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ABSTRACT

A study of surface variables in boiling has been completed. An
instrument was developed which allowed the measurement of both the
number and size of nuclei on an arbitrary surface. The orientation
of surface scratches with respect to advancing liquid-gas interfaces
is shown to be the dominant cause for the creation of these nuclei.
Experimental work is presented which gives a further understanding
of the surface effects.

A new means by which heat is removed in boiling is analyzed and
shown to have considerable influence on many aspects of boiling.
This phenomenon, which is referred to as thermocapillarity, results
from an interaction between the velocity and temperature gradients
existing around bubbles produced at surfaces.

The above two studies have lead to a further understanding of the
conditions which will produce boiling. Eleven different theories
concerning the inception of boiling are found to be special cases of
a more generalized model. The basic assumptions of this generalized
model are shown to be oversimplifications. These oversimplifications
explain the lack of agreement between these models and experimental
evidence,

Several techniques were developed for use in the experimentation
associated with this work. The first was an instrument for detecting
the onset of boiling. The second was an analytical method for solving
a large class of nonlinear differential equations.

Thesis Supervisor: Arthur Edward Bergles

Title: Assistant Professor of Mechanical Engineering
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SYMBOLS

Arabic

power series coefficients defined by Eq. 35
surface area

projected bubble area, defined by Eq. 11
cross-section area of a tube

axial scratches - rough finish

axial scratches - smooth finish

power series coefficients defined by Eq. 43
constants defined by Eqs. 8, 9, and 10 respectively
dissolved gas concentration

a constant defined by Eq. 1

circumferential scratches - rough finish
circumferential scratches - smooth finish
constant pressure specific heat

constant defined by Eq. 73
hydzatltcidiameter

bubble diameter

voltage drop across tube length

friction factor defined by Eq. 28

heat transfer coefficient

height of bubble

latenit heat of vaporszation

electrical current
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thermal conductivity

thermal conductivity of the liquid
defined by Eq. 27

Henry's Law Constant

liter

length
the solution to a linearized differential equation
defined by Eq. 1

molecular weight

mass flux

defined by Eq. 63

number of bubbles per unit area
number of metastable nuclei per unit area
pressure

atmospheric pressure

pressure head of mercury
hydrostatic pressure

defined by Eq. 29c

Prandtl number

heat flux

heat flux at burnout

heat flux at inception

heat flux resulting from jetting
radius

defined by Eq. 29b

principal radii of curvature
maximum cavity radius

gas constant
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Res
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Reynolds number

electrical resistance

time

temperature

air temperature

bulk temperature

critical temperature
saturation temperature

wall temperature

specific volume

critical volume

mean stream velocity

velocity of bubble

critical volume of a gram-mole
velocity of thermocapillarity induced jet
heat generated per unit volume

distance measured from solid wall into liquid

Greek

defined by Eq. 26

defined by Eq. 30

defined by Eq. 27

defined by Eq. 30

defined by Eq. 86

thickness of thermal boundary layer
natural logarithm base

pressure difference across phase interface
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Atw = tube wall thickness
ATb = ¥emperature drop across a bubble
ATsub = saturation temperature minus bulk temperature
ATs = wall temperature minus saturation temperature
2] = bubble lifetime (in Chapter III)
] = defined by Eq. 29a (in Chapter IV)
2] = angle of pendulum from the vertical (in Appendix A)
v = kinematic viscosity
A = accomadation coefficient
o) = electrical resistivity
pL = density of liquid
G = defined by Eq. 26
Py = density of vapor
o} = surface tension
T = wall shear stress
w = defined by Eq. 2A
Subscripts
A = designates a specific temperature profile
B = designates a specific temperature profile
c = cold wall
C = designates a specific temperature profile
g = gas
h = hot wall

i = at inception




13

= liquid
= rough
= smooth
= vapor

Superscripts

denotes a dimensionless quantity
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Chapter I - Introduction

Despite the extensive research, both experimental and theoretical,
into the boiling phenomenon, it is still not well understood. The
motivation for this research is caused, first, by the ihcreasing
number of heat-limited systems being designed which are characterized
by a large heat generation per unit volume and, second, by the extremely
high heat fluxes obtainable in boiling. This last motivating factor is
made apparent when one realizes that boiling surfaces are able to have
higher he é/fluxes than the energy flux leaving the sun's surface
without even approaching the 10,000°F temperature of that surface.

Flow 5 iling, when measured in terms of heat removed per volume
of coolantbzpace, has the greatest capacity for removing heat for
applications in systems with high heat generation per unit volume.

Very early in the study of boiling it was felt that an understanding

of flow boiling could be best gained if one first eliminated the flow
velocity and studied boiling in a stagnant liquid. This was the
impetus given to the thousands of studies which have been made of pool
boiling over the past twenty years. Many other studies have approached
the flow boiling problem by eliminating the temperature gradients and
associated heat fluxes, and have concentrated on two-phase isothermal
phenomena. These efforts have produced substantial information from
which a study of flow boiling can proceed. However, it is nbw known
(see Chapter III) that there is a significant interaction between the

velocity field, the liquid-vapor interface, and the high temperature
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gradients at the solid-liquid interface. Therefore, eliminating

either the temperature or flow velocity fields appears to be an over-
simplification of the problem.

The present study was initially aimed at determining the conditions
(in the most general sense) under which boiling began. It soon became
apparent that the size and number of cavities on the boiling surface
was an important variable in this problem. Techniques were then
developed to quickly measure the cavity size distribution of any given
surface., This allowed one to then vary all possible factors which
might effect the cavity size distribution and thereby determine which
were significant., With this ability to control the nuclei population,
an experimental program was initiated to see what effect different
populations had upon boiling. This experimentation also yielded the
inception data needed to supplement that already in the literature,
which when taken as a whole, allowed a new understanding of the original
problem. In the course of these experiments, unexpected bubble behavior
was observed which upon closer examination lead to the study of
thermocapillarity, Thermocapillarity allowed further understanding of
surface effects upon boiling as well as upon inception. However,
its significance appears to lie well beyond these two problems.,

The present experimental work indicated the need for two develop-
ments which may prove of value in other areas of research. The first
was an instrument which allowed the detection of the extremely small
bubbles which exist under certain flow boiling conditions. The second
development was a compact and accurate analytical technique for solving

a large class of nonlinear differential equations. Two examples
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of this nonlinear technique are given: the temperature drop across

an electrically-heated tube wall, and the classical large amplitude

pendulum (which until now has not been solved).
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Chapter II - The Measurement of Cavity Size Distributions

A. Introduction

Surface conditions have long been known to play a major role in

boiling. A generalized expression for the boiling heat flux is

a/a = T (T, - Ts)m (1)

where (Tw - Ts) is the wall superheat and both C and m are "constants'.
The Rohseqdw nuclééfe boiling correlationl*as well as the work of
Berenson2<suggest that both the coefficient and exponent iﬁ Eq. 1
depend on §urface variables. A number of investigators attempted to
gain some &Qgerstanding of the surface effects by using such devices

as electron microscopes, highly magnified still photos, and high speed

motion pictures.3’4’S

Still others have resorted to extensive experi-
mentation and bubble counting techniques, hoping to gain some understanding
as to what quantities characterize the surface insofar as nuclei are

6,7,8,9 It is herein proposed that the main difficulties in

concerned.
understanding the effects caused by natural surfaces are (1) the
inability to determine which variables, such as material and finish,
control theé formation of nucleationvsites and (2) the inability to
measure the size and number of nucleation sites. In what follows a
method is presented for quickly making nucleation site measurements

and thereby determining the variables which control the formation of

nucleation sites.

*Numbers denote References listed beginning on p. 101
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B. Theory

It is commonplace to see small bubbles clinging to the side of a
glass of water. If closely obéerved, these bubbles appear suddenly,
are at first below the resolving ability of the eye, and appear only
when the water is being warmed. It is reasonable to assume that the
nucleation sites on a clean surface from which these gas bubbles appear
would also be the nucleation sites if boiling were to begin.

These gas bubbles, which are of course saturated with vapor, have
the following desirable characteristics which make them useful in
identifying cavities:

1. They grow slowly by gas diffusion and can be easily counted.

2. They grow in a constant temperature liquid thereby avoiding

certain problems associated with temperature gradiénts (to be

discussed in Chapters III and VI),.

3. Their slow growth in a relatively stagnant liquid avoids

any dynamic problems which might tend to hide the characteristics

of the cavities themselves.

The force balance on any of the possible states of the bubble

emerging from an irregular shaped depression (Fig. 1) is
ging g P P g
] r2 (p +p, ) + 2nr0 = nrz (p. +p) (2)
atm hs v g

or

r=-——r f° - (3)
Py pg Patm ~ Phs

As the bubble of Fig. 1 passes from state (1) to state (2), its
radius of curvature decreases which, by Eq. 3, requires the net pressure

difference across the interface to increase. If this pressure difference
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increases sufficiently, state (3) is reached. The hemispherical
bubble of state (3) has the special characteristic of having the
smallest radius of curvature. If the net pressure difference is
increased further, which it will if the bubble grows by gas diffusion,
and if P, is held constant, the force equilibrium requirement of

Eq. 3 would require the radius of curvature to decrease below the
cavity mouth radius. Since the radius can only increase in going

to state (4a) or (4b), force equilibrium is not satisfied and the
bubble is therefore unstable. This instability will result in growth
which is governed by the rate of gas diffusion into the bubble.
Microscope observations were made of gas bubbles growing from this
unstable condition. Rapid initial growth was observed which made the
bubbles visible to an unaided eye within less than a minute. By
evaluating the terms on the right side of Eq. 3 at the time when this
instability at the cavity occurs, the equivalent radius of that

particular cavity can be measured.

C. Apparatus

To simplify the evaluation of the right hand side of Eq. 3, the
manometer type instrument shown in Fig. 2 was constructed. The porous
disk of this manometer allows vapor and gas to exist between it and
the surface of mercury. It essentially serves the same function as
a semipermeable membrane except that the gas diffusion process is faster.
Since the long arm of the manometer is open to the atmosphere, the

mercury pressure head is

Pug = Py ¥ Pg = Poep &)




20

The only restriction on P, and pg within the manometer equaling the
same properties within the nuclei on some surface within the liquid
is (1) that the temperature in the liquid be uniform and (2) that all
processes proceed slowly enough to insure equilibrium. With these

assumptions, Eq. 3 can be substituted into Eq. 4 to give

r = 20 (5)

PHg ~ Phs

The right hand side of Eq. 5 can easily be evaluated to give the
equivalent cavity radius,
| To obtain an independent check on all measurements, artificial
cavities of known dimensions were placed on three mirror finish
stainless steel plates (2" x 2"). In each plate was drilled a set of
cavities of one particular size (r = 0,001 in., 0.0004 in., and 0.00025 in.)
in the pattern of a diagonal cross. The depth of the artificial cavities
was usually about ten times the diameter, thereby giving a high probability
that gas would be trapped. The artificial cavities were in the shape
of cylindrical pits whose radii were felt to be close to the effective
radii of natural cavities., The drilling was done through the courtesy
of the M,I.T. Instrumentation Lab;ratory with an electric-discharge
drilling machine.

The appearance of the cross battern on a plate containing the
0.00025 inch cavities, for example, would indicate the sufficient
pressure existed within all nucleation sites to "pop" all caQities
of radii greater than 0.00025 inches. These plates containing art{fiefal
cavities of known dimensions gave results which typically are as

shown in Fig. 3a.
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D. Results

The specimens from which data were collected generally consisted
of flat plates (1" x 1"). Typical measurement results are shown in
Figs. 3 and 4. The scatter of the points in these figures is repre-
sentative of all the data collected. For example, in Fig. 3b are
éhown the total number of nucleation sites per unit area which have
a cavity radius greater than r, The scatter is evidentally the
result of some vafiable (experimental or physical) which is uncontrolled.

The variation of nucleation site populations for different materials
(stainless steel-316, copper, and aluminum) is shown in Fig. 3c, There
is no indication that any one of these materials of a given finish has
more ability to form nucleation sites than another,

Figures 3b, 3d, 4a, and 4b show representative populations for
each of these three materials., The 80-grit finish is rough to the touch
while the B finish is a bright mirror finish which is made with a |
three-micron aluminum oxide abrasive.

Figure 4c compares the populations found on a copper mirror finish
with those found on the inside of two plug drawn copper tubes. This"
inside surface was prepared by cutting oper a 1/4'" ID tube and merely
cleaning the inside surface with acetone. The unexpected result was
that this inside surface had fewer nucleation sites than a highly
polished surface. The same result was observed with stainless steel
tubes. A visual examination of the internal surface of these tubes
showed many axial extrusion grooves. Since the liquid came in contact
with the surface by traveliﬁ; axially down the tube segment it was

suspected that merely by traveling parallel to grooves fewer nuclei
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would result. It is noted that a collection of long grooves is a
common type of gross surface roughness for metals since almost all
metal forming operations, such as machining, drawing, extruding,
polishing, and pressing, produce grooved surfaces.

To explore this possibility, specimen plates were prepared in an
identical manner as previously. They were then placed in the liquid
so that the direction of liquid advance over the surface took place
in two different ways: parallel to the polishing grooves and
perpendicular to the grooves. The resulting populations were then
compared with prior results when random loading took place (Fig. 4d).
Identical qualitative results to those shown in Fig. 4d were obtained
for all materials and all finishes where groers could be observed.

Bankofflohas analyzed the formation of nucleation sites by a
film of liquid traveling perpendicular to a groove. He visualized a
nucleation site being formed when the liquid surface trapped gas by
touching the far side of the groove or pit before it touched its
base (Fig., 5). With this explanation in mind,’it appears logical that
liquid traveling parallel to the majority of grooves would create
fewer nucleation sites than by traveling perpendicular to these grooves.

In his paper Bankoff suggested that someone attack the other half
of the trapping phenomenon, i.e., gas trapping by liquid flowing
parallel to grooves. From the present results, the answer may well
be that trapping does not occur unless a microscopic groove or pit lies

sufficiently perpendicular to the path of liquid advance.
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E. Conclusions

1. The number and distribution of nucleation sites on a metallic
surface do not appear to be affected by the particular metal.

2. Smoother finishes result in fewer nucleation sites being
created.

3. The direction of travel of the liquid when it comes in contact
with the surface has a strong effect upon the resulting
nucleation site population. |

4. The largest cavity radii for the surfaces of this work were
approximately .00l inches. For smaller radii the poﬁulations

increase very rapidly.
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Chapter III - Thermocapillarity

A. Bubble Boundary Layer

For some time it has been observed that bubbles produced in flow
surface boiling remain quite near the hot wall while flowing downstream.

11

Gunther, in 1950, was the first to observe this surprising fact.

Furthermore, his high speed photographs recorded that increased subcooling
caused the bubbles to stay even closer to the hot wall., When this
subcooling reached 150°F, he reported that the bubbles did not appear

to detach and would only slide downstream.

Jiji and Clark,l?

in observing this phénomenon, described the
region occupied by theée bubbles moving next to the wall as a "bubble
boundary layer". Their observations, which will be discussed later in
this chapter, included the following unexplained facts:
1, The temperature within the bubble boundary layer is generally
well below the saturation temperatdre (Fig. 6a).
2. The temperature throughout the bubble boundary layer
fluctuates over a wide range (Figs. 6a and 6b),
3. The frequency of this fluctuation is virtually constant
throughout both the bubble boundary layer and the sinéle phase
core (Fig. 6b).
4. The magnitude of this temperature fluctuation decreases as
the distance from where boiling begins is increased (Fig. 6c).
5. The temperature 4t the edge of the bubble boundary layer

decreases as the heat flux increases (Fig. 6d).
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Kirby, et al.,13 in observing the puzzling attraction of the

bubbles to the hot wall, attributed it to the inertia resulting from
positive growth of the bubbles as they move downstream. Since this
attraction has also been observed (1) in the present work when no
significant growth was taking place and (2) in the work of Gunther

when collapse was occuring, one can conclude that inertia cannot
completely explain this observation. Kirby applied the following test
to determine whether the attracting force was either thermally or
hydrodynamically induced. While bubbles were moving next to the heated
wall, the power was quickly shut off, Had the bubbles remained at

the wall, one could conclude that some hydrodynamic force was acting

on the bubbles, What actually happened was that the bubbles immediately
began to drift away from the wall. In light of this result and Gunther's
observations on the effect of subcooling, it is safe to conclude that

this attraction phenomenon is thermally induced.

B. Jetting

It was first reported by Ma:angoni,la about 100 years ago, that
motion can be induced by a variation in surface tension at a liquid-
vapor interface.. This variation produces a force imbalance which
tends to move the interfacial liquid film. Through the action of
viscosity the liquid film drags adjacent liquid which produces an
observable flow, Scriven and Sternling,15 for example, have shown that
the flow observed in liquid Benard cells is due to this phenomenon
and not to huoyancy forces. Of interest in flow boiling is flow
resulting from variations in surface tension caused by a temperature

gradient along the phase interface of a bubble.
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Sugden16 has suggested that surface tension is a derived property,
that is, it is directly related to more basic properties, This

relationship is

.78 v 4

|- er (o, - p.)
g M L v 6)

As this equation indicates, o decreases with an increase in temperature
for all fluids (i.e., %% is negative) and becomes zero at the critical
point (Fig. 7a). Therefore, if the bubble of Fig. 7b has a temperature
gradient across it, liquid will be pulled in the cold direction. The
motion of the liquid in the cold direction causes the bubble to move
in the opposite direction as a result of continuity. In other words,
a bubble in a nonuniform temperature field will throw hot liquid in
the cold direction and will move in the hot direction.

This effect has been simply demonstrated by Young, Goldstein, and
Block}zwho caused air bubbles in water to travel downward between two

18

horizontal plates when the lower plate was heated. Trefethen, in

his excellent film, Surface Tension In Fluid Mechanics, has dramatically

demonstrated jetting (see Fig. 8) along an electrically heated wire
immersed in an acetone (plus 2% water) bath, He has estimated that the
velocity of this jet is on the order of 1000 diameters a second.
Farello19 has photographed bubbles sitting on an electrically heated
wire immersed in distilled water (Fig. 9). His photographic technique

is such that density changes in the liquid appear as different colors

and consequently the jets are clearly seen., The lack of downward
jetting in his pictures is simply a consequence of the naturalecanvection

and the thermocapillarity induced flow impinging on the bottom of the wire.
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Semeria,20 using Schlieren techniques, has photographed jetting
in stagnant water. In this reference he attributed the phenomenon to
micropumping or vibrations of the bubble itself., 1In a later paper,21
he, along with Behar, et al., reproduced the same photographs and
suggested that surface tension variations may also account for it.
The wor@ thermocapillarity appears to have been first mentioned in that
paper. It further appears to be the most descriptive phrase of the
phenomenon under discussion. Both the words jetting and thermocapillarity
will be used interchangably to describe the same phenomenon.

Thermocapillarity has been observed in a variety of fluids.
Trefethen22 has reported jetting, and the resulting buhble motion in
freon, pentane, as well as very pure acetone (.3% water). McGrew,
Rehm, and Bamford,23 have taken motion pictures through a microscope
showing flow induced by a variation iﬁ surface tension around bubbles.
They obtaimed similar results for n-butyl alcohol, methanol, carbon
tetrachloride, and distilled water. The flow was marked by suspended
particles and is qualitatively the same as shown in Fig. 7b,

In the present pool boiling studies mentioned in Chapter VII, jetting
similar to that of Fig. 9 could be seen. The jets were directed
downward at the ends of the heated test section where the strength of
the upward impinging flow was the weakest. The jets were first observed
before any §apor could be seen, (Semeria20 has taken Schlieren
photographs of what appears to be the same phenomenon.) Slight increases
in the heat flux caused the bubbles to appear with the jets coming
off the tops as shown in Fig. 9. The jets, in a manner quite similar

to the smoke from a cigarette, would rise several inches before they
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would become turbulent. As the heat flux was increased further, the
point at which transition occurred approached the bubble itself, At

a slightly higher heat flux, the bubbles would depart from the heated
test section agitating the liquid and preventing the further observation
of the jets. Visual jets could again be observed by either immediately
lowering the heat flux or by sustaining boiling for several hours and
then lowering the heat flux., No detectable hysteresis was observed in

these results.

C. Order of Magnitude Calculations

1. Model Formulation

The primary question concerning thermocapillarity-is hew muchw ...
heat is removed via this mechanism. Of necessity one must resort to
a simplified model which will yield only order of magnitude results.
It will be surprising, however, to see just how much information such
a model provides.

Consider the spherical bubble shown in Fig. 10a, which is moving
quite close to the hot wall. Thermocapillarity induced forces,
which are proportional toé%%SATb,\cause the hot liquid at the base of
the bubble to be thrown ingo the colder bulk stream. The total heat

flux associated with jetting can be expressed as
)i
(@/w), = (c), @ ar )

where A T is the temperature difference between the hot liquid at the

base of the bubble and the temperature of the liquid it replaces, and
(%§L is the liquid mass flux away from and perpendicular to the hot wall.
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AT = o ('rw - Tb) | (8)

One might expect C1 to have a value of about 1/2, The surface tension
induced force must equal the rate of change of momentum of the liquid

perpendicular to the hot wall. Therefore,

c, (N/A) ‘(-3%) AT, ('nDb) = g—g[(%l)‘ vj] = (%% vj (9)

The constaiit 62 reflects primarily the uncertainty in the length over
which the surface tension variation acts. In all probability its value
is between 1 and 1/2. The mass flow rate of this liquid jet can be

calculated if one assumes that the jet diameter is C3 times the bubble
diameter,

D2

B = oo v, A wm Qo
L

From the photographs of Figs. 8 and 9, the value of C, should be about

3
equal to unity. It will be convenient to define the projected bubble

r as
area 2

L Db

A, = A /8 D an

Combining Eqs. 7, 8, 9, 10, and 11 yields the desired relation

Ay 2
- _ _balf¢4 C;C,C 04T, p.  do
@/m)y = (e (7, - T2 Ta2 AT (€D (12)
b
More insight into the jetting phenomenonccanrnow! bepggdined: by
solving Eq. 12 for ATb and asking if a reasonable value for ATb
results if typical quantities are substituted for all other variables.

For example, the following examples are selected for water.
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1bm

o - = - B,

L 62.4 £e3 Cp 1 i1bm °F

¢ BIU A,

(CI/A)j = 10 hr ft2 el 1/2

= 1ane do _ -6 1bf
T ~T, = 180°F 9= 1070
D, = .00L ft c, = 1/2
c, = 1 Cy= 1

The predicted value for temperature difference across the bubble is

then

AT, = | 10° 1 001 = .52°F
b | 180 x 1/2 x 3600] 62.4 x 9 x 10°° x 32.2 °

The question must now be asked if even such a small value of ATb is
reasonable,

From an engineering viewpoint, it is desirable to know what
parameters determine the value of ATb. Since the thermal resistance

of the bubble is much less than that of the liquid, AT, will be much

b
less than the temperature gradient in the liquid multiplied by the
bubble diameter. A possible explanation of the reported observations
of jetting discussed previously is suggested by realizing that the
temperature variation within the bubble and across the interface is
composed of (1) the resistance due to @vaporation at the hot side of

the bubble, (2) the resistance due to condensation at the cold side

of the bubble, and (3) the resistance within the bubble.
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The presence in the gas phase of sufficient noncondensable éas
might cause this thigd type of resistance to become dominant. It is

quite possible that much of the jetting which has been observed is a

result of a noncondensable gas being present, On the other hand, the

requirement that the velocities of both the liquid and gas phases be

equal at their interface would indicate that high velocities exist in
the gas. There would, therefore, be a good deal of mixing and
l convective flow of the vapor towards the condensation interface. The

effective diffusional resistance, even though it does exist, might

then be small.

This third type of thermal resistance suggests that if a volatile

additive were intentionally added to a pure liquid the jetting heat

transfer would be modified. If an additive could be found which did
4
not adversely effect the fluid properties, Db’ or 4y » then heat

transfer by:.this mechanism.would«be ine¢réased. !Berglés and Mérton;24
in'a survey of the: effects of additives, have found that additives
give inconclusive results in their effect on the heat transfer coefficient,

but usually increase the burnout heat flux. It seemed likely that the

characteristics which should be looked for in an additive from a

thermocapillarity standpoint are (1) a high volatility and (2) a

negligible reduction in surface tension.

2. Interfacial Temperature Drop
Schrage 25 has arrived at the following expression for the mass

flow rate across a phase boundary:

@y - 22 APp

AV 2 -
29R_ T
v v

The pressure drop across the phase boundary can be related to a

(13)
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corresponding temperature drop by the Clapeyron relation

h
%%“= §~?3;£§‘;;) (14)
which can be approximated as
Aip = "tg AT (15)
Ty (vy = V)

The quantity RvTv can be replaced by use of the perfect gas law
= 6
R, T p. ¥ (16)

The minimum possible mass flux can be derived by assuming that no
condensation takes place during growth and no evaporation takes place
during collapse, The mean mass flux during either the growth or the

collapse period would then be

(gb - _maximum bubble volume _ 4/3 mad _ 8z (17)
A’v  V_[bubble] {growth or J V_(mr9)8/2  3v 6
v v v
area collapse perio

Combining Eqs. 13, 15, 16, and 17 gives the temperature drop across
only one (condensing or evaporating) of the bubble interface. This

should therefore be a lower limit on ATb:

CL Py /y
8/3V2" 7:':‘ <§) (vy - vp) @2 - 19T,
AT, = = —
fg

(18)

Sufficient data exist in the work of Gunther11 to arrive at a
reasonable estimate of gu It will be noticed in reference 11 that
although r and 6 vary from oﬁ;‘flow situation to another, as well as

S :
statistically, their ratio remains relatively constant. A typical

.02 in
.5 x 103 gec °

value for é-might be
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Great uncertainty exists as to the value of the accomodation
coefficient A. Rohsenow and Sukhatme26 suggest that .04<A<1.0,;
The following values, pertaining to water, will be used in arriving

at a bracket for AT, .

b
.04<A< 1,0 T, = 300°F = 760°R
r_ .02 in A 5.45 %%f (19)
8 ~ .5x10-3 sec v m
BTU
hfg 800 1om p, = 70 psia

Below is given a sample calculation for the interfacial temperature

drop when A = 1,0.

-

2n x 70 .02 "
8/34 —3 760 x 5.45 x 1/2
AT. = 5.47 x 32,2 .5 x 10 = .56°F

b 800 x 778

In a similar manner, if A = ,04, ATb is found to be 27.4°F. Therefore,
the lower limit of the temperature drop across the bubble for the

conditions of Eq. 19, assuming zero diffusional resistancé, is
.56°F < ATb<27.4°F

The nearness of this value of .56°F to the previous calculation of

.52°F suggests that A may be quite near 1.0 for the present conditioms.

We can now write an expression for (q/A), without involving the

. k|
unknown ATb. From Eq. 18 with the conservative assumption that
A= 1.0 and taking Ci C2 C3 = 1/4 we have

A

2 (20)
@/ = (€)p (T, - T) G
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3. Applicability of Model

The order of magnitude reasoning which has lead to Eq. 20 should

be equally valid for both pool and flow boiling. However, it will be
recalled that the value of © in pool boiling is about twenty times
greater than in flow boiling.27 From another point of view, the
velocity gradient existing across the bubble as it flows next to the
wall (Fig. 10a) adds considerably to the mass flux through the bubble
and consequently the temperature drop across the bubble. A number of
investigators have reported that the bubbles move at a velocity less
than the mean stream velocity (for example: V., == .8V). This

b

velocity field as seen from a reference system fixed in the bubble

(Fig. 10 6 causes a hot stream of liquid to wash under the bottom of
the bubbjb and cold liquid, flowing in the opposite direction, to
wash over the top. Had this not been the case (as in pool boiling),
there would\Bf necessity be a stagnation point on the bubble with

the dividing stream line surrounding the bubble with a nearly constant

temperature liquid. For this reason, it is felt that thermocapillarity

would play a less important role in pool boiling than in flow boiling.
This conclusion is substantiated by the Schierem photographs in
both the pool boiling studies of Hsu and Graham28 as well as Isshiki
and Tamaki.29 The photographs of Hsu and Graham indicate that pumping
is the primary means of heat removal for their conditions. The
photographs of Isshiki and Tamaki, being significantly clearer, show
both the dominance of pumping (the tail on the bottom of a bubble)
and the élight, but observable, presence of thermocapillarity (the

jet on the top of a bubble which is separated from the previous

bubble's tail).
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It is well known that 6 is a strong function of velocity and
subcooling. The data of Gunther11 allow an approximation of 8 as

follows

_ (.236°F fe'® sec'?)
w8 ar )

e

(21)

sub

It must be emphasized that this is valid only for the conditions of

his experiment (water, 5 ft/sec<V<20 'ft/sec, p = 50 in Hg,

TU

1 in“sec

<q/A<6 ;;%55; , 60°F<ATsub<200°F). In addition, the surface
which was fit through thg data points is exact only at V = 10 ft/sec
and ATsub = 150°F. The relationship is indicative, however, of all
reported observations concerning bubble lifetimes.

Eq. 21, along with Eq. 20, indicates that the heat flux due to
thermocapillarity varies approximately as the .4 power of velocity.
McAdams, et al.,30 for their conditions which are similar to the above,
have correlated the heat flux at burnout (corresponding to the maximum
value of Ab/A)' They found that it varied as the 1/3 power of velocity.
Guuther,ll for his conditions determined that the burnout heat flux
varied as the .5 power of velocity.

Gunther's work indicates that the value of Ab/A at burnout varies
typically from i1 to .4. Using these values as a bracket for Ab/A and
the heat transfer measurements of McAdams, et al.,30 one is able to

evaluate a range for (§/A), using Eqs. 20 and 21 and compared it with

h|
the actual (q/A)BO. This is shown in Fig. 11 where the agreement between

the jetting heat flux and the net heat flux is shown.
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D. Other Proposed Mechanisms for Heat Transfer

The order of magnitude analysis, as well as visual and photographic
observations, have given strong justification to suspecting that thermo-
capillarity may be the dominant heat transfer mechanism in flow boiling.
Sincevconclusive evidence is not available; attention will now be
focused on a few of the other possible mechanisms of heat transfer, to
see if some basis for comparison exists.

The literature contains numerous explanations for the extremely
high boiling heat fluxes. Several of the more reasonable explanations
will now be examined from a flow boiling standpoint and compared with
thermocapillarity.

1, Pumping

Pumping, or vapor-liquid exchange, in its most general sense
refers to the displacement of a volume of liquid equal to the volume
of a bubble. During a bubble's growth through and beyond the thermal
layer; pumpingvis visualized as the bubble pushing the hot liquid into
the cold bulk liquid. During departure it is visualized (and
photographically observed in reference 29) as the sucking of hot
liquid in the bubble's wake. During collapse it is visualized as the
converging of liquid surrounding the bubble (both hot and cold) -
towards the bubble's center.

Ine light of thermocapillarity, one would expect that jetting would
accompany the growth and collapse of the bubble. In fact, the pool
boiling photographs of Isshiki and Tamaki29 show a jetting spike during
the growth stage. (In pool boiling the collapse usually takes place

far from the thermal layer.) An exact comparison of the growth and
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'collapse aspects of pumping with thermocapillarity cannot be made at
low pressures. However, at high pressure Ivey and Morris31 have made
the following observations,

"The vapaur-liquid exchange mechanism has been shown
to be inadequate at high pressures, The corollary of this
is that the growing and collapsing bubbles, at least at
high pressures, must be responsible for the circulation of
more liquid than is accounted for by a simple exchange of a
volume of liquid for a similar volume of vapour in the bubble
as postulated by the vapour-liquid exchange mechanism. This
introduces the concept of a '"pocket" of liquid with which
each growing and collapsing bubble is associated. Each
bubble may be responsible for the circulation of a quantity
of liquid far greater than the volume associated with the
vapour in the bubble itself. It is quite feasible for a
growing and collapsing bubble to "influence'" a volume of
liquid larger than the maximum volume the bubble may occupy...
A visual inspection was made by the present authors [Ivey
and Morris]of a horizontal wire boiling in water at atmo-
spheric pressure when the liquid bulk is sub-cooled.
Illumination was provided by either a stroboscope or a
tungsten-filament point source placed to the rear of the
pool. Glass observation windows were provided. It was observed,
as indicated in the literature, that the bubbles growing
and collapsing on the heater surface are able to project
large volumes of hot liquid for some distance into the
cooler surrounding liquid, the directions in which the hot
"pockets" moved being random and irrespective of the
direction of the gravity vector."

Ivey and Morris did not attempt to give any analytical justification
for this extended influence of a bubble on adjacent liquid. However,
their observations bear a close resemblance to thermocapillarity
induced jetting.

The sucking action of pumping appears to be a significant, if not
the dominant, mechanism in low pressure pool boiling based upon various
photographic studies. This conclusion is further substantiated by
the extremely high bubble departure velocities, which on the basis of
Chapter VI appear to be explainable. In flow boiling, however, the

bubbles move parallel and quite close to (possibly touching) the hot
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wall and large quantities of heat are not removed by this means.
2., Latent Heat

Latent heat, or mass transfer through the bubble, was originally

felt to be a minor mechanism in heat transfer. This conclusion was

based upon the observation that in subcooled-nucleate boiling the

rate of visible vapor production accounted for less than two percent'
of the total heat flux32, Recent experiments of Bankoff and Mayson33
have revived this explanation. In these experiments, condensation
heat transfer coefficients were calculated at the surface of single
bubbles formed by injecting steam into a subcooled water stream at
atmospheric pressure. The system variables were velocity (.9 to 7.2 ft/sec)
and subcooling (32°F to 132°F). Depending upon these parameters, the
heat transfer coefficient varied from 13,000 to 320,000 Btu/hr ft2°F.
It will be interesting to now approximate the ATb required to transfer
10 Btu/hr ft2°F when Ab/A = 1/2 and the heat transfer coefficient is

320,000 Btu/hr ft2°F at both an evaporating and condensing interface.

106 x 2

= = °
b = 320,000 x 1/2 - 12-3°F

AT

Comparing this value with the similarly calculated value of .52°F
for thermocapillarity, one can conclude that latent heat cannot be

a significant mechanism of heat transfer.
3. Micro-layer

Moore and Mesler3“, in 1961, presented the surprising evidence
indicating the existence of a micro-layer of liquid between the

vapor of the bubble and the hot wall. Further evidence has confirmed
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this observation beyond any reasonable doubt.35’36

The question which
still remains to be answered is how much heat does the evaporation
and subsequent condensation of the liquid in this micro-layer contribute
to the total heat flux. ;One can view the micro-layer theory of heat
transfer as being inc¢luded in the more general theory of latent heat
discussed above. In this context, the micro-layer theory is not able
to explain the high rates of heat transfer unless the temperature
drop across the bubble was on the order of 12.5°F. If such a temperature
drop did exist, then thermocapillarity would be an even more reasonable
explanation for boiling heat fluxes.

No attempt has been made in the above discussion to exhaust all
possible mechanisms, More specifically, the mekhanisms~éfimicro-
convection, quenching, and bubbles as surface roughness have been

omitted since no direct comparison with thermocapillarity appears to

exist,
E. '"Anomalies" Explainable by Thermocapillarity

The observations of Jiji and Clark, as described in section A and
Fig. 6 will now be considered in light of the existence of significant
thermocapillarity effects, The existence of sub-saturation temperatures
deep within the bubble boundary layer can only imply a highly efficient
means of removing the superheated liquid within the laminar sublayer
(Fig. 6a). It also implies an equally efficient means of injecting
cold liquid down into the bubble boundary layer and pulling warmer
liquid back/qyt in such a way that the circulation through this boundary

layer doesn't sweep the bubbles away from the hot wall, Jetting is
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the only conceivable means for accomplishing these two apparently
conflicting requirements. One can also conclude that some means
exist of preventing the bubbles from collapsing in this cold liquid.

Styrikovich and Nevstrueva37 have suggested that either there must be

a iarge temperature drop (from 30°F to 150°F)at the condensing
interface or there must be a film of warm liquid surrounding the
bubble. Such large temperature drops are highly unlikely in light
of the work of Schrage25 and the inequality of page 33. The concept
of a warm envelope for the bubbles is in keeping with the thermo;apillarity
circulation around the bubble as shown in Fig. 10a.

The wide amplitude of the temperature fluctuations (Figs. 6a and
6b) obviously results from hot pockets'of liquid striking the thermocouple.
To attribute it to some type of instrumentation error would not explain
the constant frequency and reduced amplitude at larger distances from
the hot wall. It seems highly likely that the thermocapillarity jets
provide these hot packets of liquid. The thermal layer at the base
of the bubble (see Fig. 10a) would both supply the hot liquid for
these pockets and cause the surface tension of that portion of the

" bubble fo be reduced.

As one proceeds downstream from the point where boiling begins,
this thermal layer should be reduced in thickness since a greater
number of bubbles would be passing over the region. As a result,
these bubbles would find their base in a colder region than bubbles
further upstream and, therefore, would not be able to jet as strongly.
This would be evidenced by a decrease in the amplitude of the *
temperature fluctuations as the distance from the leading edge (poin;

where boiling begins) increases (Fig. 6c¢c).
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If the heat flux were increased one would expect even hotter liquid

at the bubble base. This would cause an even gréater circulation of

r the cold bulk liquid down through the bubble boundary layer. It should

| not be surprising, therefore, to see, as in Fig, 6d, that the temperature
at the edge of the bubble boundary layer decreases as the heat flux
increases.,

One further anomaly which may be explained as a thermocapillarity

effect (at least partially) is the vanishing of the micro-layer.

{ Previous analyses have presumed that the microlayer vanishes by

evaporation only. It is to be expected that the temperature within

the thin‘mféro—layer would be substantially higher than that at

the top of the bubble because of its proximity to the wall and its

variation would then be strong at the outer perimeter of the micro-

being insuiEZfd by vapor over a wide area. The surface tension
layer, One would, therefore, expect this layer to be pulled out from
under the bubble at the same time it was evaporating. This would be

F consistent with the thermocouple measurements in the 11terature.35’36

F. Conclusions

1. Bubbles, in flow boiling, are attracted toward the hot wall

by thermocapillarity action.

2, Thﬁhmasssflﬁiunecessary:to»create“onlyEtheavisiblé?vapon«within
the bubble is sufficient to account for a large AT, . This ATb
creates a significant heat transfer via thermocapillarity. This

mechanism, may, under some or all flow conditions, be the dominant

nechanism,
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3. Latent heat, micro-layer evaporation, and pumping by means
of sucking, are not significant mechanisms of heat removal in
flow boiling., Latent heat and micro-layer evaporation are not
significant mechanisms of heat removal in pool boiling.

4. 1In general, thermocapillarity will remove more heat in flow
boiling than in pool boiling.

5. Frequently the complicated problem of flow boiling has been
approached by studying, in the manner of a first approximation,
either pool boiling or isothermal two phase mixtures. This
approach cannot be fundamentally correct since both the velocity
field and the temperature gradient interact in a manner to
produce a different flow pattern and a significant removal of
heat by thermocapillarity.

6. The addition of suitable volatile additives could be expected
to give both increased heat transfer and increased burnout by
increasing ATb. This would take place through either decreasing
the accomodation coefficient or increasing the diffusional
resistance to vapor within the bubble,

7. Under the present conditions for flow boiling of water, the

accomodation coefficient appears to be very close to 1.0,
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Chapter IV - The Measurement of Temperatures at the Heat

Transfer Surface for Electrically-Heated Tubes

A, Introduction

The present technique for measuring the temperature of the
liquid-solid interface for flow either inside or outside of an
electrically-heated tube consists of creating an adiabatic surface at
the opposite wall of the tube. The temperature of this adiabatic
wall is then measured by means of thermocouples which, for DC heating,
must be electrically insulated from the tube itself., The temperature
drop between the outer and inner wall is then found by solving the
conduction equation. This equation turns out to be nonline;r because
of the relatively strong dependence of the thermal conductivity and
electrical resistivity upon temperature. The magnitude of the
temperature drop can be as much as 500°F. Thus an accurate solution
and accurate properties are required to avoid significant error in
the temperature at the liquid-solid interface.

The solution of the heat-conduction equation for an electrically-
heated tube with radial heat flow and constant properties (k and p)
can be handled by standard techniques. Unfortunately, the commonly
used materials have substantial variations in both k and p and to
overlook their dependence upon temperature would introduce substantial
error in many cases. This heat-conduction problem can be handled
by the Kirchhoff transformation38 for the special case where k is a

known function of temperature and p is a constant.
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The more exact solutions of this problem (those involving
variable properties) have involved (1) series solutions, (2) finite

difference solutions, and (3) analog computer solutions. The first

series solution appears to have been solved in 1949 by Stewart as

39 Their solution consisted

reported by Kreith and Summerfield.
of the first three terms of a Taylor's series expansion. This non-
linear solution was extended in 1958 to five terms by Dickenson and

Welsh.40

This combined solution is sufficiently accurate for most
purposes, but usually requires the aid of a digital computer. Rohsenow,
et al.,41 modified this solution for the case when the voltage drop
across the tube was not known. The drawback to this substitution of

I2 (Res) for E lies in not knowing the temperature at which to

evaluate the tubes resistance. In some cases this error is significant.

Clarkl‘2 simplified the Kreith-Summerfield solution by showing that

the series solution: could be written as the sum of two functions, the

first being a geometric function (solution for constant properties)
and the second a function which accounted for the variable properties,

A number of investigators have employed finite difference techniques,
usually in conjunction with a digital computer.43’ 44, 45, 46
Characteristic of these solutions is the recent solution by Van Sant
and Pitts._A6 They solved the nonlinear problem for several specific
cases and compared it with the linearizea problem., They felt that
their computer results were accurate to within one percent. It was

observed that the solution for their case was noticably unstable

unless the number of pivotal points exceed 50.
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In 1962,/Harden and Bryant,47 using an analog computer, solved
this heat-conduction equation for a number of hypothetical cases. In
the present work an analog computer solution was also accomplished.
Careful scaling and programming of the problem on the large and
precise Philbrick computer of M.I.T.'s Engineering Projects Laboratory,

yielded only about one percent error in the wall temperature drop.

For most purposes this accuracy would be sufficient, however, for
later work a more accurate solution was required.

A new method of solution is now presented which extends and
simplifies the series approach. It has the following advantages.
First, a cgppact and rapidly converging solution results which, if
necessary, could give a numerical answer without the aid of a computer,
Second, tls technique employed to arrive at this nonlinear solution
has applicé{i:n to a large class of nonlinear differential equations

(see section'D). Third, the accuracy of this solution and its rapid-

convergence characteristic may be useful in evaluating the thermal

conductivity under the same conditions found in heat transfer

experiments (see section E).

B. Problem Formulation
The requirement for steady state to existin an electrically-heated tube

with radial heat flow is

S - w0 @

Using the subscripts "h" and "c" to refer to the hot (adiabatic)

and cold wall respectively, the boundary conditions become

dr

h dr =0 (23)
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where T is the temperature (the dependent variable).
The constitutive relations are

dT

q/A = - k i and
_E
W, = p?'/Acs - E2
i A 02
cs )

(24)

(25)

Both p and k are assumed to be functions of temperature and can be

well approximated by the form

©
in

G (1 + aT)

k

ko (1 + BT)

Equations 22, 24, and 25 combine to give

2
d dT E" r _
dr [ ko (1+67) r dr] + P, (1 + aT) 2= 0

The problem can be put into dimensionless form by defining

2 .2
oI Rz I oz
T T T4 2P ok
h h h "h "h
Az ooh oMy
+ uTL 1+ BTh
Therefore,

= oy [1 + A (6 - tﬂ

- b [145 @)

(26)

27)

(28)

(29 a,b,c)

(30 a,b)

(31)

(32)
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Equation 28, when placed into dimensionless form, becomes

d ' _ de "4 PR =0 (33)
dR{R [1+8 @ D] dR}+ T+4 (0 -D)
with the boundary conditions
= -d—'—e- = =
0 =1 and dR 0 at R =1 (34)

C. The Rapid-Convergence Solution
A solution of this equation will be sought of the form

3

®© = a_+ a.L + a2L2 +a,L” + . .. (35)

0 1 3

where a,, a;, etc, are the power series coefficients, and L is (for
the present) an arbitrary function of R and the parameters of the
problem, |

The function form for L will be selected so as to achieve a
simple and compact form for the final answer, If the functional
form were simply L = R, the solution technique would be the conventional
power series approach and would yield the same solution as Kreith-
Summerfield achieved using a Taylor series expansion.

It should be observed that the nonlinearity in this problem enters
by means of the constitutive relationships, as is frequently the case
in practical applications, In other words, if both k and p were
constant, the solution could be handléd by straight-forward techniques.
With this in mind, the functional form of L will be selected so that
all terms beyond a certain point in Eq. 35 become identically zero,
at least for the case where A and B are zero. In other words, L will

be made the. linearized solution. The coefficients a, and a, can be
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determined by the boundary conditions. Deviations of A and B from -

zero (making the problem nonlinear) will cause the coefficients a,,
aq, etc., which will be functions of A and B, to depart from zero.
A rapidly converging solution results,

Setting A = B = 0 in Eq. 33 and solving for L gives
L=P (R2 -1-1n R2)

The boundary conditions require that

a, = 1 and a, = -1

With the functional form of L now fixed, the values for ag, g, etc.
can be determined for the nonlinear problem.

Using the following relationships

do_do

&R - dL R

2 2 2
d‘e _d%e . dL.2 do d&’p
RZ-a? @® taT &
dL 1

R~ 2P R-3)

2

d 1
ﬁz=2P(l+§'2')

and substituting into Eq. 33 gives

EP ® - %)2] [,B ¢+ 5 & @-1 +%%_J +

do- 1
[“’B(Q'D] it Tvae-1n-°

(36)

(37)

(38)

(39)

(40)

(41)

(42)
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Eq. 42 will now be written in terms of the variable L. This
permits the coefficients of like powers of L to be equated to zero,
thereby determining the coefficients ay, a3,'etc. Before this can

be done, the first bracket in Eq. 42 must be expressed in terms of L.

Using ar least squares fit, the following was found

P(R-jl]i")2=bo+blL+b2L2+... (43)
bo b1 b2
if 1.4>R>1.02 0 1.90 =2.09
P
-, if 1,02>R>.98 0 2.00 0
if .98>R>.72 0 2,10  -2,09
P

These values are sufficiently accurate for about any conceivable

applicationk\as can be verified later.

.

Substituting Eqs. 35 and 43 into Eq. 42 and setting the: suin wf the

coefficients of like powers of L equal to zero, gives

A
a, = -1/2 (B + 1:_-.;1 (44)

3 [3B(1+2B1)+A(3+2b1)-2b2]+AB (14b,) -byB

a
3 3(1+2 bl) (45)

The accuracy of this rapid-convergence solution can be compared
with that of the Taylor series expansion or conventional power series
expansion in several respects:

1, As the strength of the nonlinearity approaches zero (a and B

approach zero) the dimensionless temperature drop (1 - @)

approaches a one term answer. However, other techniques (with
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the exception of Clark's modification of the Kreith-Summerfield
solution) continue to give an infinite series answer as o and B
approach zero. Therefore, the influence of the nonlinearity

can be examined by compariné the first two terms of this solution.
2. By comparing the expansion variables in each method it can

be shown that '"n" terms of the rapid convergence solution is
equivalent to more than n2 terms of the other series solutions.

3. A typical numerical example has given the following results

as a basis for comparing the rates of convergence. The various

terms composing the temperature drop are:

rapid-convergence conventional result
result via hand via digital computer
calculation
1st term 223.2016 199.6917
2nd term 13.4204 ' 18.5741
3rd term 1.1509 14,6795
4th term 0 eemeee 2,6904
5th term = e 1.6808
temperature
drop across 237.7729 237.2961

the tube wall

As can be seen in this example, the first (linear term) and second
(nonlinear term) provide sufficient accuracy for most temperature

measurements,

The solution then becomes

1-9§L+1/é(%+B)L2 (46)
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where
E2 rh2 rc 2 r, 2
Lo |9 -1-1n 9
2] =‘L A':-gT}{ B :f’BTh
T, I+ aT, 1 #8 T,

Two facts should be observed froﬁ Eq. 46, The first is that the
influence of B on the nonlinearity is about three times as important
as A. In other words, ifa= B8 there would be about three times as
much error in the wall temperature drop if the temperature dependence
of k were neglected as there would be if the temperature dependence oOf
p were neglected. This fact, stated qualitatively, was one of the
main contributions of reference 43. The second fact to be observed

in Eq. 46 is that an error of a given percent in any one of the following

Ez, 22, Oy s kh or
2 : 2 ' 12 . _
2 | Tel2 r. 2 ggrh r, 2 2% (rc - rh)grc+rh) N Atw‘z
|G-l () [Fr | () -1 =5 2 ()
"h h h T " Th

will produce approximately the same percent error in the tube wall
temperature drop. Of these quantities, the one which is the most

difficult to measure and which contains the greatest error is kh

' D. The Application of the Rapid-Convergence Technique to Other Problems

Computer solutions or numerical techniques certainly ﬁrovide
the most general means for solving nonlinear problems. However,
' the results of a computer or numerical solution are numbers and not

relationships. In addition, the time and expense in setting up,
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debugging, and running a given problem on a computer may be large.
The rapid-convergence technique, although not as general as numerical
techniques, is capable of solving a large class of practical nonlinear
problems. Its use requires no special knowledge beyond a course in
advanced calculus. Furthermore, a rapid-convergence solution, which
usually requires less time than programming a numerical solution,
yields functions thereby permitting insight into the problem.

A differential equation can Ee thought of as defining some
function. In general, this function (the solution) is expressible
as an infinite series. The solutions which have appeared most frequently
have been tabulated,

For example:

Differential Equation Solution Series

dy X X x2

il A 0 y =€ y=1+ T + 21 + ...
d2 x3 XS

E;§ + y=0 y = sin x y=x - ET-+ Tt ..

The fact that an unsolved differential equation has a solution which

is expressible only as a series should therefore be expected. Of

significance, however, is the rate at which the solution converges.

The technique presented here is able to accelerate this convergence

by building a power series out of a linear soluﬁion which is itself a

power series. In this way, each term contains itself an infinite series.
The primary requirement forAusing this technique to obtain the

solution to a given nonlinear differential equation is the existance

of some linearized solution of the problem. This linearized solution
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may be arrive&/at_by giving some parameter an appropriate value or
by neglecting completely some term of the differential equation.

A characteristic of this technique is the job of fitting a power
series to one or more given functions as was done in Eq. 43, Contained
in appendix A is an example which fortuitously does not require this
fit. This example is the classical pendulum problem which until now

has not:beetr.solved.

E. The Measurement of Thermal Conductivity Appropriate for
Electrically-Heated Tubes

As has been mentioned, the accuracy of the tube wall temperature
drop in elgﬁtricail;-heated tubes is no better than the accuracy with
which the‘thermal conductivity'is known, It should also be noted that
the valueskfor this prOperty, which are published, have been measured
under diffgkgnt conditions than those that exist in electrically-
heated tubes.n These major differences are:

1. The electrically-heated tube may have been formed differently

or may contain a different composition than the specimen from

which the published conductivity was evaluated. |

2, The thermal conductivity appropriate for an electrically-

heated tube is perpendicular to that of standard measurements,

3. The thermal conductivity appropriate for an electrically-heated

tube must be valid across a thin wall, valid at high temperature

gradients (about 10,000°F/inch), and valid when a voltage gradient

is perpendicular to the heat flux,

The first difference can be avoided by assuming that thermal

conductivity is a function of the easily measured electrical
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resistivity (the Lorenz approach states that %ﬂ is a constant for
electrical conductors). Powell48 has published such functional
relationships fox a wide variety of electrical conductors which he
claims will result in no more than a 7-9 percent error. Based upon
the measurements of Tye,49 the second difference will probably
contribute no more than a one percent error. This was concluded by
measuring the electrical resistivity on two sets of faces of a
stainless steel cube and making fhe Loreﬁz assumption, The thi?d
difference remains to be resolved as a cause for erroneous thermal
conductivity values for electrically-heated tubes.

These potential sources of errors, coupled with the compact
temperature profile given by Eq. 46, suggest the following means for

Measuring the appropriate value of thermal conductivity,

The energy equation for the electrically-heated tube is

EI dT
2nrc2 - kc dr (47
c
The temperature gradient as derived from Eq. 46 is expressed as
dT dT
e i [E, 2, T, T, k (T), p (1), Th] (48)
Eqs. 47 and 48, together with the known tube geometry, resistivity,‘
and sets of measured values of E, I, and Ty will determine k (T).
The derivation of k = k (T) is as follows:
- out de dL (49)
EL = 24k R 2 T, [ 2 de]
de 2 '
aL-"l+2a, L+3a, L%+ ... (59)
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2 2
L _ _1 h 1
R 2P (R - 3) m—* (R -2 (51)

substituting Eq. 50 and Eq. 51 into Eq. 49 gives
4r2 l kc 2
k 2 3
h
Some jnsight into the problem will result by defining
Pp * | (53)

rle E/I

(Res)h
E/I

1|’I‘2 r
|7e

(Res)h can be thought of as the tube's electrical resistance when it

is at the uniform temperature T

L+ Rewriting Eq. 52 by substituting

Eqs. 35, 37, and 53 gives

(Res) [ 2
——h l+B(-—L+’aL+...] l:l-za L - 3a L—...
E/I 2 3 (543

where (Res)h is the tube's electrical resistance when it is at the

uniform temperature Th. Neglecting the L2 term as a first approximation

gives
(Res)h 2 ﬁ
—E7f—— l= 'ZEZ—S;E;E (R -1-1n R ) (1 T b1) (55)
or 2 2 2 2
E 2% (Rc -1-1n Rc)

~ (56)
“h 4 2%, (14 aT) (1+b) [(:ji)h - 1]

In order to best evaluate the ratio defined by Eq. 53, the

identical test section (including voltage tap positions) was used to
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calculate (Res)h as was to be used in the subsequent heat transfer

experiments. Thié was done by using an electrically heated furnace
in conjunction with a DC power source connected in series with a
standard resistor and the 'test section. A value of (Res)h was then
found for each temperature setting of the furnace and was evaluated
as

(Res), =|Resistance || Potential drop across test section

of standard|| Potential drop across standard resistor
Resistor

(57)

Subsequent to this measurement, the test section was connected into
the boiling loop and values of E/I were also taken as a function of
i temperature.

The values of kh as calculated from Eq. 56 are shown in Fig, 12,
The inaccuracy in the measurement of E and I certainly contribute the
majority of the scatter. The test section length was able to be
measured with a high degree of accuracy from X-rays. The following

are felt to be a realistic estimate of the various measurement errors.

Quantity Measured E I T r

+ error (%) B3 .2 4F 3 2 .5 .5 .2

The scatter of the data, as well as the wide band of experimental
uncertainty (probably about + 15%) is disappointing. A detailed
examination of the total error is not warranted here due to the subjective
nature of the above individual error estimates, It does suggest,
however, that the thermal conductivity appropriate to heat transfer
experiments may be lower than that derived from the Lorenz assumption.

The most likely causes for this discrepancy appear to be thoée listed

under difference 3 on page 53.
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E/I

the resulting error will be cut in half. From Eq. 55 one can see

. (Res)h
Eq. 56 indicates that by doubling the value of [—7— -1
(Res)
that 7 is proportional among other things to
At 2

(E/2)> and (-';5-‘1)
h

Therefore, by doubling either the wall thickness or the voltage drop per
unit length, the error could be cut approximately by one fourth, With
this in view, it appears possible that by selecting a more appropriate
test section geometry and power level the error attributed to the
factor fg;;l- - 1 could become negligable. This would allow the
expected scatter bapd to be reduced to a point where the phenomenon
describedvégder difference 3 on page 53 could be more definitely
isolated,

Shown'also in Fig. 12 is the value of thermal conductivity as
calculatedlﬁg;ng the Lorenz approach., The comparitively simple

resistivity measurement which is required in that approach was measured

in the laboratory and found to fit very tlightly the curve

o (ohm ft) = 2.331 x 10~° [1 + .569 x 10 3T (°F)] (58)

over the range 100°F to 500°F the Lorenz '"constants' were furnished

8 . ,voitsg
degree Kelvin<

by Tye“9 (for example, 3,16 x 10~ at 392°F). All

calculations involving k (T) used the Lorenz derived expression,
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Chapter V - Experimental Equipment and Procedure

A, Boiling Apparatus

The experimental program was carried out using the low pressure
heat transfer boiling loop of the Heat Transfer Laboratory. The
details of the loop are shown in Fig. 13, Low-voltage direct current
power was supplied by two 36-kw Chandeysson motor-generators connected
in series. Distilled, degassed water was circulated at a maximum
rate of 3.6 gpm. The system water was checked periodically to insure
proper surface tension (>72 dynes/cm) and low volume resistivity
{<1 megohm cm). A detailed description of this boiling loopvand the
associated instrumentation can be found in reference 50.

The initial objectives of the experimental program were (1)
to obtain inception data primarily at low heat fluxes and thereby
assess the validity of various inception theories, and (2) to control
the cavity size distribution of a boiling surface.as discussed in
Chapter II, in order to determine the resulting heat transfer effgcts.
To achieve these eﬁds the tést section design aimed at:

1. observing visually the onset of vapor formation and‘comparing

it with the first significant increase in heat transfer due to

boiling

2. achieving the greatest possible accuracy in measuring the

temperature of the boiling surface

3. insuring that incepéion could be made to occur in a low

heat flux region (qﬂ\<104 BTU/hr ftz) still maintaining

turbulent flow
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4. preventing flow disturbances from taking place at the
entrance to the heated length.of the test section

5. reaching the maximum heat flux consistent with the loop
limitatiops and the above design considerations

6. controlling and systematically varying the heat transfer
surfaces with regard to the scratch orientation and roughness

while at the same time holding all other variables constant

The first design consideration clearly required that the test
section be an annulus. The annulus geometry with inner tube heated
further simplified the achievement of the second consideration by
automatically providing an adabatic wall required to solve thé
associated conduction problem, To further reduce inaccﬁracy in this
difficult measurement, a very thin tube wall was selected (.019 in)
and a special thermocouple bundle was designed which will be discussed
in section B, The material selected for the heat transfer surface
was 304 stainless steel. This was based on its resistance to corrosion,
a relative abundance of published property values for this material
and a history of successful usage in previous heat transfer work. To
meet design consideration three, the hydraulic diameter was made
purposely large (.25 in) in order to give a low velocity (.4 ft/sec)
but still maintain turbulent Reynoldé number., At this low veloéity
the heat flux at inception was expected to be less than 104 BTU/hr ftz.
This diameter still allowed velocities in excess of 5 ft/sec corre-

6 BrU/hr £t2.

sponding to nucleate boiling heat fluxes in excess of 10
Flow disturbances at the inlet of heated test sections (consideration

four) resulting from the joining of the low resistance current carrying
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member to the high resistance heated boiling surface were felt to
seriously hinder the analysis of boiling data. To avoid this problem
(see Fig. 14) the inlet low resistance element (copper) was inserted
five inches inside the high resistance element (steel). This allowed
the flow to proceed undisturbed along the outside of the steel element
for five inches (or twenty diameters) before reaching the heated
portion of that element. Such care waé less important at the exit end
of the heated length and therefore the low resistance element was
joined on the outside of ﬁhe steel tube, The thermocouple bundle
could then be inserted at the downstream side of the test section and
the size of this bundle was therefore limited only by the ID of the
heated tube., The length of the heated surface (five inches) was
arrived at primarily based upon achieving the optimum independance
match for the 36 kw - 3000 ampere power source.

Teflon o ring, sealants were uéed to support the conductor and to
allow for thermal expansions. The pyrex was supported by neoprene
o ring sealants. Both types of o rings were sealed By Veeco Couplings.
The voltage taps consisted of 30-gauge teflon coated wire and were
soldered directly to the copper at the ends of the heated surface
insuring an accurate reading. The bulk liquid thermocouples (30-gauge
copper-constantan) were placed at such a location as to insure that
the liquid was completely mixed. The pyrex tubing was 0.5 inch
precision bore made by Corning.

To meet the sixth design consideration, four identical test
section conductors were made. Each surface was then prepared with one
of the following finishes: axial scratches - smooth finish (AS),

axial scratches - rough finish (AR), circumferentially scratches smooth
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finish (CS), ci;cumferentially scratches -~ rough finish (CR). The same
test section assembly and thermocauple bundle could be used for each
of the four surfaces. The test surfaées could also be reused at a
later date with assurance that all test section variables would be
unchanged.

The finishing procedure consisted of turning each test section
conductor on a lathe while polishing with 360 grit silicon carbide
paper. Following this, the polishing was done axially until all
circumferential grooies were removed. This polishing sequence was then
repeated using 400 grit silicon carbide paper along with an oil
lubricant. ?he two. surfaces which were to receive a rough finish were
then hand pciished with an 180 grit aluminum oxide clothe. The two

smooth surf

1

ces resulted from lapping with lap A valve grinding
compound.

The surfaces were cleaned with acetone several minutes prior to
the test section being filled with the loop water. An alternate
cleaning procedure consisted of using trichlorethylene instead of
acetone, No boiling differences were observed as a result of using
the alternate solvent,

X-rays were taken of each te;t section conductor to.insufe the
absence of flaws both within the steel wall and in the soldered joints.
From the X~rays it was also possible to very accurately measure the
length of the heated surface and to insure that the dimensions‘of

each conductor were identical.
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B. Thermocouple Design

The original thermocouple bundle consisted of six-30-gauge
copper-constantan, glass insulated thermocouples with the junctions
spaced 1/2 inch apart. Each thermocouple was placed parallel to the
bundle axis and rigidity was achieved by tightly wrapping them with
Scotch Electrical Tape No. 27.

Initial fully developed boiling data indicated that the temperatures
measured by the tube thermocouples were decreasing in the downstream
direction. On closer examination of the cause of this effect, it
was found that axial heat conduction was taking place down thg
thermocouples. This deduction was made both analytically and
experimentally. Analytically the thermocouple was modeled as a thin
fin in stagnant air with the tip temperature and base temperafure
known., Experimentally the thermocoﬁple bundle was placed in air at
room temperature while the base was placed in an ice bath. This
temperature difference of about 40°F was found to cause a significant
thermocouple error. For example, when the thermocouple bead was
two inches away from the ice bath, the temperature error was 10°F.

This error, as predicted from the fin'model, was

(T 32) Dk
cakr- LY UL
(AT)error 22¢:h (59)

The other variables were verified within the uncertainty of the
effective values of k and h. Experimentally the length effect of
Eq. 59 was subétantiated.

The problem was remedied/£§ first replacing the 30-gauge copper-
constantan thermocouple wiré‘with 36-gauge teflon coated wire of the

same material. This reduced the fin diameter and consequently the error
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by a factor of two. The teflon coating instead of the glass insulation
also increased h significantly. The effective length was increased by a
factor of four by wrapping the wire in a spiral around a solid rod

which was electrically and thermally insulated. This in itself reduced

the error by a factor of about sixteen., Additional improvement could

have been made by selecting a less conductive thermocouple material;

for example, iron-constantan., This further measure was not felt to be
necessary. The ice bath test was again performed on the tedesigned thermo-
couple bundle with the result being an error reduction by a factor of
between twenty and one hundred. This final bundle design consisted of

l seven thermocouples spaced 5/7 inches apart.

Further fully developed boiling data showéd that the wall temperature
no longer decreased in the downstream direction, but instead remained
constant. This is in agreement with the reported observations of
Kennel.51 Elrod, et al.,52 have recently reported conflicting results,
stating. that'the wall temperatures dropped in the downstream direction.
Their geometry, from a thermocouple standpoint, was quite similar to
the original thermocouple bundle of the present work. Although other
factors may be involved, one suspects that axial thermocouple conduction

could account for their observatioms.

C. Bubble Detector

A number of attempts have been made by past investigators to
detect with instruments the presence of first vapor when boiling begins.
These attempts have employed high speed photography53 and sound.54

Others have tried to precisely relate an increase in pressure drop to
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first vapor51 or to relate a change in thermocouple fluctdatdonsthithethe
first vapor.55 None of these approaches have yielded sufficient
precision to enable first vapor to be defined by the technique.

Visual approached, even with the aid of a magnifying glass, suffer
from the lack of sufficient resolution. At elevated preséures, velocities
and subcoolings, one does not know if the apparent absence of bubbles
is because boiling is truely not taking place or if the human eye is
insensitive to the Very sﬁall bubbles.

The approach which was taken in the present work‘employed light
as shown in Fig. 15a. A DC light source was directed nearly parallel
to the heated surface. The only light to reach the light detector
was that which was continually scattered from various stationary
surfaces. The presence of the first bubble, even though it was well
below the resolving level of the eye, reflected light from its meniscus
into the detector. The wires leading from the bud box (Fig. 15b) were
shielded from stray voltages and the box itself was grounded. The
detector itself consisted of less than $10,00 worth of subcomponents,
the most expensive of which was a $4.00 light dependent resistor. The
particular resistor, made by Clairex (CL 703L), was selected because
of its high sensitivity in the visual region, fast decay and fast
response. To give some idea of the sensitivity, one was able to
cover the light aperture with the finger of one hand while wiggling
the fingers of the other hand somewhere in front of the detector.

Even with no direct light source this motion would cause the oscilloscope
trace to oscillate on and off the scope.

The initiation of bubbles was seen on the oscilloscope as a

sharp jump in the trace accompanied by high frequency, random oscillations.
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As the intensity of boiling further increased, both the level and

amplitude of oscillations increased. It was not possible to associate
these effects with any particular bubble or bubble frequency. A
result of having such a distinct threshold was that one could conclude
that the unaided eye was able to see first vapor at conditions below
60 psia, 150°F subcooling, and 5 ft/sec. Once this fact had been
firmly established only visual observations were made of first vapor
when conditions were below those listed above. However, at higher
pressures, velocities and subcoolings the detector was used giving a
sharp indication of first vapor at low heat fluxes than that seen by

the eye. In this region the detector was heavily relied upon,

D. Measurement of Gas Concentration

Since the concentration of dissolved gas is an important variable
in boiling, the éxperimental procedure in boiling must either measure
and control this concentration or else reduce the variable to an
insignificant amount. To approximate the strength of this variable one
has only to realize from Henry's Law that the ratio of the gas c§ncentration
at saturation equals the ratio of partial pressure of the gas within a
nucleation site to the local pressufe. For example, at atmospheric

pressure, a concentration of 1 cc of air per liter (the saturation

concentration equals 21 cc air/1l) will increase the pressure within 511
nuclei by 0.7 psi. This would correspond to a reduction in incipient
nucleation superheat of about 2.5°F. Fig. 16 shows the qualitative
results of a variation of gas concentration as measured by the amount of
dissolved oxygen in the liquid. From an examination of the boiling

literature, it is safe to say that most boiling liquids contain more
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than 1/20th of saturation and therefore discrepancies should be
ekpected when one attempts to compare data in the incipient region.

Unfortunately there is no developed technique for measuring
the concentration (or more importantly, the partial pressure at the
boiling temperature and pressure) of the gas within the liquid.
Often in the literature, investigators, using the well known Winkler
technique for measuring the dissolved oxygen concentration, claim
to be able to infer the air concentration from the oxygen concen-
tration. The error in this approach lies in the fact that the
dissolved air and oxygen only bear a fixed ratio when they are in
equilibrium with atmospheric air. At concentration less than satu-
ration they are not in equilibrium. However, from the data compiled
by Dorseyse, one can conclude that this error results in the erroneous
air concentration being no more than 300% high.

For these reasons, the approach to the dissolved gas problem
in this experimental program was to reduce the gas concentration to
the lowest level possible, consistent with the boiling loop and fime.
The Winkler test was then performed both at the beginning and at the
end of each day of data collecting. Data were not taken or were
rejected if the oxygen concentration was greater than 0.1 cc/1.
This would correspond to about 0.3 cc air/l1 if the liquid were in

contact with a standard atmosphere.
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E. Experimental Procedure

The experimental procedure consisted of first assembling a
specific boiling surface inside the test section assembly. All
electrical connections were cleaned to insure good contact and the
test section was installed vertically in the boiling loop. Loop water
was then allowed to slowly enter the test section from the bottom,
which constrained the direction of liquid advance relative to the
scratches on the heat transfer surface. The trapped gas in the loop
itself was bléd at several points. All degassing heaters were then
turned on, bringing the liquid in the degassing tank to boiling. The
loop water was circulated by the pump, a portion of it going upwards
through the test section as well as thréugh the degassing tank. This
was continued for the duration of the degassing, which usually
lasted five hours. To increase the ability of the loop water‘to
absorb small pockets of trapped air on surfaces and in the pumping,
the heat exchanger was operated continuously maintaining the water
at the coldest possible temperature, For this reason also, the
pressure level of the loop was held at a minimum of 30 psia. The
steam and air mixture was continually bléd from the top of the
degassing tank. At the end of about one and a half hours, the liquid
level in the degassing tank would be depleted, requiring a refill
and continued degassing. When the gas content was felt to be suf-
ficiently low, a Winkler test was performed which gave some indication
of the dissolved air. If the dissolved oxygen was sufficiently low,

the data collection commenced; otherwise, the degassing was continued.
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The pattern of collecting data was to hold pressure, velocity, and
subcooling (evaluated at the center of the test section) constant while
varying the heat flux. In order to detect any hysteresis, the power
level was first increased from well within the nonboiling region to
a predetermined level of nucleate boiling followed by a decrease
back to the nonboiling region. In general, no hysteresis tendency was
observed except as discussed in Chapter VII. During both the increase
and decrease in heat flux, inception was carefully noted both visually
and by the bubble detector. Vapor was always detected at slightly
lower heat fluxes than the sharp change from forced convection to
boiling heat transfer. This sharp transition in the boiling curve
is certainly due to a large extent on the low gas concentration in
the liquid since a gradual transition would always occur in those
cases where gas inadvertently entered the system (Fig. 16). However,
other factors may also account for the effect such as the characteristic
low velocities or the annulus geometry.

The raw data was processed at the M.I.T., Computation Center using
an IBM 7094 computer. The data reduction program, written by R. F,
Lopina,57 produced the following éutput quantities for each of the

seven tube thermocouples:

1. heat flux 4, T -T
w b

2. wall temperature (T ) 5. T =-T
W w s

3. Bulk liquid temperature (Tb) 6. sdubcooling
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7. heat transfer coefficient (h)
8. Grashof Number
9, Nusselt Number (Nu)

10. Reynolds Number (Re)

Reference 57 contains further details on

11.
12,

13,

Prandtl Number (Pr)

Fanning Friction Factor
Nu

Pr

ok

the data reduction program.
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Chapter VI - The Inception of First Significant Boiling

A, Introduction

During the past ten years there has been a great deal of interest
in determining, in a general manner, the point at which boiling begins.
This interest is motivated by the following:

| 1. The accurate prediction of the incipience of boiling,

or of first vapor, in a liquid-moderated nuclear reactor is

important from a Safety standpoint. The replacement of the

liquid by its vapor reduces the moderating ability of the liquid

and thereby acts as an inherent shut-down mechanism.

2, The accurate prediction of the transition from natural

convection or forced convection to boiling is important in

enabling the designer to determine when significant increases

in heat transfer will begin,

3. The prediction of the onset of nucleation within the liquid

film in two-phase annular flow has been shown, under certain

conditions, to be equivalent to thevprediction of the critical
heat flux under those same conditions.58
4, The prediction of boiling inception bears a very close
analogy to the prediction of the onset of cavitation. Although

there has been no determined effort to use this analogy, the

two fields have frequently (and independently) arrived at the -

same conclusions regarding their respective phenomena,
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.// )

B. Literature Survey //

The analyses which have lead to a prediction of the inception of
boiling from a solid surface can best be compared by pointing out
the structural similarity between the various models. The four
structural elements which comprise all of the inception models are
shown in Fig. 17.

The first elément is the specification of a physical model for
the liquid such that a temperature distribution within the liquid
can be analytically derived. Practically all of the published models
treat the liquid as a semi-finite slab in which solid body conduction
is the only mechagigm of heat transfer, As a rule, a transient
‘temperatu:é distribution is employed for pool boiling situations and
a steady—{tate temperature distribution is used in a flow situation.
With the l‘quid temperature known, it is then possible, using some
criteria)fj¥\growth, to determine the equilibrium vapor pressure
within the nuclei. This is practically always done by using the
Clapeyron relation of Eq. 14, However, it is equally valid to determine
this equilibrium vapor pressure f;om tabulated values 6f-the saturation

state properties of the particular fluid or to utilize some form

of the equation of state of the fluid.

In the event there is a gas dissolved in the liquid, there will
exist a partial pressure of that gas within the nuclei according
to Henry's Law

Py = 63 (60)
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A knowledge of the total pressure (pv + pg) within the bubble can
then be related to the radius of curvature of the bubble itself as

1 1
-p, =05+ =) (61)
g L Rl Rz

P, + P
Adams has pointed out that where the bubble is uninfluenced by gravity
the sum 1/R1 + l/R2 is constant even though the surface is not
symmetrical.59 Therefore, in the interest of generality this constant

will be selected by defining r as the effective radius of curvature

such that

pv+pg-pLE-12,£ (62)
This relationship (with Pg = 0) is common to all inception models

and is referred to in the literature by any one of the following names:
Rayleigh, Helmholtz, Gauss, Young, Laplace, ‘Poisson, and Gibbs.

The major distinctions between the models reviewed in this survey
are in the statements of the criteria for growth. 1In all:cases, this
criteria "feeds back" sufficient information to make the problem
determinant. That is, some function r is related to the liquid
temperature profile necessary to cause inception. Often this criteria
implies the definition of wﬁat is meant by boiling inception. For
example:

1. Michiyoshi and Schrock60 using a transient temperature

profile said that nucleation would take place when the superheat

contained in the liquid slab of variable thickness r is a maximum

[a maximum must be reached since r decreases as TL (y,t) increases].

2, Lienhard,61 using a transient temperature profile, gave a

criterion for growth which said that the nondimensional rates of

change of availability and thermodynamic potential are comparable
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at a distance r away from the wall. Fabic620b5erved that

the mathematical formulation of this criteria can be reduced

to that of Michiyoshi and Schrock.

3. Hsu,63 using a transient temperature profile, stated that

inception would occur when TL (2r) z Tv’

4, Bergles and Rohsenow,64 using a steady state (linear)

temperature profile, stated that inception would occur when

T, (r) 2T,

5. Sato and Matsumura,65 two years later, arrived at the same
mathematical formulation as Bergles‘and Rohsenow.

6. Han and Griffith,66 using a transient temperature profile

said that inception would occur when TL (3/2 ¢) = Tv'

7. Davis and Anderson,67 using a steady state temperature

profile, which accounted for turbulent effects beyond the

laminar sublayer, stated that inception would occur when

T, (1) 2 T,

8. Faneuff, McLean, and Scherrer68used a transient temperature
“‘profile which was’found by fitting Plesset and Zwick's bubble

growth equation (asymptotic form) to his bubble growth data.

They postulated inception when TL (2/3 1) 2 T, .

9, Zuber,69 assumed a transient exponential temperature

distribution and suggested that inception would take place

when '1‘L (r) z Tv.
10. Kenning and Cooper,70 using a steady state (linear) temperature

profile, suggested that two different criteria for growth were

possible. If (Re) (Pr)> >1, then inception would occur when

Re/45 >
TL { S4H (1 -c¢ )] = TV
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If (Re) (Pr)<<l, then inception would occur when

>
TL (H) = Ty

11. Howell and Seigel71 developed a model which required numerous
assumptions., Their model is equivalent to assuming a steady

state (linear) temperature profile with inception occuring when

2
TL (1/2 ) Tv if r < §

If r>§ then inception occurs when

v

L [. (8/x) - 1/2 (G/r)i} E

One can conclude on the basis of the differences in the above
models that the weakness element of our knowledge of boiling inception
is the criteria for growth, These criteria generally have taken the

form

T, (n r) = T (63)

v

where the value of n has been based at best on ones physical intuition
of the complicated interactions of three phases (a solid wall, a fluid,
and a gas of one or more species) containing strong temperature and

velocity gradients.
C. Analytical Solution

In what follows, the solution to the inception problem will be
attempted by letting the value of n be an unknown parameter whose
value hopefully can be determined experimentally. Since flow surface

boiling is of primary interest for this work, the temperature distribution
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within the liquid, for the present, will be assumed to be linear, i.e.

T =T - <X{};—) y (64)

This assumption will only be correct if solid body conduction
predominates in the vicinity of the bubble and if a sufficient portion
of the bubble's growth takes place in the laminar sublayer. Appendix B
contains the justification for this latter assumption.

To arrive at the vapor temperature within the nuclei, several
approaches are possible. The first, as well as the most common, relies
upon an integration of the Clapeyronbrelation given by Eq. 14 which is

repeated below:
dp g (14)
dT T (vv - vL)

Perhaps the simplest method of integrating Eq. 14 is to assume
that the right side is constant., It is then possible to integrate
this directly as T varies from TS (known) to Tv (unknown) while p
varies from 1 (corresponding to TS) to p, (known from Eq. 62). This
would imﬁediately yield the vapor temperature of the nuclei as

(p. = p)(v. —=v.) T
T =7 $—~ L v L (65)
v s h
fg

where the properties are evaluated as some temperature between Tv
" and T . Using Eq. 62 with the further assumption that P, = 0 gives

T =T Zo(vv - vL) T

v s
r hfg

(66)

A second method for integrating the Clapeyron equation is to
h
assume that ?$£3?533 is a constant. Integrating between the same limits
v L
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as above would give
(p, - P vy = vp)

[ h .
T =T ¢ fg (67)

If, as before pg = 0, this would become

Zo(vv - vL)

-'—j-;f——'- (68)
T =T € g

A third integral results by neglecting v with respect to Vs
evaluating the temperature of Eq. 14 at the vapor temperature (for
the present unknown) and making the assumption of a perfect gas in

order to eliminate vv. The integration can be carried out as follows

h
by assuming the iﬁg to be constant,
v
Py Tv
h daT
%a - _skf — or (69)
v T
v
P T
s
P Peg 11
ot = g8 G- 70
L 4 s v

Substituting Eq. 62 into Eq. 69 with the temporary assumption

that pg = 0 gives

' h
In (1429 .81 L, (71)
Pyt Rv Ts Tv
T
T = =
v TsRv 2 g« (72)
1 - =2 1n(1+—-—:—)
fg Py
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To best evaluate the various assumptions leading to Eqs. 66, 68,
and 72, Table 1 has been prepared. Values of the predicted vapor
temperature are given forAeach of the three integrals over a wide
range of pressures. These calculated values can then be compared

with the true values as taken from Steam Tables.72 In order to make

the three integrals comparable, the nuclei was assumed to have é
radius of .000lidn,,which on the basis of Chapter II is reasonable.

From Table 1 it can be concluded that only Eq. 72 gives accurate
results at low pressures (in the neighborhood of atmospheric pressures
or less) and all three integrals produce sufficient accuracy at higher
pressures, For this reason, all further work will be based upon Eq. 72,

Another approach which yields the vapor temperature and which is
valid at all pressures is to use tabulated properties and a trial and
error solution as outlined in Fig. 17. Unfortunately, this is laborious.
In addition, only a few fluids have sufficiently accurate tabulated
properties, However, for those fluids which have tabulated properties,
this method will yield the most accurate value for Tv‘

A third approach, which also requires tabulated properties and
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is valid at all pressures is given by Shai, It has the advantage of

not requiring a trial and error solution. Shai has suggested fitting

tabulated saturation pressure and temperature data to the form

Inp=c —'% (73)

and evaluating the constant d. It has been pointed out by Bonilla,
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Sawhney, and Makansi® that Eq. 73 is a suitable form for an equation

of state., It follows then that

p
In ¥ =4 (—%—- - %—) (74)

pL s v
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e
| / he
This equation i{s identical with Eq. 70 if ore replaces d by i*g .
v

The graphical désctiption of boiling inception (Fig. 18) as
given by Bergles and Rohsenow64 provides the clearest description of
the effects of the relevant heat transfer variables. They postulate
that the nucleus of a hemispherical shape with radius r will grow if
the liquid temperature at a distance y = r from the wall i§ greater
than the critical vapor temperature defined by Eq. 72. For their model
then, n = 1, and the criterion for growth is satisfied when the straight
line representing the temperature profile (Eq. 64) becomes tangent to
Eq. 72. This criterion can be generalized in terms of the parameter n,
as in Eq. 63, by replacing y by y/n. It will now be shown that based
upon the abéve assumptions, two dimensionless variables (a dimensionless
heat flux @and a dimensionless superheat) determine whether inception

will take ﬁiice.

The twoconditions which insure a tangency as shown in Fig. 18 are

TL (nr) = Tv (75)
and
oT T
L v
9y = or (76)
y = nr r

Performing these:operations on Eq. 64 and 72 gives

T —() T = 2 an

w AkL | i
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2
. [Rv T, ( 20/PLr \]
s |hg L1+ Zc/er/r

L - 2 (78)
AkL TSRv 2
“Tho In (1 + 20/er)
fg
Substituting the denominator of the right hand side of Eq. 77 into
Eq. 78 gives
20
. v i A p _4nE (79)
AkL hfg 14+ 2 g W Ak
i
By defining the following dimensionless variables
R _on
* _ v * rp ;
q/A = 1:—————-——— q/A and r = L
: hfgkaL> 5 (80 a,b)
T R n T R n
* = R -
T = __l_s;____\_r___ and Tw = lh—l_— (81 a,b)
fg fg
Eq. 79 can be rewritten as
q/a" = 2oL @M - 2 (v (@A (/A (a/an)| (82)
r* (r* + 2) w w q q
Solving this quadratic equation for r* gives
\l 21
1+ 4T  +—==-(1+2TH%)
*
= w___q/A W (83)

1 -2 (q/A%)

The problem which willinow be solved is that of determining the

heat flux necessary for inception. The implicit solution will involve

A}

the following wmariables:
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(Q/A)i = (Q/A)i [TW’ Tgs &,a hfg’ o, kL, r, Pgs n] : (84)

Rearranging Eq. 77 in terms of the dimensionless variables of
Eqs. 80 and 81 and solving for q/A* gives
T*
s

1
amr =L | Tx o s (85)
r v 1 - zﬁ' In (1 + 2/r%)

*
From Eq. 83 and 85, r may be eliminated, yielding the relatiomn

* *
1.1 2 - 4 (a/AD)|, 1 -2 (/A7)
T* "o 1° [ T T T -2 @A - v(a/A)]
| (86)

where 9 '
2(T *)

* o *
L+ 4 T+ — g (2 T * + 1)

<
1l

Eq. 86 with Tw* as a parameter is plotted in Fig. 19 by making, as
a first approximation, n = 1, This is accomplished by selecting some
value for q/A* and T *. From Eq. 86 a corresponding value of Ts* is
calculated and consequently the abscissa (Tw* - Ts*) can be formed., 1In
this way, (q/A)* can be plotted vs. (Tw* - Ts*) with Tw* as a parameter.

Eq. 83 is also shown in Fig, 19 by drawing lines of constant
r*, It should be noted that knowing any two of the inception quantities
Tw*, Tw* - Ts*, or q/A* will alloﬁ one to approximate the efféctive
radius of the mouth of a nucleation site,

The importance of this figure lies in being able to observe that
the lines of constant Tw* are essentially parallel. This suggests
that either one or both of the coordinates could be defined by including

some suitable function of Tw* such that the lines of constant Tw* would
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all collapse upon a specific line (Tw* = .1 for example). This is

done most simply by defining a dimensionless superheat” as follows:

Tw* - Ts* Ty = Ts
ATS* = T T w - = T (87)
W w

The result of this collapse is given in Fig. 20 as the solid line
labeled n = 1, |

An alternate approach to collapsing the nearly parallel lines
of constant T * is to redefine the ordinate and abscissa of Fig. 19
as %éi;iz andvf%;;;ygit respectively., This definition of
coordinates is slightly more complicated and does not result in the
lines of constant Tw* falling as nearly coincident upon each other
as that previously described. It does have the advantage in that the
! collapse takes place along lines of constant r*, and therefore, the
lines of constant r* are compressed into points. This coordinate
system is shown, for n = 1, as the solid line of Fig. 24. The former
approach and coordinate system has been arbitrarily selected as the
basis for comparing theory with data.

To include the effect of gaé, one .can visualize a pure vapor
bubble (pg = 0) in its stable state just prior to inception. By
injecting into this bubble a mass of gas whose partial pressure is
pg we can simultaneously reduce the partial pressure of the vapor

by the amount pg (énd still maintain the pressure balance required

for this stable state). However, therentire liquid temperature
profile must be lowered by the amount necessary to maintain thermal

equilibrium. From Eq. 14 this would imply that




83

‘ (Tw)ggghout (vv - VL) pg
(Tw) ithcz(Tw) ithout h (88)
as as fg

The error resulting from this reasoning will in all probability be
less than the error resulting from the measurement of pg.

The problem as stated in Eq. 84 has been reduced from nine variables
and the parameter n down to two dimensionless variables and the
parameter n, An attempt will now be made to evaluate the parameter n.
This will be possible if the assumptions leading to Fig. 19 are valid.

The fluid pressures will be evaluated at the wall temperature,

D. Experimental Results of Other Investigators
For the remainder of this work, inception will be defined as the
state existing when significant heat removal due to boiling begins.
That is, it will be the state in which the total heat flux exceeds
that which would be expected in nonboiling flow or: forced convection.
The data of McAdams, et al.,30 as contained in theés thesis of
Kennel,51 was examined from the standpoint of boiling inception. This
data was felt to be especially good from the standpoint of having a
low gas content as discussed in Chapter V. 1In addition, dissolved gas
content measurements were taken for almost all of their data rums.
As a first step in the analysis of their data, the boiling curves
(q/A vs. ATS) were plotted for all of their data, consisting of over"

fifty runs. The inception point was then selected based upon the

first significant increase in heat flux due to boiling. These points
were reduced (see Fig, 20) to the dimensionless coordinates given by
Eqs. 80a and 87, The details of this procedure are described in

Appendix C. It should first be noted that based upon these results
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a value of n = 3 would seem appropriate, Secondly, the scatter of

the data, which is appreciable, was examined and found to be unef-
fected by the pressure level. On the other hand, the higher velocities
lie closer to the n = 1 line,

Additional data, which is available in the literature for water,
is shown in Fig. 21. 1In Fig. 22 is shown the data available for
flow boiling of other fluids. It should be pointed out that the lack
of precision (as compared with water) in determining the properties ¢
and kL for the fluids of Fig. 22 reduce the accuracy of q/A%,

The existence of the data of Figs. 20, 21, and 22, which apparently
were very carefully taken, raised the question as to why such high
inception superheats were achieved relative to a growth criterion of
n=1, Madejski75 has proposed that the occurence of inceptions at
higher wall superheats than the models of previous investigators would
predict is attributable to a flattened bubble, He states that this
flattening of the bubble results from the large temperature gradient
across the bubble as it grows into colder liquid. A key assumption
that he makes is that thé temperature gradient resulting from only
solid body conduction in the liquid is the temperature gradient
(perpendicular to the wall) at the liquid-vapor interface of the
bubble. In light of the comments made concerning thermocapillarity
(Chapter III), it should be apparent that bubbles cannot support
temperature gradients which even rémotely approach those assumed by
Madejski.

Early in this present work it was known that if the surface lacked

sufficiently large cavities, inception would be delayed. This delay



83

can be visualized as shown in Fig., 33, It seemed possible that if

the largest cavities present are of size T oax’ then that portion of
Eq. 72 pertaining to radii of curvatures in excess of fmax would

have no meaning. That is, a tangency which took place (see
temperature profile A) at r, would be able to activate cavities whose
mouth radii were s if they existed. Since only cavities smaller
than r exist, nucleation would not take place. Temperature profile
B, having a higher superheat than that of A, would be able.to activate

cavities of size T oax’ This possibility is mathematically described

as follows:

T, = T, at r = T =Y ' (89)

From Eqs. 77 and 85 the dimensionless heat flux at inception becomes

g% _ 1 T * ’s 90
A *a w - TS* 2 (50
max
1 - a In (1 + pr )

max

This equation is shown plotted as a dashed line in Fig. 24 for various
values of the dimensionless maximum radius. The solid line of Fig. 24
is the predicted inception (for n = 1) if sufficient cavities are

present. It will be noted that the coordinate system of Fig. 24 has

T* - T %
* .
%%A;TE.VS. _%%7152§~ instead of that given in Figs. 20, 21, and 22,
w w

This was arrived at as discussed earlier by having the collapse
of the lines of constant Tw* in Fig. 19 take place along lines of
constant r¥,

To explain the data of Figs. 20, 21, and 22 (showing inception

delayed relative to criterion, n = 1) by there being & lack of 1.~



86

large cavities, requires cavities of about 107 feet or less. 1t

will be recalled, from the measurements which were made of natural

cavities (Chapter II), th?t a hundred nucleation sites per square
inch might reasonably be expected which are greater than 10-6 feet.
Despite this evidence that a large cross section of cavity sites
are available on commercial surfaces, it was decided to investigate
inception at low values of q/A* to see if delayed nucléation took
place because of a lack of large cavities. Fig, 25 shows the
results of this present investigation. From this work and that of
the other investigators it can be concluded that:
1. No lack of large nucleation sites is observed.
2. Inception is delayed relative to the n = 1 criterion.
3. A more accurate criterion for inception, based upon all data
considered, appears to be stated, not in terms of n, but in
terms of the best fit line. Admittedly, the scatter about this
line is wide and indicates the presence of other important

variables., This best fit line is expressed as
3
q/A* = 13 (ATS*) (91)

4, The n = 1 line appears to be approached as veloéity and (or)

subcooling is increased.

E. A Reexamination of the Model's Assumptions
The questions which now present themselves are the following:
Why, at inception, must the liquid temperature, evaluated at one

bubble radius from the hot wall, appear to be significantly higher

than the equilibrium temperature for the same size bubble in an

isothermal system? Why is there such a wide scatter in the inception data?
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It seems obvious that the answer to these questions is either one

or both of the following:

1. the data are very inaccurate
| 2, the basic assumptions of the model are incorrect.
The first possibility seems quite unlikely in light of the large number
of different data sources. One further suspects the presence of
important variables not previously considered. For this reason, an
examination will be made of the fundamental assumptions.

To assist the answering the above questions reference will be
made to Fig. 26 and to the assumptions implied by Eqs. 75 and 76.
It will be assumed in Fig. 26 that the temperature felt by the bubble
corresponds to that of the liquid at the top of the bubble. This
assumption is not germane to the reasoning which follows, but merely
simplifies the graphical explanation. The bubble shown in Fig. 26a
is in a hemispherical shape which guarantees that its radius of
curvature will increase regardless of whether its volume increases or
decreases, If the liquid temperature profile is (TL)A, this bubble
must collapse, Consider now this bubble with negligible inertia in

a liquid whose temperature profile is (TL)B. If the bubble height

is either greater than or less than y, its volume must decrease, since
the vapor temperature required for equilibrium is greater than the
liquid temperature, This decrease in the bubble's size would both
bring the bubble into a region of-warmer liquid and increase its
radius of curvature. This is shown for the case where ¥>§ by. the
successive states 1, 2, and 3, with state 3 being an equilibrium statev
since TL(y) = Tv(r). Likewiée for y<y, the successive states might

be 4, 5, and 6, with state 6 also being an equilibrium state. One
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can then conclude that many equilibrium states exist for the case where
the temperature profile is tangent to Eq. 72. By similar reasoning,
equilibrium states exist when the temperature profile intersects

Eq. 72. However, the argument must then take into consideration the
consequence of the bubble's inertia.

It should now be observed (Fig. 26b) that Eq. 72 simply expresses
the vapor temperature required for equilibrium in a bubble of a given
size, 1If that vapor temperature is suddenly exceeded, the bubble will
become unstable and accelerate. The region within which this condition
will hold is cross-hatched and is designated as the acceleration region.
The converse holds for the deceleration region.

All of the bubbles shown in Fig. 26b will increase their radius
of curvature by growing and decrease it by shrinking. In order to
have grown beyond the state as shown by the bubble in Fig., 26a, the
temperature profile must have intersected Eq. 72, that is, Yy < V.

If either of these bubbles have a height, ¥y < ; < Yy then the

bubble will accelerate and conversely if y < Yoo the bubble will
decelerate, Whether or not either of these bubbles achieves sufficient
acceleration to enable them to detach from the surface (and therefore
remove heat), depends in part on the amount by which the liquid
temperature profile penetrates into Eq. 72, If insufficient penetration
takes place, the bubble will oscillate in the neighborhood of y = Yo-

These oscillations do in fact occur. They can easily be seen in a
pan of water which is beginning to boil on a stove. The accelerated
growth of the bubble carried it into cold liquid causing it to condense

and fall back into hot liquid where evaporation begins to take place.
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The cycle themn 'continues to repeat itself, Heat traﬁsfer measurements,
taken in the laboratory during the time when this phenomena aeccurs,
have shown that negligible heat is removed via this mechanism. (See
Fig. 33.)

The mere fact that these bubbles can be easily seen (either in
the laboratory or on the stove) is a good indication that the radius
of curvature of the bubble at the time of departure is much greater
than the cavity mouth radius from which it grew. In fact, it could
easily be two orders of magnitude greater than the cavity mouth radius,
In regard to Fig. 26, this would imply both that ZZ could be as much
as two orders of magnitude and that the penetratiins of Eq. 72 by
(TL)C is even greater than shown in Fig. 26b.

The tangency assumption of the inception model (Eqs. 75 and 76)
now appears to have no basis., In fact, one would expect that inception
would occur after some penetration of Eq. 72 has taken place. This
would be seen experimentally as higher wall superheats at inception,

The next assumption to be examined concerns the liquid temperature
profile as given in Eq. 64. It has been pointed out in Chapter III
that thermocapillarity effects act to transfer heat from the solid
surface into the cold liquid stream. However, Eq. 64 clearly assumes
solid body conduction only. The presence of convection away from the
wall would make the temperature profile near the wall steeper.
Therefore, the amount of wall superheat would have to be increased if
this convection were present, in order to bring the liquid temperature
profile into the proper position relative to Eq. 72. The assumption
of a temperature profile of Eq. 64 is not valid in the regién of the

bubble itself.
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This assqmption may not be valid at any location along the wall,
even far from a bubble, Both visual observations in this work and
Schliern photographs of Semeriazo have indicated that jets appear
from surfacés just before bubbles appear. Apparently they originate
from the nuclei, which as shown in Chapter II, are just below the
resolutionvof the eye. Chapter II also showed that there could be
very large numbers of the smaller nuclei. The steepeningfof the:3dquid

temperature profile caused by nuclei alone may be significant.
F. The Existence of Metastable States at Inception

Some insight can now be gained as to why sharp transitions are
often (if not always) observed when boiling commences in a degassed
liquid. The state described in Fig. 26b by the rightmost intersection
of TL(y) and fTv(r) is a state of metastable equilibrium. That is, if
a sufficient disturbance exists, a bubble will become unstable and
depart. Such distusbances might be variations, in time, of the liquid
pressure and temperature surrounding the bubble; or it could be a
high wall shear stress which would tend to shear the bubbles from the
wall. A third possibility involves the chemical nature of the
surface as regards the contact angle. If insufficient disturbances
are present, then the bubble will grow in a stable manner as the wall
temperature is increased. It follows that as the wall temperature
is‘increased in Fig. 27 from A to B to C, that an increasing number
of nuclei arrive at the same metastable state.

Consider the first nuclei on a heated surface which has grown
thrﬁugh a number of successive metastable states and has just become

sufficiently disturbed to cause departure. Assuming that its cavity



91

is not deactivated by the incoming fluid, it will create a second
generation nuclei which will be immediately umstable. The succeeding
generations of nuclei will then be accelerated to the point of

departure as a bubble. They, in turn, will cause distgrbances in

their vicinity which may cause more bubble departures. It is not
surprising, therefore, to see a sharp increase in the heat flux
P. following inception. On the other hand, if there were large disturhances

when the nuclei first reached a metaitablé- condition, one might

expect to see a more gradual transition (a knee) from the forced-
convection region to the fully developed region,

Two interesting possibilities are immediately suggested by the
previous paragraphs. The first concerns the observation of Rohsenow

and Clark’®

that changing both the velocity and subcooling in flow
surface:boiling does not alter the position of the nucleate boiling
curve, These variations only effect the position of the forced
convection curve. The lack of a large transition region between forced
convection and nucleate boiling for degassed systems implies that the
inception locus is quite near the fully developed boiling curve. 1In
otherwords, Eq. 91 could be a first approximation to the fully
developed boiling curve.

Anogher consequence of the existence of metastable states relates
to a surprising observation of the present experimental work that was
made at the higher velocities and subcoolings for all surface finishes.
Bubbles were first observed toward the downstream end of the heated
surface, Instead of these bubbles being randomly scattered, on the

surface they formed a sharp '"vee" shape. The angle formed by this

"vee" was about 30° and its apex pointed in the upstream direction.
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As the flux was increased in very small increments, the '"vee' would
jump upstream in small increments and gradually cover the entire
heated surface. This jumping would take place faster than the eye
could follow. It appears, in light of the metastable nature of
nuclei, that the sudden departure of one bubble upstream of an

~ inactive heated area would cause disturbances in a wedge shaped
region downstream. This may well explain the boiling 'vee."

It may also explain several other frequently reported observa-
tions concerning pool boiling. Patch boiling, or the tendency of
bubbles to become active in clusters, could also be a consequence
of the metastable states. Likewise, the hysteresis, as described by
Corty77, seems to have all of the same characteristics. One example
of the many reports in the literature describing decreases in wall
superheat with increases in boiling heat flux is that by Tang and
Rotem’8., From their description of their experimental procedure,
it seems that dissolved gas and surface contamination cannot explain
this behavior. Again, one now suspects that the sudden presence of
new active nucleation sites resulting from an increase in heat flux
will, by their disturbances, activate even more metastable nuclei

and, therefore, lower the wall temperature.

G. Conclusions
1. Previous models of boiling inception (eleven were considered
in Section A) have all been based on the same fundamental assump-
tions. They differ slightly in the criterion determining the

distance into the liquid where TL = Tv.
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2, Using these assumptions and allowing the distance

criterion to be arbitrary, a prediction of. inception can be

madngithout resorting to simplifying, but erroneous,
mathematical operations.

3. Inception data taken by numerous investigators for several
fluids indicates that either the data are quite bad and/or the
fundamental assumptions are wrong.

4. The assumption that only solid body conduction takes place
in the liquid next to the wall is seen to be incorrect in light
of thermocapillarity induced heat transfer. The assumption of
Fig. 18 that the point of tangency describes the nuclei
equilibrium state just prior to inception is incorrect.

5. Many states of equilibrium exist as described by the inter-
section occurring at v, in Fig. 26b. These states are meta-
stable.

6. The observations of (1) the boiling ''vee,' (2) patch boiling,
(3) hysteresis as described by Corty, and (4) decreasing wall
temperatures with increasing heat flux may be explained by

metastable nuclei.
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Chapter VII - The Effect of the Surface on Boiling

A. Introduction

It will be recalled from Chapter II that the cavity size
distribution is strongly dependent on scratch orientation and
roughness. The effect of roughness has been well established by
Jakob50 and Berenson2 for the special case of pool boiling. It
seems reasonable to now ask the question, what is the effect of
both roughness and scratch orientation in both pool boiling and

flow boiling.
B. Pool Boiling
1. Apparatus

One of the primary requirements to enable one to compare
surface effects in pool boiling and flow boiling is to use the
identical botling surface in each situation, Therefore, a
2% x 1'x:1'’plexiglass tank was constructed which supported the
same electrical conductors that were used in the flow boiling
work (see Fig. 14). The same power- source, buss connections, and
thermocouple bundle were used as described in Chapter V., The
main variables which were not able to be matched to the flow
boiling situation were pressure and gas concentration, since the
tank was open to the atmosphere. Priof to taking data with a

new surface, vigerous boiling was maintained for about two hours.
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2, Results

Fig. 28 shows the results of .the pool boiling tests with the

four different surface finishes. The direction of liquid advance

was determined shortly after "first vapor' was observed. The
bubbles would form at low heat fluxes (about 10° BTU/hr £t?) and
would slowly grow until buoyant forces would drag the bubble
circumferentially around the horizontal tube until it‘arrived at
top. A further increase in heat flux would cause more bﬁbbles

to slide circumferentially around the tube.. At the same time,
the bubbles on the top of the tube would depart. Therefore, more
nuclei were formed on the tubes with axial scratches than with

circumferential scratches since the advance of the liquid-gas

interface would be perpendicular to the scratches (see Fig. 5).

As the heat flux was increased further, the wall temperature became
superheated and some bubbles could be seen nat to slide away from
their regions of growth, but rather eject themselves from the
tube., At these heat fluxes (generally below 4 x 10ﬁ4 BTU/hr ftz),
the surfaces with axial scratches required lower wall temperatures
than those with circumferential scratches. This substantiates
the previously found evidence (Chapter II) that there are more
and larger cavities on surfaces where the liquid-gas interface
advanced perpendicular to scratches.

Fig. 28 further shows that at higher heat fluxes the effect
of scrafch orientation was washed-out. The results at these
higher heat fluxes are consistent, both quarfitatively and qualitatively,
with the results of Berenson.2 In other words, the rough surfaces

required less superheat than the smooth surfaces at a given heat flux.
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As the heat flux increased to about 8 x 1()4 BTU/hr ftz, all
bubBles were ejected from the tube's surface. Those bubbles growing
from the bottom of the tube would be propelled several inches

vdownward before drag and buoyant forces would reverse their direction.
The initial phase of this growth was obviously taking place within
the accelerating region of Fig. 26b. It is felt that this sudden
departure of the bubble from the surface allowed the liquid-gas
interface to advance back over the cavity in either a random or
radial direction. Since this advance was no longer controlled, as
before, the effect of scratch orientation disappeared. The boiling
curve of any of the four surfaces could be repeated and there was
no hysteresis effect.
C. Flow Boiling

1. General Results

The apparatus and experimental procedure used in the flow boiling
work have been described in Chapter V. The results of this testing,
using the four main surfaces at the same flow conditions are shown
in Figs. 29, 30, and 31. The very surprising, but simple, conclusion,
based upon these figufes, is that there is no detectable surface
effect under these flow conditions. This is in direct contrast‘to
the strong surface effect in pool boiling.

To attempt to gain an understanding of this result, one must
first compare the temperature gradients at the wall for both pool
and flow boiling., Marcus and Dropk1n79 have measured the temperature
of the superheated liquid layer in pool boiling as near to the wall

as .001 inches., Characteristic of these measurements is the fact
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that the mean temperature gradient evaluated at the wall is very
nearly that which would be predicted by natural convection heat
transfer. No additional mechanism of heat transfer is evident.

In flow boiling, however, there is an additional mechanism
(thermocapillarity) which acts to steepen the temperature gradient.
One would therefore expect, for the same heat flux, pressure, bulk
temperature and fluid, that flow boiling would produce steeper
temperature gradients than would pool boiling. The significance
of this can now be examined from the viewpoint of a nucleus attemp-
ting to grow on a heated surface.

Fig. 32 depicts the number of nucléation sites which would be
activated on both a rough and a smooth surface in pool boiling (Fig. 32a)
and flow boiling (Fig. 32b). To simplify the reasoning involved,
it will be assumed (as stated in reference 64) that a cavity of size
r will only be activated in TL (y) > Tv (r). In other words, the
intersection of the temperature profile line with the line of Eq. 72
(on the top of each figure) will determine the size of the cavities
activated. The number of cavities which are activated are represented
by the shaded areas in the bottom half of Fig. 32. As a basis for
comparing the pool boiling and flow boiling situation, the following
question will be asked:

What increase in wall superheat is required to activate the
same number of nuclei on a smooth surface as would be activated
on a roﬁgh surface?

For pool boiling, the answer to this question can be found by

first constructing Eq. 72 as shown in the top part of Fig. 32a.
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Then, qualitatively, a rough and smooth nuclei size distribution, as
determined in Chapter II, is constructed on the bottom set of coordinates
of Fig. 32a. If the liquid temberature profile were (TL)r when pool
boiling was taking place on a rough surface, then the number of active
nucleation sites would be as indicated in the triangular shaded area
on the right of the bottom set of coordinates. To activate the same
number of nucleation sites on a smooth surface (shown by the triangular
area on the left) the temperature profile, (TL)S, must intersect
Eq. 72 as shown. This produces a substantial increase in the liquid
temperature at the wall,

For flow boiling (Fig. 32b) the same construction can be made.
The major distinction between the temperature profiles in the flow
and pool situations is in their slope, as discussed above. Comparing
the quantity [FTW)S - (Tw)éj for the flow case with that for pool

boiling, one sees that the surface plays a minor role in flow boiling.

2. Hysteresis

An unusual phenomenon was observed in these experiments which
constitutes an exception to the general conclusioﬁ that surface effects
are small in flow boiling. It was observed, under certain conditioms,
that by slightly increasing the heat flux shortly after vapor was
visually observed, there would be a sharﬁ drop in wall temperature.
Following this slight increase in heat flux, the temperature dfop could
also be observed in the wall temperature—measurements down the length
of the heated surface. That is, as one proceéded along the surface
in the downstream direction, the temperature would suddenly drop

by as much as 7.5°F in less than 5/7 of an inch. The length temperature




upétream of this transition was flat, as characterized by fully
developed flow boiling (see Chapter V, section B), When this phenomenon
was viewed as shown in Fig. 33, one>cou1d see that the transition

took place from forced-convection heat transfer to fully developed
nucleate boiling. The same results could be repeated on succeeding

days under the same test conditions. This phenomenon can be described
as a hysteresis since decreasing the heat flux produced no sudden
increase in wall temperatures.

The main cluevto the understanding of this type of hysteresis is
the fact that of the six tests in which it was observed, five of them
were using the axial rough surface finish, It will be recalled
(Chapters II and V) that with this finish and the controlled direction
of liquid advance when liquid first came in contact with the surface,
a minimum number of nuclei would be created. Visual observations of
the test surface before this sudden temperature drop occurred, showed
the presence of vapor bubbles fixed to the surface, but oscillating
in a manner described in Fig. 26 and Chapter VI. Following this
sudden temperature drop, most of the bubbles were seen to be departing
from the surface and flowing adjacent to the wall, This hysteresis
and these observations were most noticable at extremely low subcoolings
(11°F) and velocities (.4 ft/sec). The definite existence of
turbulent flow heat trang§fer prior to the transition rules out the
possibility that this effect is caused by the tripping of the laminar
flow boundary layer as described by Bergles and Rohsenow.64

The cause for this type of hysteresis is felt to bé related to
the disturbance which causes the oscillating bubbles to depart from

the boiling surface. Following departure of the metastable nuclei
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there would be a continuous stream of unstable bubbles growing and

departing from these same sites. Furthermore, the inrush of liquid
following departure of a bubble from an AR surface would produce
many more sites since the liquid direction is no longer controlled.

The net result would be a lowering of the wall temperature.

D. Conclusions
1. 1In pool boiling, at low heat fluxes, the surface characteris-
tic which has the most influence on the heat transfer is scratch
orientation. At moderate to high heat fluxes roughness has the
most influence.
2. 1In the flow boiling experiments of this present work, there
was no detectable influence of the surface on boiling (with
the exception of hysteresis). This is felt to be a consequence
of the steepness of the liquid temperature profile in flow
boiling and the steep negative slope of the cavity size distri-
bution curve.
3. A hysteresis type phenomenon exists in flow boiling. It is
most noticeable on surfaces with axial scratches and a rough
finish, at low velocities and subcoolings. It is felt to be a
consequence of the large metastable nuclei and the artificially

small cavity size distributions of AR surfaces.
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Appendix A

Application of the Rapid-Convergence Technique to the

Solution of the Gravity Pendulum

The problem to be solved is

2
§—§-+ & sin 8 =0
2 L
dt
(14)
- = do _
at t =0 e = 90 and it = 0
It will be convenient to define
wz = g/’ (24)
A solution will be sought in the form
0 = a + a,L+ L2 + L3 + (34)
0 al a2 a3 LR BN 2

where L is some solution to the linearized problem. For this

case there:are:two possibilities.
L = sin wt or L = cos wt

The selection of the most desirable expression for L will be decided

later.

do _ do dL

dt i dt (4a)
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a0 _ do %L , d?  dL?
dt2 dL dt2 dL2 dt
= [al +2a, L+ 333L2 + .. + nanLn—I] [- w2L]
+ [2a2 + 6a3 L+ ...+ n(n-1) a Ln-Z] [w?2 (1 - 1L2)]
e . e
sin © 0 - 31 + 5] T vt
= [a0 + alL + a2L2 + ...] -1/3! [a§-+ 3a§ alL +

2 2 2 -
3(aoa1 + aoaz) L+ ...] ‘oo

Adding Eqs. 5A and 6A dividing by w?, equating the coefficients

of like powers of L to zero, and letting a, and a; be arbitrary, gives

a, = - 1/2 sin a,
3
a, = % (1 - cos ao)
. o sin ao(A - cos ao)
4 24

., (-1
3at2 (n + 2) 3
Using a ratio test to examine convergence shows that

term (n + 2) (n -1)
term n (n + 2)

L2
and therefore, L must be restricted to values less than one. It is

convenient therefore to let

L = sin wt if - (v/4w) < t < (n/bw), etc.

L = cos wt : if - (w/bw) < t 5_(%%&), etc.

(54)
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If it is required to find the trajectory of the pendulum across the

boundaries

/4 w, 3n/4 w, 57/4 v, etc.
then a new set of initial conditions must be found and the solution

continued for the new variable L.

Example 1

As an example, consider the case where 8 = m and %%-= 0 at t

The appropriate value for L is

L = sin wt

and from Eqs. 3A and 7A we find

ag = W a; = 0 a, = aq = a4 = ,..=0

= 0.

The required solution is simply O6=w, which from physical reasoning we

knew already.

Example 2
Assume that € ='§ and'%% = 0 at t = 0, and let us compare the

rapid convergence solution with both the linear solution and the
~elliptical integral solution,
for t £ /4w
2 4
@ = ©/2 - 1/2 sin” wt - 1/6 sin® wt - ...
for t = 7/4 w
0=a/2 -1/4 - 1/24 - ,,, = 1.26355

uxg—‘z-= 1/2 = 1/6 = 1/16 = ... = = .77639
for =% < 't SBT/4 1)
r A% < al LW

2
0 = ao+a1cos wt - l/ZSinaOcos Wt + ...

(84)

(94)

(104)

(114)
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again at t = (y/4 W) )
. ay
6=a,+—-1/4 sin a, + . (124)
0 VZ_ 0
‘.,9.9. ) fl i sin ag N a; (1 - cos ao) (134)
dt vy 2 42

The new values for a, and a, found by equating Eqs. 9A and

11A, and 10A and 13A respectively, are

a; = .372

a

1 1.3977

Substitution of these "initial condition constants" into Eq. 1l1A
gives

for (r/4wk tsf%% I

© = .372 + 1.3977 cos wt - .1819 cos® wt + ... (144)

Eqs. 8A and 14A are shown in Fig. 34 along with the linear
solution, It will be recalled that the elliptical integral solution
does not give the pendulum's angle as a function of time, but instead
gives only the period, i.e., faf less information than is contained in

Eqs. 3A and 7A.
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Appendix B

Thickness of Laminar Sublayer

It still remadns to be determined in what flow conditions the
linear temperature profile will be valid. If one assumes that such
a temperature profile, under boiling conditions, exists within the
laminar sublayer, the problem can be stated as follows:

For what flow conditions will the laminar sublayer extend more
than two cavity radii away from the heated wall?

From Rohsenow and Choi80 it is shown that the thickness of the

laminar sublayer is

5 Yo
y = 3 ' (1B)
The wall shear stress can be expressed in terms of the friction
factor as
T 2
o=V f
5 5 and (2B)

the friction factor can be approximated for reasonably smooth surfaces

as

Re’

Substitution of Eqs. 2B and 3B into Eq. 1B yields

31.25 D

(4B)
Re.9
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Therefore, the laminar sublayer extends more than two cavity radii

into the liquid when
. 15,75 D P
rog —g— (58)
Re'” ¢
By examining Fig. 19, Eq. 5B is seen to be valid for the experimental

conditions of this investigation as well as the great majority of

other flow situations,
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FIG. 1 VARIOUS STATES DURING THE GROWTH OF A BUBBLE




118

OPEN TO
ATMOSPHERE

A

AKX

patm

AR CAPILLARY TUBE—J
\_;_,_——\
LIQUID ;
% “PHg
AT G
SPECIMEN

L L L L L

N\
ANANRANANANANANAN

FIG. 2 BUBBLE METER FOR USE IN MEASURING THE CAVITY SIZE DISTRIBUTION
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FIG. ¢ JETTING IN WATER - FARELLOlg
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