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THE MECHANISM OF HEAT TRANSFER IN NUCLEATE POOL
BOILING—PART 1
BUBBLE INITIATON, GROWTH AND DEPARTURE

CHI-YEH HAN* and PETER GRIFFITH?
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Abstract—A criterion is developed for bubble initiation from a gas filled cavity on a surface in contact
with a superheated layer of liquid. It is found that the temperature of bubble initiation on a given
surface is a function of the temperature conditions in the liquid surrounding the cavity as well as
the surface properties themselves. It is also found that the delay time between bubbles is a function
of the bulk liquid temperature and the wall superheat, and is not constant for a given surface.

By consideration of the transient conduction into a layer of liquid on the surface, a thermal layer

thickness is obtained. With this thickness and a critical wall superheat relation for the cavity, a bubble
growth rate is obtained.

Bubble departure is considered and it is found that the Jakob and Fritz relation works as long

as the true (non-equilibrium) bubble contact angle is used. At one gravity the primary effect of bubble

growth velocity on bubble departure size is found to be due to contact angle changes.

NOMENCLATURE

(Dimensions in H, M, L, T, ©; the Heat
Energy, Mass, Length, Time and Temperature).

latent heat of evaporation of fluid,
[H M-

pressure in the fluid outside the bubble,
ML T-3;

radius of bubble, [L];

radius of cavity, [L};

departure radius of bubble, [L];
bubble surface, [L?];

temperature, [0];

temperature of vapor in the bubble,
[e1;

saturation temperature of fluid at
system pressure [&];

wall temperature, [];

temperature of main body of fluid,
[61;

specific heat of fluid, [HM-1 6-1];
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ta,
tub,

frequency of bubble generation, [T—1];
gravity acceleration, [LT-2];

coefficient of heat transfer from wall
to the fluid, [HT- L2 61];
coefficient of heat transfer from wall
to vapor, [HT-1 L-2 ©-1];

thermal diffusivity of fluid, [L.2 T-1];
pressure inside the bubble, [ML-1 T-2]
normalized bubble radius;

time, [T];

departure period, [T];

unbinding period, [T];

waiting period, [T}];

thermal layer thickness, [L];

T — Tsat; angle, [6];

coefficient of viscosity, [MT-1 L-1];
kinematic viscosity, [L2 T-3];

density of fluid, [ML-3};

density of vapor, [ML-3];

surface tension of fluid, [MT-2];
normalized time variable;

volume of bubble, [L3];

angle of contact in static condition;
base factor;

curvature factor;

surface factor;

volume factor;

angle of contact in dynamic condition.
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Subscripts
d, departure;
ne, natural convection;
sat, saturation;
ub, unbinding;

w, wall; waiting.
INTRODUCTION

THE PROCESS of nucleate boiling is the sum total
of the processes of bubble initiation, growth
and departure. Though there has been much
study in the past few years of these individual
processes, it has not been possible to tie to-
gether these various phenomena into a predic-
tion of the heat flux-temperature difference
relationship for a boiling surface. It has been
necessary, when developing the boiling cor-
relations, to assume some empirical relationship
such as a power relating the heat flux to the
temperature difference. When such an assump-
tion was made, one was never sure that perhaps
an implicit assumption of a possible bubble
departure mechanism was not being made at
the same time. The purpose of this work is to
solve as best we can the heat flux-temperature
difference relationship for one particular boiling
experiment in order to see:

1. How much information had to be specified
to make the solution possible.

2. How good the obvious geometric idealiza-
tions would be in making such predictions
for the heat flux-temperature difference
relationship.

It will soon be evident that the procedures
used here are far too complicated to be of use
in prediction in a practical problem, yet they
will show what is necessary to complete the
formulation of a boiling problem.

1. BUBBLE INITIATION THEORY

a. General description

A bubble is generally initiated from a small
gas filled cavity or crack on the heating surface
so long as the surrounding fluid is heated to a
sufficiently high temperature. Both the pre-
existence of the gas phase and a sufficiently
high wall temperature are necessary but they
are not sufficient. The mechanism for bubble
initiation has been discussed in reference 1 for
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the case of homogeneous temperature field.
An extension of this mechanism to the non-
homogeneous temperature field (which is of
primary interest) will be developed in this
section. This problem was considered pre-
viously in reference 2, with the principal differ-
ence between this work and reference 2 in the
geometric idealizations made in the bubble
shape and the idealizations in the heat-transfer
problem.

b. Transient thermal layer

Since the convection intensity near a solid
wall is damped down due to the no-slip boundary
condition for a solid surface, the use of the
pure conduction equation is justified in deter-
mining the temperature distribution in a thin
layer of fluid near the heating surface. Let us
consider what the temperature distribution
will be in the vicinity of the surface in the
period of time after a bubble has departed and
cold liquid has come in. If one treats the liquid
as a solid slab the usual transient conduction
equation applies. The initial and boundary
conditions are shown in equations (1) and (2)
below.

Initial condition is

T="Tx atx>0} =0 )
Boundary condition is
T = Tw at x = 0 ]
T=Tyn at x:ooj)t>0 2)
The solution to this problem is
T — Tw = (T — Tw) etfc -— TCOLE t)1/2 3)
oT Tw —
P Tra )1/2 exp[ x2/4at] 4)
atx =20
oT Tw — T
()G O

If the actual temperature distribution near the
wall is assumed to be a straight line distribution,
the slope of this straight line is determined by
equation (5). This assumption has been justified
through measurements made in reference 3.
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With this fact, one can introduce the notion
of thickness of transient thermal layer by drawing
a tangent line from x = 0 on the T, — T vs
x curve defined by (3), the interception of this
straight line on x-axis gives the transient
thermal layer thickness.

§ = (mat)l/2 ©6)

This means that the temperature distribution
at any instant varies linearly from the wall to
x = 8. Beyond this the fluid is unaffected by
the temperature of the wall. The layer thickness
increases with the square root of the waiting
time.

c. Criterion of bubble growth initiation

Having the definition of the transient thermal
layer, one can determine the time required from
the beginning of generation of thermal layer
to the beginning of bubble growth. This period
is defined as the waiting period of a bubble, 7.
The criterion for initiating bubble growth is
from reference 4 and is that the thermal layer
surrounding the bubble nucleus must be at a
mean temperature equal to or above the tempera-
ture of the vapor in the bubble. This gives rise
to an inward flow of heat from the superheated
thermal layer to the bubble through the bubble
wall. Before the bubble growth begins, the
bubble is in a condition of thermostatic equili-
brium. The equation of static equilibrium for the
bubble is then

20
AP = 7, ™

With the help of the Clausius—Clapeyron

thermodynamic equilibrium relation, one has

AT L AT py L

AP—= o i A" —— 8
Tsat (1/pv) — (1/p) Tsat ®
where
AT = Tp — Tt
AP = Pb - Psat

Ty, Pp are temperature and pressure of the
vapor in the bubble at the initial stage of bubble

growth.
Eliminating Ap from above equations yields
20 Teat
AT = Ty — Toat = o0
b sat Rc Pv L ] (9)
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or
” o T %)
O Lgat
w—Tsat—Tw+m

Ty —
During the waiting period when the bubble is
hardly growing, it can be treated as an insulated
hemispherical surface of radius R.. Presumably
there is tangential conduction in a thin layer
around the bubble so that the interface tempera-
ture is also constant. The bubble consists for
all practical purposes of an isothermal, adia-
batic surface. A physical model of this idealiza-
tion is shown in Fig. 1. In the following calcula-
tion only the adiabatic condition will be
satisfied. From potential flow theory and the
fluid flow analogy, the potential line in fluid
flow is just equivalent to the isothermal line in
heat conduction, the distance of an isothermal
line passing through the top point of a waiting
bubble is 3/2 R, distant from heating surface
when measured on the flat portion of this
isothermal surface.
Fluid temperature at x = 3/2 R, is

(3/? Rc] T,

Ty = (Tw — Tw) [1 -

3R
=Tw— (Tu~ Te) 55 (10)
Equating this temperature to the bubble
temperature yields the criterion of initiation of
bubble growth from a nucleate site of cavity
radius R as

2 [e3 Tsat 3Rc
Tsat‘*‘m—Tw—‘(Tw—Tm)*zT (11)
or

(Tw — Tw) R,
8 =32
/ Tw — Tsa,t [1 - (20'/Rc Py L)]

when 8 is expressed in terms of the waiting
period

t’w=

82 . 9 (Tw _ Too) Rc 2
7;,—471'—(1 Tw —_— Tsat [1 + (20'/Rc PvL)]

(12)
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F1G. 1. Temperatures of fluid and bubble near a heating surface.

d. The most favorable cavity radius for initiating
bubble growth and the minimum waiting
period

As the waiting time increases, the thermal
layer increases until at a certain condition the
temperature line of fluid becomes tangent to
the bubble equilibrium temperature curve. At
this instant and if, and only if, there is a gas
filled cavity of radius Ry on the heating surface,

a bubble will begin to grow from this spot.

This radius, corresponding to a minimum

waiting period, is called the most favorable

cavity radius Res. Let us now turn our attention

to the solution of equation (11).

Solving for R, for (11) yields

R, — 8 (Tw — Tsat) {1 4

[1 _ 12(Tw — Two) Tsat 0]1/2} 13)

(Tw - Tsat)z 8 Pv L

For any given waiting period, there are two
possible cavity radii—any cavity filled with
gas and with radius bounded by these two
radii will nucleate. When these two cavity

radii are equal, it means the two intersecting
points coincide (see Fig. 2), or the fluid tempera-
ture line and bubble equilibrium temperature
curve are tangent to each other. Observing (13)
gives the condition of equal roots of R, as

12T~ To) Tt
(Tw - Tsat)2 8 Pov L
Solving for § which is by definition 8min, yields

8 N lz(Tﬁ"“Too) TsatO’
mim P L (Tw - Tsat)z

Equal root condition is (13) with help of (14) gives

1 =0

(14)

Ror — 8min (Tw —“W'Zs?t) _ 1
ST 3Ty — Ty
4T, sat o
T — Tai poL @)
. r (15)

(tw)min = :OIL“ =

144 (Tw — Tw)? T2, o® ®)

7a p2 L2 (Tyy— Tear)*

/

FiG. 2. Initiation of bubble growth from different cavities.
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e. Upper and lower bounds of radius of active
nucleate cavity
The thermal layer cannot, in general, in-
crease without limit with the waiting time. It
will be washed off by the natural convection
of the fluid as it grows beyond the thickness
of natural convection layer 85, This means

(16)

Knowing Smax from the natural convection
information, the maximum and minimum
cavity radius for initiating a bubble growth can
can be calculated from (13) with the help of (16)

Sne (Tw — Tsat)
3 (Tw = Ta) {1 +

[1 _12(Tw — Tw) Toat 0]1/2} a7

8max = anc

(Re

max; min

(Tw — Tsat)2 Snc PvL

Any cavity outside this interval cannot qualify
as an active nucleation site. A cavity of radius
greater than (Romax Will be finally deactivated
by the invasion of the surrounding fluid, since
the gas pressure inside the cavity is not sufficient
to maintain a stable equilibrium with the
surface tension of the fluid. A diagram is shown
in Fig. 2. Experimental verification of these
and other equations will be presented later in
this paper.

2, BUBBLE GROWTH THEORY
a. Assumptions

(i) Neglect any convection, not due to the
bubble itself.

(i} Neglect the loss of mass of the fluid
due to evaporation or condensation
through the interface of vapor and
liquid.

(iii) Convert the one dimensional case into
a three dimensional case by the intro-
duction of a curvature factor,

(iv) Neglect the inertia force and the surface
tension of the fluid in their effect on the
pressure in the bubble.

(v) Assume constant properties for the fluid.

(vi) Assume a spherical bubble surface.

(vii) Assume a uniform wall temperature and
uniform bulk fluid temperature and a
uniform fluid pressure.

After waiting period t, the bubble will grow.
For the first few moments, the surface tension
effects and the inertia effects of surrounding
fluid are so large that the growth rate is
controlled by momentum equation; but
after the radius increases to about twice its
initial value, the surface tension and inertia
effects will become negligible, and the growth
rate is controlled by the heat transfer. In
this study, only the heat-transfer effects will
be considered in the evaluation of bubble
growth curve.

b. Formulation and solution

For clarification, the one dimensional physical
model for heat-transfer mechanism is illustrated
in Fig. 3.

Interface

Thermol |oyer
%Fimd at 7,
Vapour at
=T T,
_L~-Initial temperature
7ol 4 distribution
S——— 7;3

x
9 5 L.

Fic. 3. Simplified physical model of heat transfer.

RPaston

Initial condition is

T—Tw— (Tw— Tw)’gffor 0<x<b
where 8 = (ma ty)V/? t=10
T="Te for 6 < x<< 0

(18)
Boundary condition is
T= Tsat fOI‘ X == 0
T=Tx for x=oo}t>0 (19)
Introducing a new variable
¢ = T — T such that
osat = 0, ow = Tw - Tsat, 000 = Too — Tsat (20)
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then (18) and (19) are transformed to The governing equation is then
8 — b 26 108
= 8 -_ 8 —— == e
6= 8y s—x for 0<x< f—0 e a5 23)
§ = b for § <x< o0 The problem is now reduced to a semi-infinite
(1) conductor, with a prescribed initial temperature
and 0(x, 0) = f(x) and surface temperature zero;
=0 for x=0 £ 0 22) then the solution of (23) with conditions (21)
=10, for x= and (22) is as follows.

= Sty I &) fexp [~ (x — x'PfAar] — exp [~ (x + ¥)?dar]} & 24)
[}
where
o — 6
f&) =0y — —5— " for 0<x' <3
= boo for 8 < x' <o
B = e | 0 (6 = %) exp I (5 — X Ffdat] = -+ X) exp [ (s ¥ Pfdar]} &
0 (25)

at x = 0 (25) becomes

w

6 1
(g})z:o = () (@)t Jf () (2x") exp [— x"%/4at] dx’

1]

8 ©
0w — 8
= Wz { j x (010 -2 5 2 X’) exXp [*“‘ x’2/4at] dx’ 4+ j@wx’exp [““' x'2/4at]dx'}
0 8

1 8
= @an)i? (4at)1f2)

Referring to the bubble growth model as shown in Fig. 4, the governing equation for bubble growth
is

(aw - 6““"-—5—-?5‘? (maf)V2 erf (26)

HTM

Caovity
Fic. 4. Simplified model of bubble growth.
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o0
(417R2 dr ) @v L = @c @s (47R®) acp (a )x=0 + @» (@7R2) hy (Tw — Tsat)

or @7
dR _ @cgs acp (05‘) @b hy (Tw — Taat)
dt - Py Pu L 0X ] gz Do Py L

where ¢ = curvature factor where 1 < ¢, < 312
27RE(1 +cosp) 1+ cosg

@s = surface factor =

47 R? - 2
aRZsin? ¢ sin?g
v = base factor = o
47 R3) — } [27R3(1 — cos ¢)] + % »R3 sin ¢ cos
@» = volume factor = 3 (4nR%) — 3 2nRY TGr R;’; L2 (28)
_ 24cosp (2 + sin? ¢)
o 4

@ = contact angle

hy = coefficient of heat transfer from heating surface to the steam bubble through its base
area.

Substituting (26) into (27) yields

dR m PePs acp 1
dr T @y poL (wat)li2 w

3 b hy Oy
(@at)2) " @y po L

For the case of a bubble growing in an infinite fluid field of superheat 6,, then @, =1, gy =1,
@p =0, =0, § = oo and (29) becomes

dR  @cacp Oy @e Ow pc (a)1/2

2 (rat 12 erf

5 (29)

(30)

dr T prL (@a)i2 — 7% o, T poL \1t

From homogeneous solution of bubble growth rate, one has from the growth theory summarized

in reference 4
dR  [3\V2 0, pc (a\12
a = (%) pvL (;) D

Comparing (30) and (31), one finds the value of curvature factor to be

@e=312 for ¢=0 and &> R (32)
Another extreme case is for ¢ = =, it reduces exactly to one dimensional case then
@c=1 (33)

Forg =0, 8 € R, it reduces to the thin thermal layer case which was also summarized in reference 4.

(34)

[STRE

Pe =
3G
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Combining these three extreme cases, one can manufacture a @, such that it satisfies (32), (33),
and (34) simultaneously, i.e.

o = [31/2 + g a-— 31/2)J [(1 ~ f) ("/—2;%(?& + %J] (35)

This is an approximate expression which satisfies the known asymptotic conditions and is smooth
and continuous between these conditions. Where R is the time average of bubble radius or

R= (l/t):fRdt (36)

Integrating (29), with respect to time ¢ gives

14

' Qs Qe acp 1 (mat)1/2 8 @b hy O
R—Ri=" — | —5 |00 — - —— TS -
¢ 7o oL J a1 [ w — (0w — bx) 5 erf (4at)1/2] dt + oo pol t
]
or
. . Ps Pe aC—P_ 20w 12 ew - 000 8% (dat )
R=Re= "= 001 [(m)l/2 B T 4 (? ol Garyin
2 (dar)12 8 @b hy B
Sadii St A —8 — _ v
+ @E s exp [—8%/4at] — 2 erfc (4at)1/2>] + o poL t (37
Normalizing (37) by introducing dimensionless variables
4at R
T= and r= 5 leads to
Ps Pe Cpe»w 7\1/2 0w — 00(; 1 2 ;
T e L [(7?) B (’erfﬁz T g T exp (1)
I (pb 8 h'l) ew
—2erfc m)] -+ W’- T (38)

A bubble growth plot for Tw > Tsat, Towo = Tsar and T << Tsat in normalized coordinates
is shown in Fig. 5.

Superheated fiuid~

c. Discussion of the bubble growth theory
In the bubble growth theory, the thermal
layer on the bubble surface is assumed to be
——————————————— picked up by a growth of bubble immediately
~——Saturated fluid at the last moment of waiting period. From the
high-speed photographic study to be described,
one can see that in the first moments, the bubble
growth rate is very high and the bubble expands
——T laterally at such a rate that, in fact, a very large
FiG. 5. Normalized bubble growth curves. piece of thermal layer is picked up during the
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first few moments. This fact gives a strong
support to the one dimensional approach.
Actually, the bubble growth history is composed
of three periods, namely the waiting period f4,
the unbinding period fu», and the departure
period tz. When the wall superheat increases,
the waiting period of bubble at a particular
cavity decreases very rapidly. If the thermal
layer thickness calculation is still based on the
waiting period, the error will be very large.
This will make the deviation between the theo-
retical bubble growth rate and actual one also
very large. From Fig. 6, in which the dynamic
effect and surface tension effects to bubble

ty

FiG. 6. Bubble growth curve when the dynamic effects
and surface tension are considered.

growth are shown, the following can be seen:
During the waiting period, the subcritical
bubble is heated in order to initiate growth from
its cavity. During unbinding period, the bubble
is trying to liberate itself from the binding force
of surface tension and the inertia effects of the
surrounding fluid. The bubble radius increases
very slowly and the momentum equation governs
the motion of bubble surface. During the
departure period, the effects of surface tension
and inertia of fluid become so small that the
heat-transfer equation governs the motion of
bubble surface the the thermal layer is picked up
by the growing bubble immediately during the
first few moments of this period. Therefore the
thermal layer thickness for very high wall super-
heat case where the waiting period is very short
should be calculated by 8 = [ma(ty + tup)]/?
instead of 8 = (ma 1,)1/2. Observations from those
22 bubbles listed in Table 4 show that the depar-
ture period was nearly constant, the waiting
period changed by a factor eight to one. The
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uneven heating due to a 500 watt light source for
photography purpose at the rear side of test
section caused a pronounced unsymmetrical
turbulent convection of fluid which changed the
thermal layer distribution. The temperature
fluctuations associated with this turbulence gave
rise to fluctuations in the waiting period also.

3. BUBBLE DEPARTURE

A number of possible limiting processes
can be responsible for the departure size actually
observed in an experiment. The most obvious of
these is that departure occurs when the size of
the bubble gets so large it is not possible to
satisfy a vertical gravity-surface tension force
balance on the bubble. In the experiments re-
ported later in this paper it was found, indeed
that this was the condition which led to bubble
departure; the only proviso being that for a
rapidly growing bubble, the dynamic rather than
static contact angle must be used. This picture
of bubble departure is essentially that of Fritz
[5], and tbe relation he proposed for bubble
departure is

4251 2\
Rg=04251 ¢ [ ————— 39
¢ 4 (g(P - Pv)) (39)

When a bubble grows so that R becomes greater
than Ry, the bubble departs.

4. BUBBLE INITIATION, GROWTH AND DEPAR-
TURE AND THE BUBBLE FREQUENCY

Using experimental values for the contact
angle, as measured from the tracings presented
later, one can use equation (39) to solve for the
departure size. Equation (37) can then be used to
solve for the time to departure f3. The waiting
time, t», can be found from equation (12).
The frequency then becomes

1
f"m+m

A bubble generation and departure cycle
diagram is shown in Fig. 7.

(40)

5. EXPERIMENTAL PROGRAM
The purpose of the experiments was to check
the bubble initiation, growth and departure
theories. For this purpose the apparatus de-
scribed below was constructed.
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FiG. 7. Bubble generating cycles.

a. Experimental set-up

The experimental set-up is shown in some
detail in Figs. 29 and 30 of reference 5. The
heating surface was made by electroplating a
layer of 16 ct gold of 0-005 in thickness on the
top surface of a thin flanged cylindrical copper
block. The heated surface was 1-1875 inches in
diameter. The reason for gold plating was to
minimize the effects of oxidation so that the
surface conditions would remain the same from
the beginning to the end of each test. At the
bottom of copper block, seven 120 W Chromelux
electrical heaters were imbedded in holes in the
copper block. The heat generated by these
heaters was transferred to the top surface by
pure conduction. The reduction of cross section
of copper block underneath the heating surface
was for the purpose of intensifying the heat
flux at the heating surface. A thin flange surrounds
the heater to eliminate undesired bubble
nucleation which might occur at a boundary.
This flange was very thin so that the temperature
near the edge of the heating surface was low
enough to prevent bubble initiation. A piece of
Teflon heat insulator was inserted between the
lower face of this thin flange and pool base.
A Thermos-bottle filled with ice was used for the
cold junction of the thermocouples which were
connected with a potentiometer through a six-
way switch. A drain hole valve was also attached
to the bottom of the test section. In order to
predict the surface temperature, three thermo-
couples T1, Te, and Ts were inserted in the holes
on the shank part of the copper block, a three
point interpolation formula was used to deter-
mine the wall temperature 7. These thermal
couple holes were ¢ inch in diameter, 1§
inch in depth and were spaced } in apart. All
dimensions were measured from the heating
surface. The bottoms of these three holes were
at the center line of the shank. In the fluid,
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another thermocouple, T4, was used to measure
the temperature of main body of fluid, T.. It
was located one inch above the heating surface.
All thermocouples were made of No. 30 chrome-
alumel wire. In order to avoid excessive corro-
sion, the thermocouple T4 was shielded in a
4 in stainless steel tube with Teflon seal at the
outer end.

The fluid was contained in a 3 in diameter and
20 in length, specially heat-treated, high strength
glass tube. Observations and photographs could
be made through a so-called “fluid crystal”. This
was a glass box filled with the same fluid as that
in testing section and so placed as to eliminate
distortion due to curvature. The front wall was
flat, the rear wall was made of a segment of
circular tube with a radius of curvature just
equal to the outside radius of the testing tube,
such that the distortion of bubble shape due to
light refraction of tube was eliminated. With this
device, an accurate measurement of the bubble
dimensions could be obtained from high-speed
photography.

A helically wound copper tube in the upper
part of the testing tube was used as a condenser.
The saturation temperature of the fluid 7s.; was
controlled by varying the system pressure from
1 atm to } atm through an asperator vacuum
pump. The temperature of the main body of
fluid T was controlled by varying the flow rate
of the cooling water through a cock. The wall
temperature 7y, was controlled by varying the
electrical power of the heaters through a Variac.

b. Surface preparation

Boiling data are difficult to reproduce due to
changes in the surface conditions. There are
two ways in which these changes appear;
namely, changes due to contamination and to
cavity reactivation. Contamination can be
eliminated by proper choice of the metal for
the heating surface; reactivation of a nucleate
cavity can be eliminated by the following method.

The 16 ct gold plated surface was first finished
by 200 grit emery paper which was continuously
wetted by a water jet. The direction of stroke was
kept constant. The surface was finished by
stroking in one direction until all scratches
were eliminated, then rotating 90° to eliminate
all the scratches in the other direction. The whole
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piece was then washed in a water jet. Following
exactly the same procedure, the surface was
finished by 400 grit and 600 grit emery paper.
The surface was then cleaned by hot water jet,
aleohol jet and hot air jet and was then put on the
No. 4 diamond compound wheel. The diamond
compound should be put on the center area of
the grinding wheel and diluted by kerosene
before starting grinding operation. The piece was
held gently near the edge area of wheel, kerosene
was injected on the wheel cloth occasionally.
Operation was continued until the scratches due
to 600 grit emery paper disappeared completely.
Then the piece was taken off the No. 4 diamond
compound wheel, the hot water jet, the alcohol
jet and the hot air jet were then each put on
the surface. After the washing process, the piece
was then put on the No. 6 diamond compound
wheel and then No. 8 wheel using the same
sequence of operations as on the No. 4 wheel.

At the last few minutes of grinding process
on the No. 8 diamond compound wheel, the
kerosene jet was applied all over the center area
of the wheel, such that the diamond compound
was washed to a very dilute condition, the piece
was then put near the center part of the
wheel where the rubbing speed is lower, then
a heavier pressure was applied. After 1-2
min, the surface would become shining, mirror-
like smooth. It was washed by hot water
jet, alcohol jet and hot air jet; it was then
introduced in the pool of an ultrasonic cleaner
for 2 min. This process would help to wash
out small diamond dust particles and bits
of metal which were trapped in the cavities on
the surface. Then the surface was washed
again by alcohol and methyl ether jet. The
surface at this stage was assumed to be the
surface required.

After each test, the surface was renewed by
going through all the steps immediately after
No. 6 diamond compound wheel.

In order to keep surface condition unchanged,
every element which is in the boiling system
should be cleaned by washing soap, hot water jet
and distilled water jet before each test.

¢. Method of experimentation
After making a new surface and washing all
the parts, they were assembled, distilled water
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was introduced into the top of the test section.
Two hours of vigorous boiling with a moderate
heat flux was maintained for degassing purposes,
then the heat flux was reduced until there were no
active cavities on the surface, then the heat flux
was increased gradually until the first active cavity
appeared on the surface. This was the starting
point of each test. A steady state condition was
assumed to be reached 2 h after the heat flux
was changed.

During each run the following measurements
were made:

Power, fluid temperature, heater-unit tem-
peratures, system pressure, number of active
centers, and number of new sites arising from
the changz in heat flux. Technically the latter
are called the initiated cavities which generate
bubbles with very low frequencies so that the
contribution to the heat transfer is negligible.
The heat transfer to the fluid through the heating
surface was determined by the simple conduction
formula knowing the temperature gradient in
the shank of the copper block., The wall tem-
perature T, within a circular area of 11875 in
diameter on the center part of the heating surface
was assumed to be uniform.

d. Photographic technigue

High-speed photographs were taken with a
Wollensack camera. A Kodak Tri-X negative
100’ film for high-speed photography was used.
About 2400 frames per second were taken
which necessitated a reduction of voltage
supplied to the Wollensack camera motor to
about 70 V through a Variac. A 500 W illumi-
nation lamp was installed at the rear of the test
section about 6 in away from the tube center,
so that the heating surface looked shining
bright. The focus of the camera was very care-
fully adjusted so that no relative motion between
the circle on the focusing lens and the bubble to
be photographed was observed.

The camera was placed as close as possible
to the test section without losing the sharp
focus required. A reference wire of 0-040 inches in
diameter was placed beside the bubble which
was to be photographed. The bubble diameter
measurements were made by projection on a
microfilm projector. A geometric mean value
of bubble diameters in two principal axis
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directions was considered as the bubble dia-
meter for volume calculation.

e. Heat flux determination and surface temperature
prediction
Heat flux was determined by differentiation
of the thermocouple readings and surface
temperature was determined by extrapolating
these readings to the surface.

6. EXPERIMENTAL RESULTS

The diameters and shapes of the first three
bubbles were obtained in detail from a single
high-speed motion picture film during which
simultaneous measurements of heat flux and
surface temperature were made. From the same
film the waiting periods for these bubbles and a
number of others were also obtained. The meas-
ured shapes are presented in Figs. 8, 9, and 10.
Figure 11 is a plot of the measured radius time
curves. The diameters are tabulated in Tables 1,
2 and 3 and the history of delay times and

Table 1. Bubble growth

The experimental data for bubble Number 1
ty == 0-0245 s.
ta = 0-0166 s.
Ra = 3974 % 10-3 ft
Camera speed = 1140 frames/s.

No. Bubble diameter on
of t microfilm projector R
frame (ms) (mm) scale = 887:1 (mft)
1 0 2-32 0-429
2 0-877 9-48 1-754
3 1-654 1372 2:538
4 2:631 1604 2:967
5 3-508 17-80 3-293
6 4-385 18-40 3-404
7 5-262 1895 3-506
8 6-139 19-57 3-620
9 7016 19-86 3-674
10 7-893 20-00 3-700
11 8770 20:36 3767
12 9-647 20-72 3-833
13 10-524 21-10 3-904
14 11-401 21-65 4-005
15 12-:278 21-90 4052
16 13-155 21-90 4-052
17 14032 21-80 4-033
18 14-909 21-69 4-013
19 15786 21-48 3974 (Ry)
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Table 2. Bubble growth

The experimental data for bubble Number 2
tw = 0-0437 s,
ta = 0-0167 s.
Rqg = 5328 x 103 ft
Camera speed = 1260 frames/s.

No. Bubble diameter on
of 1 microfilm projector R
frame (ms) (mm) scale = 8:87:1 (mft)
1 0-793 9-26 1-713
2 1-586 1422 2:631
3 2:379 17-53 3-243
4 3-172 19-76 3-656
5 3-965 21-65 4-005
6 4-758 22-80 4218
7 5-551 23-87 4-416
8 6-344 24-67 4-564
9 7-137 25-20 4-662
10 7-930 2548 4714
11 8723 25-50 4-718
i2 9516 25-80 4-773
13 10-309 2610 4-829
14 11-102 2674 4947
15 11-895 27-26 5043
16 12:688 27-40 5-069
17 13-481 2770 5125
18 14:274 27-90 5162
19 15-067 28:53 5-278
20 15-860 28-87 5-341
21 16653 28-80 5-328 (Rq)

departure times summarized in Table 4. It is now
possible to make a comparison of these quantities
with the preceding theory.

For the data tabulated in this section, no
direct verification of the bubble nucleation
mechanism is possible. However, it can be said
that the delay times #,, are larger than that
(tw)min as given by equation (14) so these readings
are not incompatible with what has been said
about the mechanism of bubble nucleation.
The missing measurement is the cavity size. For
these experiments they were too small to measure
directly and the necessary information about the
temperature difference at the inception of boiling
was not obtained. It was originally hoped to
put cavities of a known size on the surface, but
it was not found possible to get the surface
smooth enough so as to force bubble nucleation
to occur only from the desired points. In a
succeeding paper, this nucleation theory will be
assumed to be correct and will be used to com-
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Table 3. Bubble growth

The experimental data for bubble Number 3
tw = 00275 s.
tqa = 00145 s,
Raq = 0-395 x 10-3 ft
Camera speed = 1380 frames/s.

No. Bubble diameter on
of t microfilm projector R
frame (ms) (mm) scale = 8-87:1 (mft)
1 0725 9-52 1-711
2 1-450 14-10 2-609
3 2-175 16-88 3123
4 2-900 18-45 3-413
5 3-625 19-55 3-617
6 4-350 20-60 3-811
7 5-075 2173 4020
8 5-800 22-08 4-085
9 6525 22:53 4-168
10 7250 22:75 4-209
11 7-975 23-68 4-381
12 8-700 24-00 4-440
13 9-425 24-10 4-459
14 10-150 24-33 4-501
15 10-875 24:15 4-468
16 11-600 2474 4-577
17 12:325 25-52 4-72%
18 13-050 25-80 4773
19 13775 25-88 4788
20 14-500 2590 4792 (Ra)

pute a heat-transfer rate temperature difference
relation. The comparison with experiment there
will provide some additional indirect verification
for these bubble nucleation ideas.

Bubble growth can be computed without an
arbitrary constant by use of the observed delay
times. Equation (6) gives the thermal layer
thickness, while equation (38) gives the radius
time curve. A comparison of the theory and
experiments is shown in Fig. 11.

In making the comparisons between theory
and experiment, measured contact angles and
measured delay times are used. Neither of these
quantities was constant from bubble to bubble
as can be seen from an examination of Table 4.
This randomness has been observed before in
boiling processes [7], and is apparently inherent in
it. Because of this, the favorable comparison
between theory and experiment as shown in
Fig. 11 is partly fortuitous. It is felt that this
randomness is due to the fact that at the con-
ditions at which these measurements were made
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Table 4. History of bubble generations
w = 229-98°F, Teat = 212°F, T = 205-02°F
Distilled water on gold surface ground by No. 8 diamond
compound

Camera
Bubble speed tw ta Ra
no. frames/s (s) (s) (mft)
1 1140 0-0254 0-0167 3-974
2 1260 0-0436 0-0167 5-328
3 1380 0-0275 0-0145 4792
4 1500 0-0466 0-0167 3-534
5 1650 0-0735 0:0261 3-691
6 1800 0-0594 00172 4-224
7 1920 0-0490 0:0151 4-188
8 2040 0:0633 0:0162 4-658
9 2130 0-0319 0-0155 3931
10 2190 0-0337 0-0160 5-125
11 2280 0-0672 0-0149 3-321
12 2370 0-0785 0-0167 3-448
13 2520 0-1640 0-0143 3-633
14 2700 0-1250 0-0512 4-201
(Three in
tandem)
15 2770 0-0436 0-0143 3-566
16 2850 0:0393 0-0161 4782
17 2910 0:0216 0-0158 5-367
18 2910 00450 0:0139 3-374
19 2940 0-0756 0:0296 3-571
(Two in
tandem)
20 2940 0-0252 00163 4967
21 2940 0-0354 0-0139 3-883
22 2940 0-0490 0-0129 4-183

Observation from above table shows that the waiting
period ¢, changes from 17(f4)min to 130(Zs)min.

bubble nucleation was marginal. This meant that
large fluctuations in bubble history resulted from
relatively small turbulent fluctuations in the
temperature conditions around the bubbles.
An exact prediction of what is going to occur
in such a situation does not appear to be possible.

A comparison of the theory and experiment for
bubble departure for the same three bubbles
using the receding contact angle is presented in
Fig. 12. The comparison here is satisfactory.
A plot of receding contact angle vs mean bubble
growth rate is given in Fig. 13. There is a casual
relationship between the two which will be
needed to predict boiling performance in part
two of this paper. In reference 8 systematic
deviations between the bubble size at departure
and the predictions of equation (39) were
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Fig. 12. Verification of bubble departure theory.

observed if the bubbles were changing size at the
time. It is felt from an examination of the data
taken in these experiments that these deviations
were a result of an attempt to use a single mean
contact angle for the whole bubble growth and
departure process. If the appropriate receding
contact angle were used, it is felt that most of
the velocity dependence of departure size on
growth rate would disappear.

7. CONCLUSIONS

(a) Bubble growth and departure, at least for
pool boiling at low heat flux, are well
understood, though exact predictions are
not possible due to inherent randomness
in part of the process.

{b) Bubble nucleation is understood in prin-
ciple except that direct measurement of
cavity size was not possible, so that an
arbitrary constant had to be used in the
interpretation of the bubble nucleation
data.

{c) Bubble nucleation from a given site has a
rather irregular period due apparently to
the random differences in the temperature
of the water coming in after a bubble
departs.

8. DISCUSSION
Implicit in the equations describing the bubble
nucleation process is the assumption that the
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process is periodic, with a regular period. As
can be seen in Table 4, this is hardly the case. The
most likely explanation for this is that the
temperature difference is scarcely more than the
minimum necessary to nucleate bubbles in these
experiments and the effect on the bubble fre-
quency of a slightly lower temperature turbulent
fluctuation is very large. For higher wall super-
heats the delay time between bubbles would be
more probably regular, but the delay would
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Fic. 13. The dynamic effect of bubble growth rate to
contact angle.

certainly be shorter. The precision of measuring
these short delays is very small; therefore the
conditions reported represent a compromise
between the conflicting requirements of a
reproducible and of an accurate delay time
measurement.

The correlation between the measured and
calculated growth rates and departure sizes is
as good as can be expected within the inherent
randomness of the process. It can be concluded
that, with respect to these processes there is no
longer any hidden physics.
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It is appropriate at this point to consider
some of the other processes which may lead to
bubble departure, as the Fritz mechanism is
clearly not the only one possible. If the contact
angle is very small, the bubble cannot depart
until the rise velocity is greater than the growth
velocity. In a flowing system the bubbles are
perhaps drawn off the surface by hydrodynamic
lift. If there is a little subcooling in the liquid, it
appears that the bubble can *‘spring” off the
surface due to dynamic effects. Apparently the
momentum imparted to the liquid ahead of the
bubble draws the bubble off if its growth
decelerates rapidly enough. There are perhaps
other mechanisms for bubble departure too. In a
different geometry or under different conditions
any one of these processes might be limiting.
The analytical description of these processes
would also differ.
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Résumé—On expose un critére pour la formation de bulles a partir d’une cavité remplie de gaz sur
une surface en contact avec une couche surchauffée de liquide. On trouve que la température de forma-
tion de bulles sur une surface donnée est une fonction des conditions de température dans le liquide
entourant la cavité aussi bien que les propriétés de surface elles-mémes. On trouve aussi que la durée
entre les bulles successives est une fonction de la température globale du liquide et de la surchauffe de
fa paroi et n’est pas constante pour une surface donnée.

En considérant la conduction transitoire dans une couche de liquide sur la surface, on obtient une
épaisseur de couche thermique. Avec cette épaisseur et une relation critique de surchauffe de paroi
pour la cavité, on obtient une vitesse de croissance de bulle.

On considére le détachement de la bulle et on trouve que la relation de Jakob et Fritz est valable
aussi longtemps qu’on emploie le vrai angle de contact (en non-equilibre). Pour une gravité unité, on
trouve que le principal effet de la vitesse de croissance des bulles sur la taille des bulles au détachement

est due aux changements de I'angle de contact.

Zusammenfassung—Fiir das Entstehen von Blasen aus einer mit Gas gefiiliten Vertiefung an einer
Oberfliche in Beriithrung mit einer tiberhitzten Fliissigkeitsschicht wird ein Kriterium entwickelt. Es
ergab sich, dass die Temperatur beim Blasenentstehen an einer gegebenen Oberfliche eine Funktion
der Temperaturbedingungen in der Fliissigkeit ist, die die Vertiefung ebenso wie die Oberflichen-
beschaffenheiten selbst umgibt. Es zeigte sich ebenfalls, dass die Verzogerungszeit zwischen den
Blasen eine Funktion der Fliissigkeitstemperatur und der Wandiiberhitzung und keine Konstante fiir

eine gegebene Oberfliche ist.

Unter Beriicksichtigung der Ableitung in eine Fliissigkeitsschicht an der Oberfliche erhilt man
eine thermische Schichtdicke. Mit dieser Dicke und einer Beziehung der kritischen Wandiiberhitzung
fiir die Vertiefung erhélt man eine Blasenwachstumsgeschwindigkeit. Das Ablgsen der Blasen wird
beobachtet und dabei gefunden, dass die Beziehung von Jakob und Fritz solange gilt, wie der wahre
(nicht im Gleichgewicht befindliche) Randwinkel der Blase eingesetzt wird. Bei Normalschwere
findet man, dass der primére Einfluss der Blasenwachstumsgeschwindigkeit auf die Ablosegrésse der

Blasen von Veridnderungen des Randwinkels hervorgerufen wird.
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Anporanna—Iloxydyen Kpurepuii 3apoMAE€HUA NMY3HPLKOB B 3AII0THEHHOH Ia3oM MOJIOCTH
Ha IIOBEPXHOCTH, COIpUKAcalolleficAa co cioeM meperperolf ;xupkocru. Haitmeno, uro Tem-
IepaTypa 3apoKIeHUA MIy3KPHKOB Ha NAHHOM IOBEPXHOCTH ABIAETCA QyHKNMel TeMIeparyp-
HHIX YCJIOBHH B KUAKOCTH, OKPY:Kaollel II0JIOCTb, a TAKMe CAMHX CBOMCTB IOBEDPXHOCTH.
HaiiaeHno Takske, 9T0 4aCTOTA OTPHIBA Y 3HPHKOB ABIACTCA QyHKIMeR! 06beMHOM TeMIIepaTypH
FHUKOCTY M IIeperpeBa CTeHKM U He IOCTOAHHA JIIA NaHHOM MOBEPXHOCTH.

IIyTteM paceMoTpeHMA HeCTAUMOHAPHOH TeIIONMPOBOJHOCTH CIIOA HMIKOCTH Ha MOBEPX-
HOCTH TOJIyYeHa TONMMHA TepMUYECKOT0 CJI0A. 3HAA OTY TOJIMHY U COOTHOILEHUE [eperpena
CTeHKH ISl IOJIOCTH, MOKHO IIOJNIYYMTh CHOPOCTH POCTA IIyBHIPbKA.

PaccmoTpeH OTPHIB I[y3EHIPLKOB U HAlIeHo, YTo cooTHOUIeHue fIxoGa u @puTua CIpaBeiuEo
70 Tex II0p, IOKA NPUMEHAETCS MCTHHHHIL (HepaBHOBECHHIN) YIOJ KOHTAKTA TY3HPBKOB
(rpaeBoif yrosx cmMaynBaHUA MoBepxHOCTH). Haltmeno, uTo mpu oTpeBe IO/ AeHcTBHEM OMHOI
JUOIL CHIIBL TAMECTH, OCHOBHOE BJIMAHME CKOPOCTHM pOCTa MYSHPbKA HA OTPHIBHOY

ero guaMerp o0fA3aHO M3MEHEHMAM YIia KOHTAKTA.



