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ABSTRACT

Experimental results are presented for an investigation of free
convection film boiling heat transfer to saturated ethanol, saturated
Freon 113, and saturated distilled water from a vertical cylinder. High
speed motion pictures of the vapor-liquid interface in film boiling have
been obtained. All tests have been conducted at atmospheric pressure
over a range of heat flux between 9000 and 37000 BTU/hrft2 .

A study of the stability of the vapor-liquid interface is performed
and the results are compared to the photographic data. Parameters influ-
encing the heat transfer process are developed and the experimental data
is used to determine their proper relationship.

The heat transfer coefficient in natural convection film boiling of
saturated liquids on moderately long vertical surfaces at constant heat
flux is shown to be insensitive to vertical position, and to be dependent
only on the temperature differential and the fluid properties.

Large scale waves have been observed on the vapor-liquid interface:
however, their effect on the heat transfer is minimal. It appears that
intense vaporization at the interface plays an important role in the gen-
eration of these waves, while surface tension does not.

A strong possibility of liquid droplet entrainment in the vapor flow
is indicated by the presence of a rough, wavy interface, a relatively high
speed vapor-flow, and by the unexpectedly strong dependence of the heat

transfer on the latent heat of vaporization.
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I. TINTRODUCTION

The film boiling heat transfer process has become increasingly im-
portant in the last twenty years or so, primarily due to its applications
to nuclear power reactors. Film boiling, however, occurs in a number of
technological areas: For example, it is an important factor in the under-
standing of thermal stresses occurring during the quenching of hot metals,
and in the field of cryogenics, where room temperature solids are brought
into contact with extremely cold liquids.

Film boiling is a very inefficient heat transfer process, as large
temperature differences are required to produce low to moderate heat flux
rates. Perhaps for this reason, investigations into the phenomenon were
practically nonexistent until the early 1950's, since film boiling seemingly
was considered to be something to be avoided, rather than understood!

Film boiling is characterized by the presence of a vapor layer be-
tween a hot solid surface and a liquid at or below its saturation tempera-
ture for the system pressure. Since vapors, in general, have relatively low
thermal conductivity, and since heat must flow through this vapor layer to
reach the liquid, very high solid surface temperatures must be established
to cause any significant heat transfer.

One can obtain some understanding of the problems associated with
film boiling by studying the equilibrium pool boiling curve, Fig.l. This
curve is a plot of the equilibrium heat flux at a given solid surface as a
function of its temperature, when this temperature is above the saturation
temperature of the liquid in which it is immersed. The curve is divided

into four regions.
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Region I, in which the superheat of the solid surface (TW—TS) is
only a few degrees, is characterized by natural convection with no phase
change. The small temperature difference in this region does not provide
enough heat flux to cause any vapor bubbles to form at nucleation sites
in the liquid near the wall.

As the wall temperature, or alternatively the wall heat flux is
further increased, Region II is entered, and small bubbles begin to form.
This is the nucleate boiling regime, and as the temperature or heat flux
is increased, bubble size and number density increase. It is believed
that the fluid motions caused by the bubble activity are primarily respon-
sible for the relatively large heat transfer rates occurring in nucleate
boiling. As the point A in Fig.l is approached the bubble action becomes
very intense, and at the point A, there is so much vapor present near the
wall that a further incremental increase in temperature will actually
decrease the heat flux due to the insulating effect of further vapor gen-—
eration. The heat flux associated with the point A is termed the critical
heat flux or CHF.

Region III is called the transition boiling regime, and here the low
vapor conductivity plays a very important role. Assuming that the tempera-
ture of the solid is being controlled, an increase in the solid surface
temperature in this region produces a decrease in the resulting heat trans-—
fer to the liquid. This is primarily due to the fact that in this tempera-
ture range the additional vapor being generated tends to insulate the heated
solid from the liquid. The vapor flow in this regime is very unstable and
oscillatory. This trend of decreasing heat flux with increasing temperature

continues until point B in Fig. 1 is approached. The surface is now
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completely covered by a vapor layer and the temperature difference across
the vapor begins to be large enough to counteract the insulating effect
of further vapor generation.

The area in Fig.l to the right of point B, labeled Region IV, is
called the stable film boiling regime, and is the boiling regime which is
the object of this study. The temperature associated with point B is
called the minimum film boiling temperature, and is the minimum temperature
for which a stable, continuous vapor blanket can exist between the solid
surface and liquid bulk for a given liquid, liquid temperature, and system
pressure. The equilibrium heat flux at this temperature is termed the
minimum film boiling heat flux. In the stable film boiling regime, the
heat flux again rises with increasing temperature since the resistance to
heat transfer due to increased vapor generation increases more slowly than
the driving temperature differential. The rate of increase of heat flux
with temperature difference in stable film boiling, however, is much lower
than that occurring in nucleate boiling. Eventually, the temperature of
the solid surface will reéch values at which thermal radiation becomes im-
portant and it will increasingly influence the heat transfer mechanism.
(This temperature is of the order of several thousand degrees Farenheit
for most liquids.)

In many applications involving boiling heat transfer, it is the heat
flux which is controlled, not the surface temperature. This is the case,
for example, where electric resistance heating is being employed, and the
supply voltage is controlled, or in a nuclear reactor where each fuel
element generates heat at a fixed rate.

If, in such an application, where normal operation is in the nucleate
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boiling region of Fig.l, the heat flux is increased above the CHF point,
a rapid increase in temperature will occur. As can be seen in Fig.l, for
a heat flux greater than the critical value equilibrium is shifted to a
temperature corresponding to point C or higher. This temperature is gen-
erally greater than the melting temperature of most metals, and this proc-
ess results in the well-known phenomenon of "burnout".

The interest in the present study was originally stimulated by
cooling problems arising in the design of nuclear reactors. In that case
film boiling is expected to occur during a transient induced by loss of
the liquid reactor coolant. After the coolant has been lost from the core,
the nuclear fuel elements are surrounded by air and vapor providing a rela-
tively poor natural convection heat transfer environment. Since these
elements are still generating a substantial amount of heat, their tempera-
tures can become very large. It is essential that, under these conditions,
the temperature of the cladding of the fuel elements is kept below the
melting point. In order to cool the reactor, liquid coolant is flooded
into the core. However, fhe temperature of the fuel elements can be well
above the minimum film boiling temperature, and thus the initial cooling
of the reactor must be accomplished through film boiling heat transfer.
Hence, knowledge of the heat transfer rates associated with film boiling is
a key factor in determining the duration and effects of the cooling or re-
flood process. |

Many factors have been found to influence heat transfer rates in
film boiling. Among these are the orientation of the heating surfacewith
respect to gravity, the subcooling of the liquid, and the liquid velocity.

Each of these effects has been demonstrated in many different experiments,



[16],[30],[32],[361,[40],[46]-[49],[50],[51].

The emphasis of the present study is on the investigation of the
behavior of the liquid-vapor interface and its effect on the heat transfer.
It was felt that many of the basic aspects of this problem could be ex-
amined under relatively simple conditions in which the heating surface is
vertical, the liquid is at the saturation temperature and all velocities
are due to free convection only. These experimental conditions were there-
fore selected. The present study will include both analytical and experi-
mental work on the film boiling process.

Stable film boiling probably lends itself more readily to an analy-
sis than the other boiling mechanisms. Primarily, this is due to the rel-
ative orderliness of the process. In film boiling, the phases remain sep-
arated, and locally the vapor -flow can be considered to depend on only one
dimensional variable.

Much of the analytical work in film boiling has assumed that the
vapor flow is laminar and‘that the vapor-liquid interface remains smooth,
[31,[4]1,191-{111,132]1,[34],[361,[391,[47],[491,[50]. The results of this
type of analysis appear to agree with experiments of film boiling with cryo-
genic liquids such as liquid nitrogen or liquid argon on a vertical surface
no longer than two or three inches. For other fluids, and for longer ver-
tical surfaces, these analyses generally underpredict measured heat transfer
coefficients.

Several investigators [8]1,[27],[28],[41], have noted that, after a
relatively short flow length, the vapor Reynolds numbers become quite high
indicating a probable turbulent transition within an inch or two of the

bottom of a vertically oriented solid in film boiling. This may partially



explain the underprediction of heat transfer rates by a laminar analysis,
as the heat transfer can be expected to be higher for a turbulent flow
under the same external conditions. One of the objectives of this work
is to gain a better understanding of the nature of the vapor flow and to
develop the parameters which determine the heat transfer in film boiling.

In addition, many analyses also include the assumption that the
vapor-liquid interphase boundary remains smooth, and that the vapor flows
in a smooth channel formed by the wall and the interface. Several authors,
however, [8],[27]1-[29]1,[351,[371,[38],[41], have reported the observation
of a wavy or irregular vapor-liquid interface through high-speed photo-
graphy. Many attempts at explaining theeffects of this observation have
been made, none of which give entirely satisfactory agreement with experi-
mental data.

There also has been much speculation concerning the question of the
existence of liquid-solid contacts in stable film boiling. A few authors
(12],[27],[341,[37]1,[38], have reported evidence, or made the assumption,
that these contacts do océur for certain ranges of parameters, and such
contact could greatly influence the heat transfer process.

The present investigation, as mentioned earlier, is concerned with
the heat transfer in film boiling, especially when the film Reynolds number
is high and the interface is wavy. The investigation is mainly experi-
mental. Measurements were made to obtain heat transfer coefficients and
high speed moving pictures were taken which allowed detailed examinations
of the interface. 1In order to obtain data covering a wide range of fluid
parameters, experiments were conducted using three fluids (distilled water,

Freon 113, and ethanol).



Some analytical work has also been performed with the purpose of
clarifying the mechanism responsible for causing the instability of the
interface and devising parameters that could be used in the presentation

of the data.



II. PREVIOUS WORK

The earliest recorded observations of film boiling were made by
Leidenfrost [1], in 1756. He measured evaporation rates of water drop-
lets on a heated, polished iron spoon. He noted that when the spoon was
very hot, the evaporation times were quite long and the droplet remained
almost spherical; whereas, when the spoon was not too hot, the drop im-
mediately spread into a thin layer and evaporated much more rapidly.
This relatively slow evaporation rate which occurs at large temperature
differences is characteristic of film boiling.

In 1934, Nukiyama [43] performed boiling heat transfer experiments
using an electrically heated platinum wire submerged in a pool of water.
He reported that the heat transfer in boiling was not a monotonically
increasing function of the heater temperature but exhibited a distinct
maximum and minimum point. This work led to the conclusion that there
exist three distinct modes of boiling heat transfer, nucleate, transition,
and film boiling, and tha£ each mode exhibits a different mechanism of
heat transport.

An analytical approach to heat transfer in film boiling similar to
Nusselts' laminar condensation analysis was suggested by many authors
in the late 1940's [42]. L.A.Bromley [3] was the first to use this ap-
proach and published his results in 1950. He approached the film boiling
problem with the following important assumptions:

1) The wall temperature is a constant.

2) The vapor flow is laminar and controlled by a balance of

buoyancy and shear forces only.
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3) Heat transfer is by conduction only, and all of the heat
supplied to the vapor goes into evaporation of the liquid
phase.

4) The vapor-liquid interface is smooth.

5) The liquid is uniformly at its saturation temperature.

6) The physical properties of the vapor can be evaluated at a
temperature equal to the arithmetic average of the wall and
liquid temperature.

The interfacial shear stress was evaluated by considering two extreme
cases:

1) The vapor flows between two stationary, approximately parallel
planes.

2) The liquid moves in such a way that there is no interfacial
shear.

These last two assumptions alter the magnitude of the numerical coefficient
in the expression obtained for the heat transfer coefficent and must serve
as bounding cases for the‘evaluation of the effect of interfacial shear on
laminar film boiling heat transfer rates. The result for the average

heat transfer coefficient is:

I

Ko go (0. -p.)h
vo v \PL Py fg

0 va(TW—TS) €Y

h=C

where

0.5 SCOSO.732 .

Bromley [ 3] later modified this expression by introducing an ef-

fective latent heat of vaporization
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2
Cp (TW—TS)

h, ‘=h_ |140.34 —¥L
fg fg hfg

to be used to account for the semnsible heat of the vapor. He also sug-

gested the following expressions

3 y T‘{'—T4
= 2 [9) W S (2)
W L) A

w oL

b orar =ty

to account for radiative heat transfer, where ¢’ 1is the Stefan-Boltzmann
constant, € is the emissivity of the solid, and ap is the absorptivity
of the liquid, and h is given by Eq.(l).

Experiments by Ellion [4] and others have shown this result to be
valid for very short lengths of the heated surface (&1" in water). For
‘longer heated surfaces, this result generally underpredicts measured heat
transfer rates.

A slight modification of the analysis by Bromley was made by
Kutateladze [45] with respect to the effect of radiative heat transfer.

Another approach to modeling stable, laminar film boiling is the
application of boundary layer analysis. Koh [9] considered laminar film
boiling from a vertical flat plate by simultaneously solving the boundary
layer equations for the vapor and liquid phases. The interfacial conditions
of equal vapor and liquid velocities, shear stresses and momenta were used.

These equations were solved for the case where the liquid bulk is at rest
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for specific sets of fluid properties. Koh concluded that the interfacial
shear stress in film boiling is quite different from zero, and that the
parameter [pLuL/pvuv] is important to the prediction of the heat transfer.

McFadden and Grosh [52], in a similar study, solved the boundary
layer equations for wvapor and liquid phases, but allowed for wvariable
density and specific heat. The main result of this analysis was that,
near the critical pressure, constant properties cannot be assumed. They
stated that the expressions describing film boiling from a vertical plate
heater and horizontal cylindrical heater were identical in reduced form
to within a multiplicative constant.

Seetharamu et al [31] present a boundary layer analysis for film
boiling from a vertical plate with nonuniform heat flux. Their equations
could only be reduced to soluble form for the case where the heat flux
varies inversely as the one-fourth power of vertical distance.

The effects of liquid subcooling have been included in boundary
layer analyses of stable film boiling. Marschall and Moresco [39] pres-
ent an analysis for constant wall temperature, variable properties, and
liquid subcooling. Results for film boiling of water at atmospheric
pressure, wall temperatures up to 1273°K  and water bulk temperatures
from 343°K to 373°K are given. In another study, Sparrow and Cess [10] in-
.cluded the liquid buoyancy due to subcooling in the equation of motion of the
liquid, and assumed that the vapor-liquid interface is not moving. They
obtained numerical solutions relating the local Nusselt number to a pa-
rameter dependent on fluid properties, wall temperature and liquid sub-
cooling. Nishikawa and Ito [11] modified the interfacial conditions of

Sparrow and Cess by matching vapor and liquid velocities and shear stresses
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at the interface. They obtained a stronger dependence on subcooling, and
discussed the effects of vapor and liquid Prandtl numbers under various
wall temperature conditions. Tachibana and Fukui [48] assumed velocity
and temperature profiles for subcooled film boiling and obtained an ex-
pression for the heat transfer coefficient in terms of the boundary layer
liquid velocity, and the liquid, vapor, and thermal boundary layer thick-
nesses., They also reported heat transfer data for film boiling of distilled
water from a 0.0197 inch diameter horizontal wire. They found that the
heat transfer coefficient increases with subcooling at a fixed value of
wall superheat. Dhir and Purohit [36] have presented an analysis for
subcooled film boiling from spheres, and present a semi-empirical cor-
relation for average Nusselt number.

The effect of forced convection on film boiling, i.e., forced flow
in the liquid phase, has been studied by several investigators. Bromley,
Leroy and Robbers [47] extended Bromley's theory for natural convection
to the case of liquid flow around regularly shaped bodies (cylinders and
spheres) in which the liquid was assumed to have a velocity field satisfy-
ing the potential flow equations. Motte and Bromley [49] later considered
the effect of subcooling on forced convection film boiling, and concluded
that the primary mechanism of heat transfer in the liquid is eddy con-
vection near the vapor-liquid interface. This model has not been developed
very successfully. Many empirical relations for forced convection film
boiling have been presented; however, these relations are generally limited
in their applicability to the specific sets of system parameters and fluid
properties from which they were obtained.

In 1958, Hsu and Westwater [7] published data for film boiling of
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carbon tetrachloride, methanol, and benzene on vertical tubes having
diameters between 3/8 and 3/4 inch, and lengths from 2.6 to 6.5
inches. Their data showed significant deviation from the theoretical
predictions of Bromley [3].

In 1960 Hsu and Westwater [8] presented an analysis for turbulent
film boiling of a saturated liquid on a vertical surface, explaining that
the assumption of viscous flow in the vapor might account for the dis-
crepancy between Bromley's analysis and their earlier measurements. They
argued that at the lower end of the vertical surface the vapor mass flow
rates are small, and hence, the assumptions of laminar vapor flow and a
smooth interface may be valid in this region. However, beyond a certain
height, or alternatively, beyond a critical vapor Reynolds number, transi-
tion to turbulent vapor flow with a wavy interface should be expected.

Thus they proposed that below an elevation, LO’ corresponding to a
critical Reynolds number of 100, Bromley's results are valid. Above the
height LO’ a laminar sub}ayer and a turbulent core was presumed to exist.
In the upper portion of the flow Hsu and Westwater assume the following.

1) Heat is transferred by conduction across the laminar sublayer

only.

2) There is no variation in velocity or temperature across the

turbulent core of the vapor.

3) The velocity profile in the laminar sublayer is given by

+_+
u =y , where
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1
2
+ u + (Tw/pv)
us————1 3 Y5y (3)
(t. /p )" vty
W
4) The interfacial shear is given by
1 2
T,=5C. u___p (4)
i 2 FTP max v
where CF is an empirically determinal two-phase friction
TP

factor taken from data for concurrent flow of air and water at
room temperature.

The results were
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p, = average density of vapor in laminar region
Py = density of vapor in turbulent core

, CPV(TW—TS) 2
hfg = hfg 1+0. 34 R

fg

Compared to Bromley's equation this result was in much better agree-
ment with Hsu and Westwater's experimental data [7], which fell within
* 32% of the above predictive relation. Hsu and Westwater also report
some limited interfacial wave data from high speed motion pictures.

This approximate model was modified in 1963 by Dougall and Rohsenow
[54] to include thermal resistance in the turbulent core. Their results
for heat transfer coefficient are =100% higher than the prediction by
Bromley [3] and ~50% lower than the results of Hsu and Westwater [8].

In 1969, Greitzer [53] built a water channel with walls modeled
after the interfacial profiles reported by Hsu and Westwater [8]. He
then injected a dye tracer in a water flow at an appropriate Reynolds
number. His findings were that a large eddy formed in the wave crest, which
apparently took fluid away from the laminar sublayer, making it thinner,and
decreasing the thermal resistance of the vapor film. Simon et al [55] also
argued that the time averaged thermal resistance in the presence of a wavy
interface is smaller than one obtained from the mean film thickness. Coury
[41] presented a similar hypothesis.

In 1970, Coury and Dukler [27] published a study of turbulent film
boiling on vertical surfaces including the influence of interfacial waves.
Their hypothesis was that the local Nusselt number is time independent

even though the local heat transfer coefficient varies with time. Thus,
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with the assumption of constant vapor thermal conductivity, the vapor
film thickness must vary in such a way that the Nusselt number is con-

(6)

stant, i.e.,
_n(s) _ PsSs

Nu " m
v v

Thus,

where the subscript, s, denotes equivalent steady-state values.

T
(h(t)) =h_ Lim —%—J _dc )
S oo §()
O %

s

The ratio of the time averaged heat transfer coefficient to the equiva-

lent steady-state heat transfer coefficient is called the heat transfer

enhancement factor, C, and is defined by:

RS0
Cc= o

Assuming interfacial waves to be sinusoidal, Eq.(7) gives the following

for the heat transfer enhancement factor:

(8)

where 1 1is the wave amplitude and § is the mean film thickness.
Coury and Dukler then took measurements of heat transfer rates for

pool film boiling of saturated Freon 113 on a vertical surface, and com-
Choosing appropriate

pared this data to the results of their analysis.
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values for interfacial roughness, they obtained approximately 127 mean
deviation from theory, with 87% of points within #* 207 .

In a similar study, Suryanarayana and Merte [28], referring to the
same result for heat transfer enhancement factor obtéined by Coury and
Dukler [27] (Eq.8), brought up the following considerations:

1) The amplitude of oscillations‘is a function of time.

2) The amplitude of oscillations is the same order of magnitude

as the mean film thickness, and, for this range of n, the
heat transfer enhancement factor, C, is very sensitive to
small changes in amplitude.

3) The interfacial waves do not appear to show a regular sinusoidal

pattern.

They suggest that the heat transfer enhancement factor may be ex-
pected to be a function of the vapor velocity, the vapor film thickness,
the surface tension, gravity, and the liquid and vapor physical properties.
As a simplification they proposed that the local Reynolds number of the
vapor could be used as an indication of the amplitude of interfacial oscil-
lations. Using data for film boiling of saturated liquid nitrogen at
temperature differences between 100 and 315°R from vertical cylinders
6 inches long and from 1 to 2%— inches in diameter, the best fit was ob-

tained by using

C=0.548 Re0'187 . (9)

With this functional form for C, experimental values were within + 30%
of their analytical predictions. In the same paper, Suryanarayana and Merte

present experimental measurements of the variation of vapor film thickness
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with time and with height for film boiling of saturated liquid nitrogen
from an isothermal vertical surface at a temperature difference of 315°R.

Greitzer and Abernathy [29] present a laminar analysis of pool film
boiling from a vertical surface where the vapor-~liquid interface exhibits
a three-dimensional wave structure. They state that their analytical model
is not applicable when the dimension of the heating surface perpendicular
to the vapor flow is much smaller than one wavelength. Their results
for heat transfer coefficient were compared to the data of Hsu and Westwater
[8] for pool film boiling of methanol, argon, and nitrogen, with a maxi-
mum discrepancy of about 20%. However, compared to data for pool film
boiling of Freon 113 obtained during the present study, their analytical
results for heat transfer coefficient were low by a factor of three to
four, and did not accurately predict the variation of heat transfer coef-
ficient with height.

Baum et al [35] observed film boiling of water and Freon 113 on
vertical surfaces. They reported that, in the vertical direction, the
interface is initially smooth, but, in a relatively small distance, takes
on an oscillatory appearance. They also stated that in the film boiling
studies, these interfacial oscillations appeared to be repelled before
contacting the heating surface.

They propose a model wherein the heat removal capability of the
vapor in film boiling is assumed to be directly proportional to the average
vapor velocity. They account for the eddy diffusivity in turbulent flow

by obtaining an effective thermal conductivity from the following relation:
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Re-Re
k ook {1 |t (10)
et v CRIT
where Re is the transition Reynolds number with a suggested value

CRIT
of 500.

By comparing their analytical results to experimental data for pool
film boiling of Freon 113 at a pressure of 31 psia, they suggest a constant
value of 1.22 for the heat transfer augmentation factor due to the pres-
ence of waves on the vapor-liquid interface. Thus, their expression for

the heat transfer coefficient is:

h=1.22 —£f
§
where (11)
L
o lOOquuV 5
hfgpv(pL-ov)
and keff is given by Eq;(lO).

It should be mentioned that the model proposed by Baum et al [35]
assumes the average vapor film thickness and vapor Reynolds number to
be invariant in the vertical direction. This seems to be in conflict with
the fact that the local Reynolds number is proportional fo the vapor mass
flow rate, which must increase in the vertical direction, and with pub-
lished data on the average vapor film thickness in film boiling, which is
consistently reported to increase with elevation.

In another study, Andersen [37] proposes a laminar flow model of

low-flow film boiling heat transfer from a vertical surface similar to
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that of Bromley [3]. The basic assumption is that the film will not grow
indefinitely, as is the case in the theory by Bromley, but will break down
due to the Helmholtz instability. Assuming the liquid bulk to be at rest,

the most unstable wavelength to the Helmholtz instability is given by

A =274 ——— . (12)

He states that interfacial instabilities with a wavelength given by (12)
are the most likely to occur. They will cause the film to break up, and
the vapor will leave the interface as bubbles. A new film will then form
and grow until it also becomes unstable. Andersen approximates the length
L of the film by the most unstable wavelength given by (12) in Bromley's
expression for average heat transfer coefficient [3]. Accordingly, the

resulting equation is:

1
. kzhfépi(pL—ov)4g4 11
h=c1 A (13)

2
uV(TW—TS) o

where 0,3321= cy <0.5498.

Leonard et al [38)] compare the expression for average heat transfer
coefficient given by (13) with single rod quench tests conducted at the
General Electric Company, with reasonably good agreement. However, when
compared to data for film boiling of saturated ethanol, (13) was found to
underpredict heat transfer coefficients by about 100%.

In 1966, Bradfield [12], reporting visual observations of droplet

film boiling studies, concluded that liquid-solid contact exists in the



22

stable film boiling regime. Ten years later, Farrar and Marschall [34]
presented experimental results for pool film boiling of a calcium sulfate
solution at atmospheric pressure from a submerged sphere. They observed
that at temperature differences above 8500C, the calcium sulfate was de-
posited on the sphere as small spots, indicating probable liquid-solid
contacts. They postulate that, above this temperature, the interfacial
wave activity is violent enough to propel liquid droplets across the
vapor film and against the heated surface, where they are vaporized.
Borishanskii [14] reported data he had taken of film boiling of
saturated ethanol and ethyl ether on a vertical graphite tube having a
diameter of 6mm (0.236 in.) and a length of 270mm (10.63 in.). The most
important aspect of this work was the discovery that the linear dimension
of the heating surface did not affect the heat transfer. That is, for a
constant wall heat flux over the entire surface, the measured temperatures
did not significantly vary in the vertical direction. Borishanskii also
suggests that Bromley's [3] expression for average heat transfer coefficient

(1), may be valid when the quantity

1
G 2
[(DL—pv)g]

is substituted for the linear dimension of the heated surface.
Borishanskii and Fokin [56] report data taken for free convection
film boiling of ethyl ether, ethanol, n-hexane, water, and benzene on
vertical stainless steel tubing from 3mm (0.118 in.) to 6mm (0.236 in.)
in diameter and from 37mm (1.46 in.) to 287mm (11.3 in.) long. Through

dimensional analysis they obtain for the convective heat transfer
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coefficient:

3 3
gk p_p
h,=0.28 | —— L (14)
uV
when
g6 p_p
2x10% < ——2"—L< 1.4x10°
uV

where & 1is the average vapor film thickness.
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ITI. ANALYSIS OF THE FILM BOILING HEAT TRANSFER PROCESS

The object of this section is to derive an expression for the heat
transfer in free convection film boiling of a saturated liquid on a verti-
cal surface. This analysis is undertaken with the intention of determin-
ing the physical parameters which affect the heat transfer. These pa-
rameters are then to be used as an aid in the presentation and discussion
of the experimental data. No attempt is made to obtain a complete mathe-
maﬁical representation of the complicated film boiling process; the proper
relationship of these parameters will be determined by experiment.

Previous investigators have derived heat transfer prediction methods
on the basis of one of the following assumptions:

1) The vapor flow is laminar, and the vapor-liquid interface

is smooth. The velocity and temperature profiles in the
vapor can be obtained by solving the applicable forms of the
Navier-Stokes and energy equations with appropriate bound-
ary conditions.

2) The vapor flow is turbulent and the important flow features

can be determined by comparison to similar turbulent flows
such as in a turublent boundary layer on a flat plate.

It can be clearly demonstrated that the vépor Reynolds number be-
comes quite high in a relatively short length, and thus, turbulent flow
appears to be a reasonably good assumption for long surfaces. However,
previous analytical approaches to turbulent flow film boiling, such as

that of Hsu and Westwater [8], do not correlate well with experimental

measurements.
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The present approach is similar to that suggested by S.G.Bankoff in
the written discussion following the paper by Hsu and Westwater [8]. Ac-
cordingly a simple power relationship between thé friction coefficient and
Reynolds number is assumed. Bankoff suggests that the Blasius relation,

Tw 1/4

=0.046 Re

5 (15)

is applicable. However, one cannot expect the flow in film boiling to be
precisely modeled by the turbulent boundary layer on a flat plate, and the
exponent as well as the multiplier of the Reynolds number could well be
different.

Considering the configuration illustrated in Fig.2, the total mass

flow rate per unit width of the film can be expressed as:

m=n pvu06 (16)

where u is the maximum vapor velocity, and n is a numerical constant.

0
Assuming zero vapor velocity at the wall (y=0) and at the interface
(y=8), Eq.(16) holds with n=2/3 for laminar flow between parallel flat
plates, Experimentaliy, Eq.(16) has been shown to be a good approximation
with n equal to 7/8 for a turbulent flat plate boundary layer. Since
Eq.(16) is valid for these two different types of flow having similar
geometrical boundary conditions, it seems quite reasonable to assume that

Eq.(16) is also applicable to the present problem.

Next, for the friction coefficient a relationship of the form
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Cp= I—Ty—?=b Re (17)
2 °vY%

is assumed. For a laminar flow between two stationary flat plates, b=8,
and c=1; and, experimentally, for a turbulent boundary layer, b=0.046,
and c=1/4. Since Eq.(17) is valid for these similar types of flow, it
is reasoned that the general form of Eq.(17) will be suitable for the

analysis. From Eq.(17),

u c
_b 2 v
T 2PvY% <u p 8 ) (18)
0'v

A force balance in the vapor, ignoring changes in vapor momentum in
the x-direction, and assuming equal wall and interfacial shear stresses,

leads to

_ - _ 2 My ¢
ZTW—(pL—pV)gGrvpLgd—bpvuO <u 5 6) . (19)
. 0"v
And, solving Eq.(19) for & gives,
c/ (1+c)
o /e fuy 1/ (1+e) (2-c)/ (T+c) (209
EVCEORTE Y 0

where y=pv/pL .
An energy balance for the vapor neglecting changes in vapor kinetic

energy and enthalpy in the x-~direction shows that

an _ Iy
h

dx (21)

fg
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Substituting Eq.(16) into (21) gives

q

d _ W
npv'ZBE(uOG) =4 - (22)
fg

And, using Eq.(20) to eliminate § from (22) one obtains

S A A W g\ S (23)
dx 0 b1/(l+c) c hf
n P, YHy g
Integrating Eq.(23) in x with u0(0)=0 results in
1/3 +
- / q x (14+¢)/3
R TERTEL h ; (24)
n b OyY My fg
and, Eq.(24) and (20) give,
1/3 u2Y 1/3 q x (2-c)/3
8= (2—c)/3 ) h : (23)
no P8 olfe
v
An expression for the Stanton number, CH , analogous to Eq.(17)
is now assumed to hold:
h -Cc. -
C.= ——— = BRe, Pr . (26)
H pvuocPv J

For laminar flow between two closely spaced, stationary flat plates, B=1,
c=1, and m=1; and, experimentally for a turbulent boundary layer on a
flat plate, PB=b/2=0.023, c=1/4, and m=2/3. Following similar arguments

to those justifying the use of Eq.(17), it is reasoned that the general
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form of Eq.(26) will be applicable to this problem. Equation (26) then

becomes

u c

_ v -m

h—squOcP (p ” %) Pr (27)
v v 0

and, substituting (24) and (25) into (26) one obtains

q x (1-2¢)/3

. B 2/3,  ,1/3,1/3,-1/3; -m <_l__> . (28)
v h
v fg

= 173 (1-2¢)73 v Sp ¥y
n v

Constructing a dimensionless heat transfer coefficient, subsequently called

the film boiling number, N Eq.(27) may be written

FB
qx (1-2¢)/3
h -1/3_ -m
N_,= =Ky Pr N e (29)
FB <uvg >1/3 <uvhfg>
v v
where K= WE (?—2c)/3
b n
Noting that from Eq.(16)
p u. 8 .
Re6= v 0 =2
Yo 2%

we have
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Re .= a . (30)

Thus, Eq.(29) can be rewritten as

(1-2¢)/3

A -1/3 -
NFB—AY Pr mReG (31)
where
B
A= —F=
p1/3
and
h
Npp (u g>l/3
p_¢C P
A PV Py
For a laminar flow between closely spaced, parallel, stationary flat
plates, c¢=1 and m=1, and therefore
_a-1/3 -1 -1/3
NFB-AY Pr Re(S (32)

which is equivalent to the Bromley [3] solution for constant heat flux.
For a single phase, turbulent boundary layer on a flat plate, we

have, experimentally, c¢=1/4, and m=2/3, giving,

_a.-1/3..-2/3_ 1/6
NFB—AY Pr Re(S . (33)

Interestingly, taking c¢=1/2 in Eq.(31) produces the following

expression:
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-1/3

N =Ay Pr " . (34)

FB

In this case, the dependence of the heat transfer coefficient on vertical
position has been eliminated.
As mentioned before the expression, Eq.(31),

L =1/3_ - (1-2¢)/3
Npg=Ay ' “Pr “’Re(S

was derived with the intent of developing a relationship which would indi-

cate the governing parameters of the problem, rather than with the expecta-
tion of obtaining an accurate prediction. The relationship represented by

Eq.(31) does serve this function. Comparison with experiments will show

the importance of these parameters.



32

IV. THE STABILITY OF THE VAPOR-LIQUID INTERFACE

Large scale waves have been observed on the vapor-liquid interface
in film boiling, [8], [27]; however, their nature is not well understood.
A Kelvin-Helmholtz approach (see Appendix E) gives wavelengths which are
much smaller than those which are observed experimentally, possibly due
to the following:

1) The vapor flow does not satisfy the potential flow equation.

2) There is significant mass transfer at the interface which is

not taken into account.

A linearized stability analysis of film boiling similar to that
followed by Unsal and Thomas [19] for film condensation is suggested.
This approach assumes viscous flow in the vapor, potential flow in the
liquid, and includes the effect of vaporization on the force balance at

the interface.

Given the configuration illustrated in Fig.3, the interface is mathe-

matically defined by:

I(x*,y*,t*)=y*-5(x*,t*)=0 (35)

where,

6(x*,t*)=§(x*)+neia*(x*_c*t*) (36)

§ is the mean vapor film thickness, n 1is the amplitude of inter-

facial oscillations, and an asterisk (*) denotes a dimensional quantity.

-3

The normal to the interface, n, is defined by:



33

>

SOLID LIQUID

OSOSOSIONOINSIIIOININN

:'TS

NN

NSNS

Figure 3. System Configuration for Linearized Stability Theory



- 28 543
- V*T ax* 36 2, 2
n= = 1 N - i+j (37)
V*I 38 2.3 3%k
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where i and Jj are unit vectors in the x*, and y* directions, re-
spectively.

—- -
The normal velocity of the interface, v,en, is obtained by taking

DI oo 3L 2 .ux
oy 0 e +v. s VAT (38)

and dividing (38) by ]V*II.

_2L
= VAL = = 3t* 38

v, Tg;fT =v,*n= F;;fr %'SE; . (39)
Continuity of mass in the vapor phase is satisfied by letting

u=—w*y* and v=y* . . (40)

Formulating the following dimensionless variables,

t*u
% * *
x= Eo s g= X e 0 BT
§ S 5 u
0
(41)
T-T
— *
B= S ; p= P ; a:@*(s ; c= .C__ .
Ty Ts u? 0
pv 0

where ug is the maximum vapor velocity, gives the following equations

of motion and energy for the vapor:
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=Y o FV U Y =-P -

vyt 'y'xy 'X'yy X Re G )—'-—_ (42)

yxx Yyyy Frl

b bV b == e () ) (43)

Xt TyTxX "X Xy vy xxx xyy

et wyex+wx y Pe (6 XX yy) (44)

where

pvu 8 u pvuOCPv
Re= , Fr= —— |, and Pe= X
My vgs v

It should be noted that the above governing equations limit the
strict applicability of this analysis to laminar flow in the vapor film.

Continuity of normal mass flow across the interface gives:
My L
where
m=p (v -v,))-n (45)
and,
m =py (V,=¥;) 1

Neglecting surface tension (see Appendix E), the momentum theorem

applied at the interface results in:

m v —va =n- cL—n°ov (46)
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where o L denotes the stress tensor in the vapor or liquid.
b
Assuming that the liquid is uniformly at its saturation temperature,

and that the saturation temperature does not vary significantly due to

small pressure oscillations at the interface results in the following

interfacial conditions

8=0 47)

and

> >
qv-n=mvhfg (48)

-3
where q, is the heat flux vector in the vapor, defined as

o -k (T _-T.)
g =k véT= —L W S g5 | (49)
v v S
The liquid phase is assumed to be inviscid, thus,in the undisturbed
state, the bulk of the liquid is at rest. Liquid velocities are therefore
due only to the motion of the interface. Hence, liquid motion at the

interface can have no tangential component. Therefore, continuity of

tangential velocities at the interface gives,

v -T=0 (50)
v

- ~
A

- ~ ~
where t=n x k=i+ %g;-j is the surface tangent unit vector,

Equations (45)-(50) combine to give:

On y=l+eela(X—Ct) where ¢

o ||z
-

. io(x-ct)
wy—laee b (51)
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2
_ Sh _ _ )
p=p;+ —5 (1-v) (ey S )
Pe
=0
where
CPV(TW—TS) o,
Sh= h and vy= —
fg PL
and, we have, on y=0
v =0
=0
wy
=1

(52)

(53)

(54)

(55)

(56)

In the linear stability theory, the stream function, temperature,

and pressure can be expressed in terms of base flow and disturbance quan-

tities. Thus,

io(x-ct)

P=ttop(y)e

G¥E+S(y)eia(x—Ct)

io(x-ct)

=—- +~
P,=P, p(yle

The base flow is steady, hence

(57)

(58)
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It is further assumed that the base flow is a parallel flow:

58
Vim0 ek 7O (59)

It would be more accurate to say

since none of these quantities are truly equal to zero. However, it is
felt that Eq.(59) is a useful simplification to the problem, and is a
good approximation in that any errors introduced by this assumption may
be expected to be of small relative magnitude.

Equations (57) are substituted into the equations of motion and
energy (42)-(44), and terms which contain a complex exponential can be

separated from terms which do not. Thus, the base flow equations are:

- 1 - 1
P4+ —1V _+-—2=0 (60)
x Re "yyy Fr2
. =0 61
Py (61)
)
yy=0 . (62)

And, the equations containing the disturbance quantities are:
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1 2 . — . = , o~
Re (9" - a @')+1a(c+wy)@'—1awyy@=—1ap (63)
12 (¢ —aPprrad (ehy =" (64)
Re L% y =
s’ —a28=iaPe[€§qb(c+E§)S] (65)

To obtain the liquid pressure at the interface, it is assumed that
the liquid flow satisfies the potential flow equations, and is due only

to the motion of the interface. Therefore, at the interface

_ Fo _ gé(x—xo) _ acze ola(x=ct) (66)
P u2 2 Y
v "o

where PO is the hydrostatic pressure at a reference elevation, Xq

The interfacial boundary conditions (51)-(53) are applicable at
y=l+eela(X_Ct). Consistent with the linear stability theory, these con-
ditions must be Taylor series expanded about, and applied at y=1, where

2
terms of order o  and higher are neglected. This procedure results in

the following:

. P g (x-x )6 2 C
S -0 _ 0" 50 (1-98%  on.y-1 (67)
v u2 2 Pe2 y
Pv"o Yo
E§=O on y=1 (68)

6=0 on y=1 (69)
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~ acz Sh2 =
p=-25F 4 220 _(1-4)s's on y=1 (70)

Y Pe2 y

, —
=g on vy=1 71
@ wyy v ( )
S=-¢8 on y=l1 (72)
y
and we have,

Y =0 on y=0 73
v, (73)
B=1 on y=0 (74)
=0 on y=0 (75)
@'=O on =() (76)
S=0 on y=0 (77)

The solution to the base flow problem equations (60)-(62), with

boundary conditions (67),(68),(69),(73) and (74) is:
Tt (o
wy y(y-1) (78)
E;I—Y (79)

Differentiating Eq.(63) and combining with (64) to eliminate 5

gives the Orr-Sommerfeld equation:
NN

2 [z 4 1 2
-2 + -iaR + - - 80
a“g " +a g=-iaRe[ (c wy)(Q o) WYYYQ] (80)

Since (63) holds everywhere in the vapor, it is true in particular
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on y=l. Thus it can be combined with boundary condition (70) to eliminate

~
p, resulting in:

7, 2 — — acze Sh2 -

7 . 1 /
- =iaR + + = 2= (1~ $' 8
¢ a ¢ =ia e[wyycp—(wy c)e Y Pe2 (1-v) y]

on y=1 . (81)

Equations (80) and (65) along with boundary conditions (71),(72),
(75),(76),(77), and (81) constitute the disturbance quantities problem,
which must be solved for ¢(y) and S(y).

¢(y) and S(y) are now expressed as power series in o=a*§ with
the stipulation that o dis small, i.e., that the film thickness is small

compared to the wavelengths of interest. The series may be written as:
2
CP(Y)=CPO (y)+acpl (7)+a"p, (y)+. .. (82)
5(7)=8 ,(y)+aS, (y)+a’S, (y)+. .. (83)

Equations (82) and (83) are substituted into the disturbance equations
and boundary conditions, and successive orders of solutions can be ob-
tained by equating terms containing like powers of o , while neglecting
terms containing higher powers of o .

The zeroth order solutions are:

%= - 2¢7° (84)

Sp=€y - (85)
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And, the first order solutions are:

2 2
s 5 ¢ 4 Jac 18h .. 3
cPl—_lgRe lSy—6y—{6Y+3 z(lY) y
Pe
2 2
T N TR DI R O g (86)
by 3 2 _ 2
Pe
_. 151 4 ¢ 3.,c 3
Sl—lePe [—Sy +5y R +(6 10)y] (87)

The second and higher order terms are considered to be negligibly small
for sufficiently small values of the Reynolds number.

The quantity %o > corresponds to the disturbance to the dimension-
less stream function, 1V, when the entire interface is displaced as a unit

from y=1 to y=l+ec , that is for a=a*=0. 1In this case,

- 4 3,2, 2
b=vtey= 3 ¥ 2y -2ey

and, at y=lt+e ,
y= % (1+3E)—2(l+2€)—2€=——§— - 2¢
With no disturbance,
y=-2

and thus displacement of the interface causes a change in the dimension-

less stream function ¢ by an amount

AYy= - 2¢
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This implies that there is an increase in volume flow rate in the
film due to displacement of the interface away from the solid surface.
This cannot be true, and is an artifact of the no slip boundary conditions
imposed on the velocity combined with the restriction that the base flow
remains unchanged when the interface is perturbed.

The error introduced is of the order §¥%==3e which is considered
to be negligible for infinitesimal disturbances.

There is a concomitant artificial increase in the sensible heat of
the vapor due to the zeroth order temperature perturbation So(y) when
the interface is displaced as a plane unit, and similar arguments hold in
this case; i.e., the error introduced by holding the base temperature pro-
file fixed as the interface is displaced is of small relative magnitude,
and should not affect the resulting stability criteria.

The stability criteria can be considered by substitution of Egs.
(84)-(87) into the interfacial boundary condition (48). Equation (48)

results in:

%2—8'(1)=ia[@(1)+ec] . (88)

Applying (81) and (82) gives

32 [sg(1)+as? (1) I=ialg,(D+ag, (D+ec] . (89)

And substituting (84)-(87) into (88) gives
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oRe 2 oRe . Sh Sh . 7
m (G.C) +{ 6 +i(1+ T) (oc) - 52 -ia(2+ E Sh)
2 1 1 Sh2
-0 Rej =+ - === (1-y) =0 (90)
5 6 Pe2

Recalling that the disturbance quantities contain a complex expo-

nential of the form

ia(x-ct) iax —-iact
e =e e s

it is evident that it is the sign of the real part of the product -ioc
which determines if these disturbances will grow or decay with time. There-
fore, if the imaginary part of oac 1is nonzero and positive, the disturbance
will grow with time.

If the nondimensional complex frequency, w, is defined by

e
w=o.c= wk§ (91)
Yo

the dispersion relation, Eq.(89), can be rewritten as

oRe 2 aRe | . Sh Sh . 7
12y w +~{ 3 +i(1+ 3) W = o ia(2+ 10 Sh)

_ 1w’
6 Pe2

wn|

~-a Re (1-y) ¢t =0 (92)

and disturbances will be:
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Stable if Im[w(a)]<0
Oscillatory if Imfw(a)]=0 (93)
Unstable if Imfw(a)] >0 .

The behavior of w(o) is strongly dependent on the parameters Re,
Sh, and Pe, and cannot easily be determined analytically.

A computer program has been written which solves Eq.(92) for any
particular set of fluid and system properties. The results of this work
are presented, compared to experimental measurements, and discussed in
Section VIII-B. Some further considerations on the assumptions made in
the derivation of Eq.(92), and on its region of validity, are presented in

Appendix E.
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V. EXPERIMENTAL APPARATUS

A. General Description

The equipment used in this study was selected and designed with
the following objectives: 1) measurement of heat transfer rates and
temperature differences occurring in pool film boiling of saturated liquids
from a heated vertical cylinder at a pressure of one atmosphere; 2) simul-
taneous visual observation of the characteristics of the vapor-liquid
interface. These observations were to be sufficiently accurate to allow
comparisons with measured heat transfer conditions and with related analy-
tical work.

The test chamber is designed so that an electrically heated cyl-
inder can be suspended vertically along its centerline. The chamber is a
rectangular pyrex glass vessel with a machined aluminum top. The chamber
is placed inside a protective rectangular enclosure fabricated from plexi-
glass and perforated metal. The enclosure has two doors on opposite sides
which can be opened for photographic observation. A high speed motion
picture camera is mounted on a tripod next to the enclosure. A 500 watt
medium-flood lamp is placed on the other side of the enclosure to provide
illumination for the photographic observations.

The test chamber is equipped with an immersion heater to establish
operating temperatures in the bulk of the fluid. This temperature (usually
the saturation temperature) is maintained by a 500 watt disk heater in place
below the test vessel.

The test section consists of an electrically heated cylinder, which

is held near its top end by an asbestos part which is machined to fit into
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the aluminum top of the test vessel. The aluminum top, with the test
section in place, is raised and lowered from the outside of the protective
enclosure by a simple offset sliding arm mechanism with a screw clamp to
secure the top in place. A photograph of the installation is included

as Fig.4.

It should be noted that there is some physical danger associated with
immersion in a liquid of a cartridge heater of the type used in this in-
vestigation. If the sheath material is flawed in any way which allows
liquid to penetrate into the internal heating area, rapid vaporization
can cause the heater to rupture violently. This occurred during one test
run, and glass and hot fluid were sent flying in the laboratory. Thus,

a protective enclosure was provided as described and goggles were used
during this type of experimentation.

The wall temperature of the test section is measured by several
thermocouples distributed along the outside of the rod, and the test vessel
is equipped with a free thermocouple to measure the fluid bulk temperature.

The voltage supplied to the test section is controlled by a variable
autotransformer, and the power consumption rate is measured with a digital
voltmeter and an AC ammeter appropriately placed in the circuit. This is

represented schematically in Fig.5,

B. Test Section

The test section used in this investigation is an electric cartridge
heater manufactured by the Rama Corporation in San Jacinto, California.
The heater is cylindrical, and is 12 inches in length and 0.5 inches in
diameter. The heating is supplied by passing electric current through

nichrome resistance wire which is wrapped in a coil around a ceramic core.
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The wire wrapped core is surrounded by an Incalloy 800 sheath having

a thickness of 1/16 inch and is electrically insulated from the sheath

by a magnesium oxide packing. One end of the sheath is closed with a
welded cap and the other end is sealed with ceramic, with the two electrical
leads protruding.

The test section is designed to operate on 120 volts AC with a rated
power output of 1200 watts. The heating is uniformly distributed over the
surface, with the exception of about 1/2 inch at the lower (capped) end
of the rod. The heating coil terminates just above this capped portion

so that the tip of the rod is not directly heated. A photograph of the

test section is presented in Fig.6.

C. Controls and Instrumentation

The voltage supplied to the test section is controlled by a Power-
stat model 1126 variable transformer with 120V input, and 0-135 volts
output, with a 15 amp maximum current rating. The supply voltage is mea-
sured with a Hewlett-Packard model 3465A digital multimeter, and the current
supplied to the rod is meésured with a Weston model 904 alternating current
ammeter.

The surface temperature of the test section is obtained by measuring
the voltage generated by thermocouples which are spot welded to the outside
of the Incalloy 800 sheath. From four to eight 0.020 inch diameter chromel-
alumel thermocouple junctions are distributed along the surface of the
cartridge heater. These junctions are made by spot welding a chromel wire
to the selected point on the heater, ;nd then welding an alumel wire approxi-

mately 1/8 inch away from the first weld at the same elevation on the rod.

This method of thermocouple attachment assures that the measured temperature
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as actually that of the surface. It also produces a smaller irregularity
in the heater surface than does the method of attaching both wires at the
same spot, and hence, minimizes the amount by which the thermocouple junction
disturbs the vapor flow.

The bulk temperature of the fluid is measured by a free thermocouple
constructed by butt welding 0.020 inch chromel and alumel wire. Each of
the thermocouples has in its circuit another thermocouple maintained at
32°F in an ice-water bath. By an appropriate connection of the wires, one
obtains an output voltage proportional to the temperature difference between
the two junctions in each circuit. Each thermocouple is calibrated against
a precision thermometer.

All of the thermocouple wires have a fiberglass insulating sheath.
Each of these wires passes through a separate hole in the asbestos rod
holder, and out of the protective enclosure where they are attached to a
Leeds and Northrup thermocouple switch. This thermocouple switch allows
selection of any one of the thermocouples for measurement. The output of
the thermocouple switch is connected to a Hewlett-Packard 3465A digital
multimeter for instantaneous voltage measurement, and to a Hewlett-Packard
17501A strip chart recorder for the study of the variation of thermocouple

voltage output with time.

D. Photographic Equipment

High-speed motion pictures of the structure of the vapor-liquid
interface are taken with a Fastax WF-3 16mm camera. The camera is mounted
on a tripod next to one of the doors of the protective enclosure (see
Fig.7). The tripod is equipped with a special aluminum mounting platform

which allows greater horizontal leeway for camera placement than does the
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standard platform. A 500 watt medium flood light mounted on the opposite
side of the protective enclosure from the camera provides sufficient il-
lumination.

The camera is capable of film speeds of up to 8000 frames per
second. The speed of the camera is controlled by a special transformer
which was supplied by the manufacturer of the camera. A film speed of
2500 frames per second was considered appropriate for observation of the
relevant phenomena. Kodak 2498 RAR black and white reversal film processed
negative was selected for its high contrast and sensitivity. An electron-
ically controlled timing light is mounted inside the Fastax camera, and
flashes with a period of 1 millisecond. This timing light produces dark
bands on the edge of the film, the spacing of which determines the exact
framing rate.

Quantitative measurements and qualitative observations of the photo-
graphic records were made using a Richardson Camera Corporation Model
R-100 film viewer. The magnification of the camera and film viewer combined
produced an image on the screen of the viewer which is about 7.5 times actual
size. The film viewer allows the user to observe the film one frame at a

time, or to observe the recorded motions over a wide range of speeds.

E. Fluid Selection and Related Details

It was considered desirable to perform tests using three fluids
exhibiting a wide range of certain physical properties in order to deter-
mine the parameters which are important in film boiling. Water was selected
as one of these fluids because of its universal usage. Freon 113 and
ethanol were chosen as the other two fluids primarily for the following

reasons: 1) These fluids provide a good physical contrast to water mainly
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because of the differences in the latent heat of vaporization, and in the
densities of the liquid and vapor. These physical properties have been
clearly shown to play a large role in film boiling heat transport. 2)

There is some data for film boiling of these fluids in the literature.

This provides information for comparative purposes, and for determination

of the repeatability and accuracy of film boiling heat transfer measurements
of the type undertaken in this study.

The use of ethanol and Freon 113 as test fluids presented some prac-
tical problems. Ethanol is flammable under certain conditions, and since
a very hot solid was being immersed in the alcohol, some fire preventative
measures were indicated. The solution of this problem was to flood the
top of the test chamber with low pressure nitrogen gas through ports
machined into the aluminum top of the vessel. This drastically reduced
the oxygen concentration in the neighborhood of the free surface of the
ethanol, thus effectively prohibiting combustion.

Additionally, the vapors of ethanol and especially Freon 113, while
having very low toxicity,‘are unpleasant to breathe, and since the pres-
ence of one or more persons during the tests was mandatory, some measures
had to be taken to eliminate the accumulation of these vapors in the lab-
oratory. A fan was installed in the window of the laboratory, and flexible
ducting was run from the inlet of this fan and suspended directly above the
test vessel. In this way the vapor concentration in the room was main-

tained at an acceptable level during the experiments.
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VI. EXPERIMENTAL PROCEDURE

A. Preparation

The cartridge heater with attached thermocouples to be used as the
test section as discussed in Section V, was first cleaned with acetone to
remove any deposits or oxidation which had formed on its surface during
previous tests. The test vessel was then rinsed with water and cleaned
with acetone. The test section was then placed in its asbestos holder and
mounted in the aluminum top of the test vessel which was in its raised
position for preheating, (see Fig.7). The electrical connections for
heating and thermocouple measurements were then made. The reference thermo-
couples were placed within sealed glass tubes filled with water, and these
tubes were inserted into an ice-water mixture and the temperature of the
water in the tubes was allowed to reach an equilibrium value of 32°F.

The test vessel was filled with the selected liquid and placed inside
the protective enclosure and on top of the disk heater. The fume removal
system was activated. If photographic data was to be taken, the cold rod
was lowered into the fluid and the camera was focused. The rod was then
removed and the immersion heater was placed inside the test vessel and
was switched on along with the disk heater. The temperature of the liquid
in the vessel was monitored with the free thermocouple. This heating con-
tinued until the liquid was uniformly at its saturation temperature.

While the liquid was being heated, the preheating of the test section
was begun. The objective was to bring the wall temperature of the test

section as close as possible to the temperature it would attain during the
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film boiling test at the selected conditions. Since the heat transfer
conditions were poorer during the preheating in still air than during
the test with the rod immersed in the liquid, the initial heating was
accomplished at a power level lower than that which would be employed
during the test. The temperatures along the surface of the test section
were monitored by measuring the output voltages of the attached thermo-
couples.

If photographic recording was planned, the camera was loaded with
film, and the floodlight switched on. The camera transformer voltage
was adjusted to select the desired film speed.

When the liquid and test section were at the desired temperatures,

the test procedure was begun.

B. Test Procedure

After the initial preparation of the system was completed, as
described in part A of this section, the liquid in the vessel was at the
desired temperature, and the cartridge heater, with the exception of the
unheated tip, was at a teﬁperature estimated to be near the temperature it
would attain during the test. The presence of a cold section near the
bottom of the rod was considered undesirable, since this section would
not be transferring heat in the film boiling regime, but in nucleate
boiling, and the exact location of the inception of film boiling would be
difficult to determine. For this reason, the unheated tip of the rod was
heated externally with a propane torch to a temperature somewhat higher
than the rest of the section. In this way, there was sufficient heat stored
in the tip of the rod to keep its temperature above the minimum film boil-

ing temperature and the rod completely surrounded by vapor for several
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minutes, which proved to be a more than adequate interval to complete
the desired measurements. Additionally, the rate of change of tempera-
ture with time in the tip section of the rod was sufficiently small, and
the closest thermocouple was still sufficiently far away from the tip so
that the effect of non-steady conditions at the tip of the rod could be
considered negligible. In the region where measurements were made, this
non-steady effect was, in fact, not measurable.

At thisvpoint, the voltage applied to the test section was increased
to the desired level, and the section, in place in the aluminum top of
the test vessel, was lowered into the liquid using the sliding arm mech-
anism, and the set screw was tightened to secure the rod in place. For
ethanol tests, the valve controlling the nitrogen gas flow into the top
of the test vessel was opened slightly to prevent combustion.

The output of the thermocouples on the test section was monitored
with the strip chart recorder. When the output of all of the thermocouples
no longer varied with time, each of the thermocouple readings was recorded.
The test section voltage and current were also recorded at this point.

If high-speed movies were to be taken, the timing light was switched
on and the camera was activated. When the photographic film was exhausted,
it was removed and stored for development.

Often, several runs could be made before the tip of the rod cooled
down below the temperature at which a stable vapor film could be main-
tained. The power input to the test section was changed by adjusting'the
variable transformer setting, the camera was reloaded, and the temperature
of the rod was monitored with the strip chart recorder. When steady tem-—

perature readings were again reached, the test procedure could be repeated.
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C. Test Conditions

Tests were conducted using three fluids, distilled water, ethanol,
and Freon 113 at their saturation temperatures of 2120F, 1730F, and 117°F

respectively. Measurements of wall temperatures were made in saturated

BTU

Freon 113 at several values of wall heat flux between 9,950 5 and
BTU hr ft
36,380 5 . This corresponded to a range of voltage between 70.67
hr ft

and 136.26 volts and of current between 5.41 and 10.25 amperes.

In saturated ethanol, wall temperature measurements were made over

a range of wall heat flux between 15,640 and 36,880 BTU2 , corresponding
hr ft

to applied voltages between 81.6 and 136.2 volts, and currents between

6.88 and 10.39 amperes.

For saturated distilled water, temperature measurements were taken

for a wall heat flux in the neighborhood of 35,500 BTUZ corresponding
hr ft

to an applied voltage of 135 volts and a current of 10.1 amperes. Because

of the power limitations of the rod, and the high value of the minimum
film boiling heat flux fo; water, the range of heat flux over which measure-
ments could be made in water was limited.

In saturated Freon 113, high-speed motion pictures were taken at

several positions on the rod at heat flux values of 20,050 and 11,040

BTUZ . In ethanol, high-speed movies were taken at several elevations
hr ft ] BTU
at heat flux values of 35,870 and 23,110 . The motion pictures for
hr ft BTU
water were taken at a heat flux of about 35,500 5 » as indicated
hr ft

above.
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VIiI. EXPERIMENTAL RESULTS

A. Heat Transfer Measurements

The results of all film boiling measurements are presented in Table 1 .
This table lists for all thermocouple locations and for all experiments
the measured values of the heat flux, the wall temperature, and the calcu-
lated values of the heat transfer coefficients. Three different heat transfer
coefficients are given, one for the total heat transfer, one for the radiative
portion, and one for the convective part.

The variation of the convective heat transfer coefficient with vertical
position at fixed values of heat flux, for selected experiments covering the
available range of heat flux, are presented graphically in Figs.8-28. The
points plotted represent the averages of heat transfer measurements at the
same thermocouple location for values of heat flux within 57 of the wvalue
indicated in the figures.

The convective heat transfer coefficient is obtained by calculating
the total heat transfer céefficient from the measured wall heat flux and
temperature, and then subtracting the radiation component as obtained from
the Bromley formula, Eq.(2). Section II, assuming a solid surface emissivity
of 0.8, and liquid absorptivity of 1.0.

Also plotted on Figs. 8-28 are some expressions for heat transfer
coefficients proposed by other investigators, and some modified results of
the analytical work presented in Section III. These will be discussed in
detail in Section VIII-A.

Of special note in Figs. §8-28 is the marked insensitivity of the

measured heat transfer coefficients to vertical position. The largest
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on the vapor-liquid interface which are recorded in Table 9 represent
the average of all measured wavelengths at a given set of experimental
conditions, and at a given elevation on the test section. Each motion
picture recorded the image of the interface for several seconds, during
which many hundreds of waves passed through the field of view. There
was substantial variation in the wavelengths measured, especially at
higher elevations on the test section. In addition, as the interface was
often undergoing violent motions at higher elevations, disturbances were
exhibiting time varying lengths and amplitudes. Thus, it was quite dif-
ficult at times to specify the length or amplitude of disturbances with
a high degree of accuracy. It should be understood, therefore, that the
data reported for interfacial wave characteristics represent the average
of many individual measurements, and should be treated as mean or most
prevalent values with an accuracy limitation of no less than * 30%Z , and
a standard deviation of at least 20% of the mean.

The variation of average wavelengths with elevation for all photo-
graphic experiments is presented in Figs.34-38. The most interesting
feature here is that the measured average wavelengths increase noticeably
with elevation, but have only a very weak dependence, if any, on heat
transfer rate over the range for which data was taken.

Also on Figs. 34-38 are plotted some results of the analysis pre-
sented in Section IV. These results will be discussed in detail in Section

VIII-B.

2. Qualitative Observations

High-speed motion pictures showed drastic changes in the nature of



59

the vapor-liquid interface when viewed at different elevations. Near the
lower end of the test section (within 1 inch of the bottom, or so) the
interface appeared smooth, almost glassy, with small regularly spaced
waves traveling upwards and growing slightly (see Fig.39).

Somewhat higher along the test section (one to three inches from
the bottom for Freon 113, two to four inches for ethanol and water) these
waves increased in amplitude to the order of the test section diameter.
The surface no longer appeared smooth as smaller waves and ripples were
superimposed on the larger wave structures. The large-amplitude waves no
longer exhibited a regular sinusoidal shape, but appeared very much like
ocean waves about to break towards the lower end of the rod, while propa-
gating upward (see Fig.40). Occasionally one of these large waves would
grow or collapse sharply. Frequently the tip of one of these large, finger-
like waves would break off into the surrounding liquid as a vapor bubble
and float away. Some of these bubbles were recaptured by the vapor farther
upstream. The irregular nature of the interface in this region made meas-
urements increasingly difficult.

At the higher end of the test section (greater than three inches
from the bottom for Freon 113, four inches for water and ethanol) the
interface appeared highly irregular, continuing, however, to exhibit wave-
like motions. The larger waves were very unusually shaped, having very
large peaks extending into the liquid, and troughs having lengths and
amplitudes much smaller than those of the peaks (see Fig.41). Often, a
relatively calm area would appear between waves which seemed to have a
length about equal to that of the wave peak which had just passed. Just

as often, however, a large wave peak would be followed by a small
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depression, and then by another large peak with no intervening relatively
undisturbed areas.

Additionally, the bubbles in the liquid adjacent to the interface
at the higher end of the test section were quite numerous, having been
torn from interfacial wave peaks at lower elevations. These bubbles,
unfortunately, obstructed the view of the interface to a great extent
making quantitative data very difficult to extract.

In fact, above six or seven inches from the bottom of the twelve
inch test section, the interface could hardly be distinguished, which
made meaningful measurements of the wave characteristics impossible in
this region.

Some frames from the high-speed motion pictures have been enlarged
and are presented as Figs.39-47. Each of these figures contains the

description of the experimental conditions under which the image was

obtained.
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VIII. DISCUSSION OF RESULTS

A. Heat Transfer Measurements

1. Experimental Results

The effect of certain variables on the heat transfer in film boiling
of a saturated liquid on a vertical cylinder can be obtained directly from
the experimental data. An inspection of Figs. 8 - 28 which graphically
illustrate the variation in convective heat transfer coefficient with
elevation on the test cylinder, clearly shows the following: for a constant
heat flux in free convection film boiling of a saturated liquid on a vertical

cylinder, the heat transfer coefficient is insensitive to position, at least

over the first ten to twelve inches. In other words, under these conditions,
a constant heat flux surface is roughly equivalent to a constant temperature
surface.

This result leads to three possible simplifications in the reduction
of the data. First, no cqrrection to measured heat transfer coefficient for
axial conduction in the solid need be made, since there is insufficient
axial temperature gradient to produce significant heat flow in that direction.
Secondly, since the temperatures of the heating surface and the liquid do not
vary substantially in the vertical direction, it is reasonable to assume
that the mean temperature of the vapor film is also fairly constant. Thus,
convection of heat in the vapor in the vertical direction can be assumed to
be minimal and can be neglected with respect to the heat transfer across
the vapor. Thirdly, since the mean or film temperature of the vapor is
nearly constant, and the pressure in the vapor does not vary significantly

except for very long cylinders, it is not necessary to allow for variations
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in vapor properties over the length of the heating surface. This simpli-
fies analysis and allows the analytical and empirical results to be more
easily scrutinized for other, more pertinent effects.

Figure 29 graphically illustrates the variation of average heat
transfer coefficient with wall heat flux for film boiling of three dif-
ferent saturated liquids. These results show a slight increase in heat
transfer coefficient with increasing heat flux in the data for ethanol
and for Freon 113. Power limitations prevented the collection of data
for water over a sufficiently large heat flux range to be conclusive in
terms of the dependence of heat transfer coefficient on the wall heat
flux. However, it is reasonable to infer, based on the available experi-
mental evidence, that the dependence of the heat transfer coefficient on
heat flux is relatively very weak, compared to say, that which occurs in
nucleate boiling.

A comparison of the average heat transfer coefficient for the three

BTU

hr ft
These results show that, at the same heat flux, the heat transfer coef-

ficient for saturated ethanol has the highest value of 51.9 ——EE%T~ R

hr ft°°F
the heat transfer coefficient for saturated water is somewhat lower having

__}ﬂﬁ%__ , and the heat transfer coefficient for

hr £t°°F BTU
Freon 113 is lowest at 40.6 — 5.
hr ft© F
ured heat transfer coefficients for ethanol and Freon 113 at the same

saturated liquids at a heat flux value of 36,000 is made in Table 2.

a value of 45.9

. The difference between the meas-

heat flux is much greater than the difference between the heat transfer
coefficients obtained in Freon 113 when the heat flux is varied by a fac-

tor of almost four.

Yet, the differences in the coefficients for the different fluids is
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still surprisingly small, considering the wide variations in the physical
properties. With the system geometry and pressure fixed, the only vari-
able parameters are the applied heat flux, and the location at which temper-
atures are measured. Having shown the relative insensitivity of the heat
transfer coefficient to both of these system parameters, combined with the
observed sensitivity to the choice of fluid, one is led to the conclusion
that, for pool film boiling of a saturated liquid on a vertical cylinder

at one atmosphere, the heat transfer coefficient is primarily a function

of the fluid properties. Of course, many of the fluid properties are

temperature dependent, which implies an indirect dependence on the heat

flux.

2. Comments on Previous Work

Figures 8-28, which present data obtained in this study for local
heat transfer coefficients (minus the estimated radiation component) as a
function of position, also contain published analytical results obtained
by several previous investigators. One of the curves plotted in Figs.8-28
represent the Bromley [3] equation for the local heat transfer coefficient.
This equation consistently underpredicts measured heat transfer coefficients
by 50 to 75%. It must be realized, however, that Bromley's work is based
on the assumption of laminar vapor flow and this condition exists only for
a small portion of the data, and was never intended to be applicable be-
yvond this range. As will be discussed later in this section, there may,
however, be other complicating effects which may contribute to the limita-
tions of this equation.

The analytical results obtained by Hsu and Westwater [8], Eq.5,
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Section II, for turbulent film boiling on a vertical surface is also
plotted on Figs. 8-28. It is clear that this expression generally over-
predicts measured heat transfer rates, especially when compared to the
data for ethanol and for Freon 113. One of the main assumptions in this
analysis is that the total thermal resistance of the vapor is directly
proportional to the thickness of the laminar sublayer adjacent to the
heated surface. Comparison to other turbulent flows indicates that this
may be a valid assumption. The overprediction of the heat transfer may
be due in part to the method of estimating the laminar sublayer thickness
and/or the model selected for the velocity profile. Additionally, the
turbulent core of the vapor film may provide significant thermal resis-
tance as shown by Dougall and Rohsenow [54].

Also appearing in Figs. 8-28 are curves representing the analytical
work of Andersen [37] for free convection laminar film boiling on a verti-
cal surface. As mentioned in Section II, Andersen assumes that the film
will not grow indefinitely, but will break down due to the Kelvin-Helmholtz
instability, and start anew, forming a further stretch of laminar flow.
Photographic data obtained in the present study showed no evidence of
contact between the liquid bulk and the heated solid. It is felt that
an occurrence of this sort would have been easily observed, and thus the
vapor film does not completely "break down'" under the conditions selected
in this experimental investigation. Additionally, the observed interfacial
waves have substantially larger wavelengths than those which are predicted
by a Kelvin-Helmholtz approach. Based on these observations, it is con-
cluded that any laminar analysis will be inadequate for prediction of heat

transfer rates on moderately long vertical surfaces, since the uninterrupted
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flow path of the vapor is sufficiently long to make turbulent flow a
virtual certainty. As can be seen in Figs.8-28 , the curves representing
the equation derived by Andersen consistently underpredict measured heat
transfer coefficients.

The correlation obtained by Borishanskii and Fokin [56], Eq. (14),
Section II, for free convection film boiling from a vertical surface is
plotted in Figs. 8-28. It should be noted that this correlation exhibits
no dependence on the vertical dimension of the heated surface, which is
consistent with the experimental evidence. This correlation predicts the
measured heat transfer coefficients well for film boiling of ethanol and
water; however, it overpredicts the heat transfer coefficients for film boiling
of Freon 113. This result will be discussed in greater detail in the
following subsection.

It is clear, from comparison of the experimental data obtained in
this investigation to the analytical expressions and experimental corela-
tions obtained by prior ipvestigators, that a truly accurate prediction
method for the heat transfer rates in natural convection film boiling
from a vertical surface does not yet exist. This is probably due to a

lack of complete understanding of the heat transfer mechanisms.

3. Comments on Analytical Results and Comparison with Data

The semi-empirical approach to turbulent free convection film boil-
ing heat transfer on a vertical surface undertaken in Section II was
based on the assumption of a simple power relation between the friction

coefficient, CF , and the vapor Reynolds number (Eq.l17) of the form
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along with an analogous expression (Eq.26) for the Stanton number,
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These assumptions led to the following expression (Eq.31) for the film

boiling number, NFB:
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For single-phase, forced convection, turbulent flow over a flat
plate, ¢ and m are usually taken to be equal to 1/4 and 2/3 re-

spectively, giving (Eq.33),

., =-1/3_.-2/3
_NFB—AY Pr Re(S

1/6

q x
where A 1is a constant. Recalling that Res = g , this result

v fg
implies a one sixth power dependence of the heat transfer coefficient

on the vertical dimension. Experimental measurements have shown practically
no variation of the heat transfer coefficient with elevation; certainly

the dependence, if any, seems to be even weaker than a one sixth power
relation. However, the experiments undertaken in this work involve heat
transfer measurements covering only one foot or less of heated surface,

and perhaps measurements on a longer surface might show some dependence on

the vertical dimension. Therefore, it was felt that Eq.{(33) might be one
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of the possible correlations which may describe the present data as well

as data which may be taken in the future, and it will be used for comparison
with the present results. In addition, it was considered to be pertinent

to further develop Eq.(31) to see which exponent would lead to an expression
that would be independent of height.

Using c¢=1/2 in Eqs. (16) and (26) leads to Eq.(34)

NFB=By"l/ 3™
where B is a constant. This expression provides for a heat transfer
coefficient which is completely insensitive to position, which agrees
well in that respect with experimental results. The selection of different
values of ¢ may appear to be somewhat arbitrary, yet it is to be realized
that the flow in the film is certainly different from that in the boundary
layer of a flat plate and a value for c¢ different from 1/4 should
certainly not be unexpected.

Equations (33) and (34) were compared to experimental data to obtain
appropriate values of the constants A and B. It was found, however,
that neither Eq.(33) or (34) could fully account for the measured fluid-
to-fluid variations in heat transfer coefficient. The quantity NFB is,
at the same heat flux in all three fluids, high for water, in a middle
range for ethanol, and low for Freon 113. This variation of NFB with
the different fluids could not be fully accounted for by the right hand
sides of either Eq.(33) or (34).

At this point it should be noted that the correlation obtained by

Borishanskii and Fokin [56], Eq.(14), Section II, can be rewritten in the
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following form:

N_=0.28y"/ %pr ! 14")
This expression is of very similar form to Eq.(34), especially since the
Prandtl number of most vapors is very nearly unity. Of special interest
is the fact that Eqs. (34) and (14') were derived in entirely different
ways. Equation (14’) is based on the results of a dimensional analysis
using the laminar flow equations combined with some rather pragmatic as-
sumptions, and on the results of an extensive experimental investigation.
These findings were then used to determine the relationship between the
parameters obtained. Equation (34) results from the application of em-
pirically determined parametric relationships for single phase forced con-
vection, with some modifications, to the film boiling process.

While Egs. (14’) or (34) will satisfactorily model the process for
the data taken by Borishanskii and Fokin for ethyl ether, n-hexane, and
benzene, and for ethanol and water, they are quite inaccurate when ap-
plied to film boiling of Freon 113, producing heat transfer coefficients
which are high by approximately 100%. It is felt that this anomaly is due
to an aspect of the film boiling heat transfer process which has not been
taken into account, and which becomes quite evident ﬁhen measurements
are taken using a fluid with an unusually low latent heat of vaporization.
Freon 113 has such a low value of latent heat of vaporization which is
approximately 7% of the value for water, 33% of the value for ethanol, and
457 of the value for n-hexene.

This unknown aspect of the heat transfer process probably, then,

has to do with phase change, as the latent heat of vaporization is clearly
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a parameter. Further data analysis has pointed out that the temperature
of the heated surface, or alternatively, the wall heat flux must also be
involved. One possibility is that, with high vapor velocities near a
wavy vapor-liquid interface, small droplets of the liquid are torn from the
interface and entrained in the vapor flow. These droplets could either be
propelled onto the hot solid, as reported by Farrar and Marschall [34], or
be vaporized by the surrounding superheated vapor. In either case, the
heat transfer mechanism would be modified by the presencé of this moisture
and the heat transfer coefficients would be higher than expected in the
absence of droplet entrainment. This type of phenomenon would tend to ex-
plain the higher than expected values of NFB for film boiling of water,
and the lower than expected values of NFB for film boiling of Freon 113.

The very high latent heat of vaporization of water would indicate
that any additional vaporization associated with droplet entrainment could
significantly decrease the temperature difference required to dissipate
the heat generated in the solid. And, conversely, the very low latent
heat of vaporization of Freon 113 would indicate that the occurrence of
vaporization away from the interface would not greatly improve the relative
efficiency of the heat transfer process.

A precise quantification of this effect would require knowledge of
the volume fractions of liquid drops, along with a method of specifying
their rate of vaporization. This information is not available at the
present time.

Since neither an applicable theory nor experimental verification
and measurements of liquid droplet entrainment characteristics were avail-

able, it was proposed that the effect of possible vaporization away from
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the interface might be accounted for by one additional dimensionless
parameter. An effort was made to obtain a logical grouping of relevant
quantities. A dimensionless parameter relating the enthalpy associated
with heating a unit mass of vapor from its saturation temperature to the
wall temperature to the latent heat of vaporization was constructed.
This quantity, which has occurred in other two-phase flow analyses in
somewhat different connections, is generally called the superheat number
and is defined by:

cp (TW—TS)

Sh=
hfg

It was proposed that some power of the superheat number, Sh , could, at
least in part, account for the effect of possible vaporization away from
the vapor-liquid interface. Thus Egs. (33) and (34) were modified to the

following forms:

—m
NFB=Ay'l/3Pr lpe Mgy 1 (94)

-m b
NFB=By'l/3Pr 28h z (95)

As can be seen, it was decided to allow the exponent of the Prandtl number
to float in both equations. The data was reanalyzed to obtain the best-fit

and B, b, and m,. This resulted in the fol-

values of A, b 2 2

1’ ml,

lowing set of expressions:



71
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Equation (96) results from letting c¢=1/4 in Eq.(31) and (97) results
from letting c¢=1/2 in (31). Both of these expressions represent the
present results in a satisfactory manner.

The experimental results for convective heat transfer coefficient
along with the predictions of Eq.(96) are presented in Tables 3,4, and 5
for all data points. The experimental results for average convective
heat transfer coefficient along with the predictions of (97) are listed
in Tables 6,7 and 8.

Curves illustrating the variation of convective heat transfer coef-
ficient with vertical position as given by Egs. (96) and (97) are plotted
in Figs. 8-28 along with the experimental data and labeled present work.
The curves representing (96) are labeled c¢=1/4, and those representing
(97) are labeled c=1/2. Both expressions fit the data to within * 20%
for 90%Z of all points.

While both Eq.(96) and (97) model the process quite well for the
experimental data obtained during this study, preference must be given
to the functional form of the latter, Eq,(97). Equation (97) more pre-
cisely models the measured insensitivity of heat transfer coefficient to
vertical position and to heat flux and more clearly isolates the influence
of the latent heat of vaporization. Equation (96) is not preferred since

it contains the vapor film Reynolds number, which depends on the wall heat
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flux, and the vertical position, i.e.,

Equation (96) is presented in graphical form in Figs. 30,31, and 32 for
the data for ethanol, Freon 113, and water, respectively. Similarly,
Eq.(97) is presented in Fig.33 for the data taken for film boiling of all
three fluids. Figures 30-33 provide a comparison of experimental measure-
ments to the correlations Eq.(96) and (97) for all of the data in dimension-
less form. As can be seen, the comparison is quite satisfactory. The
majority of those points which deviate from calculated values by more than
207% represent data taken within one inch of the lower end of the test
section. In this region, the assumption of turbulent flow may not be a
good one, resulting in poor agreement with Eqs.(96) and (97), and the pre-
dictions of a laminar analysis, such as that due to Bromley [3], may be
adequate. Additionally, at the lower end of the test section, the inter-
face is relatively smooth, and the vapor flow rate is small, decreasing,

the probability of liquid droplet entrainment in the film.

B. Interfacial Wave Characteristics

1. Comments on Theory of Section IV

In Section IV, the following dispersion relation for interfacial

waves (Eq.92) was derived:
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This result was derived on the basis of certain simplifying assumptions
with respect to the nature of the vapor flow, which,it is felt, are rea-
sonable approximations, although they may not be entirely consistent with
the actual physical process. The assumption of parallel flow in particular
may not be completely justified as mentioned in the derivation. However,
any errors generated by this assumption are not believed to affect the
present development in a major way, since the vapor velocity and the tem-
perature gradients in the vertical direction must be small in comparison

to the horizontal gradients, and the angle between the interface and verti-
cal is small except near the region of film boiling inception. The condi-
tions are generally met and hence, the errors introduced by the parallel
flow assumption are considered to be acceptable.

Certainly the use of the laminar flow equations Ilimits the strict
applicability of Eq.(92) to the small region of vapor flow near the lower
end of a vertical surface wherein the flow is known to be viscous. How-
ever, it was hoped that some information derived from this equation could
be used to interpret the phenomena observed in the turbulent flow areas.
This interpretation might then serve as some indication as to the validity

of mechanisms which were assumed to generate the wave motion.

2. Results of Theory

A computer program was designed and implemented to solve Eq.(92)
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for various sets of fluid properties and system parameters. The program
had access to files containing the values of the vapor properties as a
function of the vapor film temperature. The program initially required
specification of the fluid, the wall heat flux, the wall temperature, and
the position of interest on the test section. After this information was
accepted by the program, an upper limit, lower limit and incremental value
for the nondimensional wave number, a, were supplied. The program would
then generate the dimensionless complex frequencies, w, corresponding

to the selected values of a.

Since the flow was considered to be turbulent in the regions of
interest, an approximate turbulent profile consistent with the heat trans-
fer analysis of Section III was entered in the program. This profile was
used only to obtain the maximum vapor velocity, Ug» and the average vapor
film thickness, 5.

Of primary interest is the variation of the imaginary part of the
dimensionless complex frequency, w, with the dimensionless wave number.
The general form of the results is presented graphically in Fig.48, wherein
Im(w) dis plotted against o. There are several important features in
Fig.48. First, the value of o for which Im(w)=0 is termed the critical
wave number, as and is the theoretical stability boundary. All waves
having lower wave numbers (higher wavelengths) are predicted to be stable,
and all waves having higher wave numbers (lower wavelengths) should grow
to finite amplitudes.

Secondly, the value of o corresponding to the maximum of Im(w)
is termed the "most unstable" or "most dangerous" wave number, A Waves

having this wave number (or corresponding wavelength AD=2ﬁ§/aD) should,
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in theory, grow most rapidly, at least initially.
Of note is the fact that the curve is rather flat in the region of
maximum growth rate, and thus one might expect to see a spectrum of waves

of finite amplitude having wave numbers in the neighborhood of oy whereas,

if oy corresponded to a very sharp peak in Im(w), one would expect to

observe waves having the corresponding wavelength, AD’ almost exclusively.
Also of interest is the variation of the locations of an and ap

with the vapor Reynolds number. As the Reynolds number is increased, both

an and oo attain lower values. This indicates that one should expect

to observe longer wavelengths at higher elevations, and at higher values

of heat flux, since the Reynolds number will increase in either case.

3. Experimental Results and Comparison to Theory

High—-speed motion pictures of free convection film boiling on a
vertical cylinder in three saturated fluids were analyzed for the purpose
of extracting data on the characteristics of waves on the vapor-liquid

interface. Motion pictures were taken at various elevations in saturated

ethanol at wall heat flux values of 35870 BTU2 and 23110 BTUZ , in

hr ft hr ft

saturated Freon 113 at wall heat flux values of 20060 BTU2 and

BTU hr ft
5 and in saturated distilled water at a wall heat
hr ft

flux of 35430 BTUZ .
_ hrft _
wavelength (AEXP)’ wave speed (c*

REXP)

) were made. These results are presented in Table 9.

11040

The pictures were enlarged and measurements of

, wave amplitude (E£XP)’ and minimum
film thickness (GMIN
As mentioned in Section VII, these results are averages of many measurements,

and should be treated as statistical mean values, giving an indication of

the order of magnitude of the most prevalent characteristic features of
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the interfacial disturbances under a given set of experimental conditions.

It is clear, from Table 9, that there is, indeed, an increase in
average measured wavelength with increasing elevations :in all cases. Ad-
ditionally, the wave amplitudes increase rapidly in the vertical direction
attaining values of the order of the test section diameter (0.5 inches),
concurring with the qualitative observations. The minimum film thickness
increases in the vertical direction, as expected from a simple heat balance.

The effect of heat flux on the observed wavelengths appears to be
minimal, in contrast to theoretical predictions. However, the range of
heat flux over which data was obtained is deemed insufficiently broad for
conclusive evidence as to the effect of heat flux on interfacial wave
characteristics.

The critical wavelengths, Ac, and the "most dangerous' wavelengths,

A corresponding to the experimental conditions under which data was

D’
taken were computed according to the theory of Section IV, and as discus-
sed earlier in this section. These computations are presented in Table 10,
along with the experimentally determined average wavelength, XEXP’ and
the average vapor film thickness, E} maximum vapor velocity, Ugo and
vapor film Reynolds number used in the calculations. The theoretical
values of both critical and "most dangerous' wavelengths are listed along
with the computed oscillatory frequency of the waves, labeled Real [w%].
It should be pointed out that the wavelengths computed by the theory
of Section IV are substantially larger than those obtained using a Kelvin-
Helmholtz approach (see Appendix E). This indicates that vaporization at

the interface is an important aspect of the formation of interfacial waves,

and should not be neglected in the stability theory. This, in fact, is
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considered to be the principal finding of this analysis.

Although wave frequencies were difficult to measure due to the ir-
regular nature of the interface, the predicted frequencies are consistent
with the film speeds required to sufficiently slow down the interfacial
activity.

Comparison of the measured average wavelength, AEXP’ to the com-

puted value of the "most dangerous" wavelength, AD’ and the critical wave-
length, AC, is available in Table 10, and graphical comparison can be
made in Figs. 34-38. The measured and computed ''most dangerous' wavelengths
seem to compare well at elevations of less than one inch in all cases. How-
ever, as the elevation is increased, the measured wavelengths fall substan-
tially lower than the predicted value of AD' As can be seen in Figs.
34-38, all measured wavelengths however, are well within the region of
unstable waves, even though they do not coincide with the waves computed
to have the highest initial growth rates.

To quantify this deviation of measurement from theory, the growth
rate, Imf[w], theoretically corresponding to the measured average wave-
length is compared to the maximum growth rate, Im[wD], corresponding to

the calculated "most dangerous' wavelength, A_, in Table 11. The right-

D’
most column in these tables presents the ratio of the dimensionless growth

rate theoretically corresponding to the measured average wavelength,

Im[w( EXP) ] s

Im(wD). As can be seen, the ratio is near unity at the lowermost end of

to the maximum calculated dimensionless growth rate, labeled

the test section, decreasing to 0.2 to 0.5 at higher elevations. Thus,
while the computed and measured wavelengths may differ by a factor of

fifty or more, the associated theoretical growth rates only vary by a factor
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of about four.
This result is indicative of the fact that, as mentioned earlier,
the curve relating Im(w) to o is not very steep in the region of an
(see Fig.48). Therefore, the prediction of ay, or alternatively AD , is
very sensitive to small errors in the values of vapor velocity, ugs average
film thickness, E', and various vapor properties used in the calculations.
Again, one has to consider the assumptions discussed earlier and
the fact that the actual waves are certainly nonlinear. The fact that the
observed waves have lengths different from the "most dangerous' one, AD’
is, therefore, not surprising. In fact, it is easy to imagine that although
AD is the wavelength with the highest initial growth rate, a different
wavelength may be the most likely one to reach a given finite amplitude.
It is, however, believed to be significant that the observed wavelengths
are within the region of the wavelengths which were calculated to be un-
stable. This fact seems to indicate that the theory presented, even though
very simplified, is able to describe the main features of the wave generating
process. In particular, it appears probable that the evaporation from the

interphase boundary is an important feature in the formation of the waves

whereas surface tension is not, as was pointed out earlier.

C. Effect of Interfacial Waves on Heat Transfer

Qualitative observations and experimental data indicate that there
are drastic changes in the nature of the vapor-liquid interface with eleva-
tion in natural convection film boiling of a saturated liquid on vertical,
uniform heat flux surfaces having lengths greater than an inch or so (see

Figs. 39-47). At lower elevations the interface is smooth, with regularly
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spaced, low amplitude waves traveling in the vertical direction. At the
higher end of the surface, the interface is most irregular, with longer
waves having very large amplitudes, and curved, finger-like shapes. The
surrounding liquid is laden with vapor bubbles, and the entire area is
characterized by violent, large-scale motions.

It is most interesting to note, however, that while the nature of
the interface undergoes such extreme changes with vertical position, in-
spection of the heat transfer measurements made simultaneously indicate
no significant variation in heat transfer coefficient over the same range
of elevation.

As mentioned in Section II, Coury and Dukler [27] and Suryanarayana
and Merte [28] have investigated the effect of large-amplitude interfacial
oscillations on the heat transfer in film boiling on a vertical surface.
The experimental data of Coury and Dukler [27] for film boiling of sat-
urated Freon 113, and of Suryanarayana and Merte [28] for film boiling
of saturated nitrogen, also show no significant variation of heat transfer
coefficient with height (above one inch or so), agreeing well with the
experimental results of the present investigation.

Assuming that the interfacial waves are sinusoidal, and that they
do not disturb the dimensionless temperature profile in the vapor film,
Coury and Dukler [27] introduce an analytical heat transfer enhancement
factor, C, representing the ratio of the mean heat transfer coefficient
with an oscillating film to the heat transfer coefficient with a steady

film at the mean film thickness as follows:

C=(l—52)—l/2
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where € 1is the dimensionless amplitude of oscillation, that is, the
ratio of the wave amplitude to the mean film thickness.

Suryanarayana and Merte [28] obtain the same analytical result as
Coury and Dukler [27]jihowever, it is modified empirically. They propose
that the heat transfer enhancement is proportional to some power of the

film Reynolds number and experimentally obtain the following form:

C=0.548Re60'187

The expressions above indicate that the effect of large interfacial
waves is an augmentation of the heat transfer. Since the amplitude and
violence of the interfacial waves increase in the vertical direction,
one would expect to measure relatively large increases in the measured
heat transfer coefficients if, indeed, interfacial waves were to cause
an augmentation of the heat transport mechanism. As mentioned before,
these increases are not borne out by experiment.

Based on the present experimental evidence, then, it may be con-
cluded that under conditions of natural convection film boiling of a
saturated fluid on a vertical surface, there is no enhancement of the
heat transfer as a direct result of the presence of large-amplitude waves
on the vapor-liquid interface, at least over the first foot or so. The
waviness of the interface may induce liquid droplet entrainment in the
film, which would improve the efficiency of the heat transfer mechanism,
and this was assumed in the formulation of Eq.(97). It appears doubtful,
however, that the presence of the waves alone will increase the heat

transfer coefficient as compared to that which would be obtained with a
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smooth interface. In fact, it is quite feasible that the presence of
interfacial waves diminishes the efficiency of the heat transfer process,
if one considers the following possibility.

One of the difficulties in theoretically predicting film boiling
heat transfer coefficients may be that the actual interfacial waves ob-
served are very large. As a consequence, adjacent to the wave peaks,
there can be very little transfer of heat from the wall to the liquid.
The significant portion of the heat transfer must be occurring in the
small wave troughs, and in the intermittent calm areas, which appear to
cover no more than half the vertical length of the heated section at any
given time. The vapor generated in these sections must be the major con-
tributing factor in the growth of the wave peaks.

The vapor present near the peaks and in the pocket-like shapes
formed by the peaks is probably effectively stagnant. As a consequence,
the vapor mass flow which is involved in the transport of heat from the
solid surface to the inte;face might be significantly smaller than that
which is calculated from a simple model in which quasi-parallel vapor
flow is assumed. Experimentally, it can be shown that the time averaged
thickness of the vapor film is much greater than that predicted in the
absence of interfacial waves. Thus the average velocity of the vapor may
be significantly smaller than expected. This would increase the temperature
difference required to transfer the generated heat and could cause the
heat transfer coefficients to vary more slowly with position than expected
from a turbulent flow-smooth channel analysis, which predicts a heat
transfer coefficient which increases with height.

The above explanation is highly speculative, and a great deal of
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experimental and analytical verification would be required to substantiate
these arguments. However, it is clear at this point that the large waves

do not directly augment the heat transfer.

D. Areas for Future Study

As a result of this investigation it is clear that the present level
of understanding of the film boiling heat transfer process is still im-
perfect especially when the geometry involves long vertical surfaces.
The nature of the vapor flow in the film is still somewhat in question,
as are the characteristics and effects of the interfacial waves. Further
investigations are certainly justified and a few suggestions are offered.
Experimentally, some investigation into the nature of interfacial

waves is indicated. One can envisage a series of experiments in which
the vapor flow in film boiling is approximated by injecting a gaseous
substance at an appropriate rate through a vertical surface and into a
pool of liquid. Comparison of the nature of the gas-liquid interface
under these conditions to the interfacial oscillations occurring under
actual film boiling conditions would shed more light on the effect of
vaporization on the interfacial waves. This comparison would also test
the hypotheses underlying the present explanation. Additionally, this
kind of experimentation couid easily lend itself to measurement of liquid
entrainment characteristics [60].

Another approach which would reveal any possible impingement of
entrained liquiddroplets would involve film boiling of a scaling salt
solution on a long vertical surface, similar to the experiments of Farrar

and Marschall [34] with spheres. Under these condtions, any droplets which
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impinge on the solid surface will leave a salt deposit providing a clear
indication of contact.

Film boiling experiments involving very long vertical surfaces
would be enlightening in terms of the nature and effect of extremely
large amplitude interfacial waves, and would provide more information
on the film boiling process at very high vapor Reynolds numbers. One
would like to see hot wire anemometry involved in such a setup to meas-
ure turbulence levels and perhaps actual vapor velocities.

These studies would, hopefully, lead to a quantitative understanding
of the effects of interfacial waves on the heat transfer, including the
possible reduction of average velocities and heat transfer surface area,
the effect of possible liquid droplet entrainment, and the possible role
of droplets actually impinging on the solid surface.

Other aspects of film boiling are also in need of further investi-
gation, both experimental and analytical. Among these are the effects
of subcooling, forced conyection, and the influence of gravity and system
pressure. The present state of quantitative information in the area of
film boiling, and in fact, in all regimes of boiling, is still quite in-
complete. The need for improved information will continue to exist, par-
ticularly in order to assess problems associated with nuclear power gen-
eration, the operation of large cryogenic facilities, and perhaps, the

development of improved heat treating processes for large structures.
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IX. SUMMARY AND CONCLUSIONS

Surface temperatures in pool film boiling of three saturated liquids
(ethanol, Freon 113, distilled water) on a 0.50 inch diameter, 12 inch
long electrically heated vertical cylinder have been measured as a function
of position and applied heat flux. High-speed motion pictures of the
interfacial wave patterns accompanying the heat transfer have been re-
corded and analyzed for qualitative and quantitative information on the
nature of interfacial disturbances.

A semi-empirical analysis of the heat transfer in turbulent pool
film boiling of a saturated liquid on a vertical surface has been per-—
formed, and the results compared with heat transfer measurements. The
results of the analysis were modified to better represent the empirical
data. The modification is thought to represent the effects of possible
liquid droplet entrainment in the vapor film.

A linearized stability analysis of the vapor-~liquid interface in
laminar flow film boiling has been performed. This analysis includes the
effects of mass transfer on the force balance at the vapor-liquid inter-
face. The results are extrapolated into the region of turbulent flow
film boiling for comparison to measured interfacial wave characteristics.

On the basis of the experimental and analytical results, the fol-
lowing conclusions can be made:

(1) The measured heat transfer coefficient for free convection

pool film boiling of a saturated liquid on a moderately long
vertical cylinder exhibits little, if any, variation with

vertical position, and only a relatively weak dependence on



85

the heat flux from the solid surface.
(2) The heat transfer data for three saturated fluids (ethanol,
Freon 113, and distilled water) may be predicted well from

the following experimentally modified analytical relation:
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(3) There is a possibility of liquid droplet entrainment in
the vapor film indicated by the dependence of the measured
heat transfer coefficients on certain fluid properties,
most notably, on the latent heat of wvaporization.

(4) The nature of the vapor-liquid interface exhibits drastic
changes with elevation, being very smooth and showing only

small, gentle disturbances at lower elevations, while



(5)

(6)

(7
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becoming extremely violent with a very large amplitude and
irregular wave structure at higher elevations.

No contact seemed to occur between the bulk of the liquid and
the heated vertical surface under the experimental conditions
employed in this investigation.

Evaporation from the vapor-liquid interface is an important
feature in the generation of interfacial waves, while surface
tension is not.

The interfacial activity does not directly augment the heat
transfer, as had been expected from some previous analytical
results. In fact, there is a good probability that these
waves tend to lower heat transfer coefficients due to the
significant amounts of relatively stagnant vapor located in
the large wave peaks. However, the waves may have an indirect
augmenting effect by enhancing the rate of liquid droplet

entrainment in the vapor film.
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APPENDIX A

EXPERIMENTAL APPARATUS
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Figure 6. Photograph of Test Section and Vessel
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Figure 7. Photograph of Experimental Apparatus Including Fastax Camera
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APPENDIX B

HEAT TRANSFER RESULTS
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TABLE 1. HEAT TRANSFER EXPERIMENTAL DATA

SATURATED ETHANOL

QW( 2 2) x(in) TW(OF) hTOTAL( BTUZO > hR( BTUZO > hc< BTUZO)
hr ft hr ft °F hr ft  F hr ft F

35010 1.5 962 44,4 5.1 39.3
35010 3.0 923 46.7 4.8 41.9
32440 1.5 914 43.8 4.7 39.1
32440 3.0 879 46.0 4.5 41.5
30080 1.5 873 43.0 4.k 38.6
30080 3.0 837 45.3 4.1 41.2
26340 1.5 794 42.4 3.8 38.6
26340 3.0 766 bb 4 3.6 40.8
23530 1.5 730 42.3 3.4 38.9
23530 3.0 703 444 3.2 41.2
34860 4.5 890 48.6 4.5 44,1
34860 6.06 914 47.1 4.7 42.4
34862 7.44 848 51.7 4.2 47.5
31550 4.5 836 47.6 ' 4.1 43.5
31550 6.06 859 46.0 4.3 41.7
31550 7.44 793 50.9 3.8 47.1
29170 4.5 794 47.0 3.8 43,2
29170 6.06 817 45.3 4.0 41.3
29170 7.44 764 49.4 3,6 45.8
25880 4.5 731 46.4 3.4 43.0
25880 6.06 758 44,3 3.6 40.7
23040 4.5 676 45.8 3.0 42.8
23040 6.06 709 43.0 3.3 39.7
34980 4.5 909 47.6 4.7 42.9

6.0 918 47.0 4.8 42.4

7.5 841 52,4 4,2 48,2
31960 4.5 870 45,9 4.4 41.5

6.0 874 45,6 4.4 41.2
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(CONTINUED)

SATURATED ETHANOL (CONT'D)

Qw(thfUt 2) x| Ty hTOTAL(hrBthUZOF> "r (hrBthUZOF) e <hrBthU2°F>
31960 7.5 808 50.4 4.0 46.4
29540 4.5 826 45.3 4.1 41.2

6.0 830 45.0 4.1 40.9

7.5 773 49.3 3.7 45.6

26140 4.5 749 45.4 3.5 41.9
6.0 764 44.2 3.6 40.6

7.5 731 46.9 3.4 43.5

23530 4.5 698 44.8 3.2 41.6
23530 6.0 714 43.5 3.3 40.2
34360 1.0 854 50.5 4.3 46.2
2.0 920 46.0 4.7 41.3

3.0 931 45.4 4.9 40.5

4.5 858 50.2 4.3 45.9

6.0 842 51.4 4.2 47.2

7.5 845 51.2 4.2 47.0

9.0 861 50.0 4.3 45.7

10.5 854 50.5 4.3 46.2

31640 1.0 827 48.4 4.0 bh .4
2.0 884 44.5 4.5 40.0

3.0 896 43.8 4.6 39.2

4.5 813 49.5 4.0 45.5

6.0 795 50.9 3.8 47.1

7.5 795 50.9 3.8 47.1

9.0 826 48.5 4.1 44 .4

10.5 825 48.6 4.1 44,5

34940 1.0 891 48.7 4.5 44,2
.0 953 44.8 5.0 39.8

3.0 955 44 .7 5.1 39.6
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SATURATED ETHANOL (CONT'D)

Qw(%) x(in) | T, C°F) hTOTAL( BTUzo ) hR( BTUZo ) hc( BTUZo )
hr ft hr ft F hr ft  F hr £t~ F,

34940 4.5 852 51.5 4.3 47.2
6.0 836 52.7 4.1 48.6

7.5 863 50.7 4.3 46.4

9.0 905 47.8 4.7 43.1

10.5 878 49.6 4ok 45.2

31780 1.0 832 48.2 4.0 4.2
2.0 890 444 4.6 39.8

3.0 895 44.0 4.5 39.5

4.5 799 50.8 3.9 46.9

6.0 777 52.6 3.6 49.0

7.5 809 50.0 3.9 46.1

9.0 850 47.0 4.2 42.8

10.5 861 46.2 4.3 41.9

28900 1.0 769 48.5 3.6 44.9
2.0 829 44,1 4.1 40.0

3.0 833 43.8 4.1 39.7

4.5 746 50.5 3.5 47.0

6.0 727 52.2 3.4 48.8

7.5 759 49.4 3.6 45.8

9.0 805 45.8 3.9 41.9

36880 1.0 940 48.1 4.9 43.2
2.0 |1017 43.7 5.6 38.1

4.5 857 53.9 4.2 49.7

6.0 932 48.6 4.8 43.8

7.5 866 53.2 4.3 48.9

9.0 904 50.5 4.7 45.8

33120 1.0 867 47.8 b4 43.4
2.0 945 42.9 4.9 38.0
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SATURATED ETHANOL (CONT 'D)

.
QW(hfii?) x(n) | 1, hTOTAL(hriiZ°F> hR<hrii20F> hc(hrii20F>

33120 4.5 796 53,2 3.8 49.4
6.0 872 47.4 4.4 43,0

7.5 819 51,3 4.0 47.3

30380 1.0 802 48.3 3.9 44 4
2.0 885 42.7 4,5 38,2

4.5 743 53.3 3.5 49,8

6.0 822 46,8 4,0 42,8

7.5 835 45.9 4.1 41,8

36290 1.0 889 50.7 4.5 46,2
2.0 972 45 .4 5.2 40.2

3.0 930 48.0 4.9 43,1

4.5 829 55.5 4.1 51.3

6.0 894 50.4 4,6 45,8

7.5 827 55.5 4.0 51.5

9.0 844 54.1 4.2 49.9

10.5 796 58.3 3.9 54.4

32880 1.0 826 50.4 4.1 46.3
2.0 900 45,2 4.6 40,6

3.0 860 47,9 4,3 43,6

4.5 778 54,4 3.7 50,7

6.0 837 49,5 4.1 45.4

7.5 775 54.6 3.6 51,0

36430 1.0 905 49,8 4.6 45,2
2,0 986 44,8 6.3 38.5

3.0 946 47.2 5.0 42,2

4.5 833 55.2 4,1 51.1

6.0 904 49.9 4.7 45,2

7.5 832 55.3 4.0 51,2
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TABLE 1. (CONTINUED)

SATURATED ETHANOL (CONT 'D)

QW< BTU 2) x(in) | T, C°F) | by AL( BTU > hR<——I§I%O—> hc<———@2—0—>

hr ft hrftzoF hr ft  F hr ft™ F
36430 9.0 837 54.9 4.1 50.8
10.5 883 51.3 bab 46.9
33190 1.0 833 50.3 4.1 46.2
2.0 924 44.2 4.8 39.4
3.0 880 47.0 4.5 42.5
4.5 782 54.5 3.7 50.8
6.0 849 49.1 4.2 44.9
7.5 786 54.2 3.8 50.4
29650 1.0 759 50.6 3.6 47.0
2.0 854 43.6 4.3 39.3
3.0 812 46.4 3.9 42.5
4.5 725 53.7 3.3 50.4
6.0 789 48.2 3.8 b4
27330 1.0 | 698 52.1 3.2 48.9
2.0 803 43.4 3.9 39.5
3.0 765 46.2 3.6 42.6
4.5 682 53.7 3.1 50.6
6.0 756 46.9 3.6 43.3
24310 1.0 617 54.8 2.8 52.0
2.0 736 43.2 3.4 39.8
3.0 702 46.0 3.2 42.8
4.5 632 | 53.0 2.8 50.2

21300 1.0 507 63.8 2.2 61.6(7)
2.0 658 44.0 3.0 41.0
3.0 626 47.1 2.8 4.3
4.5 578 52.6 2.5 50.1
36300 1.0 889 50.7 4.5 46.2
2.0 968 45.7 5.2 40.5
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TABLE 1. (CONTINUED)

SATURATED ETHANOL (CONT 'D)

QW(thfUt 2> x(in) | T, O hTOTAL(hrBth[Jz"F) hR<hrBthU20F> hc(hrBthU20F>

36300 3.0 909 49.3 4.6 44,7
4.5 823 55.9 4.1 51.8

6.0 872 52.0 4.4 47.6

7.5 791 58.8 3.8 55.0

9.0 803 57.6 3.8 53.8

10.5 778 60.0 3.7 56.3

32970 1.0 830 50.2 4.1 46.1
2.0 898 45.5 4.6 40.9

3.0 838 49.6 4.1 45.5

4.5 763 55.9 3.6 52.3

6.0 813 51.5 3.9 47.6

7.5 724 59.9 3.4 56.5

9.0 774 54.9 3.7 51.2

29930 1.0 764 50.7 3.7 47.0
2.0 823 46.1 4.1 42.0

3.0 774 49.8 3.7 46.1

4.5 717 55.0 3.3 51.7

6.0 771 50.1 3.7 46.4

7.5 678 59.3 3.1 56.2

27180 1.0 693 52.3 3.2 49.1
2.0 759 46.4 3.6 42.8

3.0 702 51.4 3.2 48.2

4.5 666 55.2 3.0 52.2

6.0 719 49.8 3.3 46.5

7.5 669 54.8 3.0 51.8

24440 1.0 616 55.2 2.7 52.5
2.0 674 4818 3.0 45.8

3.0 622 54.5 2.8 51.7

4.5 611 55.8 2.7 53.1

6.0 660 50.2 3.0 47.2
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TABLE 1. (CONTINUED)

SATURATED DISTILLED WATER

Qw<‘BTU%> x(in) TW(OF) hTOTAL<_J§l%;> hR(‘;EH%S_> hc<i"§l%27)
hr ft hr £t F hr ft  F hr ft™ F
37380 1.0 982 48.6 5.5 43.1
2.0 | 1095 42.3 6.5 35.8
3.0 | 1021 46.2 5.8 40.4
4.5 | 1060 44.1 6.2 37.9
6.0 | 1121 41.1 6.8 34.3
7.5 956 50.2 5.2 45.0
10.5 938 51.5 5.1 46.4
31530 1.0 860 48.7 4.5 44.2
2.0 990 40.5 5.5 35.0
3.0 934 43.7 5.1 38.6
4.5 964 41.9 5.3 36.6
7.5 847 49.7 4ob 45.3
36540 1.0 | 1012 45,7 5.8 39.9
2.0 | 1064 42.9 6.3 36.6
3.0 |1008 45.9 5.7 40.2
4.5 | 1012 45.7 5.8 39.9
6.0 | 1104 41.0 6.7 34.3
9.0 |1025 45.0 5.9 39.1
35610 2.0 |1082 40.9 6.4 34.5
3.0 |1016 44.3 5.8 38.5
4.5  |1025 43.8 5.9 37.9
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(CONTINUED)

SATURATED DISTILLED WATER

Qw(thfUt 2) xm) Tw ( OF) hTOTAL<hr ]?thUZOF> hR<hr }fthgoF> hC <hr BthUZOF>
35610 6.0 | 1095 40.3 6.5 33.8
9.0 | 1055 42.4 6.1 36.1
35430 3.0 986 45.8 5.5 40.3
5.0 912 50.6 4.9 45.7
7.0 | 1010 44, 4 5.7 38.7
3.0 964 47.1 5.3 41.8
5.0 903 51.3 4.8 46.5
7.0 | 1012 44,3 5.8 38.5
35080 3.0 986 45.3 5.5 39.8
5.0 916 49.8 4.9 44,9
7.0 | 1021 43.4 5.9 37.5
35480 3.0 | 1025 43.6 5.9 37.7
5.0 938 48.9 5.1 43.8
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TABLE 1. (CONTINUED)

SATURATED FREON 113

BTU . ° BTU BTU BTU
QW(hr ft2> x| Ty CE hTOTAL(hr ftzoF) hR(hr ft2°F> h°<hr ft20F>
36380 1.0 | 1074 38.0 5.8 32.3
2.0 | 1096 37.2 6.0 31.2
3.0 | 1042 39.4 5.6 33.8
4.5 | 939 44.3 4.7 39.6
6.0 | 1022 40.2 5.3 34.9
7.5 | 938 444 4.7 39.7
9.0 | 989 41.8 5.1 36.7
14020 1.0 | 495 37.2 2.0 35.2
2.0 | 502 36.5 2.0 34.5
3.0 | 452 41.9 1.7 40.2
4.5 | 445 42.8 1.7 41.1
6.0 | 488 37.9 2.0 35.9
7.5 | 433 44.5 1.7 42.8
19480 1.0 | 666 35.5 2.8 32.7
2.0 | 677 34,8 2.8 32.0
3.0 | 624 38.5 2.6 35.9
4.5 | 572 42.9 2.3 40.6
6.0 | 626 38.2 2.6 35.6
7.5 | 595 40.8 2.4 38.4
24540 1.0 | 801 35.9 3.6 32.3
2.0 | 817 35.1 3.7 31.4
3.0 764 38.0 3.4 34.6
4.5 682 43.5 2.9 40.6
6.0 | 769 37.7 3.4 34.3
19530 1.0 | 667 35.6 2.8 32.8
2.0 705 33.2 3.0 30.2
3.0 | 654 36.4 2.7 33.7
4.5 | 600 40.5 2.5 38.0
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TABLE 1. (CONTINUED)

SATURATED FREON 113 (CONT'D)

Qw( o 2) x(in) TW(OF) hTOTAL( BTUZo) hR< BTUZo) hc< o )
hr ft hr ft F hr ft  F hr ft™F
19530 6.0 640 37.4 2.7 34.7
.5 561 44,1 2.3 41.8
9.0 545 45.7 2.2 43.5
10.5 490 52.5 2.0 50.5
24440 1.0 807 35.4 3.6 31.8
2.0 835 34.1 3.9 30.2
3.0 780 36.9 3.5 33.4
4.5 702 41.8 3.0 38.8
6.0 756 38.3 3.3 35.0
7.5 677 43.7 2.9 40.8
9.0 729 40.0 3.2 36.8
28540 1.0 897 36.6 4.3 32.3
2.0 926 35.3 4.5 30.8
3.0 871 37.9 4.1 33.8
4.5 776 43.4 3.5 39.9
6.0 843 39.4 4.0 35.4
7.5 850 39.0 4.0 35.0
13960 1.0 546 32.6 2.2 30.4
2.0 548 32.5 2.2 30.3
3.0 495 37.0 2.0 35.0
4.5 453 41.6 1.7 39.9
6.0 516 35.1 2.1 33.0
11860 1.0 469 33.8 1.9 31.9
2.0 471 33.6 1.9 31.7
3.0 420 39.2 1.6 37.6
4.5 400 42.0 1.6 40.4
9951 1.0 392 36.3 1.6 34.7
2.0 391 36.4 1.5 34.9
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(CONTINUED)

SATURATED FREON 113 (CONT'D)

BTU , o BTU BTU BTU
QW(prft2> x(n) Tw( & hTOTAL(hrftZO§> hR<hrft20F) hc(hrftzoF)

9951 3.0 340 44.8 1.4 43.4
4.5 347 43.4 1.4 42.0

34930 1.0 1050 37.5 5.6 31.9
2.0 1132 34.4 6.4 28.0

3.0 1100 35.6 6.1 29.5

4.5 934 42.8 4.6 38.2

6.0 981 40.5 5.0 35.5

7.5 945 42,2 4.7 37.5

9.0 1050 37.5 5.6 31.9

10.5 1109 35.2 6.1 29.1

31770 1.0 1002 35.9 5.1 30.8
2.0 1073 33.2 5.8 27.4

3.0 1044 34.3 5.5 28.8

4.5 878 41.8 4,2 37.6

6.0 922 39.5 4.5 35.0

7.5 898 40,7 4.3 36.4

23240 1.0 786 34.8 3.6 31.2
2.0 848 31.8 3.9 27.9

3.0 824 32.9 3.8 29.1

4.5 694 40.3 2.9 37.4

6.0 738 37.5 3.3 34.2

13180 1.0 517 33.0 2.0 31.0
2.0 565 29.5 2.3 27.2

3.0 553 30.3 2.2 28.1

4.5 463 38.2 1.8 36.4

9396 1.0 394 34.0 1.6 32.4
2.0 438 29.3 1.7 27.6

3.0 431 30.0 1.7 28.3
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TABLE 1. (CONTINUED)
SATURATED FREON 113 (CONT'D)

Qw( 0 2) x(1in) | T, (°F) h‘I‘OTAL( BTgo) hR( BTUZo) hc( BTUZ
hr ft hr ftF hr ft™°F hr £t°F
9396 4.5 367 37.7 1.5 36.2
11260 1.0 440 34.9 1.7 33.2

2.0 492 30.0 2.0 28.1

3.0 494 30.7 2.0 28.7

4.5 420 37.2 1.6 35.6

11540 1.0 450 34.7 1.8 32.9
2.0 508 29.6 1.9 27.5

3.0 499 30.2 1.9 28.3

4.5 425 37.5 1.6 35.9

6.0 443 35.5 1.8 33.7

7.5 430 36.9 1.7 35.2

9.0 447 35.0 1.8 33.2

10.5 416 38.7 1.7 37.0

13150 1.0 491 35.2 1.9 33.3
2.0 554 30.2 2.3 27.9

3.0 537 31.4 2.2 29.2

4.5 456 38.9 1.8 37.1

6.0 475 36.8 1.9 34.9

7.5 462 38.2 1.8 36.4

9.0 488 35.5 1.9 33.6

10.5 496 34.8 2.0 32.8

15550 1.0 561 35.1 2.3 32.8
2.0 624 30.7 2.6 28.1

3.0 608 31.7 2.5 29.2

4.5 515 39.1 2.0 37.1

6.0 536 37.2 2.2 35.0

7.5 520 38.6 2.0 36.6

9.0 575 34.0 2.3 31.7
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(CONTINUED)

SATURATED FREON 113 (CONT'D)

QW(_BT_U-2> x(in) TW(OF) hTOTAL( BTUZO> hR( BTUZO) hc< BTUZo)
hr ft hr ft F hr ft F hr ft F
18460 1.0 652 34.6 2.8 31.8
2.0 712 31.1 3.1 28.0
3.0 691 32.2 2.9 29.3
4.5 586 39.4 2.4 37.0
6.0 610 37.5 2.5 35.0
7.5 599 38.4 2.5 35.9
16160 1.0 566 36.0 2.2 33.8
2.0 619 32.2 2.5 29.7
3.0 598 33.6 2.4 31.2
4.5 502 42.1 2.0 40.1
6.0 543 38.0 2.2 35.8




i11

TABLE 2

AVERAGE HEAT TRANSFER COEFFICIENTS FOR FILM BOILING OF THREE SATURATED
BTU

FLUIDS AT THE SAME HEAT FLUX VALUE OF 36,000 )
hr ft
Fluid hrorTaL BTI{?_ . h, BTUz .
hrft™ F hr ft~ F
Ethanol 51.9 47.5
Freon 113 40.6 35.3
Distilled Water 45.9 40.2
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Figure 27. Convective Heat Transfer Coefficient vs. Vertical
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Figure 28. Convective Heat Transfer Coefficient vs. Vertical
Position for Free Convection Film Boiling of Saturated
Distilled Water on a Vertical Cylinder
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SATURATED
ETHANOL

FBEXP

] | | |
O l 2 3 4 S

Ngg [Eq. 96]

Figure 30. Comparison of Film Boiling Number Calculated from Eq.96
to Experimentally Determined Value, NFBEXP’ for Film
Boiling of Saturated Ethanol
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" Figure 31. Comparison of Film Boiling Number Calculated From Eq.96
to Experimentally Determined Value, NFBEXP’ for Film
Boiling of Saturated Freon 113
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Neg [Eq.96]

Figure 32. Comparison of Film Boiling Number Calculated From Eq.96
To Experimentally Determined Value, NFBEXP’ for Film
Boiling of Saturated Distilled Water
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Figure 33. Comparison of Film Boiling Number Calculated From Eq.97
to Experimentally Determined Value, Nppgyps for Film
Boiling of Three Saturated Fluids
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APPENDIX C

INTERFACIAL WAVE CHARACTERISTICS
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TABLE 9. PHOTOGRAPHIC EXPERIMENTAL DATA

SATURATED ETHANOL, Q = 35870 —bil_
W ?
hr ft
x(in)  Re. o (in) ¢ A s 1070 T (in)
§ EXP Royp 8 MIN EXP
XP
0.34 116 0.38 20.2 hoh 0.06
1.56 526 0.48 21.9 12.0 0.15
2.75 926 0.59 13.0 13.3 0.29
3.81 1280 0.74 15.8 14.8 0.38
6.56 2210 0.94 14.3 16.7 0.61
SATURATED ETHANOL, Q = 23110 ~2iY
W 7
hr ft
x(in)  Re ToGn) T & s @034 w.. (in)
§ EXP Rogp MIN EXP
XP
0.34 82.2 0.35 16.1 2.7 0.05
1.56 377 0.57 16.1 4.0 0.12
2.75 665 0.70 16.2 8.7 0.25
3.81 921 0.75 18.0 9.7 0.26
5.19 1260 0.87 19.2 10.0 6.32

6.56 1590 1.16 23.0 12,0 0.39
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TABLE 9. (CONTINUED)

SATURATED FREON 113, Q = 20060 —=2
’ W 2
hr ft
<(in)  Re. %.-(m) o A&y s (107%n) 7. (in)
8 EXP R s MIN "Exp
EXP
0.33 291 0.21 - - 0.03
0.75 661 0.31 13.3 6.6 0.06
1.56 1380 0.44 13.1 10.7 0.16
2.75 2420 0.68 12.1 13.3 0.27
3.81 3360 0.65 19.7 - 0.28
5.19 4580 0.75 15.2 18.7 0.36
6.56 5780 1.10 16.8 24.7 0.56
7.97 7030 0.95 11.8 28.7 0.74
BTU
SATURATED FREON 113, Q.= 11040
W 2
. hr ft
<(in)  Re. o Gn) & A 5. (10724n) s (in)
§ - “EXp <p S MIN NExP
0.50 261 0.43 14.2 3.3 0.04
1.56 816 0.56 14.4 8.7 0.10
3.81 1990 0.80 11.5 12.0 0.29
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TABLE 9. (CONTINUED)

SATURATED DISTTLLED WATER, Q= 35430 BTU2
hr ft
x(in)  Re. A..-(in)  cx () s, (1072in) .o (in)
S EXP R s MIN Ngxp
EXP
0.50 28.6  0.48 46.6 2.6 0.09
1.78 102 0.88 33.8 4.6 0.20
3.22 184 1.03 23.0 6.6 0.31
4.66 266 0.99 30.9 6.6 0.36
6.09 348 1.16 27.0 7.2 0.46
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Figure 34. Measured Average Wavelength vs. Vertical Position and
Comparison to Theory for Film Boiling of Saturated
Ethanol on a Vertical Cylinder
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35. Measured Average Wavelength vs. Vertical
Comparison to Theory for Film Boiling of Saturated
Ethanol on a Vertical Cylinder
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Figure 36. Measured Average Wavelength vs. Vertical Position and
Comparison to Theory for Film Boiling of Saturated
Freon 113 on a Vertical Cylinder
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Figure 37. Measured Average Wavelength vs. Vertical Position and

Comparison to Theory for Film Boiling of Saturated
Freon 113 on a Vertical Cylinder
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Figure 38. Measured Average Wavelength vs. Vertical Position and
Comparison to Theory for Film Boiling of Saturated
Distilled Water on a Vertical Cylinder
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Figure 39. Free Convection Film Boiling of Saturated Ethanol on a
0.5 in. Diameter Vertical Cylinder at a Heat Flux of
35780 BTU/hr £t2 from 0.41 in. Below to 1.03 in. Above
the Lower End of the Cylinder
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Figure 40. Free Convection Film Boiling of Saturated Ethanol on a
0.5 in. Diameter Vertical Cylinder at a Heat Flux of
35780 BTU/hr ft2 from 2.06 in. to 3.44 in. Above the
Lower End of the Cylinder
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Figure 41, Free Convection Film Boiling of Saturated Ethanol on a
0.5 in. Diameter Vertical Cylinder at a Heat Flux of
35780 BTU/hr ft2 from 5.88 in. to 7.25 in. Above the
Lower End of the Cylinder



Figure 42.
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Free Convection Film Boiling of Saturated Freon 113

on a 0.5 in. Diameter Vertical Cylinder at a Heat Flux
of 20060 BTU/hr ft2 from 0.41 in. Below to 1.03 in.
Above the Lower End of the Cylinder
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Figure 43. Free Convection Film Boiling of Saturated Freon 113
on a 0.5 in. Diameter Vertical Cylinder at a Heat Flux
of 20060 BTU/hr ft2 from 0.88 in. to 2.25 in. Above
the Lower End of the Cylinder
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Figure 44. Free Convection Film Boiling of Saturated Freon 113
on a 0.5 in., Diameter Vertical Cylinder at a Heat Flux
of 20060 BTU/hr ft2 from 4.50 in. to 5.88 in. Above
the Lower End of the Cylinder
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Figure 45. Free Convection Film Boiling of Saturated Distilled Water
on a 0.5 in. Diameter Vertical Cylinder at a Heat Flux of
35430 BTU/hr £t2 from 0.06 in. to 1.44 in. Above the Lower
End of the Cylinder
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Figure 46. TFree Convection Film Boiling of Saturated Distilled Water
on a 0.5 in. Diameter Vertical Cylinder at a Heat Flux of
35430 BTU/hr ft2 from 2.06 in. to 3.44 in. Above the Lower

End of the Cylinder
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Figure 47. Free Convection Film Boiling of Saturated Distilled Water
on a 0.5 in. Diameter Vertical Cylinder at a Heat Flux of
35430 BTU/hr £t° from 4.5 in. to 5.88 in. Above the Lower
End of the Cylinder
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APPENDIX D

ESTIMATE OF EXPERIMENTAL ERROR
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APPENDIX D

ESTIMATE OF EXPERIMENTAL ERROR

A. Heat Transfer Measurements

1l. Heat Flux Rate

Basic Measurements

Minimum
Measurement Accuracy
Test Section Diameter, D 0.500 in. 17
Test Section Length, L 12.0 in. 2%
Test Section Current, T (amperes) 17
Test Section Voltage, V (volts) 0.1%
Power Factor (determined
from Phase Angle Between
Test Section Voltage and
Current), cos 8 1.0 3%

Calculation of Heat Transfer Rate:

_ IVcos 6 _ BTU
I 26.06 1V

hr ft2

Additional errors in the value of qw may be caused by the fol-
lowing:

1. Nonuniformity of heating coils — guaranteed less than 2%.

2. Axial conduction in test section, given by

2
daT
kt—

Mpc T gx

U %
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]

the thermal conductivity of the sheath material of

the test section 30 __EZE%__ s

hr ft°°F

where k
m

the thickness of the sheath material = 0.0052 ft.

t

The quantity d2T/dx2 was obtained from thermocouple measure-
ments. The maximum value of AqAC/qW for all experimental
measurements is 0.05 (5%).

Thus, the maximum possible error in q, is

Aq
q = + \ cos © + i;-+- L

Aq
w ATI AV  A(cos ®  AD AL _TAC | o014 19
w W

2. Temperature Difference

Minimum

Measurement Accuracy
. . - i11i s o
Calibration Coefficient, E&l%%KQlE 5%

Voltage difference between

thermocouple on test section

and reference junction, AV (millivolts) 1%
(this includes errors induc-

ed by averaging nonsteady

voltage readings)

Calculation of thermocouple temperature:

T, =32°F+84V
tc

where th is the temperatue of the wall at the point of thermocouple

attachment. Maximum possible error in th—TS due to measurements is,
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ffEEE:Egl =.A§.+.§é2 =67
T -T g L Bv "°% -
tc 'S

Additionally, there is an error in temperature measurement induced by the
presence of the thermocouple on the test section. Heat is conducted away
from the surface through the thermocouple leads and transferred to the
surrounding liquid by convection. This causes the temperature of the sur-
face in the neighborhood of the attachment point of the thermocouple to be
lower than it would be in the absence of thermocouple attachment.

In order to quantify the maximum error in temperature due to con-
duction in the thermocouple leads, the sheath material of the test section
is approximated by a massive solid at uniform temperature, Tw’ in a nat-
ural convection environment. Although the sheath is not extremely thick
compared to the thermocouple wire diameter, temperature errors induced by
the thermocouple leads will be much smaller than those indicated by an anal-
ysis assuming the sheath of the test section to be an isothermal, thin flat
plate in a free convection environment, since there is a very large heat
source on the inside of the sheath. Thus, it is felt that the actual config-
uration more closelyresembles an isothermal semi-infinite solid of high
thermal conductivity with respect to temperature perturbations induced by
the presence of the thermocouple. The problem of temperature measurement
error on a convectively cooled, relatively massive solid has been solved
in [59], and the results are presented and discussed in [57]. The results
are presented in terms of three dimensionless groups. These are:

1. The dimensionless temperature error;
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T -T
w tc

b ]
Tw TS

where TW—Ttc is the measurement error,
kA o~ =%
\/—- tanh { (kAR)  *L}
R
2. (*)
mr_ k
tcm
where
KA =k, A +k,
ktc tc J.Ai
Ty
2n <;?——>
R = 1 + tc
h 27nr, 27k,
te i i
and km = thermal conductivity of the test section sheath
ktc = thermal conductivity of the thermocouple material
AtC = cross-sectional area of the thermocouple metal
ki = thermal conductivity of the insulation on the
thermocouple leads
Ai = cross-sectional area of insulation
Teo = radius of thermocouple metal
r, = outside radius of thermocouple insulation
htc = convective heat transfer coefficient between

thermocouple lead and surrounding fluid.
The numerator of (*) comes from fin theory.

3. The Biot number of the solid,



where hS = the heat transfer coefficient between the test
section and the vapor film.

The results of this analysis are presented graphically in (57).

The "worst case' values of the Biot number, and the quantity

(*) are computed using the following values:

- BTU ) =17 —BTU
km_30 hrft F ° ktc 17 hr ft °F

h=30 —S T 3 w20 =25

hrft™ F hr ft™ F

_ BTU . _ -4
ki—O.l m H rtc—8.33 x 10 'ft

ri=0.00108ft ; L=0.5ft ;

giving

B.=1.67 x10

and the quantity

(*)=2.79 x 1072 R

and, from 57 ,

T Tee _ 8Tee =99
T -T AT °
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Since there are two thermocouple wires attached, the maximum
possible error in ATS is obtained by assuming the cooling
effects of each wire to be additive. Thus,
SAT §(T, -T.) SAT
S.__te S 4o _Eo_q0z .

ATS (th—TS) ATS

3. Heat Transfer Coefficient

The heat transfer coefficient is calculated from the measured heat

flux and temperature difference according to:

So, the maximum possible error in h is estimated to be

8q SAT
sho wy _S.o41y -
qW

B. Photographic Measurements

The experimental errors involved in the extraction of data from the
high-speed motion pictures are considered to be insignificant in comparison
to the scatter of the quantities measured. The data reported for inter-
facial wave characteristics represent averages of many measurements for
each quantity. The errors in measurement may be as large as 57 or so due
to aberrations in the lens systems of the camera and film viewer combined
with any possible errors in specification of the film speed. However,
the statistical nature of the data was such that the standard deviation of

data points was consistently greater than 207 of the mean value, and thus,
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a detailed analysis of the measurement errors is considered to be of
little value. The manner in which the results have been interpreted is
reported in Section VII-B, in which the photographic measurements have

been discussed.
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APPENDIX E
FURTHER COMMENTS AND CONSIDERATIONS ON

STABILITY ANALYSIS OF SECTION IV
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APPENDIX E

FURTHER COMMENTS AND CONSIDERATIONS ON

STABILITY ANALYSIS OF SECTION IV

A. The Kelvin-Helmholtz Approach

A Kelvin-Helmholtz approach to the stability of disturbances on the
vapor liquid interface in film boiling is based on the following assump-
tions:

1. The vapor flow satisfies the potential flow equations.

2. The base flow in the vapor is at a uniform velocity, uy-

p
3. Y= -—v<< 2m8

L D

<<1 .

The result of this type of analysis [61] for the most unstable, or “most

dangerous' wavelength, AD’ is:

_ 308
AD—ZW / 5 (98)
p_u

To compare this result to experimental measurements, the following condi-

tions for film boiling of saturated water were selected:

q=35430 T =1.12x 108 —ez8_

hrft2 s—cm2

T =975°F=797°K
w

x=0.5 in.=1.27cm
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giving,

§=2.44 x 10 3em b =3.75 1074 £
cm

u.=1725 & . g=58.9 dyne
0 s cm

Thus, from a Kelvin-Helmholtz analysis,

AD =0.124em=0.049 in.
K-H

Experimentally, the average observed wavelength under the above condi-

tions was, however,

XEXP=0.481n.

and the results of Section IV, when applied to these conditions give:

AD=O.297ln.

For the same conditions, at a higher elevation, namely x=3.22in. (6.18cm),

we have
-3
§=6.20%x 10 “cm
and

= com
u0—3750 <

giving
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Ay =9.05x 10" 2em=0.036 in.
K-H

whereas, the average observed wavelength was,

AEXP=1.031n.

and, the results of Section IV give,

AD=3.821n. .

It can easily be seen that the results of a Kelvin-Helmholtz ap-
proach not only drastically underpredict interfacial wavelengths, but
also predict a "most dangerous" wavelength which decreases with increas-
ing elevation, while the data exhibits the opposite trend.

It is felt that the Kelvin-Helmholtz approach to the present stabi-
lity problem is inadequate. This is believed to be primarily due to the
fact that there is significant mass transfer at the vapor-liquid inter-
face which should be included when the momentum theorem is applied at
that boundary, and which cannot be accounted for in the context of a
Kelvin-Helmholtz analysis. Additionally, while the surface tension force
is the primary stabilizing influence under the assumptions associated with
a Kelvin-Helmholtz analysis, it is felt that this force is, in the present
phenomenon, negligible compared to the forces associated with the ac-
celeration of the liquid phase and the effects of intense vaporization
at the interphase boundary. The linearized stability analysis presented
in Section IV was first completed with surface tension included, and the

numerical results were unchanged when the surface tension was set equal
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to zero.

B. Region of Applicability of Equation (92)

In Section IV the following dispersion relation for interfacial

disturbances was derived (Eq.(92)):

oRe 2 |aRe . Sh Sh . 7
1oy w +~[ 3 +i (1+ 3 ) b w —~ o ia(2+ 10 Sh)

2

—olrell _18h_ (1-y) t =0
5 6 2
Pe

In the linearized stability analysis, the following expansions were made

for the disturbance quantities, ¢(y) and S(y) (Eqs.82 and 83):
(9)=9, () +ap, (y)+ap, (y)+
C‘P y "(‘PO y O‘cPl y ch y L]
S(y)=S (y)+aS, (y)+a’s, (y)+
0 1 2 Tt

Equations (82) and‘(83) were substituted into the disturbance
equations, and successive terms in the power series were obtained by
equating terms containing like powers of o. Additionally, terms con-
taining factors of order uz and higher were considered to be negli-
gibly small compared to those containing ao or al.

Thus, the results of this stability analysis will only be valid

when the expansions (82) and (83) represent convergent power series,

and when

ancpn(y)«%(y) n=1,2,3...
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o’ _(y) << Sy(y)  n=1,2

From Section IV, we have

2
QPO (Y)= —28}7

5,7 ey

occ2 1
+ 'zjy— + E(C—l)-}'

5 1 4 ¢

1 Sh

2

s3...

Pe

o 1 1 4 ¢ 3, .¢c
Sl(y)—lePel:— T Y + 5 ¥ c 7 +(6

k

2
2

3.

10)y

(1-Y)} y%}

|

(84)

(85)

(86)

(87)

Since the stabilitycriterion (92) is developed from the following

interfacial condition, Eq.(89)

an indication of the region of validity of (92) can be obtained by

Sh

Pe

S (l)+OLSl (1)] =ia[gpo(l)+ochl (l)+sc] ,

examining the conditions under which

and

lae; (W] < [y (D]

las, (W] < [5,(D)]
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Thus, it is desirable to have:

2 2
. l, ¢ , ac 158h .
|1aRe[} 5 + 12 + 15;—+ 3 ——5(1 yﬂl< 2 (99)
Pe
and,
liope|- - £ <1 (100)
10 3 :
Sh2
Recalling that w=ac and noting that 5 << 1, (99) and (100) reduce
Pe
to
2
1 ) w 2
R TRE TV = (101)
and,
7 w 1 .
|10 °"3I<Pe . (102)

The values of o and w which are calculated from Eq.(92) can be
used in (101) and (102) to determine the approximate region of validity
of these results.

For the stability boundary, we have a=o = %F§ and w=w and
Im[wc]=0. In this case, the left hand sides of (101) and (102) are suf-
ficiently small for all values of Re and Pe occurring in the course
of this experimental investigation. Thus, the theoretical values of
AC s the critical wavelength, are considered to be sufficiently accurate

for the purposes of this investigation.

A different conclusion, however, has to be drawn for the 'most
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dangerous" wavelength. The '"most dangerous" wavelength (i.e., the most
unstable wavelength) is that for which the imaginary part of the fre-
quency (w=mD) is at a maximum. The corresponding wh&ve number is de-
fined by aD= 2£§__ In this case, inequalities (101) and (102) give limit-

*

ing values of Re and Pe above which accurate results cannot be ex-
pected. When calculated values of oy and W for the range of Re
and Pe -occurring in the experiments undertaken in this study are sub-
stituted into the approximate convergence criteria (101) and (102), the
inequalities are, in general, satisfied for Re<300 and Pe §20. Since
the Prandtl numbers are near unity for the vapors of water, ethanol

and Freon 113, the limitation on the validity of Eq.(92) for calculation

of the most dangerous wavelength can be expressed approximately as:
Re < 20.

Thus, for Reynolds numbers greater than 20 or so, the expansions
(82) and (83) do not represent convergent power series when the calcula-
ted values of an and wﬁ are used. Since the terms @n(y) and Sn(y)
contain the factors Re" and Pen, respectively, the fact that there
result limitations on the values of Re and Pe is not unexpected. Also,
these limitationsare consistent with the use of the equations of motion and
energy for laminar flow in the derivation of Eq.(92), since for large Re
and Pe, the flow will be turbulent, and these governing equations will
not be applicable.

The Reynolds numbers of the vapor film occurring in this investi-

gation were generally greater than twenty, and the applicability of the

analysis to waves of length AD is questionable. However, as shown
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earlier, the results of the analysis are applicable to waves of the
critical wavelength, xc, even when the Reynolds number is large. It is
therefore felt that the mechanisms of wave generation might be properly
modeled in the derivation of Eq.(92), and that the results provide in-
formation which might be helpful in the understanding of the stability
conditions.

On the basis of these findings, the following conclusions can be

made:

1. Equation (92) is useful for determination of the critical
wavelengths, or stability boundary, even in the region where
the vapor flow is turbulent.

2. Equation (92) should not be expected to predict '"most danger-
ous" wavelengths accurately for vapor film Reynolds numbers
greater than twenty or so.

3. Evaporation at the vapor-liquid interface is an important

feature in the generation of interfacial disturbances.



