be concluded that
equation (14) gives slightly better agreement with the
experimental data.
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ool efficients or boiling curves for binary liquid mix-
i tures provided the boiling curves for the pure
components, obtained on the same heat transfer
I surface, are available.
01 b 2. The variable factor F in equation (14) is strictly
« . f applicable to the process of a bubble growing in an
M infinite superheated fluid, therefore its application
=|E - to nucleate boiling on a heat transfer surface
S constitutes an approximation. However the fact
| that the predicted coefficients deviate less than
16-6 per cent from the experimental coefficients, i.e.
0.0l by not much more than the experimental error in
10 this investigation, indicates that the approximation
—————rF05 is justified.
-l A5
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EBULLITION EN RESERVOIR-MELANGES LIQUIDES BINAIRES

Résumé—Des résultats d’ébullition en réservoir ont été obtenus pour du n-propanol pur, de I'eau pure
et onze de leurs mélanges a la pression atmosphérique. Pour tous les résultats expérimentaux obtenus il
a ¢té utilisé un fil horizontal & surface stable. L'élément d’essai en alliage nickel-aluminium a 0,03 cm de
diamétre et 7,26 cm de long. Sa surface est stabilisée par un processus de trempe et par ébullition prolongée.
Tous les points obtenus dans la région entiérement développée d’ébullition en réservoir sont unifiés par

la relation suivante:
0,5
_ o aY (G (9T
AT = (AT,x, + Aszz)I:l +{(x—y )<D> <hfg) <dx

Dans cette équation AT, AT, et AT, sont les différences (T, .. — T, ) pour le mélange de concentration

x, et respectivement pour les composantes pures 1 et 2, differences nécessaires pour obtenir le méme flux

thermique. Cette équation n’a pas de constantes empiriques mais il est nécessaire de connaitre les courbes

d’ébullition pour les deux liquides purs, obtenues sur la méme surface de transfert thermique. Le plus grand
écart entre le coefficient estimé et la valeur expérimentale est de 16,6 %.

BEHALTER-SIEDEN—ZWEISTOFFGEMISCHE

Zusammenfassung—Pool-Boiling-Werte fiir reines n-Propanol, reines Wasser und acht verschiedene
Mischungen davon wurden bei Atmosphirendruck gemessen. Bei allen hier gezeigten Versuchen wurde
ein waagerechter Draht mit stabiler Oberfliaache verwendet. Die Versuchsstrecke aus Nickel-Aluminium-
Legierung hatte 0,3 mm Durchmesser und eine Lange von 7,26 cm. Die Oberfliche war durch lingeres
Sieden stabilisiert. Alle MeBpunkte im Bereich des vollausgebildeten Blasensiedens werden korreliert

durch die Gleichung
o 0.5 C dT
AT = @+ AT’x’)[] te=y <5> (F) (ﬁ§>}

In dieser Gleichung stellen AT, AT, und AT, die (Ty,,, — T;,,) Differenzen dar, die jeweils gebraucht
werden, um im Gemisch von der Konzentration x, der reinen Komponente 1 und der reinen Komponente
2 die gleiche Wiarmestromdichte zu erhalten. Die Korrelationsgleichung besitzt keine empirischen Kon-
stanten, doch ist die Kenntnis der Siedekurven der beiden reinen Fliissigkeiten, bei gleicher Heizfliche,
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erforderlich, Die gro3te Abweichung des vorherbestimmten Koeffizienten vom experimentellen Wert
betrug bei dieser Untersuchung 16,6 %.

KUIIEHUE BUHAPHBIX KUJKNX CMECEN B BOJIBIIOM OBLEME

Annoranua-—Iloayuensl JaHHLIE 10 KHNIEHUIO B 60Jb110M 06bEME N-NPONAHOA, YNCTON BOAM
1 CMecCell BTHX KULKOCTEH OJMHHAZLATH PABJIMYHEIX COCTABOB NpH ATMOC(HepHOM NaBIEHUH.
Bo Bcex dKCHEepUMeHTaX MCIONB30BAAACH I'OPH3OHTAJILHO DACMOJOMHEHHAA NPOBOJNOKA CO
cTabHIN3NPOBAHHONM MOBEPXHOCTHIO. Pabountt y4acTOK IpeACTaBAATd coGoit OTpe3ok mpo-
BOJIOKM ¥3 HUKeldb-aJllOMUHIeBOro cnaasa auametrpod 0,03 cm u pgaumott 7,26 cm. Ero
NOBEPXHOCTh CTaCMIMBHPOBAIACH NMYTEM OTMUIA M NpeABAPHUTE JLHOTO KUIAYEHMA. Bcee
TOYKH JIIA JAHHBIX, MOJIVYEHHHLIX B OGIACTH [OJHOCTHIO PA3BUTOTO MYBBIPLKOBOTO KUNEHMA,
06061a0TCA ypaBHeHHEM

0,5 /(7 d
AT = (AT, + AT 5z) [1 +la—y) (%) (,(;_f’;) (%):l

13 orom ypasuennn AT, AT, u AT, npencrapiasioT coboit pasHoctH (Tor— Ty o) WA CMeceit
¢ KOHLEHTpauued X, AJd YUCTOrO KOMIOHEHTA 1 U YMCTOrO KOMIOHEHTA 2 COOTBETCTBEHHO,
HeoGXOANMBIe OJIA MOJYYeHHA OZMHAKOBOTO TEIIOBOTO NOTOKA. B KOPPENALMOHHOE ypab-
HEeHMe He BXOJAT SMIUPUYECKHe KOHCTAHTHI, HO HeOOXONUMO 3HAHUE KPUBHIX HKUIIEHUA,
MOJY4YeHHBIX HA ONHOMN U TOH e MOBEPXHOCTH Tenjaoo0MeHA AJIA ABYX YMCTHIX HUAKOCTEH.
HauGosbuiee OTKIOHeHME PACYETHEIX KOa(GOULUMEHTOB OT SKCMEPUMEHTANBHHIX 3HAYeHU! B
JAHHOM HCCIefoBaHMN coeTaBuAmo 16,697



