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Abstract — This paper presents the results of an experimental and theoretical study of heat transfer during
film and transition boiling on vertical surfaces. The theoretical analysis is confined to natural convection
saturated film boiling. while the experimental work shows the effect of bulk liquid velocity with saturated
and with subcooled methanol. The theory is based on a new model of film boiling in which the time
dependence of the phenomenon is taken into account. The predicted heat transfer coefficients show good
agreement with data from different investigators covering a wide range of experimental conditions.

With the experimental apparatus the liquid velocities which can be achieved are high enough and the
subcooling large enough to clearly show the influence of both of these parameters on the heat transfer
coefficient. It is found that as either or both subcooling and liquid velocity are increased, the condition of
the heat transfer surface becomes progressively more important. Although no quantitative analysis is
made for subcooled and/or forced convection film boiling, some qualitative comments on the mechanism of

heat transfer in these cases are presented.

NOMENCLATURE i, viscosity [slug/fts] ;

¢, wave speed [ft/s]: v, kinematic viscosity [ft?/s]:
C,,  specific heat [Btu/slug-deg F]: o, density [slug/ft3] :
g, acceleration of gravity [ft4s?]: a, surface tension [Ib/s].
h,, latent heat of vaporization [Btu/slug] :
B, modified latent heat, h,, + C,AT/2 Subscripts

[Btu/slug] ; L, liquid :
h.,  effective latent heat of vaporization sat, saturation:

(see Appendix) [Btu/slug] : r. vapor:
H, heat transfer coefficient [Btu/hft’deg w wall (heated surface).

F}:

thermal conductivity [Btu/hftdeg F]:
L. heated surface vertical height [ft]:
Pr,  Prandtl number [dimensionless]:

q, heat flux [Btu/hft?]:

T, temperature [deg F];

ke

AT, temperature difference across vapor
film [deg F]:
AT, liquid subcooling [deg F];

U, vapor velocity in radial direction [ft/s] :

W,  vapor velocity in direction normal to
heated surface [ft/s];

0, vapor film thickness [ft] ;

K. thermal diffusivity [ft?/s]:

A wavelength of interfacial waves [ft]:

* Present address: Engineering Building 2H. Pratt and
Whitney Aircraft. 400 Main Street. East Hartford. Connecti-
cut 06108. U.S.A.

A bar (7) over a quantity denotes an averaged
value

INTRODUCTION

FiLm boiling is the regime of boiling in which
the bulk liquid is separated from the heating
surface by a film of vapor. The temperature
difference between the heating surface and the
saturation temperature of the liquid being
boiled is higher than for nucleate boiling, and
for common liquids at pressures near atmos-
pheric is of the order of several hyndred deg F.
The first theoretical analysis of the film boiling
phenomenon was by Bromley [1]. He described
saturated, natural convection, film boiiing on
horizontal cylinders in terms of a laminar. steady
vapor film flowing between the heating surface
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and the liquid. Since then, other investigators
(e.g.[2-8]) have examined both this configuration
and that of film boiling on vertical surfaces in
greater detail, based on the idea of a laminar,
steady vapor film. For pressures that are close to
atmospheric (which is the only pressure condi-
tion of concern in this study) the heat transfer
coefficients predicted by these more sophisti-
cated analyses are quite close to those given by
the simple theory of Bromley. Although the
analyses based on the steady. laminar model
give quite good results when applied to film
boiling on horizontal cylinders with “small”
diameters, it has been known for some years that
they do not apply to cylinders with “‘large”
diameters (more precisely for cylinders where the
diameter is significantly greater than A, =
2ny/[o/lpr. — p.gl. the critical wavelength for
Taylor instability) [9]. Experiments on vertical
cylinders with heights greater than about 2 in.
also yield heat transfer results which are not
in accord with the steady theory, but can be
higher than predicted by more than a factor of
two [10, 11]. In addition, the appearance of the
liquid—vapor configuration in saturated natural
convection film boiling appears to be quite
different from that postulated in other models.
The interface is not smooth but is covered with
large (compared to the steady-state film thick-
ness) amplitude waves. The existence of these
waves is not surprising, as the steady, laminar
vapor film has been shown to be unstable under
the above-mentioned conditions [11]. The waves
can be seen in Fig. 1, which shows natural con-
vection film boiling of saturated methanol on a
vertical cylinder at atmospheric pressure.

In view of the discrepancies between the actual
phenomenon and the laminar model, several
investigators have described the process in
terms of a turbulent vapor film [12-14]. These
turbulent analyses also predict a significantly
lower heat transfer coefficient than the experi-
mentally determined values. In addition they
do not describe those film boiling situations
where interfacial waves exist but the vapor film
Reynolds number is low. For example, the vapor
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film Reynolds numbers for experiments reported
in this paper are below 200, and while the flow
is time-dependent, it is almost certain that the
vapor film is not turbulent.

The existing experimental investigations of
film boiling have, in the main, concentrated on
natural convection with a saturated liquid. In
particular. there has not been a systematic
investigation of the influence of forced convec-
tion and bulk liquid subcooling on the heat
transfer in film boiling on vertical surfaces. For
this reason, the present experimental program
emphasized the elucidation of the effect of these
two parameters.

FLUID MECHANICAL MODEL

Since both the laminar and turbulent heat
transfer theories proposed to date are inadequate
in predicting those situations where the vapor
flow path is long enough for the interfacial
waves to develop, a new model is proposed
taking these waves into account. The model
considers the vapor flow to be time dependent,
though laminar. Radiation heat transfer is not
included since Bromley has shown that the
small radiation contribution can be treated asan
additive term in an approximate fashion [1].
The analysis is based on incompressible fluid
dynamics with constant properties. The vapor
properties will be evaluated at a mean tempera-
ture T,, = T, + AT/2, a procedure which has
been shown to be quantitatively quite good for
film boiling [15].

The physical situation assumed to exist is
shown in Fig. 2. Based on considerable photo-
graphic observation, the interfacial waves are
represented as three-dimensional, with the wave
number perpendicular to the plane of the paper
being the same as that along the heated surface.
Therefore, the model presented here is not
applicable when the dimension of the heating
surface in the direction perpendicular to the
paper is much smaller than a wavelength, as
would be the case for film boiling on a vertical
wire. The wave system is taken to be traveling
vertically upward with a wave velocity c
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Fi1G. 1. Natural convection film boiling on a vertical
surface: saturated liquid, AT = 289 (degrees F).

[facing page 476)
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FiG. 15. Forced convection film boiling on a
vertical tube; saturated liquid, liquid velocity
23-0 ftfs, 4T = 276 (degrees F).

FiG. 16. Natural convection film boiling on a
vertical tube: subcooled liquid, 4T. = 27
(degrees F), 4T = 287 (degrees F).
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Adopting coordinates fixed to the wave system,
the phenomenon becomes steady and the liquid
far from the heated surface moves downward
with a velocity (—c¢) as shown in Fig. 2. Each
wavelength of the liquid vapor interface has a

Free stream liquid

Heated velocity = (—¢) l
surface™—-_
T=Ty

Liquid

Vapor
7= Toat
A Gravity field l

Fic. 2. Model of interfacial waves in saturated natural
convection film boiling (not to scale).

thin and a thick vapor region. Under the
assumed interface configuration almost all of
the heat will be transferred through the thin
vapor portion of each wavelength. The thicker
portion acts chiefly as a vapor reservoir or
bubble for the vapor generated by the heat
transferred in the narrow sections. Justification
for the general features of this model was
obtained from similitude experiments in a
porous-walled water channel [11].

The dominant fluid mechanical and heat
transfer portion of each wavelength is the thin
vapor region. Vapor is created at the interface
and flows out radially. Vapor is also forced
through the narrow gap by the hydrostatic
pressure gradient and by the motion of the inter-
face relative to the heated wall. If we say that the
vapor film Reynolds number is low enough so
that the vapor inertial forces may be neglected
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in these narrow regions, then the contributions
to the pressure distribution in the vapor film
are linear in the velocity. The vapor flow may
thus be broken into the three ‘‘component”
parts mentioned and the significance of each
part examined separately. As far as a gross
picture of the dynamics of the liquid adjacent
to the thin film region is concerned, the only
component of the vapor flow that is important
is that arising from the radial outflow of the
vapor created at the interface. Viscous resistance
to this outflow results in a pressure gradient
which creates higher pressures at the center of
the thin film region than at the edges.
Regardless of what the exact shape of the
interface is (plane or curved) a relation between
some average film thickness, §, and the total
force exerted on the mass of liquid adjacent
to the thin film region can be derived. A force
balance in the vapor film yields
AP u U
ro | 6%
The length, r(, defined in Fig. 3, is a representa-
tive length associated with the size of a thin

(1

Vapor
\ r\Interfoce
Heated
surface
Liguid
T=T
2r
-c=Uy
(Wall velocity) T
8 (vapor film
thickness)

FiG. 3. Sketch of vapor-liquid configuration in regions of
significant heat transfer.

film region and AP is the pressure difference
between the center and the edge of the thin film
region caused by the radial outflow of vapor. A
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mass flow balance between the vapor created at
the interface and that flowing out radially, in
the thin film yields

kAT
o )

Yo Uépb ~

The effective latent heat h,. which is defined
so as to include the effect of vapor superheating.
is discussed in the appendix.

Combining the force and mass flow balances
yields an expression for the total force exerted
by the vapor on the mass of liquid adjacent to
the vapor film,

4
Total force ~ APr ~ Kv%?ﬂ’ﬂ. 3

This force is balanced by the inertial forces in
the liquid resulting from streamline curvature.
Since photographic observation shows that the
bubble dimensions are of order rq, these forces
are proportional to p;c*r3/r, and hence,

APr3 ~ pyc*ri. 4

The pressure in the bubbles can be taken as
constant because vapor inertial forces are
negligible, and the distances are so large that
vapor viscous forces can also be neglected. The
bubble dimensions are large enough to allow
surface tension forces to be neglected in a gross
description of the bubble. Therefore, the hydro-
static pressure increases can only be compen-
sated by static pressure decreases caused by
local increases in the velocity. For large single
bubbles, this balance enabled Taylor and Davies
[16] to predict the terminal rise velocity,
although in view of the rotational nature of the
flow impinging on any one bubble in the present
case, their quantitative conclusions can not be
applied here.

Because the liquid Reynolds number asso-
ciated with the rising bubbles is of the order of
104, the terminal velocity is set by the form drag
associated with the total array of bubbles. A
balance between this drag and the buoyancy
force on the bubble array yields a relationship
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involving the terminal rise velocity, c,

rapLc® ~ (pr — pIgrs. (5)

The length, r,, is some fraction of the wave-
length, 1. Two reasonable estimates of this
fraction can be made by saying either: (1) the
heated surface area adjacent to the thin film
regions is the same as that adjacent to the
bubbles; (2) the diameter of the thin film regions
is half a wavelength. The first assumption
yields ry = A/y/2r, and the second ro = A/4. For
gither case one can substitute A for r, in the
mechanistic arguments which are carried out
here:

prc?A? ~ p(l — pofp)gh? (6a)
vk AT A
pr(l = p/pr)gh’ ~ S (6b)

A heat transfer coefficient, H, averaged over
time, the total vertical heating surface length,
L, and a wavelength, 4, in width can be related
to the other variables already defined. The net
heat added between top and bottom of the
heating surface in a region one wavelength wide
is HATLJ. This must be equal to the heat
content of the vapor passing a horizontal plane
at the top of the heating surface. Since the volume
of vapor which passes this plane is proportional
to the volume of a vapor bubble (1) times the
number of vapor bubbles passing per second
{c/A), the heat balance can be written as,

HATLA ~ 2(c/ApH, (7)

where k' is the latent heat modified to represent
an average vapor superheating in the bubbles
of AT/2. An explicit expression for 4 can now be
obtained from (6a) and (7),

A~ {HATL/[pg*(l — p,/p )1} (8)

It has been assumed that all the heat is trans-
ferred through the thin film sections of each
wavelength. Therefore, an explicit expression
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for H can be obtained using equations (8) and
(6b),

H=¢G

{kiﬁl,k g = p,/ PL}FK
Wu,

v,AT
% i ki
{Lhem[kvg(l - p.;/m)]’}

where G is a non-dimensional constant. To
check this theory or correlation, existing data
for several liquids with widely varying physical
properties has been used. The results are plotted
in Fig. 4. If the theory is valid, the ordinate [the
dimensionless heat transfer coefficient, G, intro-
duced in equation (9)] should be constant. The

(9)

479

means that only the argon, nitrogen, and
methanol points from [12] were used. It can be
seen that the correlation derived above is quite
good, with the limits of scatter as good or
better than those shown in the paper of Bromley
[1]. A least squares fit gives a value of 0-86 for
G_*

An alternative way of comparing the present
theory with experiment is to plot the predicted
dimensional heat transfer coefficient vs. the
experimentally determined value. This is done
in Figs. 5a and 5b, in which the theoretical
predictions of the laminar steady theory and
Dougall’s turbulent theory [14] are also shown.
Because of the different heat transfer mechanisms
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FiG. 4. Film boiling heat-transfer correlation.

abscissa in Fig. 4, C,AT/Prk’, is the obvious
dimensionless temperature difference. It varies
over an order of magnitude showing the widely
varying fluid properties and AT’s of the data.
The length variation for the experimental results
that are shown was a factor of two. In utilizing
the data of Hsu and Westwater [12] only data
in the film boiling regime has been used. In
the absence of a more precise criterion, this was
taken to mean only data points at temperature
differences which were clearly higher than that
corresponding to the minimum heat flux. This

* A reviewer has noted that the quantity
ky, ¥
{hepL{kvg(l - p;/pl,)]é}
does not vary appreciably for all the data shown in Fig. 4
(approximately five per cent). In addition since we are
considering pressures near atmospheric. p,/p; can be
neglected compared to one. Therefore. for these fluids, at
least. if one selects some average value of the above quantity
and treats it as a (dimensional) constant. A. a simpler form
of equation (9) can be written, which may be more convenient
to use in engineering calculations, Thisis

k; HAD
A= 0'86{—“’—“@5} - {—} .
v, AT L
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proposed by the three theories it is necessary to
plot the average heat transfer coefficient, H,
as a function of AT for a given fluid and a given
heated surface length. Figures 52 and 5b show
the results of doing this for two cases which
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FiG. 5b. Comparison of different boiling theories for
saturated argon on a 4 in. vertical surface (A denotes
experimental point).

typify the total data included in Fig. 4: natural
convection film boiling of saturated methanol
on a 6 in. heated surface and saturated argon
on a 4 in. heated surface.
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In spite of the lack of detailed knowledge of
such things as the exact interface configuration
and the flow field between the bubbles, it is felt
that the simple arguments presented above do
contain the essentials of a correct description
of the mechanics of heat transfer in non-steady
film boiling on vertical surfaces.

EXPERIMENTAL APPARATUS

The experimental apparatus was designed to
permit measurements of the rates of heat transfer
in all three regimes of boiling. In transition
boiling an increase in surface temperature
decreases the heat transferred. Therefore, for
stable operation, the surface temperature must
be the independent variable rather than the
heat flux as is commonly the case in heat transfer
experiments, This consideration led to the use
of condensing steam as the heating agent, since
the pressure and therefore the temperature of
saturated steam can be easily and accurately
controlied.

The general layout of the system is presented
in Fig. 6. The facility consists of an electrically
heated water boiler which supplies saturated
steam to the inside of an approximately one in.
dia. nickel plated Admiralty brass tube, the
heated surface for the experiments. The heat
transfer liquid (methanol in the present case)
flows vertically upwards past the outside of the
tube. As shown in Fig. 7, saturated steam enters
the testing section from above after passing
through a steam separator. It arrives at the
inside of the heated surface by passing through
a small diameter (£ in.) brass tube. This tube is
insulated from the heat transfer liquid by a
teflon bushing of the same outside diameter as
the heated surface. The steam which condenses
on the inside of the heated surface passes
vertically downwards through another small
diameter insulated tube into a collection tube
inside the steam line. The collecting tube is
connected to a sight gage so the rate of con-
densate can be metered. Care was taken in the
mechanical design to insure that only conden-
sate from the inlet and outlet tubes, the heated
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To atmosphere through
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ya =
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F1G. 6. Flow diagram (n

surface, and the sight gage line reaches the
measuring station. The amount of condensate
extraneous to the heat transfer surface can be
calibrated and the corrected rate of condensate
thus used to measure the heat transfer across the
heated surface.

With the teflon bushings covering the 3 in.
dia. steam inlet and outlet tubes, the heat
transfer fluid in the testing section flows vertically
upwards in an annulus of constant dimensions
although the ‘effective flow-through area”
changes slightly with distance along the heating
surface because of boundary layer growth and
the presence of the vapor film. The effect of this
relatively small change can be calculated fairly
accurately.

The temperature along the inner surface of
the annulus varies in the direction of flow. On
the teflon it is constant and near the boiling

ot to scale).

point of the alcohol. It then rises abruptly to a
new higher value on the heated metal surface.
Because of the excellent insulating properties
of teflon, the temperature changes at the ends
of the heated surface take place over very thin
thermal boundary regions, and the temperature
boundary condition along the surface is close
to being a step change at the junctions of the
teflon bushings and the heated surface.

Since it was expected that under high heat
flux conditions there could be a substantial
difference between the steam temperature and
the temperature of the outside of the heated
surface, four small (36 gauge) iron~constantan
thermocouples were embedded in each end of
the large brass tubes. The holes for these had
their centers 0-036 in. from the outer surface
of the nickel plated brass tube, and extended
axially { in. into the wall of the tube, with the
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Steam in

{
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Gauge 36 thermocouple

{0005 in. wire)
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Brass hotder
flange 6 1/2in. od.

1/16in. id. brass tube
filled with RTV sealant
Thermocouple leads (gauge 36}

(0-005 in. wire}

Gauge 24 thermocouple leads
(0-020in. wire)

Steam out

F1G. 7. Sectional elevation of testing section (shown with 4 in. i.d. Pyrex tube and 7 in. heating
surface.

thermocouple wires coming out of the holes
and running along 0-008 in. grooves cut in the
teflon.

The piping and fittings used in the alcohol
loop were glass, copper, and brass while the
two positive displacement pumps were made of
cast iron. The temperature of the test liquid
was controlled by means of the strip heaters and
heat exchangers shown in Fig. 6. Thermo-
couples placed in the liquid (also shown in Fig.
6) monitored its temperature. To obtain more
accurate readings of the liquid temperature
when it was subcooled, especially at low or zero
liquid velocity, additional thermocouples were
installed within the testing section; one about

2 in. below and the other approximately 8 in.
above the top end of the heated surface.

Figure 7 shows the testing section with a 4 in.
i.d. glass tube. Three in. and 2 in. i.d. sections,
which were used with a nozzle, were also avail-
able. The close agreement of the results obtained
for free convection with the 2 in. section with
those of [12], which were obtained in essentially
laterally unbounded volumes of liquid, made
it unnecessary to run many trials with the larger
diameter sections and the 2 in. i.d. section was
used for most of the runs. To facilitate cleaning
the heated surface, a brass tube, which could be
pushed up into the elbow., was adopted in place
of the straight glass tube and used in the majority
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of runs. Although not shown in Fig. 7, the testing
section was provided with turning vanes, which
were designed from information in [17], as well
as flow straightener in the elbow before the
heated section.

In view of the higher heat transfer coefficients
associated with the dropwise condensation of
steam a ‘‘promoter” was introduced into the

150

483

the temperature difference which is considered
to mark the initiation of film boiling. In addition,
for any given liquid the temperature at which
film boiling occurs is a strong function of para-
meters such as liquid subcooling and the liquid
velocity. Therefore, solely to try to eliminate
ambiguity in the following discussion, we will
adopt the simple operational convention that

™ Liguid velocity
215 f1/ 7 P NA
00 s . o 90 fi/s .
?gﬁ o 135 fi/s } 6in_ heoted surface
75+ s @ 21-8 ftrfs
L3 O ft/s
N s « 90 fi/s .
é_. 50 Ottss = (35 ”/s} 3in. heated surfoce
< « 215 ft/s
~
3
m 30}
a
T 20}
) Note: curves are based only
x on data points from &in, &
& heated surface
1-0
o5 1 i LA I i 1 1 | { { l
o 20 40 GG/XCZO 140 180 180 200 220 240 260 280 300
AT=7, -T,, , degrees F

F1G. 8. Boiling heat transfer to saturated methanol on a vertical surface.

steam system. A higher heat transfer coefficient
was desirable in order to ensure a reasonably
isothermal surface. The promoter used was
heptyl mercaptan, recommended by Emmons
[18].

The experiments were carried out with the
alcohol level approximately one-half inch below
the top of the upper horizontal leg of the alcohol
loop. Since it was experimentally determined
that variations of + one in. in level made no
difference in the heat transfer results, all of the
runs can be considered to have been carried out
with a constant alcohol level.

EXPERIMENTAL RESULTS AND DISCUSSION

Before presenting the experimental results, we
should briefly consider the question of boiling
heat transfer nomenclature. More specifically,
an examination of the literature shows that
there are divers viewpoints taken concerning

“film boiling” refers to a boiling regime in
which the slope of the curve of heat flux (g) vs.
difference between heated surface and saturation

28
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241 % A
fay
b Il
£ 20F a
~
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o
- 16
D
Q
x
o
12
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on 5 10 L] 20 5

Liquid velocity, fi/s

Fic. 9. Effect of liquid velocity on film boiling heat transfer,
T gtepm— Tt = 260 degreesF.
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temperature (A7) is positive, and the term
“transition boiling” refers to a regime where
the slope of the g vs. AT curve is negative.

The boiling heat transfer curve for saturated
methanol on vertical surfaces is shown in Fig. 8.
Heat flux (g) is plotted vs. the temperature
difference (AT) between the average wall tem-
perature and the saturation temperature for
different values of the bulk liquid velocity. A
more detailed picture of the velocity dependence
is shown in Fig. 9, which gives heat flux as a
function of liquid velocity at a constant steam
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not done, a brownish coating gradually built
up on the surface and the heat transferred
increased even though the steam temperature
remained constant. The larger the temperature
difference and the lower the liquid velocity, the
slower was this rate of increase, as shown in
Fig. 10. Some alleviation of this problem was
accomplished by preheating the alcohol and
only introducing it into the system when it was
at the desired temperature so as to lessen the
total amount of time in contact with the heated
surface, but the frequent cleaning was still
necessary.

Forced convection film boiling

Tsteam ~Tsar =191°F

Taeom ~Tsar = 266°F

oLiquid velocity =5-0 ft/s
aLiquid velocity = 13-5ft/s

A Liquid velocity =i3-5ft/s

temperature. Since the temperature drop
50
saturated liquid
o 4.0
=
~
2 3o
m
17 20
o hqm
x
o .0 o el
L I
o 20 40
Time elapsed since first run,
FiG.

min

10. Time dependence of heat flux in film boiling of methanol on

a 6 in. vertical surface.

between steam and wall temperatures is depen-
dent on the heat flux, the wall temperature will
change slightly as the velocity is increased.
However for the data shown, neglecting this
change and assuming constant wall temperature
introduces an error in AT of less than one per
cent, with the resulting error in the value of ¢
being much smaller because of the flatness of
the g vs. AT curve.

In order to obtain reproducible data, it was
necessary to clean the heated surface before
essentially all of the individual runs. The few
exceptions occurred during natural convection,
saturated boiling at higher values of AT (roughly
AT = 250°F) where the rate of change of heat
transfer with time (see below) was found to be
imperceptible over the times involved in carrying
out the measurements. If the cleaning were

Only sparse data could be obtained in the
transition regime for two reasons. First, the
nature of the heat transfer surface becomes of
greater importance. and the time over which
surface conditions can be considered to be
constant reduces to the order of a few minutes.
Second. and perhaps more important. is the fact
that the slope of the boiling curve dq/dAT is
negative, and in fact in places rather steeply
negative. The negative slope makes operation of
a heating system with g as the independent
variable (an electrically heated system. for
example) unstable in this region. Although the
catastrophic consequences which can result from
such an instability cannot occur in the present
apparatus, the use of saturated steam as a heating
agent does entail certain operating difficulties in
the transition regime.
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To look at these difficulties in a simple
quasi-steady fashion, let us suppose that one
wished to obtain data at a value of AT such that
dg/dAT is strongly negative, and that by some
process the metal heat transfer surface has been
brought to an isothermal state. If a small
temperature perturbation occurs locally on the
surface so that one spot becomes cooler than
the rest, the heat transfer from this spot will
rise. The spot (and the area around it) will keep
cooling off until a point is reached where the rate
of heat transfer to the surface (from the con-
densing steam) is equal to the rate of heat
transferred to the boiling liquid and also where
the sum of the (positive) slope of heat transfer
to the metal surface vs. T, —

dg
d(T;team - T;ul'face)

and the slope dg/dATis equal to or greater than
zero. Commonly this means that the eventual
surface temperature is equal to or less than the
temperature associated with the peak heat flux.
On the basis of these arguments, it may be
remarked here that this effect should be felt
most, and the experimental difficulties conse-
quently greatest, at the place where (—dg/dAT)
has a local maximum, at the point of inflection
of the boiling curve.

To describe the present experiment accurately,
one must emphasize that the wall temperature
is not the independent variable; the steam
temperature is. In practice, well into the film
boiling regime the wall temperatures are quite
close to the steam temperature and the relation
between wall and steam temperature is relatively
constant. For this reason, one can think of the
wall temperature as being the experimentally
varied quantity during film boiling. This con-
cept is not valid in the transition range. One can
set the steam temperature, but the wall tempera-
ture must then be measured. as a small change
in the former does not necessarily produce a
correspondingly small change in the latter.

The wall temperature which occurs at a given
steam temperature can be influenced strongly

Tsurfacea
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by the heat transfer surface conditions. This
factor is quite important in forced convection
where the rate at which the surface is con-
taminated is faster than in natural convection
for a given surface temperature. Since the lower
part of the heated surface tended to have heavier
deposits than the upper part, the heat flux was
probably higher on the former. The surface
temperature measured by a group of thermo-
couples in the lower end was lower than that
measured by the upper group, supporting this
view. A substantial temperature difference coutd
be obtained between the top and bottom with
only a moderate liquid velocity. These large
differences in wall temperature did not occur
in the measurements of nucleate boiling heat
transfer where the heat fluxes were as high as
those in the transition regime. The difference of
the thermal resistance of the condensate at the
top or bottom of the inside of the vertical surface
of the tube used as the heated surface is not
enough in itself to cause serious experimental
difficulties in the obtaining of boiling heat
transfer data, and the steam heated system could
be used even in the high heat flux nucleate
regime. The difficulties arise from the nature of
the boiling curve in the transition region, which
leads to a lack of control over the wall tempera-
ture in such a system.

SUBCOOLED BOILING

When the liquid was subcooled, the influence
of the buildup of surface deposits became more
pronounced at a given temperature difference
and extended over a wider range of temperature
differences than in the saturated case. Figure 11
shows the effect of changes in the nature of the
surface on the heat transfer for a representative
set of experimental conditions.

In view of the influence of surface conditions
in subcooled boiling, a test was carried out to
see if the liquid used for cleaning affected the
heat transfer results. Three solvents, trichloro-
ethane, tetrachloroethane, and tetrachloroethyl-
ene, were tried, the last two because of their
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relatively high boiling points. The heat transfer
after cleaning was found to be independent of
the solvent used; however, it was strongly
dependent on the surface temperature at the
time it was cleaned.

5.0
Forced convection film bolling
subcooled Hoquid; AT =13°F
40}~ Liquid velocity = 5.0 i?és
~ Toeom = Tian = 209°F
=
~
2
o

4
*

gX 10"

! L {
o} 20 40 80 80

Time elapsed since first run, min

FiG. 11. Time dependence of heat flux in film boiling of
methanol on a 6 in. vertical surface.

Cleaning the surface at room temperature,
“cold clean”, resulted in significantly lower
(up to 40 per cent) initial heat transfer rates than.
if the surface were at temperature when it was
cleaned, “hot clean”. The “hot clean™ values
of heat flux were reproducible regardless of the
amount of deposits before cleaning.
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The velocity range in which film boiling can
be encountered is strongly restricted by a small
amount of subcooling, and most of the forced
convection data had to be taken with low
velocities. Although the very low velocities
(U < 5 ft/s) had little effect on the heat transfer
in saturated boiling (see Fig. 9), they significantly
increased the heat flux during subcooling. At
higher velocities than shown, the temperature
differences between the upper and lower ends of
the heated surface became too severe to permit
meaningful data on heat flux as a function of wall
temperature to be taken.

Figures 12-14 show results for subcooled film
and transition boiling. For a subcooling of 13
deg, the only subcooling at which data could be
obtained covering any substantial velocity range,
the heat flux is shown as a function of velocity.
For other cases the data is presented with heat
transfer as a function of subcooling, with liquid
velocity constant.

There have been very few systematic studies of
the regimes of boiling in which the deposit
problems are greatest; namely, the transition
regime with saturated liquid, and the transition
and low film boiling regime with subcooled
liquid. Westwater and Santangelo [19] noticed

10
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~
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| T

05 L

Note: “cold clean” data points are shown solid,
curves are based only on “hot clean” points

Liquid subcooling
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O t3degroas F
O 29 dagrees F
A 39 dagreesF

150 200

AT =Ty ~Tear +

300
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Fic. 12. Natural convection subcooled boiling on a 6 in. vertical surface—
effect of liquid subcooling on heat transfer.
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the need for aging the heat transfer surface in a
standard manner in order to obtain reproducible
results, although no detailed variations in heat
flux from a given surface as a function of time
were reported. The duration of their data taking
runs was less than in the present case and the
change of the heat transfer with time may not
have been significant.
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emission spectra showed that the non-organic
content consisted almost entirely of the following
metals {listed in order of decreasing abundance):
tin, copper, lead, zinc, bismuth and antimony.
Tin makes up roughly 10 per cent of the deposits,
copper from 5 to 10, lead somewhat less and the
last three approximately one per cent each.
Other metals (e.g. silver and nickel) are present,

100
Liquid velocity
v 500?/3
0 a §.Q ft/s
7o ¢ 90 ft/s
. D135 tt/s
Note: “cold clean” dato points are Ehown solid
50} A curves are hosed only on "hot clean"points
-
= 7
; 13-5 ft/s
< 30k
& Q
T
o 20
x
>
-0
150 300

AT =Ty, =T

degrees F

FiG. 13. Forced convection subcooled boiling on a 6 in. vertical surface—
effect of liquid velocity on heat transfer, AT, = 13 degrees F.
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FiG. 14. Effect of liquid velocity and subcooling on boiling
heat transfer, AT ~ 275 degrees F.

The cause of the deposits is not clear. A semi-
quantitative analysis by examination of atomic

but only in trace amounts, with the remainder
being organic.

Two mechanisms can be proposed for the
manner in which the heat transfer is enhanced
by the presence of the deposits. The most obvious
is that the surface becomes progressively rougher
as the deposit becomes thicker, and has a larger
rms roughness height. If the roughness elements
become sufficiently large that they are compar-
able with the vapor film thickness, heat transfer
can be increased either through a locally thinned
film or even through actual liquid solid contact.
The observations of Berenson [20] on saturated
pool boiling are also pertinent. He found that
artificially roughened surfaces tended to have
higher values of the minimum heat flux than
did mirror finish surfaces, although the value of
AT was the same in both cases, even though the
roughness elements were smaller than the film
thickness. (The deposits which form, in the
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present experiment, probably also function to
increase the amount of useable nucleation sites
at a particular AT compared to the clean heated
surface which is mirror-like.) Lumping the com-
parison of mirror-like vs. other surfaces into
“smooth” and “rough”, one can say generally
that in the film boiling region near the minimum
heat flux the rough surfaces tend to result in
higher heat transfer than the smooth.

An alternative explanation can be advanced
in terms of the surface conditions with regard to
whether or not the heated surface is wettable by
the heat transfer fluid. Far enough into the film
boiling regime, the presence of a wetting agent
appears to make no difference (see Bromley,
[17) since the liquid does not contact the surface.
Inthelow transition regime, Berenson discovered
that the addition of a wetting agent to the heat
transfer fluid could result in an order of magni-
tude increase in the heat transferred. Berenson
also presents data which shows the effect of
surface cleanliness. On two successive runs, using
the same surface finish, the value of the minimum
heat flux changed by a factor of two and its
position changed from a AT of about 100°F to
roughly double that. This effect was caused by
the surface not being cleaned immediately before
running and becoming more wettable by expo-
sure to the air. Room temperature tests on the
nickel heat transfer surface used in the present
experiment showed that methanol partially
wetted the cleaned surface, but did wet those
portions of the surface which had deposits on
them. To a first approximation the contact angle
between methanol and the cleaned nickel surface
was independent of the cleaning agent. These
simple observations suggest that the wettability
explanation may be the more correct descrip-
tion : however, the true situation may be some
combination of both of these causes. The
structure of the surface deposits could not be
measured. Various crude attempts using a
micrometer placed the maximum deposit thick-
ness at much less than one thousandth of an
inch. This very small thickness of the deposit
would also tend to suggest that the wettability
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of the surface is more important in increasing
the heat transfer than is the obstruction of the
vapor film by the roughness elements. The exact
nature of the effect of the deposits on the heat
transfer. though, must be considered as yet
unresolved.

QUALITATIVE REMARKS ON THE MECHANISM
OF FILM BOILING HEAT TRANSFER

The ideas which were developed for saturated
free convection film boiling earlier in this paper
can be extended, though only in a qualitative
way, to the cases of forced convection film
boiling of saturated and subcooled liquids.
Figures 1 and 15 illustrate the important dif-
ferences between natural and forced convection
film boiling of methanol at the saturation tem-
perature. In the forced convection situation the
rapidly moving bulk liquid tends to rip away
the large masses of vapor which were present
during natural convection. As a consequence,
there are essentially no large areas over which
significant heat transfer does not take place.

There are at present several theories of steady
laminar forced convection film boiling on plane
surfaces. The discrepancy between these theories
and the experimental measurements is an order
of magnitude and it must be assumed the true
situation is not laminar and steady. Instead of
the viscous drag force exerted by the liquid on
the vapor, it is probable that the pressure drag
associated with the interface waves is the prime
force moving the vapor. In addition to the above
effects of liquid velocity, the dependence of the
heat flux at a given AT on the presence of
deposits on the surface increases as the velocity
increases. This may indicate that the film is
thinner than in the natural convection case,
implying that the liquid inertial forces (which
are responsible for the motion of the liquid
towards the heated surface) are greater than
those in natural convection, or in other words,
that they push on the vapor film more strongly.

While the basic mechanism of heat transfer
in saturated forced convection film boiling may
be similar to that in natural convection, i.e.
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mostly quasi-steady conduction through a thin
vapor film, even the fundamental fluid mechanics
which determines such things as the thickness of
this film is at present unclear.

The heat transfer situation for natural con-
vection film boiling for subcooled methanol
appears (see Fig. 16) to be fluid mechanically
the simplest situation of them all. The large
amplitude interfacial waves which occurred
when the liquid was saturated have been sup-
pressed because of the liquid subcooling,
although the interface is still covered with
smaller amplitude waves. Calculations of the
heat transfer for a subcooled liquid case, based
on a steady laminar model, predict a heat
transfer which is too low by roughly 50 per cent
[11]. This suggests that although the liquid
inertial forces associated with the interfacial
wave motion may be smaller than in the satura-
ted case, they cannot be neglected in an attempt
to describe the phenomenon correctly.

With the combination of high velocity and
large subcooling, extremely high heat transfer
rates have been reported in the film boiling
region [21]. This interesting phenomenon could
not be studied in any detail with the present
apparatus because of the exceedingly rapid
surface contamination and the strong de-
pendence of the heat flux on the surface condi-
tions. Some data points were recorded to show
the order of magnitude of the heat fluxes which
could be expected, and these were several times
as high as the peak heat flux observed during
saturated boiling. These high heat transfer rates
may indicate that the dip in heat flux which
occurs in the saturated boiling curve between
the peak heat flux and the region in which
radiation is important is not very deep in the
subcooled forced convection case. In fact the
curve may be rather flat to the right of the
nucleate peak heat flux or even continue to rise.

SUMMARY

A time dependent heat transfer model of film
boiling appears to be adequate to describe
natural convection of saturated and subcooled
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liquids. Forced convection on the other hand
appears to introduce new facets into the problem
which will require other explanations. It further
appears that the nature of the heat transfer sur-
face can become of considerable importance as
the liquid subcooling and/or velocity are in-
creased.
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APPENDIX

The Effective Latent Heat

It is well known that not all the heat which is transferred
from the heating surface during saturated film boiling is
used to vaporize the liquid. Some is utilized to superheat
vapor which is already present in the film. Since the simple
model presented above assumes that the mass flux into the
vapor film is proportional to AT, the effect of superheating
can be “built in” by replacing the actual latent heat of
vaporization. h,. by an effective heat. h,. which has been
defined to take this superheating into account. Methods of
formulating an explicit expression for h, have been given by
several authors, for example [22] and [23]. The value used
in the present paper is based on a modification of the
procedure used in [22]. For this calculation, the thin film
region of each wavelength is modeled by a circular area of
radius r, with the interface planar and parallel to the heating
surface. The geometry is shown in Fig. 17. The film thickness
is taken constant and equal to d. With these assumptions,
it can be argued (see [11]) that the relative velocity of the
heating surface does not affect the heat transfer, and that
for the purpose of a heat transfer calculation one need only
consider the radial velocity distribution. which is axisym-
metric outflow given by the solution of the creeping flow
equations. This known velocity distribution can be used in
the energy equation to find the temperature distribution
in the vapor film. The energy equation is

dT d’T

WHZ— =% Kl,—&;_r (A‘l)
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with boundary conditions T{0) = T,, and 7(d) = T, The
vapor velocity in the z direction. W. can be found from the
known radial velocity, (U). by integration of the equation
of continuity.

10 ow
FaU g =0

(A2)
Once the form of w is known. the energy equation may
be rewritten as

d&*T dT  d, dT
Ik, = e 7 ppull
Wik, dz2 dz  dz tn dz

{A3)
which can be integrated to find T{z). What is pertinent is
the calculated heat flux at the heating surface. since the
expression for h, is derived from a comparison of this
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Fic. 17. Sketch of vapor-liquid configuration used in
calculation of h, (not to scale).

quantity with the heat flux one would calculate if no super-
heating were considered. The computations involved in
making this comparison are straightforward and details are
given in [11]. It is found that although there is no simple
relation between h, and h ,. the actual latent heat. an approxi-
mate expression for h, which is within two per cent of the
computed value for 0 < C AT/h,, < 61is

ho/hsy = 1 + 098 C,AT/hyy + 0:045 (C,AT/hy )% (Ad)
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As a final note. it may be remarked that, as the quantity the data, the maximum difference between the heat transfer
h, appears in the film boiling heat transfer coefficient to the  coefficients computed using the above expression or those

& power, over the range of physical properties covered by  found from the methods given in the other references which
are cited is only several per cent.

EBULLITION EN FILM SUR DES SURFACES VERTICALES

Résumé-—Cet article présente les résultats d’une étude expérimentale et théorique du transfert thermique
lors de I’ébullition en film et de I"ébullition de transition sur des surfaces verticales. L’étude théorique est
limitée au cas de I’ébullition en film saturé avec convection naturelle, tandis que le travail expérimental
montre I'effet de la vitesse de la masse liquide pour du méthanol saturé et pour du méthanol sous-refroidi.
La théorie est basée sur un nouveau modele d’ébullition en film dans lequel on tient compte de la dépendance
du phénoméne vis-a-vis du temps. Les coefficients de transfert thermique calculés sont en bon accord avec
les résultats obtenus par différents chercheurs, résultats qui couvrent un large domaine de conditions
expérimentales.

Avec le montage expérimental, la vitesse du liquide et le sous-refroidissement qui peuvent &tre réalisés
sont assez importants pour montrer clairement I'influence de ces deux paramétres sur le coefficient de
transfert thermique. On montre que lorsque le sous-refroidissement ou la vitesse du liquide augmente, le
transfert thermique pariétal devient progressivement plus important. Bien qu’aucune analyse quantitative
n'ait été faite sur I'ébullition en film sous-refroidi et & convection forcée, on présente quelques commentaires

qualitatifs sur le mécanisme du transfert thermique dans ces cas.

FILMSIEDEN AN SENKRECHTEN FLACHEN

Zusammenfassung—Die Arbeit bringt die Ergebnisse einer experimentellen und theoretischen Unter-
suchung des Wirmeiibergangs beim Filmsieden und Ubergangs-Sieden an senkrechten Oberflichen. Die
theoretische Analyse ist beschriinkt auf gesittigtes Filmsieden bei natiirlicher Konvektion, wihrend der
experimentelle Teil den Einfluss der Fliissigkeitsgeschwindigkeit im Behalter bei gesittigtem und unter-
kiihltern Methanol zeigt.

Die Theorie basiert auf einem neuen Filmsiedemodell, in dem die Zeitabhangigkeit beriicksichtigt wird.
Die vorherbestimmten Warmeiibergangszahlen zeigten gute Ubereinstimmung mit Werten verschiedener
Autoren iiber einen weiten Bereich experimenteller Bedingungen. Die mit der Apparatur erreichbaren
Fliissigkeitsgeschwindigkeiten sind hoch genug und die Unterkiihlung gross genug, um klar den Einfluss
dieser beiden Parameter auf die Wirmeibergangszahl zu zeigen. Es stellte sich heraus, dass mit Anwachsen
des Unterkithlungsgrades oder der Flissigkeitsgeschwindigkeit oder beider Grossen die Heizflichen-
beschaffenheit in zunehmendem Masse eine Rolle spielt. Obwohl keine quantitative Analyse iiber unter-
kiihltes Filmsieden und/oder bei erzwungener Konvektion gemacht wurde, sind einige qualitative Aussagen

iiber den Wirmeiibergangsmechanismus in diesen Féllen gegeben.

NJAEHOYHOE KNNNEHUE HA BEPTUHKAJBHBIX MOBEPXHOCTAX

ANBOTAIMA—DB JaHHOM cTaThe NPEeCTABIeHE pedylbTaThl IKCIEPUMEHTAILHOrO H TeOpeTH-
YecKOT0 MCCJENOBAHKMA NEepeHOCa MAcCH NpPH ITEHOYHOM M MEepPeXONHOM KHIEeHMM Ha
BepTHRAIbHHX [OBepXHOCTAX. Teoperuueckuil SHAJHS OrPAHMYMBAGTCH PACCMOTPEHHEM
HACHIEHHOTO IJICHOYHOTO KMIEHHA C eCTeCTBEHHOM XOHBeKUHUeH, B TO BpeMs KAK BKCHEPH-
MenranbHan paboTa NOKABHBAET BIUAHHE MUAKOCTM C HACHINEHHBIM ¥ HEJOTDETHIM
meTanoaoM, Teopua OCHOBHBAGTCA HAa HOBON MOJENH [JIEHOYHOTO KHOEHMHA, B HOTOpOR
VUNTHBAETCA BPEMEHHAR 3ABMCHMOCTL #ABJeHuA. Paccuutannbie KOapPUIMEHTH mnepeHcca
TeNIa NOKABKBAIOT XOpOIee Coraacke ¢ JaHHLIMM PA3IHMYHEX UCCIeoBaTeNel, TOIyYeHHEIMU
B IIMPOKOM AHMANA30HE BKCIEPMMEHTAIbHEX yCIOBUH.

B 2KCIEPHMEHTANBLHOM ANNAPare CKOPOCTH KUJKOCTH, KOTODHX MOMHO JOCTHYL, OCTA-
TOYHO BEICOKM, 4 HEJOTrPeB JOBOIBLHO BEJHK IUIA TOr0, YTOOH ACHO NPOJAEMOHCTPUPOBATH
BIMAHKe 0GOMX JTAX mapamerpoB Ha woopduument mepenoca rtemna. Halimero, ure npn
BOBPACTAHMY HEOTPEBa MK CKOPOCTH UAKOCTH, & TaKe 060MX PaKTOPOB BMECTE, YCIOBHSA
Ha TennooOMeHHON NOBEPXHOCTH NPHOGPETAOT BCe GOABIIYIO BAMHOCTL. XOTHA ¥ He BEINOIHEH
KOJHMYECTBEHHBl AHAAM3 JJIA FUIGHOYHOTO KWUIGHHWA NPH HEJNOrpeBe U | Wi INIeHOYHOTO
KUNEAWA DK BHHYMASHHON KOHBEKLHH, CENAHH HEKOTODHE KayeCTBEHHLIC SaMeUAHNS Mo

MEeXAHUBMY HepeHoca Temnna B 9THX CAYYaAX.



