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AN EXPERIMENTAL INVESTIGATION OF
TRANSITION POOL BOILING

I. INTRODUCTION

Boiling heat transfer is a process involving a change in phase

from liquid to vapor. Examples of such a process are found in rela-

tively low energy generation rate equipment such as steam boilers,

evaporators of air-conditioning and refrigeration systems and certain

chemical processes, as well as very large energy generation rate

equipment such as a nuclear reactor. Because of large heat flux

possible in boiling, heat energy generated in any of the conventional

equipment can be removed safely by means of boiling heat transfer.

However, if boiling heat transfer is to be used to cool the structural

components of a nuclear reactor, its mechanism must be known

accurately to ensure reliable operation, because the high heat flux

generated in the reactor requires a cooling rate close to the maximum

point of boiling heat transfer beyond which the reactor cannot be

operated safely.

Boiling consists of three distinct regions, namely, nucleate,

transition and film boiling. Each region is different from another in

its mechanism, heat transfer rate, sound generation, and other

hydrodynamic and thermal states.
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In the region of nucleate boiling the vapor bubbles are formed

at preferred sites which are randomly distributed on the heating sur-

face and increase their numbers as the surface temperature in-

creases. The main mechanism of heat removal at lower heat flux

levels is latent heat transport by individual bubbles. At higher heat

flux levels, latent heat transport is improved by turbulence pro-

duced by interference of bubbles and bubble columns. As the surface

temperature increases, the bubbles formed at numerous sites com-

bine and periodically form a large vapor blanket above the heating

surface. At the peak heat flux the periodically formed vapor blanket

becomes such that sufficient amounts of liquid can no longer reach

the heating surface. The excess energy, that is energy not removed

by latent heat transport, is expended in forming a partial vapor film

on the heating surface. Because of this partial formation of vapor

film and insufficient liquid-solid contact, the heat removal rate de-

creases in spite of an increasing surface temperature. This is the

region of transition boiling. High-speed motion pictures show a

series of small explosions occurring along the heating surface

during transition boiling. The decrease of heat flux with an increase

in surface temperature continues until a stable vapor film separates

the heating surface and liquid. This is film boiling. The interface

between vapor and liquid is in wave motion with a certain wave

length, and bubbles rise from the nodes of the interfacial wave.
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The amount of energy transferred from the heating surface is

balanced by the amount of energy carried away by bubbles plus that

required to maintain the vapor film. Because energy must be trans -

ferred mainly by conduction (and by radiation at higher surface

temperatures) through the vapor film, heat transfer by film boiling

is relatively inefficient.

From necessity, research effort has been mostly directed

toward the study of nucleate boiling, particularly the prediction of

its peak point. Although much experimental as well as theoretical

work has been done, this complex phenomenon has not yet become

fully understood. Since film boiling possesses more regularity,

theoretical analysis gives sufficient agreement with experimental

results. The least understood region is transition boiling. It is the

objective of this work to investigate the mechanism of transition

boiling.
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II. LITERATURE SURVEY

A Literature Survey Concerning the Mechanism
of Transition Boiling

Photographic Observations by Westwater and Santangelo (17)

Based on their photographic investigations of pool boiling of

methanol on the outside surface of a horizontal tube, Westwater and

Santangelo concluded that transition boiling is entirely different from

both nucleate boiling and film boiling; their conclusions were that no

active nuclei exist, and no liquid-solid contact exists.

The tube is completely blanketed by a film of vapor, but
the film is neither smooth nor stable. The film is ir-
regular and is in violent motion. Vapor is formed by
sudden bursts at random locations along the film. Liquid
rushes in toward the hot tube, but before the two can
touch, a miniature explosion of vapor occurs and the
liquid is thrust back violently. The newly formed slug
of vapor finally ruptures, and the surrounding liquid again
surges toward the tube. The process is repeated indefin-
itely (17).

Experimental Investigation by Berenson (3)

Extensive investigation of pool boiling was performed by

Berenson (3) primarily using n-pentane and an upward-directed heat-

ing surface, made from copper, inconel and nickel, under atmos-

pheric pressure. His conclusions regarding transition boiling are,

a) Transition boiling is a combination of unstable film boiling
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and unstable nucleate boiling alternately existing at any

given location on the heating surface. The variation of

heat transfer rate with temperature difference is primarily

a result of a change in the fraction of time each boiling re-

gime exists at a given location.

b) Since the surface condition proves to be an important

variable, liquid-solid contact as well as vapor-solid con-

tact must occur in transition boiling.

Hydrodynamical Investigations by Zuber (18)

Recognition of capillary waves or ripples on the interface of a

thin film in two-phase flow led Zuber to investigate transition boil-

ing from the solution of wave stability.

Wave Theory

The problem of instability of the plane interface between two

fluids of different densities superposed one over the other has been

studied by Rayleigh (12) and Taylor (15). Bel lman and Pennington

(2) have shown that if a wave with an appropriate wave length is es-

tablished at the interface of two superposed fluids it is possible to

maintain a stable configuration even in the case when the upper fluid

has a high density by taking into account surface tension and visco-

sity as stabilizing factors.
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Neglecting the effect of viscosity on the wave, Zuber applied

these ideas to wave stability of transition boiling. Consider a dis-

turbance of the interface as shown in Figure 1.

Y

Figure 1. Disturbance of the interface between the
liquid (y > 0) and the vapor (y < 0).

Let the form of the interface disturbance introduced into the first

order perturbation analysis be

T1 (x,t) = 'go exp [ i (cot mx)] (1)

Introducing a potential function of the form

4.1 = C1 exp [my + i (cot - mx)] (y > 0)

(4)v = Cvexp [-my + i(cot - mx)] (y < 0)

We see that 4.1 and (4)v satisfy the continuity requirements,
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The general surface condition is that, if

F(x, y, t) = y(x, y, - (x, y, 0 be the equation of a boundary

surface, then at every point

DF _
Dt

o

where
Dt

designates substantial derivative. At the interface,

y = 0, this gives,

at
acp= ( )ay y o

(5)

(6)

C1 and C
v

of equations (2) and (3) may be determined using equation

(6). Thus,
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Bernoulli's equation for this case is
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Hence at the surface,

(.32
p (7n- - g) -go exp [i (cot - mx)]

(.32Pv =- p
v

( m - g)11
0 exp [i(o) t - mx)]

8

(10)

Assuming that the interface displacement, 1-1, is everywhere small

and that the liquid and vapor are in mechanical equilibrium at the

interface with the surface tension of liquid being a- , the difference

in the liquid and vapor pressure is given by

Hence,

a
2

211

P
1

- P
v

--= (12)
ax

2 _ P v P1 M
3

M
P

Pv + P I v+P
1

(13)

2
From equation (1) it is seen that when co < 0, 1-1 increases with

time and the interface is unstable. When 032 is at minimum, the

growth of instability is most rapid. Noting X = 2Tr/m,

X = 2.7 -1 Cr
1 P1 p

1 v

X = 2Tr
P 1

2 Pv

3a-

critical spacing beyond
which the interface
becomes unstable.

the most dangerous
spacing between neighbor-
ing nodes (or antinodes).

(14)

(15)
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Zuber's interpretation of transition boiling based upon this analysis

is:

1) As a result of Taylor instability the interface between the

liquid and the vapor is subject to unstable disturbance

whose wave length lies between X1 and X

2) The vapor generates a thin film with a capillary wave

motion at the interface.

3) Transition boiling is a spheroidal state and thus there

exists no liquid-solid contact.

Although his hydrodynamical model predicts the maximum point

of transition or burnout very well, it does not provide much insight

as to the actual mechanism of transition boiling.

A "Quenching Theory" by Bankoff and Mehra (1)

Bankoff and Mehra proposed that substantially all of the heat

flow may be attributed to periodic quenching of the solid surface.

They presume that any point on the solid surface alternately has

liquid and vapor in contact with it and that heat is removed from the

hot surface by conduction during the short time of liquid-solid con-

tact.

The problem of a large mass of liquid contacting a hot surface

is expressed as (4),



2au (x, t) a u (x, t)
1 1

10

(16)

(17)

(18)

(19)

(20)

at a
1 ax2

au II(x, 0 a2u11(x, t)
_at all ax2

Initial conditions:

U1 (x, 0) = 0 (x > 0)

U11(x, o) = Uo (x < 0)

Boundary conditions:

U1(o, t) = U II(o, t)

a u au IIi

(t > 0)

(t > 0)k
I ax kII ax

where,

a = thermal diffusivity

k = thermal conductivity.

x
II: liquid

II: solid (semi-infinite)



The solution of this problem for the liquid is

where

U (x, t) = U (0, t) erfc ( 2Fir

-1
11

U
I(0, t) = (1 +

I a II
)

Uo
II I

The total heat transferred to the liquid per contact is

tc 8UI
Qc - k ( dt

I ax
0 x=0

tc= 2k
I
U I(0, t)

iTa

11

(22)

(23)

(24)

If fc is the mean frequency of contacts, the total heat flux for transi-

tion boiling is given as,

qB f
c

Q (25)

For the values of contact frequency fc, Bankoff and Mehra referred

to Zuber fs theory (18) of frequency which gives the frequencies

at the both ends of transition boiling. They evaluated fc by inter-

polating linearly at interior points on a log-log plot. Their theory,

when used for the Berenson's data, showed the heat flow per con-

tact, Qc , to be very nearly a constant quantity (0. 55 Btu /ft2),



12

apparently independent of the type of surface. The time of contact,

tc, steadily decreased as the surface temperature increased. Al-

though their tentative model for transition boiling appears to be

self-consistent, because of the unknown frequency of contact, it has

not yet been tested for validity with experimental results. It seems

unreasonable to resort to Zuber Is theory for the value of fc ,

because their frequency is not of liquid-solid contact but of the wave

motion of liquid-vapor interface. The extrema of fc evaluated for

n-pentane at atmospheric pressure were

= 445/sec.fc, max

fc, min = 21.8/sec.

(26)

(27)

It is inconceivable to have 21.8 liquid-solid contacts in one second

at any single point on the heating surface near the minimum heat

flux level, thus the validity of this analysis is suspect.

A Literature Survey Concerning the Realization
of Stable Transition Boiling

General Description

A small deviation from the maximum heat flux density changes

the boiling conditions in one of two ways depending on the manner

of energy addition.
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1) If the manner of energy addition is such that it increases

the heat flux density, the only point that may be reached

is A as shown in Figure 2. In case of pool boiling of water

at atmospheric pressure, the temperature difference be-

tween the boiling surface and the liquid jumps from 50°F

to approximately 4000°F. The hot surface will melt be-

fore stable boiling is reached at A.

2) If the manner of energy addition is such that it increases

the temperature of the boiling surface, a small deviation

causes a sudden drop of heat flux-density to B as shown

in Figure 2.

105

104

103
1 10 100

A Ts (°F)

1000

Figure 2. Pool boiling of water at atmospheric
pressure.
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It is impossible to realize transition boiling by the first method

that is, controlling heat flux density. However, the second method

that is, controlling the surface temperature, might be controlled

so that the point B is on the transition region of boiling curve.

Since a small change of surface temperature increases or decreases

the heat flux density by a large amount during transition boiling,

it is vital to maintain constant temperature at the surface being

considered. The method frequently used to accomplish this is a

heating by condensing vapor. Westwater and Santangelo (17) heated

a pipe by condensing saturated vapor which was running inside a

pipe. Berenson's (3) test section consisted of an upward-directed

heat transfer surface 2-inches in diameter. Heat was supplied to

the test section by condensing water which was vaporized by electri-

cal heat addition, on the fins on the bottom of the test block.

Analytical Investigation on Stable Transition Boiling

Stephan's Thermal Resistance Line (14)

Consider a smooth wall outside of which the boiling liquid

passes, while on the inside non-boiling liquid flows as shown in

Figure 3.
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Boiling liquid

X T1
q

Ts

/7// (W 0////
T.

X T f q. = h.
1

(Tf Ti)

Non-boiling liquid

Figure 3. Heat flow and temperature at solid surface
without energy production in the wall.

The transferred heat flux, when the negligible amount of energy is

produced in the wall, is

where

sq1/R
s

(T
f Ts); R

s
= 1 h. +

q = heat flux

Rs = thermal resistance of the wall

h. = heat transfer coefficient of inner wall

k = thermal conductivity of the wall

s = thickness of the wall

Tf = average temperature of non-boiling liquid

Ts = wall temperature

(28)

If the temperature of boiling liquid, T1, is included, equation (28)



becomes

q = -1/11s (Ts T1) + 1/11
s

(Tf - T1)

16

(29)

When the energy W is produced in a unit volume of the wall,

the heat flux q and the wall temperature Ts increase. If the sub-

script 1 designates the case W = 0, the new heat flux and the

temperature are

q = q
1

+ q2

Ts = Tsl + Ts2

(30)

(31)

where q2 and Ts2 specify how much q and Ts increase due to the

inner energy production. q2 and Ts2 are determined from the

solution to the Fourier energy equation. Thus,

with

Thus,

dT
dx lx=0 °

qz

Ts2 =

d
2T

kdx
(32)

and T (x=0) = 0 (33)

J\ W(t)
0

J0
W()

j k

(34)

d dx (35)



where = local coordinate of x.

Finally, using equations (30) and (31),

where

q =-T1 AT + 1
(Tf Ti) + qo

AT = Ts - T
I

17

(36)

(37)

s
(38)1

Ss
W(t) dx +go Rs ,A)

Equations describing the thermal resistance line are;

T-axis intercept: Lax = Tf - T1 + R q
s o

q-axis intercept: q = AT /Rx s

(39)

(40)

The stability criterion may be stated as: "A boiling condition is

stable only if the slope of the boiling curve at the point of question is

greater than the slope of the thermal resistance line, expressed as

equation (36)."

In Figure 4, below, point 2 is stable if it is on resistance line

(a), unstable if it is on (b).
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Ts

Figure 4. Thermal resistance lines showing stable
and unstable conditions.

Kovalev's Stability Conditions of Transition Boiling (8)

Consider a heat balance at the boiling surface, as shown be-

low.

q

qs

x T1
T

q = ho (Ts T
1)

T.

x Tf q. = h. (Tf Ti)

Figure 5. Heat balance at a boiling surface.

= heat flux transferred from a boiling surface to boiling

liquid

= total heat flux supplied to a boiling surface



q. = heat flux supplied to a boiling surface by condensing

steam

Ts = surface temperature

T1 = boiling liquid temperature

Ti = inner wall temperature

Tf = steam temperature

A = boiling surface area

A. = condensing surface area

k = thermal conductivity of plate

ho = heat transfer coefficient at boiling surface

h. = heat transfer coefficient at inner wall

At a boiling surface,

where

19

q = ho (Ts - T 1) (41)

q
5

= h. (T - Ti) + Vs(T. - Ts) = K(Tf Ts) (42)

s /k)= 1/(1/11. + /k) (43)

When a boiling system is in thermal equilibrium,

q = q (44)

If, further, the system is such that it always returns to its equili-

brium condition after being disturbed, it is a stable system.

Suppose surface temperature Ts is changed by a small amount

6 Ts as a result of qs changed to qs + 6 qs. The heat flux q
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consequently changes to q + 6 q. For a system to be stable, it must

adhere to the following conditions:

(q + 6q) - (qs + 6 qs) > 0 for 6 Ts > 0 (45)

< 0 for 6 Ts < 0 (46)

or, since q = qs at equilibrium,

6c1 6cis > 0 for .5T
s

> 0 (47)

< 0 for .5T
s

< 0 (48)

The above condition may be written as

and in the limit,

but from equation (42), dTs

Kovalev's stability condition thus becomes,

bq
bqs

bTs bTs

d
dqs

q .

dT dT '
s

>
s

dqs
= -K, assuming K = constant.

dq
dT < K.

s

(49)

(50)

(51)

dqSince K > 0, the system is stable if dT 0 and such is the case for
s

the nucleate and film regions of boiling. For the transition region,



however, dq < 0 so that there exists a lower limit for K.
dTs
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It is seen that Stephan's idea of thermal resistance line and

Kovalev's analysis lead to the same stability criterion for transition

boiling.

In order to achieve stable transition boiling, therefore, the

stability criterion requires both h. and k/s to be very large; in fact

K (= 1/R
s
) must be greater than the heat transfer coefficient, h,

at the point of investigation. With transition boiling in water at

atmospheric pressure,

hmax= 1.23x104 Btu/hr ft2 oF. (52)

If steam is condensed to supply heat, the steam container must

be pressurized to achieve saturation temperature 50 to 100°F above

the normal values. This means the wall thickness of heating plate

must be sufficient to withstand the pressure of about 150 psi.

Assuming a 1/8-inch thick copper plate is used for the heating plate,

the value of h. must be about 29,000 Btu/hr ft2 of to realize all

points of transition region. It is extremely difficult, if not impos -

sible, to achieve this large value of h. by steam condensation.

Ishigai and Kuno (6) blew high speed steam against the inner

wall nd made the

wall thickness as small as possible. They were in this way able to
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achieve stable transition boiling.

A Literature Survey Concerning the Study
of Boiling Sound

Investigation of the Sound of Boiling
by Westwater, et al. (16)

Westwater, et al. investigated how the sound of boiling depends

on the type of boiling. Methyl alcohol was boiled at atmospheric

pressure around a copper tube which was heated by steam. Sound

measurements were made through a crystal microphone located six

inches from the boiler wall at the same elevation as the heating tube.

Between the boiler wall and the heating tube was one inch of liquid

methanol. The microphone was mounted on a General Radio Co.

sound level meter which indicated the intensity of the total sound in

decibels in the frequency range from 25 to 7500 Hz. Their findings

on boiling sound are:

1) The sound of boiling is a function of the heat-transfer rate

(Figure 6) as well as the temperature difference between

the hot solid and the boiling liquid (Figure 7). During

nucleate boiling any increase in the temperature difference

caused an increase in heat flux and sound intensity. Sound

intensity continued to increase as the temperature dif-

ference increased during transition boiling, while heat flux



23

50

40

30

Film
boiling Transition boiling

Nucleate boiling

0 40 80 120

Heat flux, 1000 Btu /hr ft2

140

Figure 6. Effect of heat flux on the sound of boiling
methanol.

70

60
Transition boiling

50

40 -

30 - Nucleate boiling

20 I 1 I

Film boiling

60 80 100 120 140 160 180 200

Temperature difference, of

Figure 7. Effect of temperature driving force on the sound
of boiling methanol.
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decreased. The sound level became rather uniform

during film boiling.

2) The sound of boiling is influenced either by the smoothness

of the hot solid or by the dissolved gas content of boiling

liquid. Both of these possible causes are suspected.

Correlation of Sound Generation and Heat Transfer
in Boiling by Schwartz and Si ler (13)

The generation of sound accompanying boiling heat transfer

was observed and the correlation between intensity and frequency

with the rate of heat transfer was investigated by Schwartz and Si ler.

The heating element used in their study was a stainless-steel tube,

0.093 inch 0.D., 0.006 inch in wall thickness, and 6. 55 inches long,

heated by d-c source. The boiling liquid was water. The sound of

boiling was picked up by a hydrophone which was at the same depth

as the heating element and about five inches away from it. Figure 8

shows their results on sound level versus surface temperature dif-

ference. When the heat flux versus temperature difference was

plotted in the same figure with sound level in linear scale and heat

flux in logarithmic scale, the former followed the latter in its

general shape. The authors explained that since the sound-level

scale in decibels is a logarithmic energy relationship, a semilog

plot of sound energy versus temperature difference should coincide
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Figure 8. Sound level versus temperature difference.
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with a log-log plot of heat energy versus temperature difference.

From their experimental data for nucleate boiling of distilled

water at atmospheric pressure, they derived the empirical equation,

dB = 16.7 + 27 log10L Ts ;10 < A Ts < 50°F (53)

where dB = decibel

A Ts = surface temperature difference.

The sound emitted in boiling was found to be at low-frequencies in

the range of 25-1000 Hz. Between 25-700 Hz the sound approached

white noise, the frequency components being nearly equal for this

range of the spectrum. The nature of the sound was that of random

noise with a particular frequency predominating.

It may be noted that their correlation of sound level and

temperature difference was not the same as that obtained by

Westwater, et al. In the former the sound level followed the shape

of the heat flux curve, while in the latter the sound level increased

with temperature difference.
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III. EXPERIMENTAL APPARATUS

Design of a Boiling Surface

For the design of the boiling unit, an effort was made to achieve

stable transition boiling. The required condition is given as equation

(51), that is,

dq
dTs < K.

The addition of fins increased the condensing surface area,

the expression of K becomes,

A., and

K = 1/(A/hiAi + s/k) (54)

If L = dTq
, the design criterion becomes,ds max

(L/hi)(A/Ai) + (L/k)(s) < 1 (55)

The numerical differentiation of Berenson's data (3) (Run #31;

n-pentane/copper at 1-atm.) gives L = 7, 000 Btu/hr ft2 °F, as

shown in Figure 9. Using L = 10, 000 Btu/hr ft2 °F and k = 200

Btu/hr ft of for copper, the maximum allowable values of (A/A.)

and s may be obtained from the design curve,

(10, 000/hi)(A/Ai) + 50(s) = 1 (56)
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on which the two quantities on the left-hand-side of equation (56)

are plotted separately (Figure 10). The desired design values are

found as follows:

1. Choose a plate thickness s.

2. Draw a vertical line at the chosen value of s.

3. Draw a horizontal line from the point of intersection of the

lines (L/k)s and s.

4. The point of intersection of horizontal line and the speci-

fied value h. determines the required area ratio (A/A.).

The design parameters chosen for the present experiment are,

s = 3/32 in, A/Ai = 1/16.7, hi = 1, 000 Btu/hr ft2 °F

A 2 inch diameter, 3/32 inch thick copper plate was used for the

construction of a boiling surface. The actual boiling surface con-

sisted of a circular area 1-1/4 inch diameter, at the bottom of which

eight thin copper fins of 1 inch length were silver soldered to give

a required area ratio, A/A.. Fins were tapered at their lower ends

for better run-down of condensate. The detailed drawing is shown

in Figure 11,

Pressure Vessel

A 2-3/4 inch 0.D., 1/4-inch wall, 8-1/2 inch long stainless

steel tube was used for a pressure vessel in which water was
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Figure 11. A boiling surface and its assembly.
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vaporized and condensed on the fins to supply heat to the boiling

surface. The stainless steel plates at both ends were bolted together

by four threaded rods. The capability of the vessel was tested before

the series of experiments and found to be very safe. A five inch

WATLOW fire rod heater (1000 watts at 230 volts) was inserted at

the base. Two holes on the wall were used for the supply and dis-

charge of water as well as the control of pressure. The entire

vessel with boiling surface on top was supported by four threaded

rods, which made it easy to attach or detach the boiling surface to

or from the boiler. The pressure vessel and assembly is shown in

Figure 12.

Boiler and Condenser

As shown in Figure 13, an epoxy-painted aluminum boiler had

two rectangular observation windows of five inch x seven inch and

a circular insertion window which was normally closed. The main

section of the boiler was 5 inch x 9-1/2 inch in area and eight inch

in height. A condenser was placed above the boiler. It consisted

of a coiled copper tube and an aluminum housing. In order to pre-

vent the condensation of vapor before reaching the condenser, the

section between the boiler and the condenser was electrically heated.

The condensate from the condenser entered the graduated glass

cylinder for condensation rate measurements and was then returned
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to the boiler. The overall pictures of experimental apparatus are

shown in Figure 14.



9

Figure 14. Boiling apparatus.
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IV. EXPERIMENTAL PROCEDURE

Characteristic Boiling Curve

Temperature Control of a Boiling Surface

As mentioned earlier, the transition region is inherently un-

stable in experiments in which only the heat flux is controlled, be-

cause for a given heat flux there exist two boiling regimes, namely,

nucleate and film boiling. It is possible, however, to achieve each

of the three boiling regimes separately if the boiling surface

temperature is to be controlled. In the present experiment a con-

densing fluid was used as a heat source for controlling the surface

temperature. Distilled water, vaporized by electrical heat addition

via a variable transformer, condensed on the fins attached to the

bottom of the boiling surface. Since the temperature at which con-

densation occurred was regulated by the pressure, an accurate read-

ing of the water chamber pressure was necessary to be able to con-

trol the surface temperature, especially in the region of inherently

unstable transition boiling. A pressure transducer was used for this

purpose. The boiling surface temperature was measured by a

copper-constantan thermocouple imbedded near the center of the

boiling surface plate from the side through a small hole.
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Heat Flux Measurement

The heat flux of saturated pool boiling of n-pentane was deter-

mined from the boil-up rate. The condensate collected in the con-

denser above the boiler was brought into the graduated glass cylinder

(see Figure 15 below). The time required to collect 25m1 of conden-

sate was used to calculate the heat flux.

qB p
1

VL (57)

where qB = boiling heat flux

pl = density of liquid pentane

V = volumic flow rate

L = latent heat of vaporization of pentane.

Pentane could leave the graduated cylinder via three paths: two

were for the inlet and outlet of condensate and the third path was ex-

posed to the atmosphere through a condenser tube to maintain the

boiling system under atmospheric pressure.
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Figure 15. Heat flux measuring assembly.

Heat Loss Measurement

When the temperature of liquid pentane reached its saturation

point, bubbles rose from the bottom edges of the boiler where pack-

ing was used for a sealant. This effect was measured separately as

a heat loss. Other heat losses, mainly by conduction through the

boiler wall, were neglected since the boiler was painted inside as
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well as outside and wrapped with glass wool. It was then an easy

matter to determine the heat loss if the condensate originated from

an area other than the boiling surface was collected separately. A

bubble collector was used for this purpose. It was made of a plas

tic pipe, two inch I.D., 20 inch long for the vapor-lead pipe. The

vapor from the lead pipe entered the condenser and the condensate

returned to the boiler. In this way, all condensate entering the

graduated cylinder was from regions other than the boiling surface.

A schematic diagram is shown in Figure 16. A regression analysis

of the collected data shows that, within 90% confidence interval, the

equation for the heat flux loss is expressed as (see Figure 17)

q 131.2 ATs - 0.67 x 104 Btu /hr ft2

ATs > 51.1 o F

where qL = heat flux loss

T = boiling surface temperature minus saturated

(58)

temperature of pentane.

Preparation of a Boiling Surface

It is a well-known fact that surface roughness has a great ef-

fect on the boiling curve. Corty and Foust (5), Kurihara and Myers

(9) and others have shown that the effect of roughness on nucleate

boiling is such that the rougher surface produces more nuclei at a
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given surface temperature than the smooth surface, and in general

it shifts the characteristic nucleate boiling curve to the direction of

the low surface temperature. Berenson's experiment (3) shows the

same effect on nucleate boiling and further reveals that surface

roughness has no effect on film boiling but the transition boiling

curve which is a straight line on the log-log scale connecting the

maximum heat flux of nucleate boiling and the minimum heat flux of

film boiling, is affected. Therefore, it is important to determine

the surface roughness for a particular experiment. For this pur-

pose samples were prepared using carborundum papers of different

grain size and their surface roughness were measured by a pro-

filometer. The effect of surface roughness on the present experi-

ment is shown in Figure 18. The figure shows an agreement with

the results obtained by those mentioned above (5, 9, 3). The

scattered data points for film boiling near the minimum heat flux

were observed in several occasions throughout the present experi-

ment. The possible cause for this is the circular boundary existed

on the boiling surface. The hydrodynamic disturbance in liquid was

enforced by the existance of the boundary, the result of which

affected the formation of vapor film on the boiling surface, especially

in the region of transition of boiling regime.
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Measurement of Boiling Sound

It was observed during experiments that transition boiling was

accompanied by a sound similar to that produced by the spheroidal

state of liquid. The observation of this unique boiling sound in pre-

liminary sound level measurements led to a frequency analysis of

s ound.

Purpose

The purpose of this experiment was to study the characteris-

tics of boiling sound, mainly its overall sound level and frequency

composition. From this study it was hoped to achieve a greater

understanding of the boiling mechanism.

Instruments and Procedure

The instruments used in this experiment and their functions

are as follows (11):

General Radio Type 1551 PI condenser microphone system:

This is an assembly of preamplifier, power supply, micro-

phone and tripod. The variation of an electrical capacitance

in this type of microphone is used to control an electrical

signal. The microphone in this system has excellent fre-

quency response from 20 Hz to 18 kHz.
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General. Radio Type 1551-C sound level meter:

This is a basic instrument of any sound-measuring system. It

is an accurate, portable meter for reading the sound level as its

microphone in terms of a standard reference pressure (20

micro-Newtons per square meters).

General. Radio Type 1552-B sound level calibrator:

This unit comprises a small, stabilized and rugged loudspeaker

mounted in an enclosure which fits over the microphone of the

sound-level meter. This device permits a quick check of the

performance of an accoustical measurement. It is also invalu-

able for calibrating a tape recorder and for supplying calibrat-

ing signals for recording.

General. Radio Type 1558-BP octave-band-analyzer:

This device makes possible the simple and rapid analysis of

noises having complex spectra. It is widely used for frequency

analysis of noise, particularly if an estimate of subjective ef-

fects is desired.

General. Radio Type 1564-A sound and vibration analyzer:

This analyzer has a third-octave-band and a one-tenth-octave-

band. It is used for a more detailed analysis of noise.

General. Radio Type 1521 graphic level recorder:

This recorder produces an applied signal. at various frequencies.
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Used with an analyzer, the recorder can plot the frequency

spectrum of a noise source.

General Radio Type 1525 data recorder:

This is a magnetic tape recorder which includes the characteris-

tics of a sound-level meter, a variety of weighting networks, an

accurate step attenuator, an amplifier with high gain and high

input impedance, simultaneous playback on recording, etc. All

instruments were calibrated prior to use.

Three experiments were performed under different conditions:

Exp. #N1 surface roughness r. m. s. = 21-micro-in; a microphone

far from the boiling surface

Exp. #N2 surface roughness r. m. s. = 7 micro-in; a microphone

closer to the boiling surface

Exp. #N3 surface roughness r. m. s. = 7 micro-in; a microphone

in the same position as Exp. #1\11.

A condenser microphone was inserted in a metal case and fixed

rigidly in the boiling pentane. The location of the microphone is shown

in Figure 19. The boiling sound was recorded on a magnetic tape at

different heat flux levels from which subsequent frequency analyses

were made. Sound measurements were recorded at night when out-

side noise and vibration were at a minimum.

For all experiments all-pass-band, octave-band and one-tenth

octave-band sound pressure levels were recorded on charts from the



48

Boiling surface

Microphone

-hi
44- -

Microphone

Figure 19. Location of a microphone. Solid lined microhpone shows
its location for Exp. #N1 and #N3. Dotted lined micro-
phone shows its location for Exp. #N2.
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magnetic tape by means of the graphic level recorder with the ana-

lyzer. The chart speed was 25 inch/minute and the writing pen speed

was 3 inch/second.

A frequency analysis was made to study sound energy distribu-

tion over the audible range of frequencies. The center frequencies

of octave bands are 31.5, 63, 125, 250, 500, 1000, 2000, 4000,

8000 and 16, 000 Hz. The actual nominal frequency range of any one

of these bands is 2 to 1; for example, the effective band for the 1000

Hz octave band extends from 707 to 1414 Hz. The 1/10 octave-band

analysis was made for more detailed study of sound energy distribu-

tion as a function of frequency. The band width of the 1/10 octave

bands is about 7% of the center frequency.

Investigation of the Quenching Model
for Transition Boiling

The quenching theory for transition boiling by Bankoff and

Mehra (1) has been discussed and the validity of their analysis has

been suspect because of inconceivably large values of the liquid-

solid contact frequency. In the present experiment, an attempt was

made to modify their theory and prove its validity experimentally.
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A Quenching Model

Assumptions

a) The boiling surface is considered as a semi-infinite solid.

b) Heat transfer is approximated by one-dimensional conduction

perpendicular to the boiling surface. Since a quenching time

is very small, the convective heat transfer may be considered

negligible.

c) The boiling surface is uniformly heated. A small mass with

high thermal conductivity of the boiling surface material make

this assumption valid.

d) Properties of the boiling surface material remain constant in

the temperature range of interest.

e) Initially the difference in temperature between the surface

material and the bulk liquid is

d T(x, 0) = Ts(x, 0) - T1 = n Ts (59)

where Ts(x, 0) = initial temperature of surface material

T
1

= boiling liquid temperature.

The second equality holds because initially (t = 0), the surface

material has uniform temperature including its surface, that is,
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Ts(x, 0) = Ts.

At time t = 0 the temperature at the surface x = 0 is suddenly

changed to, and maintained at,

for t:

A Tc = A T(0, t) - A T
s

(60)

tc> t > 0,

where A Tc = the amount of temperature drop at the boiling

surface due to quenching.

Boiling liquid

Boiling surface T1 = temperature of
boiling liquid

/ / / / / / / / / /

Ts(x, t) = temperature distribution in
the boiling surface material

Figure 20. A quenching model.

Letting U(x, t) = A T(x, t) - A Ts, (61)

then the boundary value problem is stated as,

a U(x,
at

U(x, 0) = 0

a
a

2 U(x, t)

ax2
(x > 0,t > 0) (62)

(x > 0) (63)
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U(0, t) = A Tc (64)

lim U(x, t) = 0 /
(t

c
> t > 0)

(65)
x ---P-00

The solution of this problem is given in many references such as

Carslaw and Jaeger (4).

Thus,

and

Finally,

U(x, t) = A Tc erfc
x

2 at (66)

tc
au

tc

Qc = )x_,0 dt = k (aAu )x_odt. (67)

0 0

C4 Ira
Q 2kA T

tc
(68)

where Qc = The quantity of heat transferred from the boiling sur-

Tc =

tc =

k =

face to the bulk liquid as a result of a single liquid-

solid contact.

The temperature drop of the boiling surface due to

sudden contact with the liquid.

A liquid-solid contact time during which the liquid

temperature remains at its initial temperature.

The thermal conductivity of the boiling surface
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material.

a = The thermal diffusivity of the boiling surface material.

If fc is the mean frequency of contact, the total heat flux by quench-

ing is given as,

Or

qc = f
c

Q
c

,

2 k
A T9c ( ) f rt--

ici c c c

(69)

(70)

The difference between this model and that of Bankoff and Mehra (1)

is apparent. They used the properties of the liquid whereas this

model uses those of solid. Since the temperature drop is occurring

inside the solid due to quenching by the liquid, it is reasonable to

use properties of the solid rather than those of the liquid.

Measurements of A Tc , tc and fc

In order to obtain the total heat flux by quenching, values of

A T , t and f must be determined. They may be measured by a
c c c

thermocouple whose junction is at the boiling surface. Accurate

measurement of these quantities requires a thermocouple capable of

measuring the temperature of a relatively small area and rapid

response to temperature fluctuations. A thermocouple designed to

meet these requirements was made from commercially available
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thermocouple wires. The chromel and alumel wires with a diameter

of 0.004 inch each were sheathed with a stainless steel tube of

0.020 inch O.D. The cross section of a thermocouple wire is shown

in Figure 21. This thermocouple was press fitted into a center of

the boiling surface plate from the bottom and then filed and polished

flat with the top of the boiling surface. This polishing action pro-

duced a relatively uniform surface over the entire boiling surface.

As a result of polishing action, the thermocouple junction was

formed by the metal slivers which were carried over the insulation

layer separating the two wires. Except for the addition of this

micro-thermocouple for temperature fluctuation measurement, the

boiling equipment was exactly the same as described before.

At first the reading of the fluctuating temperature was re-

corded with a HONEYWELL ELECTRONIC 19 recorder, but the

speed of the recording pen was not fast enough to measure the full

amplitude of the fluctuating temperature. It was however, sufficient

to determine the values of contact frequency, fc. An oscilloscope

with a differential preamplifier gave satisfactory readings of

A T , t and f. The temperature fluctuation obtained by photo-
c c c

graphing the oscilloscope face were used to obtain the needed in-

formation.
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Wall thickness = 0.003 inch)

Figure 21. Micro-thermocouple.
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V. RESULTS AND DISCUSSION

Boiling Sound Analysis

Effect of the Distance From the Source
on the Overall Sound Level

Since the only difference between Experiment #N2 and Experi-

ment #N3 was the location of the microphone, it is reasonable to

study the effect of the distance by comparing the two experiments.

The results are shown in Figure 22. The overall sound level for

Experiment #N2 was approximately 6 dB higher than that for Experi-

ment #N3. Since the sound pressure varies inversely as the distance

from the source, differences in the two sound level may be calculated

from the following relationship

where

P2
1dB = 20 log10 20 log d-
2

dB = sound levels in decibels

P = sound pressure

(71)

d = distance from the source.

For simplicity, one may assume that the sound originates at a point

source located at the center of the boiling surface. Then the ratio of

the distance for Experiment #N3 and for Experiment #N2 is approxi-

mately 2.47 to 1. Thus from the equation (71),
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Figure 23. Effect of surface roughness on the overall sound level.



dB = 20 log10 2.147 7.85 dB,

which is reasonably close to the experimental result.

Effect of Surface Roughness on
the Overall Sound Level

58

(72)

The overall sound levels of Experiment #N1 and Experiment

#N3 were plotted in Figure 23 to see how surface roughness affected

sound generation in boiling. Just as the rough surface increased

boiling heat flux, it increased boiling sound intensity but in a dif-

ferent manner. Unlike heat flux, sound level in film boiling was also

affected by surface roughness.

Characteristic Boiling Sound Curve

The overall sound levels of Experiment #N2 and Experiment

#N3 were plotted on semi-log graphs as shown in Figure 24. In the

same graphs frequency components at 125, 250, 500 and 1000 Hz of

octave-band level were also plotted. The distinctive peak sound

level appears in transition region around the surface temperature

difference (A Ts) of 80°F. The predominant frequency components at

the peak are 250 Hz and 500 Hz.

Comparison of Figures 7, 8 and 24 shows the characteristic

boiling sound curve obtained in this experiment is different from re-

sults obtained by Westwater, et al. and by Schwartz and Siler. In
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three experiments involving boiling sound measurements, transition

boiling always had the highest sound intensity. Contrary to what

Westwater, et al. observed, the trained listener was able to distin-

guish the unique sound of transition boiling from that for nucleate or

film boiling without difficulty.

The sound of boiling was found to be a function of heat flux

during nucleate boiling i.e., the overall sound level increased as

A T
s

increased. But the peak sound level dropped at the maximum

heat flux. This may be due to the large vapor blanket formed above

the boiling surface attenuating the sound generated at the surface.

The large sound intensity during transition boiling may be attributed

to the explosive formation of bubbles by direct contact of liquid and

the hot surface or by quenching. The appearance of peak sound in-

tensity around A Ts of 80°F F ndicates that quenching is a controlling

mechanism in that region. Details of the mechanism of transition

boiling will be discussed in the next section.

Frequency Analysis

The results of octave-band analysis are shown in Figures 25,

26, 27 and 28 for Experiment #N1, Figures 29, 30, 31 and 32 for Ex-

periment #N2 and Figures 33, 34, 35 and 36 for Experiment #N3.

They all show the uniquely high sound intensity of transition boiling,

particularly in the frequency range from 125 Hz to 1000 Hz. The



70

60

-c) 50

40

30

20

4//

Film boiling qB = 1.91 x 104 Btu/hr ft2

Transition = 2. 43 x 104

Nucleate " = 3. 47 x 104

Burn-out = 8. 33 x 104

63 125 250 500 1000

Frequency, Hz
2000

I I

4000 8000 16000

Figure 25. Octave-band analysis of boiling sound. Experiment #N.1.



65

55

45

35

25
63

caB

,L?

= 8.33 x 10
4

Btu/hr ft
2

= 3.47 x 104

125 250 500 1000

Frequency, Hz
2000 4000 8000

Figure 26. Octave-band analysis of nucleate boiling sound; Experiment #N1.

16000



70

60

1:3

50

40

30
63 125 250 500 1000

0

-

Frequency, Hz

= 2.36 x 104 Btu/hr ft
2

= 2.43 x 104

= 2.73x 104

= 7.43 x 104
I

2000 4000 8000

Figure 27. Octave-band analysis of transition boiling sound; Experiment #N1.

16000



70

60

50
a)

U)

a)

a)

Lr)

40

0

30

20

,
S

, ?Y

,
`"

,- 7
_,,z

N\
xy \

"B = 1.97 x 10 Btu/hr ft
2

= 1.91 x 104

= 1.85 x 104

63 125 250 500 1000

Frequency, Hz
2000 4000

Figure 28, Octave-band analysis of film boiling sound; Experiment #N1.

8000 16000

er



P:1

70

60

50

40

30

20

/ . \. '// 1 / --<---..\
/ /

/
.\

\\\
Film boiling qB = 3.03 x 104

Btu/hr ft
2-

Transition 3. 50 x 104
Burn- out 8. 83 x 104

Nucleate " 4. 28 x 104

63 125 250 500 1000 2000 4000 8000 16000

Frequency, Hz

---0---

Figure 29. Octave-band analysis of boiling sound; Experiment #N2.



701-

60

50 t-

30- qg = 2. 85 x 104 Btu/hr ft2

= 4.28 x 104

= 5. 63 x 104

= 7.80 x 104

20
63 125 250 500 1000 2000 4000 8000 16000

Frequency, Hz

Figure 30. Octave-band analysis of nucleate boiling sound; Experiment #N2.



70

60

50

40

30

-."'"
ow.

QB = 3.35 x 104 Btu/hr ft2

= 3.50 x 104

= 3.83 x 104

= 4.62 x 104

63 125 250 500 1000 2000

Frequency, Hz

4000 8000

Figure 31. Octave-band analysis of transition boiling sound; Experiment #N2.

16000



70

40

30 -

20 1

0

qB = 3. 13 x 104 Btu/hr ft2

= 3.03 x 104

= 2.86 x 104

= 2.78 x 104

63 125 250 500 1000 2000 4000 8000 16000

Frequency, Hz

Figure 32. Octave-band analysis of film boiling sound; Experiment #N2.



70

60

"0 50

40

30

20

Film boiling qB = 1.71 x 104 Btu/hr ft

---i!r--- Transition " = 2.20 x 104

Nucleate " = 2.87 x 104

O Burn-out = 7.85 x 104

63 125 250 500 1000 2000 4000 8000 16000

Frequency, Hz

Figure 33. Octave-band analysis of boiling sound; Experiment #N3.



70

60

50 /-

20

= 2.87x 10
4

= 3.42 x 10
4

1

63 125 250 500 1000 2000 4000 8000 16000

Frequency, Hz

Figure 34. Octave-band analysis of nucleate boiling sound; Experiment #N3.



20
a

= 1.96 x 10 Btu/hr ft
2

= 2.20 x 10

= 2.47x 104

= 2.77x 104

I

63 125 250 500 1000 2000 4000 8000 16000

Frequency, Hz

Figure 35. Octave-band analysis of transition boiling sound; Experiment #N3.



70

60

50

40

30

20

q = 2.0 x 10
4

Btu/hr ft
2

4
1.99 x 10

1.71 x 104

1.64 x 104

63 125 250 500 1000

Frequency, Hz

2000 4000 8000

Figure 36. Octave-band analysis of film boiling sound; Experiment #N3.

16000



73

largest sound intensity appeared at 500 Hz in all experiments.

The result of 1/10 octave-band analysis are shown in Figures

36, 37 and 38 for the respective experiments. No further informa-

tion pertinent to the understanding boiling mechanism was found in

this analysis.

Investigation of Transition Boiling Mechanism

Photographic Study of the Surface Quenching Mechanism

In Figure 40 are included photographs showing the surface

temperature history at different surface temperatures during transi-

tion boiling. When liquid strikes the surface with a certain velocity,

it develops a pressure above saturation pressure for a finite length

of time tc. During this short time liquid in contact is being sub-

cooled and energy is transferred rapidly to the liquid through a very

thin liquid film between liquid and solid, resulting the surface

temperature drop tN Tc. As seen from photographs, a sharp

temperature drop is always followed by small but rapid temperature

fluctuations. In order to understand the mechanism responsible for

this rapid fluctuation, the nucleate boiling regime at the peak heat

flux level was photographed for comparison purposes; these photo-

graphs are shown in Figure 41. Although peak flux nucleate boiling

also shows very rapid temperature fluctuations caused by the rapid
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(a) Al's = 97.7°F

(b) E Ts = 95.2°F

Figure 40. Typical photographs of the oscilloscope face showing the
surface temperature history. (Continued on next page)
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(c) AT
s

= 90.0°F

(d) ATS = 79.9°F

Figure 40 Continued.
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rate of bubble release, it is not at all similar to transition boiling.

The next attempt was made to examine spheroidal state by dropping

a small amount of liquid pentane on the boiling surface which was

preheated to the temperature corresponding to a transition region

(see Figure 42). The resemblance between the two is striking.

Thus, it was concluded that rapid fluctuation following a sharp drop

in surface temperature by sudden contact with a liquid was caused by

a spheroidal state of the liquid, that is the liquid contacting the hot

surface without wetting the surface and also without losing a signifi-

cant amount of mass by evaporation. This spheroidal state continues

to exist until the liquid acquires sufficient energy to flash to the

vapor phase. Although stray signals that were picked up from the

auxiliary heater disturbed the picture on the oscilloscope face, it is

seen that the surface temperature during a spheroidal state is fairly

constant but slowly rising.

Photographs also show a sharp rise in surface temperature

during the spheroidal state. This may be explained as follows:

while in the spheroidal state, a small portion of the liquid vaporizes

exposing the boiling surface to vapor momentarily, thus resulting in

a quick rise in temperature. As the surface temperature difference

decreases, the frequency of this vaporization increases as seen

from the photographs.



Figure 42. Photographs of oscilloscope face showing
the resemblance between the spheroidal
state of liquid on the hot surface and liquid-
solid contact during transition boiling.
(a) Spheroidal state of liquid pentane on

the hot surface (A Ts = 92°F).
(b) Liquid-solid contact during transition

boiling.
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Measurements of AT , t and f
c c c

The Surface Temperature Drop, A Tc

The surface temperature drop by sudden contact with liquid

(ATc) was measured from the oscilloscope trace by storing the

picture. An example of such a picture is shown in Figure 43. The

forty-four values of AT were measured from four experimental

runs. For each run, AT
c

and A Ts were recorded and a linear re-

gression analysis was made of the data. The linear regression

equation was,

Tc = 0.379 (ATs) + 0.363 (°F) (73)

When the confidence level was set at 50%, its upper limit (AT ct ) and

the lower limit (A Tc j ) were,

ATct = 0.418 (ATs) + 3.83 ( °F)

AT ci = 0.340 (A Ts) - 3.16 ( °F)

(74)

(75)

The plot of AT
c

versus A Ts and the results of the regression ana-

lysis are shown in Figure 44. The measurement of AT
c

is included

in the Appendix.

The regression equation shows that AT
c

increases with in-

creasing A Ts. The same relation probably does not hold in the film
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Tc 0.379 (AI's) + 0.363
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Figure 44. Regression analysis of TC on DTs.
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region where the impinging liquid vaporizes at once upon contacting

hot surface because of the sufficiently high surface temperature.

Contact Time, tc

The series of observations showed the value of tc to be inde-

pendent of surface temperature--approximately equal to 2-milli-

seconds. Therefore, for the following analyses, it is assumed that

tc = constant = 2-milli-seconds

= 55.5 x 106 hour,

Contact Frequency, fc

(76)

The values of fc were determined in the five experimental

runs. In the runs #TF 1, #TF 4 and #TF 6 the values of fc were

obtained from the temperature fluctuation data recorded with a

HONEYWELL ELECTRONIC 19 recorder. A typical data record is

shown in Figure 45. The contact frequency, fc, in the runs #TF7

and #TF 8 was obtained from oscilloscope readings. Care was taken

to distinguish between the signal coming from the point right at a

thermocouple junction and the signal resulting from points removed

from the junction. Of course the former gave a stronger signal but

not necessarily the same signal in form. The amount of liquid

coming in contact and the speed with which liquid impinged changed

the form of the signals. Many test runs were made to learn the
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Run #TF 1

5 sec

T
s

= 95. 0°F fc = 2.4/sec

Figure 45. Typical temperature fluctuation data record.
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technique for determining the value of fc. The results of fc reading

were plotted versus a logarithmic scale of boiling heat flux, qB.

As seen from Figure 46, the value of fc depends on whether the

boiling surface is clean or contaminated. Surface roughness did not

have a significant effect. After several runs without cleaning, the

boiling surface became contaminated. The higher value of fc for the

contaminated surface may be due to the better wettability of the sur-

face by the liquid, thus acquiring energy for vaporization faster by

conduction. The contact frequency, fc, becomes zero in the

neighborhood of minimum transition boiling heat flux, indicating

again that quenching is indeed a characteristic mechanism for tran-

sition boiling.

Determination of Qc and qc

Total Heat Transferred per Contact, Qc

The total heat transferred from the boiling surface to the

liquid as a result of a single liquid-solid contact (Q
c
) is determined

from equation (68) as,

Q =
-pr

2 k
ATj-- 1

t
c CL c 11 C

For the present analysis,

(68)



Group I
(clean surface)

1 2

z

Group II
(contaminated surface)
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3 4 5 6 7 8 9 1 0

q
B

(Btu /hr ft ) x 10-4

Group I (clean surface)

X Run #TF 1 r. m. s. 7 micro-in.
V #TF 7 18
0 #TF 8 18

Group II (contaminated surface)

A Run #TF 4 r. m. s. 21 micro-in.

#TF 6 21

Figure 46. Correlation of fc and qB.



Thus

k = 219 Btu/hr ft °F

a = 4.35 ft2/hr

tc = 55.5x 106 hr.

Qc 0.088 (ATc) Btu/ft2
.
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(77)

(78)

Using 50% confidence limits for A Tc, the corresponding limits for

Qc, designated as Qct and Qcj may be evaluated. The results

are plotted in the graph in Figure 47.

Total Heat Flux by Quenching, qc

The upper limit (qct ) and the lower limit (qcj ) of qc based on

the 50% confidence limits of AT
c

were computed from the relations,

qct = fC
Qctt

qcj = f C QC

(79)

(80)

and the two limits were connected with a straight line when plotted

on the graph as shown in Figure 48 and Figure 49. On the same

graphs the boiling heat flux determined by the boil-up rate measure-

ments were also plotted for the purpose of evaluating a quenching

model for transition boiling.
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s

(°F)

Figure 47. Upper and lower limits for Qc based on the 50% confi-
dence limits of A Tc.
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Figure 48. The contribution of quenching to the total boiling heat
flux. surface: clean.
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Figure 49. The contribution of quenching to the total transition boil-
ing heat flux. surface: contaminated.
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Evaluation of a Quenching Model for
Transition Boiling

It is seen from Figure 48 and Figure 49, that a quenching model

is quite satisfactory in the region where experimental data are avail-

able. In order to see the effect of the quenching mechanism over the

entire region of transition boiling, qc may be evaluated based on the

regression equation of A T
c

and the extrapolated graph of fc up to

the peak flux. The resulting graphs for the clean and contaminated

surfaces are given in Figure 50. The contribution of quenching to

the total heat flux of transition boiling decreases at higher heat flux

levels. At the peak heat flux only about 50% of the heat removed is

due to quenching. Therefore, it may be concluded that although

quenching is a major mechanism for heat exchange in transition

boiling, there exist other mechanisms besides quenching at higher

heat flux levels.

Search for Additional Mechanism for
Transition Boiling at Higher Heat Flux Levels

The photographic study of surface temperature variation

showed that a sharp temperature drop by surface quenching was

followed by a spheroidal state of the liquid on the boiling surface.

At times a small portion of the liquid in the spheroidal state vapor-

ized to give the surface a quick, momentary temperature rise. It
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Figure 50. The contribution of quenching to the transition boiling.
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was observed that surface quenching produced, for a short time, a

region on the surface whose temperature was about 30 oF lower than

the mean surface temperature. This means that at relatively high

heat flux levels this region momentarily provides the condition for

nucleate boiling. For example, when the surface temperature dif-

ference (AT
s
) is 80oF, the corresponding temperature drop by

quenching (OT
c
) is 30oF. At this condition the quenched surface has,

in effect, A Ts = 50oF which is near the peak heat flux level of

nucleate boiling. Thus, in the region where AT
s

< 80oF, a short

period of nucleate boiling exists within transition boiling. As A Ts

decreases the period of nucleate boiling becomes longer, a fact

which explains the reason for the rapid rise in heat flux with a de-

crease in surface temperature.
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VI. SUMMARY AND CONCLUSIONS

This paper has presented the results of experimental investi-

gations of transition boiling. The main objective was to achieve a

basic understanding of this boiling mechanism. During transition

boiling, a heated surface experienced a sudden temperature drop

of about 40oF at lower heat flux levels and about 20oF at higher

levels in a period of about 2-milliseconds. This large temperature

drop indicated a rapid heat transfer mechanism existing at the sur-

face during these short time intervals. From the photographic

studies of surface temperature variation, it was concluded that the

heat transfer mechanism in transition boiling involves the direct

contact of liquid and a hot surface followed by a spheroidal state of

the liquid. Quantitative analysis indicated that surface quenching was

indeed a major mechanism of transferring heat from the surface to

the liquid at relatively low heat flux levels. At higher heat flux

levels, it was observed that the region of the spheroidal state was

gradually replaced by nucleate boiling.

Just as the rough surface increased boiling heat flux, it in-

creased boiling sound intensity but in a different manner; unlike

heat flux, sound intensity in film boiling was also affected by sur-

face roughness. Contrary to the previous findings (13, 16) the dis-

tinctively large sound intensity appeared in transition region.
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Frequency analysis showed the predominant components at the peak

to be 250Hz and 500 Hz. The trained listener was able to distinguish

the unique sound of transition boiling from that for nucleate or film

boiling without difficulty.
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APPENDIX

The following experimental data are included in
this appendix:

1. Heat loss measurement

2. Effect of surface roughness on boiling curves

3. Boiling sound measurement
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1. Heat Loss Measurement

Data point
no.

Ts
( °F)

qL 2
(Btu /hr ft2)

#L1

1/25/69

1

2
3

4
5

194.8
155.3
133.6
122.3
105.4

1.78 x 104
1.34
1.03
.90
.74

#L2 1 111.7 .76 x 104
2 146.7 1.11

1/25/69 3 172.5 1.59

4
1 214.3 2.08x 10
2 191.3 1.80
3 201.5 1.99

#L3 4 195.2 1.93
5 183.8 1.85
6 177.5 1.72

1/26/69 7 168.5 1.55
8 159.9 1.45
9 153.7 1.38

10 143.5 1.30
11 128.6 1.11
12 126.3 .92

A Ts = (temperature of a boiling surface)
(temperature of saturated pentane)

= Heat flux loss
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2. Effect of Surface Roughness on Boiling Curves

Experiment #SR 1 1/12/69

Surface finish: mirror-polished with micron diamond.

Data point
no.

Ts

(°F)

qM

(Btu/hr ft2)

9B

1 217.5 3.89 x 104 2.13 x 104 1.76 x 104

2 192.9 3.74 1.86 1.88
3 159.5 3.28 1.43 1.85
4 132.9 2.85 1.08 1.77
5 117.2 2.63 .87 1.76
6 91.5 3.20 ,53 2.67
7 106.9 2.50 , 73 1.77
8 102.8 2,64 . 68 1.96
9 95.9 2.95 , 59 2.36

10 65,6 5,53 .19 5.34
11 57.9 7.71 . 09 7.62
12 29.9 2.90 0 2.90
13 36.6 4.97 0 4.97
14 43.3 6.20 0 6,20
15 49.6 7.60 0 7,60
16 53.2 7.88 , 02 7.86
17 55.3 7.82 .05 7.77
18 80.7 3.51 , 39 3.12

qM
= Measured heat flux with qL included.

qL
= Heat flux loss calculated by equation (58).

9B = Boiling heat flux.

A Ts = Surface temperature difference.
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Experiment ftSR 5 1 /22/69

Surface finish: profilometer r. m. s. reading 18 micro-
inches

Data point
no.

OT
s

(°F) (Btu,'Fir ft2)

1 210.0 3.70 x 104 2.08 x 10
4 1.62 x 104

2 185.5 3.47 1.76 1.71
3 152.5 2.70 1.37 1.33
4 135.7 2.37 1.11 1.26
5 121.5 2.33 .92 1.41
6 107.5 2.14 .74 1.40
7 83.7 2.42 .43 1.99
8 67.7 2.87 .22 2.65
9 74.7 2.67 .31 L. 36

10 28.4 7.10 0 7.10
11 30.0 8.32 0 8.32
12 33.9 8.18 0 8.18
13 19.7 1.14 0 1.14
14 22.7 3.28 0 3.28

Experiment ftSR 6 1 22 69

Surface finish: profilometer r. m. s. reading 21 micro-
inches.

Data point
no.

AT

( F)

ciM

(Btu, hr ft2)

1 156.1 3.35 x 104 1.38 x 104 1.97 x 104
2 137.6 3.04 1.13 1.91
3 125.7 2.84 .98 1.86
4 112.9 2.66 .81 1.85
5 89.9 2.87 .51 2.36
6 82.9 2.84 .41 2.43
7 75.8 3.05 .32 2.73
8 58.4 3.73 .10 3.63
9 26.4 8.33 0 8.33

10 31.7 7.93 0 7.93
11 52.1 4.74 .01 4.73
12 21.2 5.67 0 5.67
13 24.2 6.73 0 6.73
14 18.5 3.47 0 3.47
15 16.8 2.21 0 2.21
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Experiment #SR 7 1/23/69

Surface finish: profilometer r. m. s. reading = 7 micro-
inches

Data point
no.

A Ts

(°F)

qM 9L

(Btu/hr ft2)

9B

4 4
1 189,5 3.14 x 104 1.82 x 10 1.32 x 10
2 155.0 2.96 1.36 1.60
3 137.5 2.46 1.13 1.33
4 125.8 2.55 .98 1.57
5 112.3 2.32 .80 1.52
6 87.7 2.56 . 48 2.08
7 83.9 2.60 .43 2.17
8 76.0 3.26 .33 2.93
9 73.3 3.07 .29 2,78

10 62.4 3.30 .15 3.15
11 29.0 4.50 0 4.50
12 26.7 3.07 0 3.07
13 33.4 6.37 0 6.37
14 34.7 7.17 0 7.17
15 36.8 8.37 0 8.37
16 39.2 8.40 0 8.40



3. Boiling Sound Measurement.

Experiment #N1

Surface finish: profilometer r. m. s. reading = 21 micro-inches

1/29/69

Data point
no.

A Ts

(°F)

"B

(Btu/hr ft
2)

Sound pressure levels at octave-band levels (dB)

All-pass 31.5 63 125 250 500 1000 2000 4000 8000 16000

1 156.1 1. 97x10
4

64.0 58.5 50.5 45.5 45.5 52.5 52.0 53.0 44.5 43.0 39.5
2 137.6 1.91 64.5 59.5 51.5 46.0 48.0 55.5 52.0 53.5 42.7 43.5 40.5
3 112.9 1.85 65.0 59.0 51.0 46.5 52.0 57.0 52.0 53.5 43.5 45.0 42.5
4 89.9 2.36 68.0 58.5 52.5 48.5 53.5 62.5 60.5 58.0 45.5 46.5 47.5
5 82.9 2.43 69.0 59.0 53.0 48.5 54.5 63.0 60.0 59.0 47.5 47.5 47.5
6 75.8 2.73 68.0 59.5 52.5 49.0 56.0 63.0 56.5 54.0 49.5 44.0 47.0
7 26.4 8.33 64.0 59.0 51.0 46.0 45.5 54.0 55.0 52.0 43.5 48.0 48.0
8 31.7 7.93 65.5 61.0 51.5 46.5 51.0 57.5 54.0 50.5 44.5 42.5 44.5
9 18.5 3.47 65.0 60.0 51.0 47.0 46.0 55.0 53.5 49.5 44.5 45.5 44.5



Experiment #N2

Surface finish: profilometer r. m. s. reading = 7 micro-inches

2/5/69

Data point A T
s

qB
2

Sound pressure levels at octave-band levels (dB)

All-
no. ( F) (Btu/hr ft ) pass 31.5 63 125 250 500 1000 2000 4000 8000 16000

1 218.2 3.13x10
4

62.0 54.8 61.3 44.6 51.3 55.3 54.3 49.3 47.3 35.8 29.8
2 185.9 3.03 61.5 54.3 43.8 44.3 53.3 59.3 56.3 50.8 46.3 35.8 28.8
3 148.3 2.86 62.0 55.3 54.8 45.8 53.3 59.3 57.3 49.3 45.8 35.8 29.3
4 127.3 2.78 63.0 53.3 41..8 45.0 58.3 62.3 55.3 48.8 47.3 34.3 28.8
5 105.9 2.79 67.0 52.3 41.3 46.3 68.3 64.3 56.8 49.3 46.3 34.8 28.8
6 75.6 3.35 71.5 53.8 51.3 53.3 72.3 67.8 61.3 52.8 47.3 36.3 29.8
7 72.0 3.50 68.5 53.3 43.8 46.3 66.3 69.3 56.8 49.8 49.3 38.8 29.8
8 69.2 3.83 65.5 53.8 42.8 44.8 63.8 65.3 53.8 45.3 44.3 36.8 30.8
9 62.6 4.62 64.5 54.3 43.8 44.3 62.3 63.8 56.3 46.0 51.8 39.3 29.8

10 23.9 2.85 59.0 57.3 46.3 44.3 47.3 51.8 50.3 46.3 46.3 36.3 29.8
11 27.6 4.28 59.5 53.3 43.8 43.3 50.3 57.3 53.3 48.8 48.3 37.3 29.8
12 29.5 5.63 58.5 53.3 42.3 42.8 51.3 57.3 49.3 43.8 46.8 40.3 29.3
13 36.1 7.80 60.5 53.8 42.8 42.3 47.3 56.3 59.3 51.3 51.3 38.8 29.3
14 41.4 8.83 62.5 54.8 41.3 43.3 56.8 63.3 49.3 46.3 48.3 44.8 29.8



Experiment #N3

Surface finish: profilometer r. m. s. reading = 7 micro-inches

2/7/69

Data point
no.

Ts

( °F )

B

(Btu/hr ft
2)

Sound pressure levels at octave-band levels (dB)

All-
pass 31.5 63 125 250 500 1000 2000 4000 8000 16000

1 211, 4 2, 00x10
4

53.8 52.0 38.5 38.5 35.5 42.5 41, 5 38.5 34.5 29.5 26.0
2 186.8 1.99 53.0 50.0 39.0 38.5 36.0 42.5 42.5 38.5 34. 5 31. 5 25.5
3 153.4 1.71 54.8 51.0 39.5 39.0 43.0 47.0 45.5 41. 0 34.5 28.5 26.0
4 132.4 1.64 59.0 55.0 46.5 41.5 41. 5 47.5 47.0 43.5 35.5 32.0 31.0
5 116.9 1.59 59.0 52.0 45.0 40.0 42.5 50. 0 48.0 45.0 36.0 31. 0 30.0
6 102.9 1.52 59.0 53.0 44.0 41.5 43.0 52.0 49.0 46.0 35.5 31.0 30.5
7 92.0 1.96 66.0 52.5 44.0 42.0 59.5 62.0 53.0 46.0 37.0 32.5 30.0
8 86.7 2.20 65.0 55.0 45.0 42.5 59.0 60.0 52.0 46.0 38.0 32.5 30.0
9 79.9 2.47 64.8 54.0 44.0 43.0 61.0 58.0 52.0 44.0 35.5 32.5 30.0

10 74.8 2.77 63.8 52.0 43.0 43.0 61. 0 57.0 50.0 44.0 37.0 32.5 29. 5

11 7 1. 4 3. 13 60.0 53.5 45.0 41. 0 48.0 51.5 48.5 44.0 37.5 32.5 29.0
12 29.9 1.92 55.0 51.0 41. 0 40. 0 36.5 45.0 44.5 37.5 35.0 30.0 26.0
13 33.0 3.42 55.5 52.5 40.0 39.0 40.5 46.0 46.5 39. 0 35.5 32.0 27. 5

14 31.5 2.27 55.0 52.5 40.5 39.0 38.5 45.0 45. 5 3 8. 5 35.5 31. 5 27. 0

15 32.5 2.87 55.6 53.0 39.5 38.5 40.5 46.5 46.5 39.5 36.0 32.0 27.0
16 34.4 4.37 56.0 52.0 38.5 38.0 41. 0 47.5 48.0 41. 0 37.5 33.0 27. 5

17 36.6 5.30 60.2 52.0 59.8 42.0 40.0 47.0 48.0 40.5 40.0 35.0 29.0
18 42.2 7.33 61.6 51. 0 61. 0 42.5 43.0 48.5 49.5 42.5 39.5 40.5 30. 5

19 46.9 7.85 56.6 51.0 39.0 38.0 41. 0 49.0 49.5 44.0 39.5 34.5 29. 0

20 50.4 7.88 56.3 52.5 28.5 38.5 39.0 46.0 48.0 44.0 40.0 40.0 29.0


