


‘

A” ' ' " .» -‘ .“- g '1‘ d‘) I.

”a! . 9‘ 5 . d 4‘ (:L; ‘1‘;

‘ i - i I.
33 .3 i; r

Qiqn.’ - ; ' r- 03’ 31%

'I‘fi'r may I

‘
iI ‘3-

;za. .,~ _ a€33,333

, Ematasty
I

L‘mn-
31-1,..an

’1 w ‘ V .-
 

This is to certify that the

thesis entitled

A $71.de
of BH‘MR‘]

Misfit/(Q,
BadM7

50lmie15wle,
PENSI13

Mai
\SVIairmail/Jo.)

[Sadat]?

presented by

Til-Z ~0d Hui

has been accepted towards fulfillment

of the requirements for

M ‘ s I degree in MECIINJHAL/
L’ /”J[ ““7

 

/;é/
Z’46

W19?
— l') cat/51

:";év
fix Cc . 4441

(”Q2 W’M‘
n /’27M)‘

* /

DatJV
/Q/g

/9;L“7
/<,\//(

/42
476

}%513/,”

[€W
W%/

W

0-7539 MSU is an Affirmative Action/Equal Opportunity Institution

  

 



 

 

 

PV4E31.} RETURNING MATERIALS:

Place in book drop to

ngxARIEs remove this checkout from

w your Y‘ECOY‘d. FINES will

be charged if book is

returned after the date

stamped below.

   
 

 

Dc W? cm Wt

RIDOM USE m

 

 



 

I+ V’TWI‘I‘I" 7'- ,‘J

A STUDY OF BINARY MIXTURE BOILING:

BOILING SITE DENSITY AND SUBCOOLING BOILING

By

Tze 6n Hui

A THESIS

Submitted to

Michigan State University

in partial fulfillment of the requirements

MAbTER OF SCIENCE

DEPARTMENT OF MECHANICAL ENGINEERING

1983



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 be caused by condensation or evaporation of the more vola—

tile component during the waiting period of the bubble growth

ii



cycle. Activation of the first boiling site caused rapid

activation of the entire boiling surface at all compositions.

The effect of subcooling (O to 20°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 O to Zo‘b for heat fluxes up to 100 kW/mt. The heat

transfer coefficient, based on (Twall—Tbulk), was found to

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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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. Most of the

research efforts have been directed on the boiling

characteristics of single component liquids. But mixture

boiling 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 examples.

The boiling of binary and multicomponent liquid mixtures

is quite different from Single component boiling. The

thermodynamics of vapor—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 component 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 diffusion in the liquid phase.





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. Mole 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 point

line depicts the functional dependency of the liquid mole

fraction on the saturation temperature. It is evident that

’§>.§ for the more volatile component and §4.§' 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

E, . At the azeotrope, the compositions of the liquid and
az

vapor phase are identical. To the left side of the azeotrope,

IV) Q, and to the right yé g. The slope of the bubble point

line changes from negative to positive as the azeotrope is

passed from left to right. However, the product

(I-X)(dT/dx) is always positive as a consequence. 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 composition

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

pool 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 previous experimental

work on site density in binary liquid mixtures as a function

of composition was performed by Van Stralen (1). However,

his results seem impractical since his study was performed

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 aqueous systems. Figure 1.3 depicts the

results for water, methyl ethyl ketone (MEK), and a mixture

of u.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 boiling 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-

aOueous binary system. Also, the contact angle is thought

“5“ 3‘. ‘_&‘~
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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 h.

Chapter 5 presents the conclusions of the study.



Chapter 2

Review 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, bubble 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

ransfer 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

mass diffusion of the more volatile component as well as

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

IIIIIIIIII-___________
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the more volatile component is evaporated preferentially

since its mole fraction in the vapor phase,'y, is greater

than its mole fraction in the liquid phase,'§ (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,ZlT

eff' 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,

va—me/dt = PL D( Bx/ Ar)r=R (2.1)

The mass fraction of the more volatile component drops from

a value of xb to x across a spherical diffusion shell of

thickness Sm (see Figure 2.1). Assuming the mass concentra-

tion gradient across the diffusion shell to be linear, one

gets

(Bx/3r)r=R = Xb - x (2.2)

3m

Substitution of equation 2.2 into equation 2.1 gives

= - —
2'dR/dt (PL/PV>(xb x/y x)(D/%m) < 3)

To approximate the value of Sm, Van Stralen uses a model

for one-dimensional transient mass diffusion through a

spherical shell, i.e.

 

2.u

Sm = (n Dt/3)1/3 ( )

The bubble growth rate is then given as

dR/dt = (PV/PLbe-x/y-x) D (2.5)

1/2

(“Di/3)
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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

(12/7‘ )1/2 (3ch AT( o<Lt) /

_______ (2.6)

(y hfg

or differentiating equation (2.6),

dR/dt = (91/ evmp/hfg) AT o<L (2.7)

 

('n «Lt/3W2

As pointed out earlier, the effective superheat, ziTe ff’ will

be reduced by an increase in the local saturation temperature,

A63 , at the bubble interface (Figure 2.1) such that

ATeff = AT - A9 (2.8)

Substitution of ‘ATeff into equation 2.7 gives

dR/dt = ( @ch/ thng AT -A@) o<L (2.9)

 

(”lid t)1/2
3

Combining equations 2.5 and 2.9, Van Stralen's equation for

bubble growth for binary mixtures becomes

1/2

R=(120<1/T1)(l/2 Glpc AT/( t’

/ (1 m

g)1—(y—X)(0\L/D) (up/hfg)(d1/dX)

 

(2.10)
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Note that in the above equation, the value for Af) is

approximated by

A9 = (xb-x/y-x) xb [ 1 - K(xb)] (dT/dx)x=xb (2.108.)

where K(xb) is the equilibrium constant at xb .

This is in the same form as the Plesset and Zwick equation

for single component liquids except that it is multiplied

by the term i

1

 

1/2

1-(y-x)(0<L/D) (GP/hfg) (dT/dX)

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 comparing equation 2.9 and equation 2.10,

one gets

= _ =
2.ATeff AT AG ATNsn ( 11)

where

p 1/2

Nsn = i 1 - (y-x)( 0(1/D) (Co / hfc)(dT/dx);] ‘1 (2.12)
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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 NS < 1.
n\

On a boiling surface, bubbles are growing next to eachother

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

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 A6.

Therefore, the modified effective superheat is given as

ATeff = AT — A91 - A92 (2.13)

where

Q - .
A 2 ‘ (l-stn)( AT - A91) (2'14)

Consequently, the effective wall superheat for bubble growth

is given as

2
= T A 2.1

ATeff 1\sn T
( 5)

and Thome's equation for bubble growth becomes

1/2 F \ c

= ‘ ' N“ 111+ 4R (120(1 /71 ) ( (:IC / (J h Js A -h (2.1ca)
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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 diametensin 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

iy-§\. 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.b)

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

F 4’ F = F' + F6‘ + Fd (2.161))

where Fb buoyancy force

'
1
1

ll

excess pressure force on base area of bubble

’
1
1

n

inertia force

Er = surface tension force

= drag force
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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 g at“ (2.16c)

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 rN/[aun(4n-1)tun-2] 1/3
d

(2.16d)

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/(tg + tW) ' (2.17a)

The bubble growth time, tg’ is determined by the bubble growth

rate and the bubble departure diameter, which in turn is

governed by forces acting on the bubble. Thome showed that

the ratio of the bubble growth time in a binary mixture to

that in an ideal mixture is



 

2/5

t = (N ) (2.17b)

Since Nsn S 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.

Observations 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

AT. = T - T = ZCTI/(r dp
inc sup sat ) (2'18)sat

*

dT

Shock (10) has evaluated AXTinc 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 700 but drops off toward 00 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, 6), 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. Both
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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 trapping 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-argon 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 inCT', 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 ZlTinC based on

values of CY', dpsat/dT' and a vapor radius value of 1.0 /(m.

The deviation of the experimental value from the theoretical

value might be due to a smaller contact angle for nitrogen.

A large variation in ZlTinC was obtained for the ethanol-

water binary system. This was expected since large variations

in the values for CV and contact angle exist for this system.

The results are shown in Figure 2.9. A maximum value of hhoc

was found for the mixture at a mole fraction of about 0.5.

Again, the solid line gives the value of ASTinc 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 ZSTinc.

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 slab. 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, Tb' At steady state,

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 bubble nucleus to be at a

temperature equal to or greater than the temperature of the

bubble nucleus in order to give an inward flow of heat

through the bubble interface to provide the latent heat of

vaporization. But the temperature of the vapor bubble is
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defined previously as Tsup and given by equation 2.18 as

ATinc = Tsup - Tsat = 2 G/(r dpsat) (2'18)

 

dT

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'13T;
Inc is higher than that given by equation 2.18.

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

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 boiling. It is this highly superheated region

which is responsible 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", S , 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

_' 9 O ‘< y $0057 (2019)

For the region above 0.573 , the temperature profile is

expressed in the form of

T -n

b = 00/3 > (2°20)

where n and C are functions of the heat flux applied. The
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"extrapolated superheat-layer thickness", 8 , is defined as

the height of the intersection between the tangent to the

temperature profile at the surface and the constant liquid

bulk temperature line. Figure 2.11 is an example of their

result.

The value of 81 , which is a measure of the super-heated

region adjacent to the surface, appears to be primarily a

function of the heat transfer coefficient. The experimental

results of Marcus and Dropkin were satisfactorily correlated

in the form

2 = and A (2.21)
1

where Ci and d are functions of the liquid and the surface

used. It should be noted that the instantaneous temperature

at any point in the superheated boundary layer is a widely

and rapidly fluctuating variable. The amplitude of these

fluctuations varies with the height above the boiling surface.

It reaches a maximum value a small distance from the surface

and decreases to a very small value as it approaches the

surface. Thus the surface appears to act as a smoothing agent

inhibiting the agitation in the liquid. Similar results

were obtained for water, Freon-113, and methyl alcohol in

the experiments performed by lippert and Dougall (18).

Niebe and Judd (19) carried these experiments one step

further by considering the effect of subcooling on the

thermal boundary layer. Their result showed that the wall
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Figure 2.11 Amplitude of tem-

perature fluctuations versus

height above surface: high

heat flux. Curve also shows

average temperature profile

and definition of extrapolated

superheated layer thickness.

Ran ‘

(TC-.TL)

.1.

037 Table 2.1 The influence of

028 subcooling on the heat

(31% transferred by one bubble.

Figure 2.12 Average diamgter

dm, nucleation frequency f and

growth rate 0;? for vapor bubbles

at p= 1 bar as a function of the

subcooling.
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temperature ksrelatively insensitive to the degree of sub-

cooling, Tsat 'Tb' At a heat flux of 20,000 BTU/Hr—ft2

(63.08 kW/mz), the wall superheat dropped from approximately

20°F to 10'F (11.10C to 5.600) while the subcooling was

increased to 50oF (27.80C). When the heat flux was increased

to 100,000 BTU/Hr-ft2 (315.40 kW/mz), the wall superheat

remained relatively constant at 400F (22.20C) while the

subcooling was increased from GOP to 90°F (0 to 50°C). One

might then conclude that the wall superheat is relatively

insensitive to subcooling in the well established boiling

region. The effect of less subcooling is to decrease the

thickness of the extrapolated superheated-layer thickness,% .

Thus, similar boiling conditions can be brought about by inde-

pendent changes in heat flux or subcooling.

2.5 The influence of subcooling on pool boiling heat

transfer

It was stated earlier that given a fixed heat flux, the

wall superheat, Tw - T remains essentially unchanged while
sat’

subcooling may be changed by a large factor (by as much as

100 F or 150¢F). Engelberg—Forster and Greif (20) have

proposed an explanation for the apparent insensitivity of

the heat transfer rate to subcooling based upon a "vapor—

liquid exchange" mechanism. They postulated that the primary

mechanism of nucleate boiling heat transfer is the stripping

or displacement of the superheat thermal boundary layer by
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the departing vapor bubble. This process may be visualized

as a kind of pumping action in which a layer of hot liquid is

displaced and replaced by cold liquid from the bulk.

When a bubble grows to a maximum size of Rm , it causes
ax

the exchange of a liquid volume proportional to (Rmax)3'

The rate of heat energy transferred per boiling site is

then given as

q ~Cp PLIRmaX>3(TW - TbI/m (2.22)

where'I_is the average time between each growth cycle. The

insensitivity of heat flux to subcooling can be explained by

combining the effects of subcooling on each of the parameters

in equation 2.22. Tolubinskiy and Konstanchuk (21) and

Ellion (22) performed experiments with water to study the

effects of subcooling on Rmax and ”C, . Ellion's experimental

data are shown in Table 2.1 and those of Tolubinskiy and

Konstanchuk are shown in Figure 2.12. Both data sets point

to the fact that Rmax decreases while 1/%; increases as sub-

cooling is increased. Column 5 of Table 2.1 shows that the

product Riax’(Tw - Tb) decreases as subcooling increases,

despite the fact that higher subcooling increases the total

temperature difference between the heating surface and the

bulk liquid. Column 7 depicts the heat transfer rate per

boiling site. By comparing column 7 with column 2, it is

seen that while subcooling was changed by more than 400

percent, the product appearing in equation 2.22 changed only

by about 15%, an insignificant variation in view of

experimental accuracy.
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The analysis of Engelberg-Forster and Greif (20) has

some drawbacks. The volume of the hot liquid displaced is

more accurately described as being proportional to (KRmaX)ZE;,

where 0 is the thickness of the thermal boundary layer. K is a

factor multiplying Rmax to give the area of influence in the

liquid by the bubble. K, intuitively, will depend upon

factors such as the viscosity of the liquid, the bubble growth

rate, the velocity at the moment of departure, and the boiling

site density on the heating surface. They failed also to

consider that the boiling site density might be affected by

the change in subcooling.

Fand and Deswani (23) performed a detailed study on the

effect of subcooling on the wall temperature of a heating

surface. Their results are shown in Figure 2.13. Figure

2.13 is a plot of the surface temperature, TS, as a function

of the bulk temperature of the liquid, Tb. At a given heat

flux, TS possesses a maximum, which occurs at progressively

higher degrees of subcooling with increasing heat flux.

Table 2.2 gives the calculated values for the heat transfer

coefficient as a function of subcooling (note that TS=TW).

~The heat transfer coefficient, h, is defined as

n = q/(Tw -Tb) (2.22a)

Sultan and Judd's (24) experimental results on the

effect of subcooling on the wall temperature, boiling site

densiti, and average bubble frequency are shown in Figures

2.14, 2.15, and 2.16. Figures 2.14 and 2.15 suggest a
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Table 2.2 Effect of subcooling on heat transfer coefficient

(Calculated from figure 3 of Fand and Keswani (22) )

 

1 2 3 4 5

(PTU/ Hr-ftz) T T T - T 2q - - w (F2_ b (F) sat .a (a) h (asu/ Hr-ft -?

51960 226.7 212 0 3535

51960 228.5 204 8 2112

51960 230.9(max) 190 22 1270

51960 230.9 142 70 584

51963 223.6 136 76 561

511a. 226.7 132 80 548

c"‘60 224.2(min) 129 53 545
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Figure 2.14 Variation of

surface-heat with bulk

subcooling.

Figure 2.15 variation of active

site with bulk subcooling.

Figure 2.16 Variation of

average bubble frequency

with bulk subcooling.
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direct dependence of site density upon the wall temperature.

Contrary to the results of Tolubinskiy and Konstanchuk (21)

and Ellion (22), Sultan and Judd's data showed a maximum in

the average bubble frequency when plotted against subcooling.



Chapter 3

Experimental Design and Procedures

3.1 Experimental Design

All experiments were performed at the Boiling Heat

Transfer Laboratory at Michigan State University. This

section describes the experimental design and set up.

3.1.1 Heating surfaces

Two different heating test surfaceSmade of brass were

used in performing the boiling experiments for the two

binary systems. At the beginning of each trial, the test

surface was prepared by rubbing the heating test section with

a fine emery paper (silicon carbide 320) and then finished

with a crocus cloth. It should be noted also that a circle

with a diameter of 19.1 cm is inscribed on the test section.

In the counting of the site density, only bubbles inside this

circle are considered. Surface no. 1 (see Figure 3.1) was

used for mixtures of ethanol and water. The outer section

of the test surface was made very thin (O.b mm) to minimize

the conduction heat loss in the radial sirection. Therefore,‘V‘>

the major portion of thermal energy is tran U
) fe-red through

38
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no

the midsection since the boiling heat transfer rate on the

inner section is much higher than the heat transfer rate by

natural convection on the outer section. An adhesive with

high temperature resistance and low thermal conductivity

was used to attach a circular ring to the bottom of the thin

section of the test surface. The ring is in turn screwed to

a cylindrical shell (see Figure 3.2).

When surface no. 1 was used for ethanol—benzene mixtures,

it was discovered that the mixtures chemically attack the

adhesive used, thus creating a leakage problem. For the

mixtures of ethanol-benzene, surface no. 2 (Figure 3.3) was

used instead. The surface is screwed directly to the cylin-

drical shell.

The bottom of the test surface. as shown in Figure 3.2,

is fastened to anelectrical heater by means of a screw. A

high thermal conductivity grease is used to lower the thermal

contact resistance between the bottom of the test surface

and the heater. The heater was specially designed and built

with a nichrome heating filament. Its resistance is about

1.U ohms. The maximum current used in the experiments is

about 12 amperes.

3.1.2 Electrical circuit for surface heater

To measure the total heat flux passing through the test

surface, it is necessary to know the current and voltage

across the heater filament. Section 3.2.3 presents a more
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Figure 3.2 Boiling surface set-up (legend; l-test surface,

2-test surface base, 3-circular ring attached to the test

surface using low conductivity adhesive, 4-thermocoup1e

wire, 5-power lead for electric heater, 6-electric heater,

7-cylindrical shell, 8-o-r1n83)
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detailed description on the conversion of the power of the

heater into heat flux for the heating surface. Figure 3.4

is a schematic diagram of the circuitry for the surface

heater.

Two voltage measurements are made by a digital multime-

'ter. The first measurement gives the voltage across the

heater itself. A shunt with a known resistance of 1 m 1 1%

is used to indirectly measure the current passing through the

heater. By measuring the voltage across the shunt, one can

obtain a value for the current by dividing the voltage by the

known resistance of 1 ml?” The power is then given as:

Power = (Voltage across heater) X (current) (3.1)

3.1.3 Description of experimental rig and overall set up

A schematic diagram of t.e boiling rig is shown in

Figure 3.5. The vessel is a 1/4 inch (6.h mm) thick stainless

steel cylinder cross (U inches in internal diameter) with

flanged ends. To maintain the desired temperature and pres-

sure inside the vessel, a proportional temperature controller

connected to an immersion heater and a condenser using water

as coolant are used. The test surface is mounted vertically,

facing a sight glass window.

For all of the test trials, it is desired to maintain

the pressure inside the vessel at 1b.? p.s.i.a. (1.01 bar).

In cases where subcooling is maintained in the bulk liquid5
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Figure 3.5 Nucleate pool boiling rig (l-stainless steel
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thermocouple, S-temperature controller thermocouple, 6-

immersion heater, 7-sight glass windows, 8-liquid fill

line, 9-condenser, lO-valve to vacuum pump/atmosphere,

ll-pressure gauge, 12-aafety relief valve.
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nitrogen gas is fed into the vessel at the valve located at

position 10 of Figure 3.5. A system of pressure regulators

is used so that the pressure is maintained at 14.7 * .3 p.s.i.a.

(1.01 * 0.02 bar). Figure 3.6 shows the overall set up for

the experiments.

3.1.h Temperature measurement

Copper-constantan thermocouples and digital temperature

indicators are used for temperature measurements. The

estimated maximum error for each measurements is 1 0.200.

Two thermocouples (at positions 4 and 5 in Figure 3.5) are

used to measure the bulk temperature of the liquid. One

of these measurements is interfaced with the temperature

controller and the other with a digital temperature indicator.

Three thermocouples are embedded at three different locations

of the heating surface and their temperatures are read from

another digital temperature indicator. The two digital

temperature indicators are calibrated to agree with each

other. The temperatures of the test section are used to

extrapolate the wall temperature (see section 3.2.3) of the

heating surface.

3.2 Experimental procedure and calculations

The purpose of this study is to investigate the effect

of heat flux, composition, and degree of subcooling on the
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Figure 3f5' Experimental set-up (legend;

1-boiling surface, 2-viewing window,

3-camera, u-lighting)
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boiling site density and the boiling heat transfer coefficient

of binary mixtures. Also, qualitatively at least, a funda-

mental relationship between the boiling site density and

the boiling heat transfer coefficient is being sought. Two

binary mixture systems were chosen : ethanol-water and

ethanol—benzene. As mentioned in Chapter 1, it is known a

priori that a large variation in the dynamic contact angle

existed for the ethanol—water binary system. This variation

is thought to be less significant for the ethanol-benzene

system. Therefore, it is hoped that the experimental results of

site density from the mixtures will help us to understand

the importance of the dynamic contact angle on the site

density.

Table 3.1 lists the compositions, heat fluxes, and

subcoolings used in the experiments. Appendix A gives a

summary of the procedure used to prepare a mixture of the

desired composition. The following is an outline of the

steps used in the experiment.)

3.2.1 Experimental procedure

(1) The prepared mixture is fed into the vessel gradually

(to minimize air bubble formation) until the level of

the liquid is about in cm above the heating surface.

(2) The temperature controller for the bulk liquid is set

to the saturation temperature corresponding to 14.7

p.s.i.a. (1.01 bar). The sytem is closed to the
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Table 3.1 Experimental conditions; mixture composition,

~heat fluxes, and subcooling.

 

(A)

Mixture composition: Mole fraction of ethanol

 

Ethanol-water Ethanol-benzene

 

 

 

0% 0%:

15.00% 15.00%

28.67% 30.00%

49.04% 45.00%

60.00% 65.00%

70.00% 80.00%

80.00% 100.00%

89.40%

(B)

Heat fluxes tested, (kW/mf)

97.39

74.62

55-48

38.54

24.41

13.74

 

(C)

Degree of subcooling,°C

0 C

5

lO

15

20

C
3
0
0

0





(3)

(4)

(5)

(6)

(7)

‘
.
.
J
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atmosphere, but the excess pressure caused by the

degassing process is released periodically.-

The experiment is ready to start when the saturation

condition is reached. At this point , the liquid has

been degassed. ‘

The power to the surface heater is turned on and

increased gradually to give a heat flux of about 150

kh/ m2 in the inner section of the heating surface.

This ensures that boiling is taking place and that all

the possible boiling sites are activated. Boiling

continuesfor approximately 5 minutes to achieve steady

state condition.

The power to the surface heater is then lowered to

the desired level. A period of time is allowed for

the system to reach a steady state condition. The

temperatures (Tb, T1, T2, T3) are then recorded and

photographs of the boiling surface taken.

Step 5 is repeated for the five other heat fluxes.

(See Table 3.1 for a list of heat fluxes tested)

The bulk temperature setting on the temperature

controller is then lowered to the degree of subcooling

desired. The system is allowed to reach the desired

bulk temperature. At this point, the pressure is

lower than 1.01 bar. Nitrogen gas is then fed into

the system to make up for the pressure difference.

Steps 4,5, and 6 are repeated for each subcooling

condition. (See Table 3.1 for the different degrees
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of subcooling tested.

(9) At the end of each experiment a sample of the mixture

is taken from the vessel and its density measured at

e420°C to ensure that its composition remained the

same. The heating surface is cleaned with crocus

cloth to eliminate surface aging as a factor in the

experiment.

3.2.2 Determining the boiling site density

Three photographs are obtained for each set of experi- !

mental conditions, i.e.. mixture composition, heat flux,

and degree of subcooling. For each active boiling site on

the heating surface, the boiling cycle can be divided into

the bubble growth time and the waiting time. During the

waiting time. the thermal layer above the surface is being

heated by transient heat conduction until it reaches a tem—

perature high enough to reactivate the boiling site as

defined by the nucleation criteria. Since the vapor nucleus

is too small to be seen in the photograph, a counting of the

0
‘

oiling site density from any single photograph would under-

estimate the actual number of active sites. Therefore, a

scheme is used to reduce this error in the counting procedure.

During the counting of each photograph, a piece of paper is

placed directly underneath the photograph. The counting

is done by punching a tiny hole in the center of the bubble.

Thus the location of the boiling site is also recorded on
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the piece of paper. This procedure is repeated for the two

other photographs and in this manner the boiling sites of the

three photographs are superimposed on the paper. The boiling

site density is then obtained by counting the holes on the

paper, which gives a better estimate of the actual boiling

site density.

3.2.3 Calculation for heat transfer coefficient

The heat transfer coefficient is defined as:

= _rp

h q/(TW -b)

(Note that several previous experimental studies have used

TSat instead of Tb in the definition of h) In the next two

sections. calculation procedures for determining the heat

flux through the boiling surface area, q, and the wall

temperature will be discussed.

Heat flux through the boiling surfgce area

As mentioned earlier in Section 3.1.1, the heating

surface has a total diameter of 2 inches (5.08 cm). The total

area of this surface can be thoughtof as being two separate

regions: a boiling heat transfer region and a natural con-

vective heat transfer region. For our calculations, all the

heat energy generated by the surface heater is assumed to

pass through the heating surface . In order to obtain the

heat flux through the boiling area (inner region with a

diameter of 2,5h cm), heat loss by natural convection in the
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outer region must be subtracted from the total heat transfer

rate. It should be noted that the distinction of the two

heat transfer mechanisms on the two regions is justified by

experimental observations made on the heating surface.

The heat loss to the outer region is calculated by

assuming it to be a case of heat transfer by conduction through

a circumferential fin of rectangular profile. The heat which

is conducted through the circumferential fin is removed by

natural convection to the bulk liquid. For detailed discus-

sion of this calculation, see Appendix B. I

Heat losses through the fin ranged from 8% to about 65%

depending upon the experimental conditions. i.e., this heat

loss is more significant at low heat flux and high subcooling.

The actual heat flux through the boiling test section is then

adjusted appropriately in the calculation for the heat trans-

fer coefficient.

Cther designs incorporating an insulating material

rather than the metallic fin could have been used to reduce

heat losses but bubbles formed at the joint would have

adversely affected the boiling site density measurements.

Wall temLe rature

Three thermocoupleSwere placed at different distances

underneath the heating surface. The heat energy generated

by the electric heater is conducted to the test surface

through a circular base located at its bottom (seeFigures

3.1 and 3.3). Inside the cylindrical shell (

.it is assumed that the energy loss by natural convection to
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air is insignificant. Thus the temperature profile along

the length of the circular base is assumed to be linear and

the wall temperature can be extrapolated by measurement of

T T2, and T3. However, two problems were encountered: (1)1.

the temperature profile in the region between T2 and T3 is

not quite linear due to the shape effect of the electric

heater bolt hole, and (2) occasionally, a loose contact

exists between the junction of the thermocouple and the

point of temperature measurement in the cylindrical rod.

The first problemi53eliminated by using only T1 and T2 in

extrapolating the wall temperature, Tw. The temperature pro-

file of T1, T2, and T3 is checked qualitatively to ensure

that the junctions are in good contact with the wall of the

drilled holes in the circular base.





Chapter 4

Pesults and Discussion

Experimental results are presented and discussed hi this

chapter. Seventeen experimental runs were performed: 10

experiments for ethanol-water mixtures and 7 experiments for

ethanol-benzene mixtures. Experiments for two compositions

of ethanol-water mixtures (at 70% and 80% mole fraction

ethanol) were repeated and the results were consistent with

each other. A tabulated form of all experimental data is

presented in Appendix C. In the following sections. different

aspects of the results are organized by presenting them in

graphical form. Specifically, the effects of compositions,

subcooling, heat flux, and wall temperature on boiling site

density are examined. Presented also are plots of the heat

transfer coefficient as a function of composition and the

heat transfer coefficient as a function of subcooling.

Finally, ratios of (hexp/hI) and (experimental boiling site

density/ ideal boiling site density) at constant heat flux

are plotted against mixture composition. The ideal quantities

are defined by an ideal linear mixing law. An example showing

Dthe value of hoxpand hI for ethanol-benzene mixtures is shown

in Figure 4.0. Note that hI is the ideal heat transfer

' '1
coefficient calculated by using an id,al linear m
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hexp

  
 

.45 1.00

Liquid Mole Fraction

Figure 4.0 Definition of a linear mixing law for

the azeotropic ethanol-benzene system
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4.1 Heat transfer coefficient vs. mixture composition

4.1.1 Ethanol—water mixtures

Figures 4.1, 4.2, 4.3, and 4.4 are graphs of the

experimental heat transfer coefficient plotted against mix-

ture composition for the ethanol-water system. For each heat

flux used, five different levels of subcooling were maintained

in the bulk liquid. The negative deviation of the actual

heat transfer coefficient from that calculated by a linear

‘
J
e

mix n law is conclusive for high heat fluxes and low subcool-

0
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ings. The minimum point for most of the curves occurs in the

Vicinity of about 30% mole fraction of ethanol. For the

mixture composition of 30m ethanol at a heat flux of
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(‘Figure 4.1

HERT TRRNS COEFF V8 PERCENT ETHRNOL

ETHRNOL RND NRTER MIXTURE

HEFIT FLUX IS 97.39 KN/M"
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Figure 4.2

HEFIT TRFINS COEFF VS PERCENT ETHRNOL

ETHHNOL 0N0 NRTER MIXTURE

HEHT FLUX 18 74.52 mm1
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Figure 4.3

HERT TRRNS COEFF VS PERCENT ETHRNOL

ETHRNOL 0N0 NPTER MIXTURE

HERT FLUX IS 38.54 KN/M‘
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Figure 4.4

HEFIT TRRNS COEFF VS PERCENT ETHRNOL

ETHRNOL HNO NFITER MILXTURE

HERT FLUX IS 13-74 KN/M

o 0 °c SUBCOOLING

x s ‘c SUBCOOLING

+ 10% SUBCOOLING

. 15 °c SUBCOOLING

o 20°C SUBCOOLING

 

o
+
—
—
-
x
—
—
—
—
—
—
—
—
.
—
—
—
—
—
—
—
—
—
—
.
~
—
—

  

0
0
-
0
0

.00 20.00 40.00 60.00 80.00 100 .00

COI‘IPOS I TION: PERCENT ETHRNOL



62

reduction from the predicted value. The deviations from the

predicted values become smaller for lower heat fluxes and

higher degrees of subcooling. This can be explained by the

fact that at these conditions, natural convection becomes

more significant in the heat transfer process and the heat

transfer coefficient is less affected by the preferential

evaporation of the more volatile component (i.e. ethanol).

This is illustrated by Figure 4.4 where for subcoolings of 5,

10, 15, and 2000, the heat transfer coefficient can be

accurately predicted by using a linear mixing law.

4.1.2 Ethanol-benzene mixtures

Some results for heat transfer coefficient as a function

of mixture composition for ethanol-benzene mixtures are shown

in Figures 4.5, 4.6, 4.7, and 4.8. The negative deviation

from the ideal values is again obvious. Two minima are

observed for this system: one at each side of the azeotropic

mixture composition (45% mole fraction of ethanol). The

azeotropic mixture thus seemsto behave like a pure liquid.

As in the case of the ethanol-water system, the deviation is

more significant at high heat flux and low subcooling. The

deviation from the ideal values, however, is smaller for this

system than the ethanol-water system. For the minimum point

at the composition of about 80%, at a heat flux of 97.39

kI‘I/m2 and 0°C subcooling, a 27% reduction from the ideal

value is obtained for the experimental heat transfer coef—

.o° ' 4.
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HERT TRRNS COEFF VS PERCENT ETHRNOL

ETHRNOL HND BENZENE MIXTURE
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HERT TRRNS COEFF VS PERCENT
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Figure 4.8

HERT TRRNS COEFF VS PERCENT ETHRNOL

ETHANOL AND BENZENE MIXTURE

HEAT FLUX IS 13.74°KN/M‘
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4.2 Heat transfer coefficient vs. subcooling

*
I
J

’
J
e

gures 4.9, 4.10, 4.11, and 4.12 show the effect of

subcooling on the heat transfer coefficient. Note that each

figure is for one particular composition. The heat transfer

coefficient is seen to decrease as the subcooling increases.

This is due to the fact that TW drops atéfilBSSextent than Tb,

i.e. Tw is relatively insensitive to changes in subcooling.

Also evident is the fact that the decreasing value of h is

more significant at higher fluxes. This suggests that TW

is relatively insensitiveto subcooling in the well established

boiling region. On the other hand, since natural convection

is the more dominant mode of heat transfer at lower heat fluxes,

h is relatively insensitiveto subcooling. It should be pointed

out also that the results here show a similar trend to those

obtained bT Sterman, Vilamos, and Abramov (25).J

4.3 Non-dimensional heat transfer coefficient, hexo/hT’

vs. mixture composition

4.3.1 Ethanol-water mixtures

The value of the non-dimensional heat transfer coeffi—

4---J-,

the exten. c a.

fh

I
’
D

CiGhC, defined h-re as h /h , indicate
eJCp I
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negative deviation of the experimental value of h from that
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predicted Ev an ideal linear mixing law. In
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Figure 4.10

HERT TRRNS COEFF VS SUBCOOLING

ETHRNOL 6ND BENZENE MIXTURE

COMPOSITION- 100.00 PERCENT ETHRNOL
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Figure 4.11

HERT TRRNS COEFF VS SUBCOOLING

ETHRNOL HND BENZENE MIXTURE

COMPOSITION- 80.00 PERCENT ETHRNOL
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Figure 4.12

HERT TRRNS COEFF VS SUBCOOLING

ETHRNOL RND BENZENE MIXTURE
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Figure 4.13

HIEXPJ/HIIJ VS. COMPOSITION

ETHANOL ANO HATER MIXTURE

HEAT FLUX 16 97.39 KN/M‘
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Figure 4. 14

HIEXPJ/HII) VS. COMPOSITION

ETHANOL ANO NRTER MIXTURE

HEAT FLUX IS 74.62 KN/M‘
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kW/mz), the minimum values of hexp/hI occur in the neighbor-

hood of 30% ethanol composition: the values being about 0.5

in both cases. For the composition region between 0% to 60%,

the values of hexp/hI incresed when subcooling is increased.

Again, natural convection begins to be more significant at

higher subcooling and the degradation in the boiling heat

transfer process becomes less dominant. This trend is not

as obvious for the data at the compositionsof 70% and 80%.

4.3.2 Ethanol—benzene mixtures

Some values of hexp/hl for the ethanol—benzene mixtures

are shown in Figures 4.15 and 4.16. As pointed out earlier,

two mimima are obtained: one on each side of the azeotrope.

The mimima of hexp/hI are in general less profound for this

system compared to the ethanol-water system. In the region

from 45% to 100% ethanol, hexp/hl increases as subcooling is

increased. However, heXp/hI has its maximum values at 0 O

subcooling in the region from 0% to 45% ethanol. This is

.2 ..2
true at both heat fluxes: 97.39 kw/m and 74.52 kI/m . No

plausible explanation is available at the present time.

0 0 Boiling site density vs. mixture composition

4.4.1 Ethanol-water mixture

Figures “-17. “-18. 4.19. and 4.20 are experimental
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Figure 4.15

HIEXPI/HIII VS. COMPOSITION

ETHRNOL HND BENZENE MIXTURE

HEAT FLUX IS 97.39 KN/M‘
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Figure 4.16

HIEXPJ/HII] VS. COMPOSITION

ETHRNOL 6ND BENZENE MIXTURE

HERT FLUX IS 74.62 KN/Mz
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Figure h.17

SITE DENSITY VS PERCENT ETHRNOL

ETHRNOL HND NRTER MIXTURE

HERT FLUX 15 97.39 Kw/M‘
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Figure 4.18

SITE DENSITY VS PERCENT ETHRNOL

ETHHNOL RND NRTER MIXTURE

HERT FLUX 18 74.52 Kw/M‘
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Figure 4.19

SITE DENSITY VS PERCENT ETHFINOL

ETHHNOL RND NRTER MIXTURE

HERT FLUX IS 38.54 KN/Mz
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Figure “.20

SITE DENSITY VS PERCENT ETHRNOL

ETHRNOL RND NRTER MIXTURE

HERT FLUX IS 24.41 KN/M”
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results for the boiling site density as a function of composi-

tion at different heat fluxes. Based on the results of Thome.

Shakir, and Mercier (12) on the incipient superheats for

ethanol—water system (Figure 2.9), a minimum value for the

boiling site density is expected in the Vicinity of 50% mole

fraction of ethanol. The results of the deactivation super-

heats showed a smaller variation as a function of composition.

For the experiments performed in the present study, the deacti—

vation superheat would be more reliable in predicting the

boiling site density since all possible sites were activated

by using a very high heat flux at the beginning of each

trial.

For each of the heat fluxes studied, the boiling site

density is relatively small in the composition region from

0% to about 60% mole fraction of ethanol. Beyond this point

the boiling site density increases very rapidly, until an

increase of two orders of magnitude is reached at the

azeotrope. A vapor spreading phenomenon is observed to be

responsible for this huge increase in the boiling site

density. For mixtures with a relatively large percentage of

ethanol, the following observation was noted. When the heat

flux through the heating surface is increased gradually to

about 200 kW m2, the wall temperature can be about 30 to

b5°C above the saturation temperature before boiling takes

place. A single site would be activated first and it is

surmized that its vapor in turn "seeds" neighboring si

causing them to be activated also. A "chain reaction
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phenomenon" thus occurs. causing the entire heating surface

to be activated and hence,a high boiling site density to

result.

This aqueous system shows a large negative deviation of

the boiling site density from that predicted by an ideal

linear mixing law. It is noted, however, that the bubble

departure diameter of water is about 3 to 4 times that of the

azeotropic mixture. It should be pointed out also that some

site density results were not obtainable because the sites

were too crowded'uabe counted. This usually occurs at high

heat flux and low subcooling.

4.4.2 Ethanol-benzene mixtures

Figures 4.21, 4.22, 4.23, and 4.24a are results for the

site density as a function of composition for ethanol-benzene

mixtures. The variation here is much smaller than_that found

in the ethanol-water system. The results demonstrate a

maximum to the left of the azeotrope but a minimum to the

right. It is noted that the vapor spreading phenomenon occur—

red over the entire composition range from pure benzene to

pure ethanol while activating the boiling surface.

The following offers a plausible explanation for the

observed site density variation. After a bubble departed

‘ '
: '1 ‘44. ° '

from the heating surface, a vapor nucleus is left behind in

" ° 4 4' - , 43% + w‘ "'1 1 OH ‘0‘." M 1"the micr -s.ructu:e. at b e same -1 e, liaii "-0 -.e

bulk rushes in to take up the space that the departed
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Figure 4.21

SITE DENSITY VS PERCENT ETHRNOL

ETHRNOL HND BENZENE MIXTURE

HERT FLUX IS 97.39 KN/M1
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Figure 4.22

SITE DENSITY V8 PERCENT ETHRNOL

ETHRNOL HND BENZENE MIXTURE

HERT FLUX I8 74.52 Kw/M‘
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Figure 4.23

SITE DENSITY VS PERCENT ETHRNUL

ETHRNUL RND BENZENE MIXTURE

HERT FLUX I8 55.48 KN/M’
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Figure 4.24a

SITE DENSITY VS PERCENT ETHRNOL

ETHRNOL RND BENZENE MIXTURE

HERT FLUX IS 24.41 XII/Mz
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bubble left behind. The composition of the vapor nucleus is

likely to have a lower concentration of the more volatile

component than the vapor composition corresponding to the

bulk liquid due to the preferential evaporation of the more

volatile component. Therefore, the vapor nucleus will not

be in chemical equilibrium with the bulk liquid.

N
F!

.
o 0

-or 0 $ Xb 4 Xaz (see Figure 4.24b for a phase equili—

brium diagram for the ethanol—benzene

system)

Suppose that the bulk liquid is of composition?b with

a

its corresponding vapor composition equal to'y . The vapor
a

nucleus has a vapor composition that is of a value somewhere

between?ba and'ya. Therefore the composition of the vapor

nucleus hassalower mole fraction of ethanol than the vapor

compositionfya, corresponding to the bulk liquid composition,

N

x% . It is postulated that in order for the vapor nucleus

”a

to attain a vapor composition of’ya, ethanol is preferentially

evaporated at the vapor and liquid interface. Thus the

radius of this vapor nucleus is increased and the incipient

superheat required is lowered. This would lead to a

higher boiling site density. It is also postulated that

the maximum in the boiling site density is strongly influenced

'I _|_ ° N N

0y the maXimum value of y — x‘.

(J N

For x $ x. $ 1

 

For this composition range, the vapor composition of the

vapor nucleu 0
) has a higher composi
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|°Cl

 

    

 
Figure 4.24b Phase equilibrium diagram for

ethanol-benzene system.
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vapor composition corresponding to the bulk liquid. Therefore.

it is postulated that the ethanol component in the vapor

nucleus is preferentially condensed so that the vapor nucleus

will be in chemical equilibrium with the bulk liquid. Thus

the radius of the nucleus is decreased and a higher incipient

superheat is required for the nucleus to begin to grow . The

resulting effect is a lower boiling site density. Again. the

minimum value of the boiling site density is in the vicinity

of the maximum value of ry -‘§l. Finally. this non-aqueous

mixture system is shown also to have a very nonlinear varia-

tion in the boiling site density with composition.

4.5 Boiling site density vs. subcooling

It is seen from Figures 4.25, 4.26, 4.27, 4.28, 4.29,

and 4.30 that the site density as a function of subcooling can

behave in three different ways (1) monotonically decreasing

with subcooling, (2) displaying a maximum, or (3) displaying

a minimum value. As discussed in Chapter 2, the wall tempera-

ture is a relatively weak function of subcooling and the data

from the present study further supports this idea, i.e. Tw

drops at a slower rate than that of the decrease in the

temperature of the bulk liquid. But at the same time, the

heat transfer coefficient is smaller for a higher degree of

subcooling used. Since the thickness of the thermal boundary

layer is related to the heat transfer coefficient in the form

% = and (2‘21)
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Figure 4.26

SITE DENSITY VS SUBCOOLING

ETHHNDL 0ND NRTER MIXTURE

COMPOSITIDN- 60.00 PERCENT ETHQNDL
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Figure 4.27

SITE DENSITY VS SUBCOOLING

ETHRNOL 0ND NRTER MIXTURE

COMPOSITIDN— 28.67 PERCENT ETHRNDL
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Figure 4.28

SITE DENSITY VS SUBCOOLING

ETHRNOL RND BENZENE MIXTURE

COMPOSITIDN- 100-00 PERCENT ETHQNDL
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Figure 4.29

SITE DENSITY VS SUBCDDLING

ETHRNDL 9ND BENZENE MIXTURE

COMPOSITIDN— 80.00 PERCENT ETHRNDL
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Figure 4.30

SITE DENSITY VS SUBCOOLING

ETHeNOL 0ND BENZENE MIXTURE

CDMPDSITIDN- 15.00 PERCENT ETHQNDL

_. _

4‘\

.1 ¢~er

o

l\

. \ )

X
<

\x

 

1
1
1

/

/  9
—
-
—
£
>
.
—
_
_
_
J
+
.

_
.

\é\

\.

fT

I CC 20-4. 3’0 5

SUBCOOLING' DEGREES2 CELSI IS

0

5
1
D (
J

L

. KN/M

xw/Mz

Xw/M‘

Rw/M‘

KN/M‘

KW/M‘





96

where d is a negative number, the thickness of the thermal

boundary layer is expected to increase when a higher degree

of subcooling is used. Also, the bubble departure diameter

decreases with subcooling as observed here qualitatively and

quantitatively in Figure 2.12. Thus. as subcooling increases.

there is a possibility of packing boiling sites closer together.

Thus three general trends can be caused by an increases in the

subcooling: (1) a decrease in the wall temperature, (2) an

increase in the thickness of the thermal boundary layer

adjacent to the heating surface, and (3) Dd is smaller as

subcooling is increased. It can be assumed that a decrease

in wall temperature would cause a lower boiling site density

to occur. On the other hand, an increase in the thickness

of the thermal boundary layer may increase the boiling site

density. an idea suggested by Hsu's analysis in Chapter 2.

Thus. these three phenomena should be considered in the

analysis of the boiling density as a function of subcooling.

4.6 Boiling site density vs. heat flux

As expected, the boiling site density increases as the

heat flux is increased as shown in Figures 4.31, 4.32, and

4.33. Note that the slope of the curves gets steeper as the

heat flux is increased. An energy balance can be written

in the form

energy = (Boiling site density) (average energy 

A t'( rea)( ime) removed per bubble) (Average frequency of

bubble cycle) (4.1)
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Figure 4.31
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Figure 4.33

SITE DENSITY VS HERT FLUX
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01‘

Heat flux = (Average energy removed per bUbble)

Boiling site density X (1/fi;)

 

(4.2)

Since the experimental data point to the fact that the ratio

of (heat flux/boiling site density) is decreasing as heat

flux is increased, this shows that the product of

(av. energy removed per bubble) X (1/h;) is therefore also

decreasing as the heat flux is increased. Since it is well

known that 7:decreases as heat flux is increased, this

suggests that the average energy removed per bubble decreases

at higher heat flux.

4.7 Boiling site density vs. wall temperature

The boiling site density is plotted as a function of

wall temperature in Figures 4.34, 4.35. and 4.36. The

following observations are noted I

(1) The deactivation superheats can be extrapolated from

each curve. Note that the data seem to suggest a

higher deactivation superheat for lower subcooling,

pointing to the importance of the thickness of the

thermal boundary layer suggested earlier.

(2) Within the range of conditions tested, i.e. a heat

flux up to about lOOkW/mz, the rate of increase in

the boiling site density increase rapidly as the wall

termperature is raised.
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Figure 4.34
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Figure 4.35
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Figure 4. 36
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(3) Note that given the same wall temperature, the general

trend is for the boiling -site density to be larger for

higher subcooling. Again. this can be due to a thicker

thermal boundary layer at higher subcooling.

4.8 (Experimental boiling site density)/(Ideal linear

boiling site density) vs. mixture composition

Figures 4.38, 4.39, and 4.40 show the variation of

(B.S.D.eXp/B.S.D.I) versus the mixture composition 1 where

(B'S'D'exp/B‘S'D'I) is the ratio of the experimental boiling

site density to that predicted by an ideal linear mixing

law. Note the inadequacy of trying to predict the boiling

site density from the linear mixing law. This is especially

true for the ethanol-water mixtures at the mole fractions of

15%, 28.67%, 49.04%, and 60.0% ethanol where the experimental

boiling site densities for these mixtures are less than 10%

of the predicted ideal values. For the ethanol-benzene mixture

system, the value of B.S.Dexp/B.S.D. is greater that one to
I

the left of the azeotrope and is less than one to the right.

For this system. it would also be very inadequate to try to

predict the boiling site density based on a linear mixing law.
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Figure 4.38
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Figur5439
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Figure 4.40
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Chapter 5

Conclusions

The following conclusions are made on the effects of

subcooling and composition on the boiling heat transfer coef-

ficient and boiling site density for the binary systems tested:

(1)

(2)

The boiling heat transfer coefficient decreases as the

degree of subcooling in the bulk liquid increases.

The ideal linear mixing law is found to be very inadequate

in the prediction of the boiling site density of both

the aqueous and non-aqmnms binary mixture systeistudied.

(a)

(b)

For the ethanol-water mixture system. the boiling

site density can increase by two orders of magnitude

from pure water to mixtures close to the azeotrope.

A vapor spreading mechanism is proposed as an

explanation. The decrease in the actual boiling site

density compared to the ideal value is suggested to

be due to mass diffusion effects.

The ethanol-benzene mixture results demonstrate a

maximum in the boiling site density to the left of

the azeotrope but a minimum to the right. This

phenomenon is explained by postulating that during

the waiting period of a bubble growth cycle, conden-

sation or evaporation can take place at the surface





(3)

(4)
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of the vapor nucleus so that the vapor nucleus can

reach chemical equilibrium with the bulk liquid.

Thus the size of the vapor nucleus can be changed

and therefore changing the incipient superheat

required.

The boiling site density with heat flux and mixture com-

position being held constant can (1) decrease monotoni-

cally , (2) display a maximum value, or (3) display a

minimum value when plotted as a function of subcooling.

This suggests that the thickness of the thermal boundary

layer is a significant parameter in determining the boil-

ing site density.

When the boiling site density is plotted as a function of

the wall temperature, it was found that for a given wall

temperature the boiling site density is generally greater

at a higher degree of subcooling.
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Appendix A

Preparation of a mixture of known composition— a sample

illustration

To prepare an ethanol-benzene mixture of 15% mole fraction

9

ethanol (at 23 C).

l. A)

B

O

A)

B

C)

A

V

B)

O
V

V

Mass of 1 mole of ethanol = 46.06952 gram

0

Density of ethanol at 23 C = 0.7903 gram/ml

0

Molar volume of ethanol at 23 C =

a
.

0

molar mass of ethanol/density of ethanol at 23 C =

46.06 ram = 58.29 ml

0.7903 gram7ml

Mass of 1 mole of benzene = 78.11472 gram

0

Density of benzene at 23 C = 0.875 gram/ml

c

Molar volume of benzene at 23 C = molar mass of

O

benzene/density of benzene at 23 C =

8.114 2 ram = 89.24 ml

0.8753 gram7ml

Volume of 15 moles of ethanol =

58.29 ml X 15 moles of ethanol = 874.35 ml

mole of ethanol

Volume of 85 moles of benzene =

82.24 ml X 85 moles of benzene = 7585.40 ml

moles of benzene

To prepare a mixture of a total volume of approximately

4400 ml (capacity of boiling vessel)

Volume of ethanol = (874.35 ml X 4400 ml)/(874.35 ml +

. 7585.40 ml)

= 454.76 ml
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Volume of benzene * (7585.40 X 4400 ml)/(874.35 ml +

7585.40 ml)

= 3945.26 ml
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Appendix B

Calculation for heat loss

The purpose of this section is to outline the method

used in obtaining the experimental heat transfer coefficients.

To start, we have an energy balance equation: (alsosae Figure

3.1)

Power generated by = Total heat flux from inner section

electrical heater of heating surface

g.

Total heat flux from outer section

of heating surface

(A-l)

It is observed experimentally that the mode of heat transfer

at the outer section is always by natural convection.

Specifically, the outer section of the heating surface is

modeled here as that of a case of heat transfer by natural

convection through a circumferential fin of rectangular

profile .

Let us further assume that for a particular mixture,

the heat transfer coefficient for natural convection does

not change significantly for different conditions of heat

flux and subcooling. This assumption is supported by the

experimental data in the present study (Figures 4.9, 4.10,

4.11, 4.12). The heat transfer coefficient approaches an





113

asymptotic value as the degree of subcooling is increased

and this value is relatively the same for different heat fluxes

(represented by different curves)used. This suggests that

the natural convection heat transfer coefficient is basically

a function of the fluid properties only. Applying equation

A-l to situations where natural convection is taking place on

the entire heating surface , inner and outer sections:

Power generated by = P’= ‘nfhn C Af(Tw-Tb) + h A(T-T)

electrical heater
- C W bn.c

(A-la)

where y\f fin efficiency

hn c = natural convection heat transfer coefficient

 

l
a 1
1

wall temperature at center of heating surface

Tb = bulk temperature of liquid

Af = surface area of circumferential fin

A - surface area of inner section

Incrder to obtain a value ofle. it is necessary to have

a value for hn in equation A-1. Starting with an equation

.0.

to get an approximated value for hn c :

h = P (A—2)

(Af T Ac)(Tw'Tb)

Another form of equation A-l can be rewritten as:

P

11.0.

-

MfAf T ACHTW-Tb) (A 3)

 

To summarize the steps that follows:
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(1) Equation A-2 is used to get a starting value for hn c .

(2) Using the value of hn.c. from equation A-2, a value

onIf is obtained from Figure 2.11 of reference (27)

and is reproduced here as Figure A-l.

(3) The value of 1\f is substituted into equation A-3 and

a new value of hn.c.is obtained.

(4) Iteration is used on equation A-3 until the value of

hn.c. stabilizes.

The method outlined above is applied to a heating condi-

tion of lowest heat flux and highest degree of subcooling.

Thus it is a situation where the whole surface is in the

natural convection region. To obtain the boiling heat trans-

fer coefficient when boiling is occurring in the inner section

and natural convection in the outer region, we have, applying

equation A-l:

Power generated by = Total boiling heat flux from inner

electrical heater section of heating surface

Total heat flux by natural convection

from outer section of heating surface

(A-4)

or

P = thc(Tw-Tb) T Vlfhn.c.Af(Tw_Tb) (A‘5)

where hb is the boiling heat transfer coefficient. Note that

in order to solve for hb from equation A-5, we use values of

Wtf and hn.c. obtained by equation A-3.
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Appendix C

Experimental data

List of symbols used

HFLUX

BTEMP

T2. T4

T
w

QFIN

QNET

HEXP

HNC

EFCO

Power generated by electrical heater

Bulk temperature

Temperature readings used to extrapo-

late the wall temperature

Wall temperature

Heat flux loss at fin

Heat flux at inner section of heating

surface

Experimental heat transfer coefficient

Natural heat transfer coefficient

Fin efficiency coefficient
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