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ABSTRACT
A STUDY OF BINARY MIXTURE BOILING:
BOILING SITE DENSITY AND SUBCOOLING BOILING
By

Tze On Hui

Boiling site densities have been measured for ethanol-water
and ethanol-benzene mixtures at 1.01 bar. Site densities were
obtained photographically for a vertically oriented heated test
surface. The effects of composition, heat flux, and subcooling
on the boiling site density were studied.

For ethanol-water mixtures the boiling site density
increased about two orders of magnitude from pure water (rela-
tively large bubbles) to the azeotrope composition (relatively
small bubbles). This dramatic increase was noted to be caused
by the nature of activation of the boiling surface; inception
of individual boiling sites at low ethanol compositions and
inception of boiling of the whole surface upon the activation
of the first boiling site at medium and high ethanol composi-
tions.

For ethanol-benzene mixtures the boiling site density formed
an unexpected maximum to the left of the azeotrope point while
forming a minimum to the right. This phenomenon was postulated
to Dbe caused by condensation or evaporation of the more vola-

tile component during the waiting period of the bubble growth

t1



cycle. Activation of the first boiling site caused rapid
activation of the entire boiling surface at all compositions.

The effect of subcooling (0 to ZO'C) on the boiling site
density was observed to behave in three ways: (1) monotomically
decreasing, (2) displaying a maximum, or (3) displaying a
minimum. The boiling site density was found to increase with
increasing heat flux as expected from previous single component
studies.

Pool boiling curves were obtained for subcoolings ranging
from 0 to 20 C for heat fluxes up to 100 kW/m". The heat

transfer coefficient, based on (T T k), was found to

wall™ “bul

decrease with increasing subcoolings. The decrease in the
heat transfer coefficient in the mixtures for a given level of
subcooling was less than that for the single components and

azeotropic mixtures.
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NOMENCLATURE

Az azeotrope or azeotropic composition
IB.S.D.exp experimental boiling site density (sites/cm2 )
B.S.D.; ideal boiling site density (sites/cmz)

c, liquid specific heat (kJ/kg - C)

D liquid mass diffusivity (m2/s)

Dd bubble departure diameter

b bubble departure frequency

in buoyancy force

Fd drag force

F. inertia force

Fp excess pressure force on base area of bubble
F surface tension force

h heat transfer coefficient (w/m2°C)

hexp experimental heat transfer coefficient (w/m2°C)
hfg latent heat of evaporation

hy ideal heat transfer coefficient (w/m2°C)

NSn Scriven number

dPsat/dT slope of saturation curve

q heat flux (w/mz)

R vapor bubble radius

Ar wall superheat, T - T_ .

Tb bulk temperature of ligquid
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GREEK SYMBOLS

effective wall superheat
incipient superheat, Tsup - Tsat
wall surface temperature
saturation temperature

wall temperature

temperature measurements underneath heating
surface

binary mixture bubble growth time

ideal binary mixture bubble growth time
waiting period

mass fraction of volatile component at
bubble interface

mole fraction of volatile component in
liquid phase

mass fraction of volatile component in bulk
liquid

mass fraction of volatile component in the
vapor bubble

mole fraction of volatile component in vapor
bubble

liquid thermal diffusivity (mz/s)
extrapolated superheated-layer thickness
mass diffusion shell thickness

rise in local saturation temperature
liquid density (kg/ m3)

vapor density (kg/mj)

surface tension (N/m)

average bubble growth time
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Chapter 1

Introduction

Boiling is a physical process of great practical
significance and has been the subject of intensive research
for many years. Many of these research projects were motivated
by the need for nuclear power vapor generator design and
safety and the sharp rise in energy cost. Dlost of the
research efforts have been directed on the boiling
characteristics of single component liquids. But mixture
toiling research is important in the design of two-phase heat
exchange equipment in the chemical and petrochemical process-
ing industries, the refrigeration industry, the air separation
industry, and the‘liquid natural gas industry as example3s.

The boiling of binary and multicomponent liquid mixtures
is quite different from single component boiling. The
thermodynamics of vavor-liquid phase equilibria of mixtures
allow the vapor and liquid phase to be of differing
compositions. Thus, the boiling of a liquid mixture is
distinct from single comvonent boiling in that the driving
force for heat transfer is in turn linked to mass transfer.
The evaporation rate can be severely retarded in the mixture
because the rate of mass diffusion is usually much slower

than that of heat diffusicn in the liquid vhase.






A working knowledge of the elementary principles of
vapor-liquid phase equilibria is required for an under-
standing of mixture boiling. Phase equilibrium diagrams are
used to describe the relationship between temperature,
pressure, and the compositions in the two phases at satura-
tion. Figure 1.1 shows the phase equilibrium diagram for an
ideal binary system at constant pressure. Saturation tempera-
ture is plotted on the vertical axis. DlNole fractions of the
more volatile component in the liquid and vapor phases are
plotted on the horizontal axis. The more volatile component
is that with the lower boiling point at the pressure of interest.
The dew point line denotes the variation in equilibrium vapor
mole fraction with saturation.temperature. The bubble vpoint
line depicts the functional dependency of the liquid mole
fraction on the saturation temperature. It is evident that
}35§ for the more volatile component and'ys X for the less
volatile component. This is expected intuitively since the
more volatile component is above its normal boiling point
while the reverse is true for the less volatile component.

Figure 1.2 illustrates a temperature-composition phase
diagram for a binary mixture system forming an azeotrope at
X._. At the azeotrope, the compositions of the liquid and

az

vapor phase are identical. To the left side of the azeotrove,
vy %, and to the right y< X. The slope of the bubble point
line changes from negative to positive as the azeotrope 1is
passed from left to right. However, the product

(7-%)(dT/a%) is always positive as a conseguence. The
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azeotrope behaves like a single component liquid since the
compositions in both phases are the same.

The boiling heat transfer coefficient of binary mixtures
can be drastically smaller than that predicted by using an
ideal linear mixing law on single component boiling heat
transfer coefficients. Thus, the fundamental mechanisms
causing this variation need to be studied and ultimately, a
method is needed to predict the boiling heat transfer
coefficient for binary mixtures. Anobjective of the present
experimental program is to determine the effects of éomposition
and subcooling on the boiling site density. Boiling site
density is defined as the number of active boiling sites per
unit area. The boiling heat transfer coefficient also will
be measured in order to ascertain the dependence of the heat
transfer coefficient on the boiling site density. The boiling
site density is an important parameter because it affects the
rate of total vapor generation and thermal boundary layer
removal. Consequently, it plays a significant role in the
overall enhancement of the heat transfer rate in nucleate
rool boiling compared to single phase natural convection.

No analytical information is available at the present
time to predict the site density as a function of composition
and the degree of subcooling. The only vprevious experimental
work on site density in binary liquid mixtures as a function
of composition was performed by Van Stralen (1). Fowever,
his results seem impractical since his study was verformed

on a very thin wire (0.2 mm in diameter) which is much smaller




than the diameter of the bubbles themselves. His tests
covered a number of agueous systems. Figure 1.3 depicts the
results for water, methyl ethyl ketone (NEK), and a mixture
of 4.1% wt. MEK. At a constant heat flux of 0.3 MW/mz,

for instance, the number of boiling sites per cm2 in pure
water is 30 and in MEK over 200, but for the 4.1% mixture
only one site per unit area is active. Thus, the variation
in the boiling site density at constant heat flux shows a
marked minimum,

Several parameters are important in any model for
predicting the site density: the boiling incipience criteria,
the dynamic contact angle, and the thickness and the tempera-
ture profile of the thermal boundary layer. These parameters
will be elaborated in Chapter 2.

The experimental program involves performing boiling
heat transfer experiments in which composition, heat flux,
and the degree of bulk subcooling are varied. Two binary
mixture systems were chosen for the study: ethanol-water
and ethanol-benzene. In the aqueous binary mixtures of
ethanol and water, the dynamic contact angle and surface
tension vary substantially as the composition changes.
Therefore, a large variation in the btoiling site density
with composition is expected for this mixture system. On
the other hand, the variation of boiling site density for
ethanol and benzene mixtures is expected to be smaller since
the surface tension does not change as much for this non-

agueous binary system. Also, the contact angle is thought
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to be fairly constant. For each experimental condition,
photographs of the boiling surface are taken at a shutter
speed of 1000 HZ. The boiling site density is obtained from
the photographs. The heat transfer coefficient is obtained
by calculating the wall temperature of the boiling test
surface and the heat flux through a prescribed area.

Chapter 2 is a state-of-the-art review on the areas of
importance in the present study. Chapter 3 describes the
experimental design and procedure. Experimental results and
a discussion of these results will be presented in Chapter 4.

Chapter 5 presents the conclusions of the study.



Chapter 2

Feview of boiling

It has been well established from experimental studies
that the boiling heat transfer coefficient of binary mixtures
is much lower than that predicted by using an ideal linear
mixing law on their single component values. In the follow-
ing sections, fundamental phenomenological topics such as
bubble growth rate, bubble departure diameter, butble departure
frequency, bubble incipience, and boiling site density are
presented in the context to explain the lower heat transfer
coefficient for binary mixtures. A section will be devoted
to discussing the effects of subcooling on the boiling heat
transfer process and its effect on the different parameters

will be examined.
2.1 Bubble growth rates

The bubble growth rate of a single component liquid is
limited by the rate of heat transfer to the bubble interface
to provide for the latent heat of evaporation. In binary
mixtures, however, the growth rate depends upon the rate of
mags diffusion of the more volatile component as well as

upon the diffusion of heat. During the growth of the bubtle,

'III.IIIIII-__________¥
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the more volatile component is evaporated preferentially
since its mole fraction in the vapor phase, ¥, is greater
than its mole fraction in the liquid phase, X (Figure 2.1).
Due to this preferential evaporation, the volatile component
is depleted near the bubble interface and must be replenished
by mass diffusion through the depleted layer. Consequently,
the bubble growth rate is slowed down. The local saturation
temperature rises also, due to the higher composition of the
less volatile component. Thus the effective driving force
for heat conduction to the evaporating interface, ATeff’ is
lowered.

2,1,1 Van Stralen's derivation of bubble growth rate

equation for binary mixture

In the next two sections, derivations for bubble growth
rates for binary mixtures will be presented. The first
derivation will be the pioneer work of Van Stralen (2) who
extended the theory for spherically symmetric bubble growth
in a uniformly superheated liquid for single component liquids
to include binary mixtures. Next, Thome's model (3) is
presented. Thome's model extends Van Stralen's model by
considering a further rise in the local saturation tempera-
ture due to the evaporation of neighboring sites and a
previously departed bubble.

Van Stralen starts his derivation by using a mass

balance equation at the bubble interface. The rate of
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preferential evaporation of the more volatile component is

equated to its rate of mass diffusion through the interface,

Pv(y-x)dR/dt = PL D( 3%/ Br)r=R (2.1)

The mass fraction of the more volatile component drops from
a value of Xy to x across a spherical diffusion shell of
thickness %nl(see Figure 2.1). Assuming the mass concentra-
tion gradient across the diffusion shell to be linear, one

gets

(Bx/ér)rcR = Xy - X (2.2)
Sm

Substitution of equation 2.2 into equation 2.1 gives
ar/at = (0 /@ )(x-x/y-x)(0/ ) (2.3)

To approximate the value of %xn' Van Stralen uses a model
for one-dimensional transient mass diffusion through a

spherical shell, 1i.e.

2.4
C. = (mpt/3/3 (2.4)
The bubble growth rate is then given as
ar/at = (O /0 )(x-xfy-x) D (2.5)
1/2
(T Dt/2)



12

| =4
Sy
A
e |
- | L, Xp
(7]
4 x|
B |
1 L— S —
Diffusion
shell | "
Thermal
boundary |
layer |
Bubble |
interface I"S’* l
aY
< |
- AT
§ : : A'Teff
T Xy} 2 I
satlp radius, r
{al
‘ \
Tsup
T'sat
1'sat.b

(b]

Figure 2.1 Bubble growth model of Van Stralen (2) for a
spherical vapor bubble growing in a superheated blnary

mixture. (a)_ temperature and comgosition profiles;
(b)process illustrated on phase dlagram.
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Van Stralen next examines the bubble growth rate in
light of the Plesset and Zwick (4) bubble growth equation

based on a heat balance:

1/2
R = (12/7 )1/2 GLCp A T( X ;1 t) /

—_— (2.6)
Cv heg
or differentiating equation (2.6),
ar/at = (O / @ )(C /n,) AT Xy (2.7)

(7 & t/3)/2

As pointed out earlier, the effective superheat, ATeff’ will
be reduced by an increase in the local saturation temperature,

AB , at the bubble interface (Figure 2.1) such that
AT .. = AT - A0 (2.8)

Substitution of ATeff into equation 2.7 gives

ar/at = ( Crc/ Ch, ) a1 -00) oLy (2.9)

1/2
o(Lt)

(q:?

Combining equations 2.5 and 2.9, Van Stralen's equation for
bubble growth for binary mixtures becomes
1/2 1/2
2= ek /m)tPC e at/ Pongy) £
! T
1-(y-x) (/D) (S /h,)(aT/dx)

(2.10)






1k

Note that in the above equation, the value for AH is

approximated by

Ae = (xb-x/y-x) xb [ 1 - K(Xb)} (dT/dX)X=Xb (2.10&)

where K(xb) is the equilibrium constant at Xy o
This is in the same form as the Plesset and Zwick equation
for single component liquids except that it is multiplied
by the term

1

1-(y-x) (& /D)2 (0 /n, ) (at/ex)

Since the value of this term is less than or equal to one, a

smaller growth rate is predicted for binary mixtures.

2.1.2 Thome's equation for bubble growth rate in binary

mixtures

Thome's equation is an extension of Van Stralen's

equation. By comvaring equation 2.9 and equation 2.10,

one gets
= - 4O = 2.11
AT o, Ar- 08= pmv_ ( )
where
r 1/2 _
Vep = 11 - (y-x) (X /D) " (Cy hfg}(dfr/dx)] L (z.12)
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Thome argues that equation 2.11 is an appropriate modification
for the effective superheat for a single bubble growing in a
liquid that was initially at the bulk saturation temperature.
Application of Konovalov's rule dictates that (y-x) and

(dT/dx) are always of opposite sign such that N__< 1.

sn
On a boiling surface, bubbles are growing next to each other

and even for a given site, the liquid is depleted of the

more volatile component to some extent due to the preferential

evaporation by a previously departed bubble. Therefore, the

local liquid at the start of the growth stage is no longer at s

the bulk saturation temperature. The effective superheat is

thus further reduced and Thome postulates that this rise in

the local boiling point is similar in magnitude to 00,

Therefore, the modified effective superheat is given as

A1, = Ar- 80 . A8, (2.13)
where
e = 7
AS, = @ ) hr- 48 (2.14)

Consequently, the effective wall superheat for bubble growth

is given as
& U2
Ar ., =N AT (2.15)

and Thome's equation for bubble growth becomes

5 i 1/2
Nsn ATt (2.18a)

1/2
R = (125 /0 )/( chn/ @

ho )
vifeg’
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2.2 Bubble departure diameter and frequency
2,2,1 Bubble departure diameter

The general trend of experimental results shows that
bubble departure diametersin binary mixtures are significantly
smaller than those for the two single component liquids.
Figure 2.2 is an example of the experimental results by
Tolubinskiy, Ostroviskiy, and coworker (5). Both binary
systems of ethanol-water and methanol-water demonstrated a
minimum in the bubble departure diameter at the maximum in
g?—; . Thome (6) carried out similar experiments for the
argon-nitrogen system and found a similar trend in the bubble
departure diameter and frequency. (see Figures 2.3 and 2.4)

To investigate the physical reason for the smaller bubble
departure diameter in binary mixtures, the forces acting on a
bubble growing on a heated surface are given by Kreshock

and Siegel's equation (7) as

P @ P =F; # FPei® Fd (2.16b)

el
o'
"

where buoyancy force

=]
"

excess pressure force on base area of bubble

b |
"

inertia force

oy

'~ = surface tension force

o
[

552 drag force
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Figure 2.4

Bubble departure
frequency at

q = 2.1 kW/ m*for
nitrogen-argon
mixture by Thome (6)
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Using this model, Thome (8) noted that aneffect of the
slower bubble growth rate in binary mixtures is to decrease
the inertia and drag force terms. If the drag force is
considered insignificant in comparision to the inertia force,

and applying the usual bubble growth law of
R = at" (2.16¢c)

where a and n are empirical constants, then the bubble depar-
ture diameter, Dd’ is found to be proportional to the inertia

term as

D, ~ [a“n(un-l)t““’z] H3

d (2.164)

Using the experimental values of a and n obtained for the
nitrogen-argon system (9), Thome was able to demonstrate that
the reduced inertia force term does correlate the smaller

bubble departure diameters in the binary mixtures (Figure 2.5).
2.2.2 Bubble departure frequency

The bubble departure frequency,f, is defined as
f=1/(t + t ) (2.17a)

The bubble growth time, tg, is determined by the bubble growth
rate and the bubble departure diameter, which in turn is
gcoverned by forces acting on the bubble. Thome showed that
the ratio of the btubble growth time in a binary mixture 2o

that in an ideal mixture is



t_= (Nsn) (2.17p)

Since Nsn {1, a shorter bubble growth time is predicted for

binary mixtures.

During the departure of a bubble from a heated surface,
the surrounding thermal boundary layer is stripped and must
be reformed in order that the vapor embryo in the cavity can
begin to grow again. This time interval is called the
waiting time, tw' Several physical parameters that can
affect the waiting time are the bubble nucleation superheat
required, the thermal diffusivity of the liquid mixture,
and the wall superheat.

Experimental data of Thome (9) and Tolubinskiy and
Ostrovskiy (5) showed that the combined effect of bubble
departure diameter and frequency is to yield a lower vapori-
zation rate and thus can partially explain the lower heat

transfer rate for binary mixtures.
2.3 Bubble nucleation

In this section, the nucleation criteria for a vapor
embryo trapped in a cavity on a heated wall will be discussed.
Cbservations show that bubbles growing on a heated surface

originate as minute vapor nuclei trapped in pits and cracks
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on the surface. The nucleation criteria are important for two
reasons. First, it is important to know the superheat
temperature required for boiling to initiate. It is also
important for predicting the number of boiling sites per unit
area on the boiling surface.

The incipient superheat required for thermal and
mechanical equilibrium for a vapor nucleus of radius r

trapped in the micro-structure of a heated surface is given as

Aline = Tsup - Tsat © 20 /(r dp

sat) (2.18)

daT
Shock (10) has evaluated A’Tinc for the binary system of

ethanol-water based on equation 2,18, Comparing the calcu-
lated values with those obtained experimentally, he concluded
that the wetting characteristics can be a principal parameter
controlling ZlTinc. The dynamic contact angle for water is
about 70° but drops off toward 0’ as the mole fraction of
ethanol is increased (Figure 2.6). Using the model of Singh-
et al (11) shown in Figure 2.7, the effect of a small contact
angle, © , is to decrease the size, i.e. the radius , of the
vapor nucleus trapped and hence the nucleation superheat is
increased.

Recently, experiments (12) were performed with the
binary systems of nitrogen-argon and ethanol-water and the
results supported Shock's claim concerning the importance of

the wetting characteristic on boiling incipience. Z2oth
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Figure 2.6 Variation in the advancing contact angle
with composition for ethanol-water mixtures measured
by Eddington and Kenning at 20°C against nitrogen
gas. Reference 26
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Figure 2.7 Vapor trappoing model of Singh et al. (11)
for (a) a conical cavity (b) a cylindrical cavity.
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experiments were carried out to determine the effect of compo-
sition on boiling incipience and boiling site deactivation.
In the experiments with liquid nitrogen-argdn mixtures, no
change was observed in the incipient superheat as a function
of composition. Furthermore, the deactivation superheat coin-
cided in value with the incipient superheat. In choosing
the nitrogen-argon system, it was known a priori that no
large variation in QG , dpsat/dT’ or contact angle occurred.
Therefore no significant variation in the incipient super-
heat was expected. The solid line in Figure 2.8 depicted
theoretical value from equation 2,18 for ZXTinc based on
values of O , dpsat/dT' and a vapor radius value of 1.0 A{m.
The deviation of the eXpérimental value from the theoretical
value might be due to a smaller contact angle for nitrogen.

A large variation in ZﬁTinc was obtained for the ethanol-
water binary system. This was expected since large variations

in the values for (0 and contact angle exist for this system.

The results are shown in Figure 2.9. A maximum value of hbac
was found for the mixture at a mole fraction of about 0.5.
Again, the solid line gives the value of CSTinc calculated
by using equation 2.18 and a vapor nucleus radius of r. A
large discrepancy is noted.

By substituting their experimental values of ZkTinc
into equation 2.18, Thome et al (12) obtained the calculated
values of the vapor nucleus radii (Figure 2.10). The large

decrease in the radius can be'explained by the rapidly

decreasing value of the contact angle as the mole fraction
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of ethanol in the mixture is increased.

Equation 2,18 was derived for the case of a vapor nucleus
surrounded by superheat liquid of constant temperature. For
a vapor nucleus growing on a heated surface, it is surrounded
by a thermal boundary layer with a temperature gradient.
Recognizing the significance of the temperature gradient in
the thermal boundary layer when the height of the vapor nucleus
is comparable to the thickness of the thermal layer led several

investigations (13,14,15,16) to develop more detailed correc-

tions for éﬁTinc.

The analysis of Hsu (14) can be divided into two parts.
First, it is important to know the temperature profile within
the thermal boundary layer. Secondly, a new criterion for
nucleation must be defined. Hsu approximates the problem
of the thermal boundary layer as one of one-dimensional
transient conduction of heat into a slabt. The thickness of
the slab is a parameter called 8 . Beyond the slab, the
turbulent agitation is so strong that the temperature is

essentially at the bulk temperature, T At steady state,

B
the temperature profile within % is linear.

To establish the criterion for the initiation of
bubble growth, Hsu argues that it is necessary for the
thermal layer surrounding the btubtle nucleus to be at a
temverature equal to or greater ihan the temperature of the
bubble nucleus in order to give an inward flow of heat

through the bubble interface to vrovide the latent heat of

vavorization. 3ut the temperature of the vapor bubble is
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defined previously as Tsun and given by equation 2.18 as

ATinc B Tsup - rI|sa*l: =20 /(r dpsat) (2.18)

aT

The temperature of the thermal layer at the top of the bubble
must be equal to or greater than Tsup‘ The results of Hsu's
analysis can be summarized as follows:

1. Given a wall temperature, there are an upper limit
and a lower limit for the vapor nucleus radii for nucleation
to occur. Equation 2.18, on the other hand, has a lower limit
only.

2., For a given vapor nucleus of radius r, Hsu's value
for [}Tinc

3. Hsu's analysis points to the importance of the

is higher than that given by equation 2,18,

thermal boundary layer in understanding incipience. It is
important to know the temperature profile as well as its

thickness.

2.4 Temperature profile of the thermal boundary layer
adjacent to a heated surface during nucleate pool

boiling

The thickness of the superheated boundary layer adjacent
to the heating surface and the temperature profile within it
have long been recognized as significant parameters in
nucleate bYoiling. It is this highly superheated region

which is responsitle for the origin and growth of a vapor
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bubble. To a large degree, the thickness of this region and
its temperature distribution control the growth rate of a
vapor bubble as well as its departure size. In addition, these
parameters play a significant role in determining the size
range of active cavities on a given surface.

Several experiments were carried out to measure the
temperature profiles within the thermal boundary layer
(17, 18, 19). Marcus and Dropkin (17) used thermocouple
junctions with a diameter of less than .002 in. (.0051 cm)
in their experiments with water. Their results showed that
the temperature profile is linear very near the heating surface.
The linear region of the temperature profile exhibited simi-
larity with respect to the "extrapolated superheat-layer
thickness", g , regardless of the heat flux applied. That is,
for all of their data, the temperature profile from the wall

to about 0.57 S is given as

T - Tb y
=1 -

g ’ 0 <y €0.57 (2,19)
T Tp
For the region above 0.57 S , the temperature profile 1is
expressed in the form of
T-1T7 -n

2,20

Y =g ) ( )
o Ty

where n and C are functions of the heat flux applied. The
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"extrapolated superheat-layer thickness", 8 y» is defined as
the height of the intersection between the tangent to the
temp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>