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ABSTRACT

By the use of equations, which are -derived fron a
Tew simple premises: and well verified by extensive ex-
perimental data,'it is possible to calculate coefficients
of heat transfer to be expected in natural convection
stable film boiling from a hofizontal tube,

The method employed for the derivation may be applied
to derive equations for heat transfer coefficients to be
éxpeoted in film boiling from any other shape. Equations
are derived for the case of Tilm boiling from a vertical

tube or a vertical plane surface. .



Introduction

The name, film boiling, has been giveéhfgﬁiﬁéﬁxéﬁﬁgfggii;}
boiling which occurs when a complete vapor film exists be- o
tween the heated surface and the boiling liquid. MNucleate
boiling, in which the vapbr originates from indjividual
points on the hot surface, 1s the type of boiling most

13 and usually is to bve

generally encountered (McAdaus)
preferred because of the large heat transfer coefficients
that can be obtained.

The basic équation for heat transfer is written:

q = hA at. (1)
qQ represents the heat transferred per unit tire; h is the
coefficient of heat transfer; A represents the aréa; At is
the temperature difference between the hot surface and the
boiling liquid.
All authors agree that the coefficients of heat transfer

in film boiling are much smaller than those in nucleate boil-
ing. Because of the difference in the stability of the

boiling within the film boliling range, the latter may be sub-

divided into a stable and a metastable film boiling region.
As can be seen from Figure 1 I have termed the intermediate
temperature region the metastable film boiling region, as

it is usually impossible to operate here unless the temper-
ature is the“mxn&dubdfvariablé1 By careful manuvering Farber
and Scorah7a'were able to operate in this metastable region

using an electrically heated wire.
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The more usual case encountered with slow cooling of a
very hot object immersed in a boiling liquid is slow eooling.
to what 1 will term the minimun critical heat flux (Atcf in
Figﬁre 1). Then abruptly the boiling will become nucleate
on one or riore points on the surface and repidly spread
over the entire surface. If the solid has a rather large
‘heat capacity, there will be a large amount of vapor evolved
in this collapse of the_sphereoidal state (film boiling).
This latter phenomenon has been given as an explanation of
the exploding_of some boilers in the early partbof the
last century.z’ 18

It is the purpose of this work to develop a sound
theory which will predict the coefficients of heat transfef
to be expected when there is stable film boiling. The»ekav
perimental work was all carried out on the boiling of liquids
from the outside of horizontal tubes, although the equations
are also develQped for the case of free convection stable

film boiling from a vertical tube,
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Importance of Film Boiling

The operation of jets or rockets frequently involves
the contact of a boiling liquid with cuite hot surfaces;
this is the cbndition for film boiling.

Filn boiling usually oceurs in ﬁhe boiling of mercury,
especially at high heat fluxes, Attempts to use thé mercury-
steam cycle tovobtain better thermodynamic efficiency in the
use of heat have been hampered by a lack of knowledge of
this phenomenon.

In any boller operation in the nucleate range where
the heat input is the controlled variable, &s in an elec-
trically‘heated beiler or an atomic power plant, there is
always danger that the temperature of the heated object will
rise abruptly if the heat input is above the minimum crit-
ical heat flux. (See Figure 1l). The danger is even greater
if thevheat input is near the maximum_critical heat flux |
and since thé temperature rise would be quite large, it
probably would have a very pronouncéd effect on the system,’
such as expansion and weakening of the parts to oauée

breakage. It is therefore most important that in the design
of any such boller that consideration be'given to the possi-
bility of the occurrence of film boiling. 1In some cases it .
may be desireable tc"operate in the film bolling fange be-
cause of the predictable (as a result of this paper) and

smooth variation of the heat transfer coefficients with this
type of boiling.
In the selection of quenching agents for the heat treat-

ing of steel or other metals, it is usually film boiling
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combined with natural convection in the liduid (important
if the liquid is below the boiling point) that pfoduoeé the
temperature drop in the retal where most of the desira%le'
effects are noted.

In thermal cracking operations it may be sometimes de-
girable to use high temperatures and short contact times. It
would appear that film bejling might be the answer and since
the heat transfer coefficients are rather low, 1t might also
be economnically feasible,

It is thus apparent that the'phenomeﬁon of film boiling
is very real and that a sound theory by which to predict heat

transfer coefficients is needed.
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Previous Work on Film Boiling

Up to the present time only Farber and Scorah79 have
made a clear distinction between stable aﬁd netastable film
boiling; each was previously termed.film boiling.

Drew and Mueller2 have published an extensive survey of
the known facts about film boiling up to 1937, Recent data

3

(1937 - 1948) have been reviewed and discussed by this author’,

From this the following qualitative facts may be listed.

Metastable Film Boiling

~l. All high-speed photographs of metastable film boiling
indicate delfinite waves or ripples in the vapor-liquid
boundaryl3'6’22’23. The film sometimes appears to alternastely

s a
build up and oollapse7 .

2. The heat transfer coefficients are higher than would be
predicted if the film were perfectly smooth. fThis is at

least partially due to the ripplesg,

3. The neaturé of the hot solid surface is important but
decreasingly so as the stable film boiling region is ap-

2
proached3’21’2o’“3.

L. An increase in pressure, while boiling is maintained,
especiaslly when the pressure approaches the critidal value,
lowers the critical At and the (q/A)max thus making it
increasingly easy to get film boiling5.

5. A decrease in the liquid vapor interfacial tenéion
causes a lowering and shifting to the left of the metastable

6,15,13.
portion of the curve in Figure 1 2 .. Such a decrease
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also shifts the critical temperature difference A%, quite

appreciably to the left and downward. This effect is
11,12

completely ignored by certain authors

Stable Film Boiling

1. The liquid-vapor interface 1is substantially smooth3
except at very high heat fluxes. It is of course always
uneven at its top surface due to.bubble formation.

2. The heat transfer coefficient for natural convection
vstable film boiling from a horizontal tube may be calculated
from the theory presented in this paperg. One nced only know
the physical properties of the liquid, its vapor and the
tube. The method is restricted to tubes which are large
compared to the vapor film thickness and thus do not apply
for film boiling from small wiresléezﬁut is fair for moderate
7a

sized wires

3. The heat transfer coefficients are independent of
~the tube material except for the radiation contribution’.

L. The effeét of any variable such as pressure nay be
calculated from its effect on the physical properties of
the liquid and its wvapor. |

5. A decrease in vepor-liquid interfaciel surface ten-
sion produces no change in the calculated coefficients but
such a decrease in interfacial tension does reduce the mini-
nmua critical heat flux and the temperature corresponding to
itl9’6.

6. If the liquid is below the boiling point it‘is pos-

sible to still have a complete vapor blanket around the hot
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object but the coefficients of heat transfer are higher

19. This phen-

than those to a liquid at the boiling point
omena occurs in the cuenching of steel etc.
7. This type of boiling is usually encountered in mer-

14,8,9.7 The heat transfer coefficients to

cury boilers
boiling mercury ere usually smaller than to non-boiling
mercuryZh’25’3. Addition of potassium to the mercury
which should tend to wet the solid surface does not help
prévent vapor binding (film 5oiling)lo.

8. Vigerous agitation of the boiling liquid and its
vapor (such as rapid two-phase flow through tubes) increases

the heat transfer coefficients over those for natural con-

2
vection film boiling.
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THECRY

‘Horizontal Tube

I will develbp a simple theory which will enable one
to'caiculate the coefficients of heat transfer to be expected
in stable film boiling (for natural convection) from the
outside of a horizontal tube. The vapor film is in dynamic
equilibrium for as it rises under the action of buoyant
forces, vapor is added to it from the boiling liquid. The
necessary heat is supplied by'conduction or radiation across
the film. This nechanisn appearé from visual bbservat;pns
to be the situation on about the lower two-thirdé of a tube;
here there appears to be a smooth continuous film. On the |
upper third of the tube, however, the situation is very |
complicated for in this part thé bubbles form before rising.
Since most of the heat will be transferred on the bottom
two-thirds of the tube it would seém most important to have
the theory fit the situstion in this part of the tube.

The assumptions in the simple theory and a short dis-

cussion of their validity foiiows.

1. The liquid is separated from the hot tube by a
continuous vapor blanket. There can be little question that
this is the situation as there is both visual and photographic
evidence of it.

2. Heat travels through the vapor film by conduction
and radiation. This.implys that there is viscous flow within
the vapor film. Some of the heat will be used in the heating

of the film and hence will not have to travel completely
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through the film. The best evidence against appreciable
mixing or turbulence in the film are rough calculetions

of the Reynolds' Number in the filmg, which indicate that
the flow is viscous even at the highest flow rates. The
effect of radiation will be considered near the end of this
section on theory.

3. The vapor rises under the action of buoyanf forces.
Since these forces act in any liquid, they must be present
here. |

4. The vapor-liquid interface is smooth in that sec-
tion of the tube where most of thevheat is transferred.

| 5. The rise of the vapor is retarded by the viscous
drag on the tube and on the liquid. Since the flow is vis-
cous, this must be the situation. The per cent of the
frictional drag contributed by the liquid is not easy to
determine. For purposes of integration it will be assumed
thet the drag of the liquid is constant around the tube.
This factor will be incorporated into g constant which will
be determined experimentally and hence, the error in the
integration will be at least partially corrected.

6. The latent heat of vapbrization is the major itenm
in the heat supplied to the vapor film. This is equivalent
to assuming that the film has thermal conductivity but little
or no heat capacity. This is only & feir approximation even
at the lowest temperatufe.. Even though the assumption is
not good, it is appesrently séﬁisfactory to usc¢ the difference
in heat content of the.vapor and liquid, which of course is

a measure of the true heat load, as a latent heat item.
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7. The kihetic eﬁergy of the vapcr in the film is neg~
ligible. Caelculations’ indicate that tﬁis nay possibly be a
poor eassumption. |

8. The vapor-liquid'interface is smooth and continuous
- and is ndt effected by a variation in the vapor-liquid inter-
facial tension. The surfuce tension of the liquid produces
large bubbles et the top of the bube rather than a continuous
upsweep of vapor but this is not 'serious since not nmuch heat
is transferred in this region. It is assumed also that no
capillary waves are produced when operating in the stable
film boiling region. It is further assumed that the uneveness
in the bottom of the film produced at very high heat fluxes
does not effedt the heat transfer.

9. It is permissible‘to use an average value for the
temperature difference between the hot tube and the boiling
liquid and treat it us a constaﬁt value around the tube in
the integrations. This approach to.the problem is esséntially
that used by Nusse_ltl.7 for condemser problems &nd has been
shown by this authorh to be justified in the case of con-
densers to within the accuracy required for engineering cdl—
culations.i | |

10. The boiling liquid is at its boilingApoint at the
vapor liquid interface. Since it is normally impossible to
superheat a liquid more than a veryAfew‘degrees,~the temper-
eture of the liQuid in the viciniﬁy of the tube is given to
within & few degrees by equating the equilibrium vapor prés—
sure to the pressure existing in the vicinity of the tube.

11. For engineering calculations it will be satisfactory
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~to evaluuate all physical properties of the vapor at the
arithmetic average temperature of the hot surféce and the
boiling liquid. This is perhaps the simplest procedure and
any consistent error it may tend to introduce will be cor-
rected if the expefimental data (using physical properties
evaluated at the arithmetic mean temperature) are nade td
fit the theori by the use of a constant factor.

12. The combined e%fect of most of the'errors in the
foregoing assumptions may be corrected by evaluating a
suitable factor to be determined from the expérimental data.

The‘theory is represented diagreammatically in Figure 2.
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If P represents the pressure at point P, and Po repre-

sents the pressure at € equals 90°, then

P =P, + 8ReCos 6, * ' | (2)
and
- "8 s .
ap = gCRQsm e de (3)

ILet us consider a heat balance on the element of vapor
in the film enclosed by de. Consider length of tube, L.

dg = hy, dA 8t = h§, RL 4t a6 = A' dw, (4)
where A' is the average difference in heat content between

the vapor and the liquid.

| ty, + 2% |

+

Ty
We wiil consider that heat travels through the vapor
film by conduction only. Let a be the thickness of vapor

film at any angle 6. Then

= & (e

héo Y
Here héo represents the local value zt & point on the tube
of the convection coefficient of heat transfer when h, is
equal to zerb, that is, there is no radiation. Since all
the hezat does not truvel clear through the vapor film for
some is used to heat it, the above expression can ﬁot be
exact but should give a fairly good reéult if the lateﬁt
heat is the major item in At

Nt Aw = l;. RL At de. (7)

*A couplete 1list of symbols wiil be found in the nomencle-

ture at the end of this paper.
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Let us apply Bernoulli's theorem to the element de.
Considerca-unit mass of material cntering this differential
section in viscous flow. Let us neglect the kinetic energy

of the vapor in thevfilm. Then

. 82 _ ax &. + ar. (8)

0 gc

By use of a material balaﬁce,
w= VvV alL. '.(9)
From the geometry of the system we obtain: -
dx = R sin 6 de. ) (10)
Let us restrict ourselves to a tube large enough so
that the Vapof Tilm may be cdnsidered between two parallel
platés. One of these plates 1s more or less movable. Uhere

there is viscous flow between two parsllel plates both of

which are fixed?é

ar _l2av . (11)
R de Rg, a< .

This would be the case when the liquid is very viscous or
possibly quite dense; If the liquid noves with_the gas film,
because it is fluid and because of the convection currents
set up in the boiling liéuid, then équation (11) must be mod-
ified. If & situation exists such that the liquid exerts no
retarding action on the gds film; then only the tube contrib-
utes to the frictional drag. 1In this case,

aF  _ 3V . (12)
R d6 =~ Pgg a” .

In genercl we may write,

dF poed ﬂ/“"v b4 | l?
R de-  ¢g, a“ (13)




“ho.
- where for natural convection,
3<Lp<Ll? |
If there is forced convection of the liquid across the tube
surface, it would be possible to reduce g below 3.
Let us substitute into equation (8) the value of dp
from equation (3), the value of 4F from equation (13), and
the value of dx from equation (10). The following equation

is the result after rearrungement.

g (Lb 1) sin ¢ ae = BV d6, (14)
gc('q—- } sin & .%06752

We shell replace V by its velue from equation (9) and for, a,

substitute its value from equation (7). Then

dw, 3

g eLMOR3 083(84-0) gip 6 - B w(gg) - (15)

()3

Let us take the cube root of this equation and separéte the

variabies. Then

| 1/3
g PLAK%({l“?z(eQ— ey Y sinl/% ae = /3wl daw. (16)
,AA- \' |

By integration of the right hand side of eguation (16) be-

tween zero and W, we obtain:

o | | o

B /2 ’AOW w3 aw = gt 3w M3, (17)
o

_L_,_‘jsinl/'?e a6 = 3.428. (18)

: |

0

Since we have only integrated around one side, the total
mass flow, W, Tor both sides will be twice that given by

integration of equation (16).
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| A 1/k
_3.4287% x an 13 € (8- €)g B3 Afﬂw . (19)
l/h | (s vy 3 '
B o (NY)
If no radiation is present,
W= Beo #WR L ot

N . | ' : (20)

Replacing R by half of the diemeter, D/2, and solving for

hco’ we obtain:

_ 3:428%/% o1/t [136 (€ - ed]| Y4 )

00 Ty B/ Dyex BE

or
L 0.95%6 [ﬁe(e{t- ¢) g x'] 1k (22)
o™ T LI7% Dbt .

It is of interest at this point to compare this equation
with that for the coefficient of'hegt transfer in the»cqnden—

sation of vapors on a horizontal tube.

h = 0.724 ‘*Vﬁ €2 e N, |  (23)
Q/LAt

where the quantities are for those of the liquid film. The

resemblence between equations (22) and (23) is striking but
it should have been expected.

Since for natural convection

3< B <12
then |
. AL R - ;',9 - L 3 € - | !
512 '\/k B(/efme) g X Choo< 0724 \/.k gﬁuite)_gx

(24)

Since the numerical values of these constants are limits,
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let us write the numerical constant simply as "constant".
It is convenient when dealing with a gas to luﬁp certain
quantities together into the Prandtl Number, (Pr), -whieh is

nearly independent of temperature and pressure.

Pr = ucp (25)
Hence equation (24) becomes:
‘ 1/4
heo = (const) kze(&-e) gN! Cp / . (26)
D At Pr ‘ . _
hco = film coefficient of heat transfer if there were
no radiation.
k = thermal conductivity of the vapor.

= density of the Vaporg
& = density of the liquid.
g = local acceleration of gravity.
‘); = difference in heat content between the vapor &t
its average temperature and the liquid at its

boiling point. See equation (5).

p = heat capacity of the vapcr at constant pressure.
D = outside diumeter of the tube.-
4t = temperature difference between the hot surface

and the liquid zt its boiling point.

Pr = Prandtl number of the vapor. See’equation (25).

All of the physical properties of the vapor are evaluated at
the average temperature of the film. This avarége heés been
arbitrarily taken as the arithmetic average of the tube

surface temperature and the boiling liquid temperature.

Most of the experimental work will be concerned with

the evaluastion of this "constant' and will be shown in
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the sections on data and results to have a value of about
0.62. |

.(const) = 0.62 ¥ 0.04 (27)
This *"constunt" is dimensionless and therefore its equivalent
in equation (26)-ié a dimensionless group.

Our assumption 6, page 18, (that the latent heat is so
large that the heat required to heat the film is negligible)
may be seriously in error. We would thusg expect the dimen-
sionless group in equation (26) to be a function of the ratio
of the hect required for vaporization to the heat used in

~raising the temperature of the film. That is to say,

(const) = f (F%ng) - f'(%ETsp). (28)

If the kinetic energy of the vapor in the film is not
negligible (assumption 7, page 18) then the derivuation should
be changed to include this kinetic energy term in Bernoulli's

equation. For weight, w, in the section at de we have:

- dp _ 2V dv w g
.-w 5 = ———ége— + w dF + w dxgc | | (29)

Consider a differential weight dw entering the £ilm. Then

-dw %? = 222 w + dw dF + dx dw g; . | (30)
It is realized that.this new entering material will not leave
with the average velocity of the stream; also it will not
enter with zero velocity as the liquid may also move along
with the gas as the latter moves. TFor these reasons a cor-
rective term, b, is put into the V2 term in equation (30).
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This teérm, b, is between zero and one and much closer to zero.
By adding the foregoing two equations, dividing by w and mul-

tiplying by €, we obtain:

ap = 28VAV |, pe Y dw . eap 4+ €ax &, (31)
c W &g &c

Double differentials have been neglected.
‘Let us combine the equations (?), (7), (9), (10), (13},
and (21) as before to eliminate P,V,F,x, and a. The result-

ing equation after combining terms is:

g2 1MPR3 4% (99-0) . 2 a% aw dwy 3
5 sin o= 2w 5 + W(a‘g)
(R7) | de~ de
y ~
t? + b o+ B,ﬁﬁf%]. - (32)

This differential equation 1s as yet unsolved. It would be
impossible to get an exact solﬁtion as neither B nor b is a
true constant. However, by inspection of the dimensiqns of
the various terms of this equation (32) and by use of equatioh
(4) we»ﬁay write dimensionless groups which must be functions
of each other. 1Let us use the dicmeter instead of the radius

of the tube.

| D_b0%t l/h:: BN = froy A .
h . fro(2 b =1 T S
co(i3 RCEREEY ) (2 + b+ A bre ot ), (33)
or

Dot Pr 1A aten (3
oo (ETRTe- £) & 3 o) | = (const) = £ tSg (O

where the *"constant" is only a true gonstant in the simple
theory, eQuation (26). Thus we see that by plotting exper-

imental velues of the '"constant" sgainst the group 4t cp/xj Pr
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we. should show the comined effect of kinetiec ehergy in the
~ vapor film equation (?u), and the heat capacity of the vapor -
in the film, equution (28). Errors in other assumptions in
the simple theory should also show up on this plot. The
amégnt of flow of the liquid at the vapor boundary affects
and thus nust also affect the '"constant*.

Fronm all‘of this,'it is apparent that nearly all of the
assumptidns which might be considered poor in the simple theory
should show their effect when the "constant" is plotted against
AL cp/]%ﬁ Pr. Tt will be shown in the section on results that
within the 1imit of experimental error there 1is nb trend of
- the "constant" with the group &t cp/ X' Pr and hence the
errors in the simple theory either tend to cancel or are of.

small magnitude.
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Vertical Tube or Plate

No experimental work is reported on natural convection
film béiling from a vertical tube of blate but by epplying
the same simple theory as for the horizontal tube, we arrive
at the following equation:

, ‘ " =3
L 3/L 1 rk—" e (PL- €) g,}_x_’J /k L (35)

oo™y} FIE PR ;

which may be written:

| 1/k |
h. = (const') le 'EI(J&Z:I))I‘?»\' Cp] o (36)

co

I, is the distance along the tube or plate in the direction of

vapor flow.
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Effect of Radiation

Since we are really interested in the combined effect
of radiation and convection, let us study the effect of radi-
ation on the convection coefficient. An attempt was made to
put the effect of radiation directly into the differential
equation for convection which was not readily soluble. It
" was therefore thought that a less rigorous but at least quali-
tatively correct approach was in order. Let us postulate thet
the radiation from the tube will be largely absorbed in a very
small thickness of the liquid and hence will produce vapor which
will contribute to the vapor film thickness, This is equivalent
" to saying that the transmissi?ity of the liquid is low for ther-
mal radiation. Since the total coefficient is merely the sum
of the convection and radiation coefficients, we may write:k

| h = h, + by , (37)

For‘any given value of hco (the convection coefficient
if there were no radiation) the pressure drop from the top
to the bottom of the film,the viscosity of the vapor, the

diameter of the tube and the density of the vapor may be
teken as constant. Hence, from equations 9 and 13 the weight

flow at any angle © is proportional to the cube of the thickness

of the film. _

If the contribution of the radiation to w 1s smell, then,
since the rate of increase of w with engle always decreases,
w increases with W to somewhat greater than the first power.

If the rsdiation is already large, however, thgn w is more
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nearly proportional to W and in any case the relation between
w and W is not far from a direct proportion. TFor a given
h,,, the thermal conductivity of the film wili be approximately
constant and hence, the convection coefficient, hc’ will very
nearly inversely as the thickness of the film. Since the
temperature difference and the enthalpy difference of the |
vapor and liédid will also remain nearly constant, the total
weight of material evaporated will be proportional to the heat

transfer coefficient. Thus,

1 1 1 1 o
h o L = o< .
X XX gy Xy - (39

Combining this with equation (37), we obtain:

h = __5% + by . _(hO)

When hp is equal to zero there is no heat transferred by
radiation and hence, h is equal to hco‘ Therefore, X is
equal to h L/3 and

_ co

h 1/3
h = h, (-5 + h,. . (41)

Equetion (41) gives us the approximate relationship between
n, hoo @nd hy. This equation is difficult to use because h
occurs implicitly in it.

As long as h; is sméller'than hooo
ho=hy, +7 by | (42)
to within five per cent of the h from equation (41). If

hy is very large, one mey use the following equation which
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gives the sgame relationship as equation (41) between h, hCO
and h, to within three-tenths of one per cent, as long as
hr/h,, is between zero and ten. This is certainly within

any pra€tical operating range.

co r [% 7 e 5 . it )
The term hr may be calculated by the following equation for

perallel plates.

- Tah - Tch (4h)
2

Ty is the temperature of the hot tube in degrees R.

T is the temperature of the cold liquid in degrees R.

€ is the emissivity of the hot tube.

ot is the absorptivity of thé cold liguid. (usually
near unity).

@ is the Stefan-Boltzman constant, 0.1713 x 1078
Btu/(hr) (£2) (°RY).

(13)

The graph in McAdams Pigure 27, page 63 may be used

to get hr for black surfaces. This value may then be nultiplied

1
—-+<:("-l

€

In all of the above it is assumed that the transmissivity of

by the emissivityfactarl* 1 1 to get the true hy.

the liquid for thermal radistion is small (as it is for most

liquids).
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APPARATUS

Figure 3 is a diagram of the apparatus used in these
experiments on film boiling, Figure 4 is a photograph of the
Same apparatus.

" The apparatus essehtially consists of a carvon tube heating
element, from which the boiling occurs, contained between holders
in a four-inch oyrex pipe tee. This apparatus is described in
detail in the author's thesiss.

The carbon tubes used were nominally 1/4, 3/8 and 1/2 inches.
One run was made with a 3/16 inch stainless steel tube. The
hole in the tube was used to accommodate a thermocouple. Frqm v
the réading of this thermocouple it was possible3 to calculate
the tube surface temperature. The difference between the tube
surface temperature and the observed inside temperature of the
tube was at most tén percent of the temperature difference
between the tube surface and the boiling liguid temperature. The
thermocouple was also used fo check the temperature uniformity
along the tubes. The heating'was obtained as the product of the'
current through the tube by the voltage drop along a given section,

usually five inches in the center of the tube.,
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EXPERIMENTAL rROCEDURE

The various parts of the apparatus, Figures 3 and 4,
were cleaned thoroughiy. Thé tube to be used was polished.

The copper inserts and the stainless stesl holders were cleaned
with emery cloth to give good electrical contacts. The tube

was pubt in place between the stainless steel holders and the
packing glands at the sides of the apparatus were tightened to
give a liquid seal.. After assembly, the apraratus was filled
with liquid to the desired level. Unless otherwise stated the
level was between oﬁe and one and one guarter inches above the
center of the tube. The external heater was turned on and current
was passed through the tube until the liquid was boiling at the:
prevailing atmospheric pressure,

The heat innut to the tube was inéreased to a high value
for a few minutes to insure stable film boilingvover the entire
surface. Film boiling is evidenced by a smooth film on the
bottom and sides of the tube. The current Was‘then set at the
desired value. Of the liquids which were run only water was
difficult to get into the fim boiling range with-out burning
out the tube. All data were taken with stable_film boiling of
the wvarious liquidé except for a few data taken with nucieate
boiling of water for the purpose of evaluating roughly the |
thermal conductivity of the carbon3. ' |

The current was held constant and the potentiometer,
which was connected to the thermocouple in the tube through
the rotary thermocouple switch, was observed until steady
conditions were established. This usually required only a few

minutes. The reading of the potentiometer was recorded and
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the reading on the voltmeter which was connected to the voltage
probe (whiéh was usually two and one~half incheé to the left of
the center) was recorded. The thermocouple was removed and fhe
voltage probe was moved to the same distance on thé other side
of the center and the voltageb was then again recorded. The
other voltage terminal was fastened to one terminal of the appa-
ratus. The fbltaée probe was then moved back to its former
position and the thermocouple replaced to its center point
position, This reading was usually compared to the first reading
of the thermocouple and if no check was obtained the readings
were repeated. At some point during the run readings were taken
of all the other thermocouples. These readings were hardly
necessary as the observed liquid temperatures vary at most a
degree or two from the reported boiling points .for one atmo-
sphefe and this 1s a relatively unimportant item in the theory.
The external heéter temperature has essentially no effect on
the observed coeffecientss.

The thermocduple used in the tube temperature measurements
was calibrated at the boiling point of water, the melting

point of tin and at the melting point of copper..



DATA

The important experimental and calculated data are summar-
ized in Tables 1-21. Data were taken on the following liquids:

- water (Table 1-2), nitrogen (Table 3), carbon tetrachloride

(Table 4), absolute ethyl alcohol (Tables 5«7), benzene (Table 8),
diphenyl oxide (Table 9) and n;pentane (Tables 10-16)., Calcu-
lated data are also presented on mercury (Téble 17) . Tables 18

h19 on the quench-

‘and 19 summarize the data of Pilling and Lync
ing of a hotvnickel rod in boiling water and in soap solution.

_ To check the effect of tube diameter on heat transfer
coefficients, data were taken on pentane with carbon tubes of
diameters: 0.352, 0,238 and 0.469 inches (Tables 10-15), and
with a stainless steel tube of diameter of 0.188 inches (Table 16).
‘ The physical constants which were used in the calculations
were obtained from the literature which was carefully sSearched
up to 1948 and are summarized in graphical form in the author's
ﬁhesiss.

Included in the tables are the following quantities:

1. The run number refers to the page number in the laboratory
notebook. The other numbers next to these are the dates when
the run was performed.

2. The 11quid'and the size and kind of tube used are also
included in the heading.

3. The point numBers represent the order in which the data.
were taken in each run.

4, The "amps" refers to the current flowing through the tube.

5. The "volts" refers to the voltage drop across the section
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of the tube or apparatus indicated. This is actually the différ-
ence of two readings in most cases.,

6. The "ti mv" refers to the temperature at or near-the cénter
point of the tube and is the value in millivolts observed on the
potentiometer. It is not corrected as written but since chromel
vs. alumel thermocouples were used its reading can be converted
to temperature by reference to any standard table of e.m.f. for
these thermocouples.

It was necessary to apply a small‘éorrection (not over
0.2 mv)., It has been}shown3 that this center point temperature
is representative of the temperatufe over a section at least five
inches long. -

7. The "At" is the calculated value of the difference in
temperature between the tube sufface and the boiling liquid.

Here it is necessary to convert the measured inside>temperaturés
to outside temperatures. This involves a rough estimate of the
thermal conductivity of the tubes.

8, The "h" is the caléulated,coefficient of heat transfer in

English Engineering Units and is obtained from the basic equation:

h=_9_ .
AAt
A is the surface area of‘the_tube in the section which has a
heat input, q. \
9. The " . " is the calculated value, from equation (41), of
the coefficient of heat transfer to be eipected if there were
no radiative heat transfer.

10. The "const" is the value which appears in equation (26).

This value was calculated from the value of hco’ At, the tube
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diameﬁer and the physical constants3 of the 1iquid and its vapor.
11, The quantity; At cp/g' Pr, is important in that the ex-
tended theory, equation (34), indicates that the "eonst" should

be some function of this dimensionless group.

The external heater temperature and the observed liquid
and vapor temperatures are not included. It has been shown3
that the results are_not effected by changes in heater temperature.
The liquid and vépor temperatures were in all cases very close
to the published values for thé normal boiling point at one
atmosphere. |

All of the data in the tables were taken with the entire
tube in stable film boiling.

The water that was used in these experiments was distilled
water from Gilman Hall. The nitrogen was distilled in the liquid
air plant in Gillman Hall, University of California; it was better
than 99.9 percent pure. The carbon tetrachloride was.analytical
reagent grade from Mallinckrodt. The ethyl alcohol was 200 proof
commercial .grade absolute alcohol from the University storehouse. -
They purchased 1t from concerns such as Commercial Solvents Inc.
The benzene was reagent grade from Baker and Adamson. The |
diphenyl oxide was laboratory grade from Elmer and Amend. The
n-pentane was 99 percent pure and was obtained from Phillips
Petroleum Co.

At the highest tube temperatures there waé appreciable
decomposition of the various liquids. Although no attempt

was mede to correct for this in the physical properties used to

evaluate the "constant", the residual alcohol in one run was
analyzed by fractional distillation and found to be better than
. N\

99.9% absolute alcohol.
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Run Number 55 - 8/20/47
Experimental and Calculated Data on the Film Boiling of Water

from a 0.351~Inch Outside Diameter Carbon Tube

Point  Amps Volts*® ¢ At n h Const At e,
- No m¥  OF Btu ©° NPT
(hr}(sq ft)(“F)
1 100 11.5 35.5 1206 46.8 34.3 0.56 0.61
2 90 10,6 32.4 1166 43.2 32.8 0.56 0.52
3 79 9.7 27.9 980 41.4  33.5  0.59  0.43
4 75 9.2 25.9 896 = 40.8 3.9 0.60 0.40
5 70 8.6 23.9 816 39.1 33.0 0.59 0.36
6 65 8.1 21.2 703 39.7 234.6 0.61 0.32
7 100 11.7 35.8 1310 47.2 34.6  0.57  0.62
8 110 12.9 39.5 1469 51.0 35.5 0.54 0.74
9 120 12.9 43.4 1644 53.5 W3 0.49 0.90

The voltage across the apparatus»with the carbon tube replaced
by a 80lid copper rod wés 1.3 volts at 200 amperes.

Thé inside diameter}of the carbon tube Is 0.125 inches. -

The effective length of the carbon tube for héat transfer was

estimated to be eight inches.

*, s
The voltage was measured across the entire apparatus.
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Run Number 94A - 2/17/48

-L]1-

Experimental and Calculated Data on the Film Boiling of Water

from a 0.352~Inch Outside Diameter Carbon Tube

Point  Amps Volts¥ ¢ At
No m¥ oF
1 100  6.81 36.35 1296

2 90 6.3 32,50 1174
3 80 5:87 28.35 1002
4 70 5.33  23.75 815
5 110 7.65 40.15 1495

The inside diameter of the carbon tube is 0.125 inches.’

h

Btu

h

co

46 .7
4340
41 .7

40.8

50.0

ThriTsq fET(°F)

33,2
326
33,4
34,7
34 .2

Conét

0455
0455
0.59
0.62
0.52

PUN2Y

0461

0453
0.45
0.36
0.77

¥ The voltage was measured across the center five inches of

the carbon tube.
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Runs Number 57 and 58 - 8/20/47 and 8/21/47
Experimental and Calculated Data on the Film Boiling of

Nitrogen from a 0.350-Inch Outside Diameter Carbon Tube

Point  Amps Volts t Ab h h Const At c
No , ny- OoF © . Btu ©© A PR
- (hrT(sq FEI(OF)
1 50 6.5 10.43 795 21.8  20.8 0.67 1.44
2 61 7.7 17.60 1099 22.8 20,6 0.66 1.67
3 71 8.6 £3.26 1333 24.4 20,7 0.66 1.83
4 38 5.3 4435 530 20.3  19.9 0.64 1.18

[¥3]

30 4.1 ~0i70 323 20.3 20,1 0,63 0,87

6 60 7.6 17.13 1079 22.4  20.3 0.65 1.66
7 71 8.8 24.3 1377 24.1  20.0 0.63 1.84
8 81 9.7 20,1 1576 2646  20.5 0.65 1.96
0 89 10.5 32.8 1732  28.5  20.9 0.65 - 2.01
10 107.5 12.1 39,73 2031  34.6  22.2 0.68  2.12
11 80 9.5 27.7 1506 26.7  21.5 0.68 1.91
12 113 12.6  41.26 2098 35.8  21.7 0.66 2.13
13 121  13.25 43.9 2216 38.0  22.5 0.68 2.17
14 130 14.5 50.2 2520 39.4  15.7 0.47 2.24
15 129 14,5 49.2 2470 39.9  18.3 0.54 2.24
16 58.5 8.0 17.7 1104 21.1 "18.8 0.61 1.67

The voltage across the apparatus with the carbon tube replacsd
by a solid copper rod was 1.3 volts when the currert through
the rod was 200 amperes.

*The voltage was measured across the entire apparatus.
The inside diameter of the carbon tube is 0.125". The effective

length of the carbon tube for heat transfer was estimated to be
eight inches..
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TABLE 4
Run Number 77 - 10/29/47
Experimental and Calculated Data on the Film Boiling of Carbon
Tetrachloride from a 0.352-Inch Outside Diameter Carbon Tube
Point  Amps  Volts' t, At h h Const Ab ¢

No m . OF Btu  ©°©
ThT) (sq TET(OFT

D

APp

1 7 5.22 32.25 1220 20.3  18.9 0.64  1.38
2 68 4,70 28.24 1054 27.0  18.7 0.64 1.27
3 60  4.30 24.05 882 26.1  19.8 0.68 1.14
4 76.5 5.22 31.80 1201 29.6  19.4 0.65 1.37
5 54.5 3.88 21.77 799 23.9  18.6 0.64 1.07
6 50  3.54 19.58 701  22.5  17.9  0.62  0.99
7 45 3.22 17.00 594 21.7  18.0 0.62  0.88
8 80 5.26 32.86 1245 30.2  19.4 0.65 1.3
9 90 5.80 36.75 1411 35,0  19.4 0.65 1.48
10 100 6.26 39.60 1528 36.5  20.4 0.68 1.53
11 110 6.78 42.05 1635 40.6  22.3  0.72 1.57
12 120.5 7.48 44.80 1757 45.6  23.9  0.77 1.6l

The inside diameter of the carbon tubs is 0.125_inches.
XThe voltage was measured across the center five inches of the

carbon tube.
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TABLE 5

Run Number 84 - 12/26/47
Experimental and Cal culated Data on the Film Boiling of Absolute

Ethyl Alcohol from a 0.239-Inch Outside Diameter Carbon Tube

Point Amps  Volts™ t, At h h,, Const At ¢
No mé OF Btu AT PR

(hrl(sq £t)(oFr)

50  11.35 34.8 1329 56.7 44.9  0.61 1.39

2 56  12.0 87.5 1445 60.7  48.1 0.64 1.46
3 60  12.8 40.2 1563 65.4  49.7 0.65 1.54
L 65  13.3 42,4 1658 69.4  51.3 0.66 1.59
5 70 13.8 44,3 1742 73.6  54.9 0.69 1.63
6 75  14.05 45.5 1794 78.0  57.0 0.71 1.66
7 50 9.85 31.7 1181 55.4 . 45.8 0.64 1.28

The inside diameter of the carbon tube is 0.125 inches.
NThe voltage was measured across the center five inches of

the carbon tube.
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TABLE 6
Run Number 89 - 2/7/48
Experimental and Calculated Data on the Film Boiling of Absolute

Ethyl Alcohol from a 0.468-Inch Outside Diameter Carbon Tube

Point Amps  Volts¥ ¢, At h h Const At ¢

No my OF Btu  ©© }F"?g
(EFT(sq FET(OF) -

1 110 6.87 30.96 1113 45.4  36.7 0.62 1.23
2 100 6.37 27.65 982 43.4  36.1 0.62  1.11
3 90 5.80 24.30 851 42.3  36.5 0.65  0.99
4 110 6.92 30.8 1105 46.1  37.5 0.64 1.22
5 120 7.46 33.7 1219 49.1  39.0 0.65 1.3l
6 130 . 7.95 36.7 1341 51.4 39.4  0.64  1.40
7 140 8.43 39.5 1454 54.1  40.5 0.64  1.47
8 100 6.15 27.0 958  42.9 35.9  0.62  1.09

The inside diameter of the carbon tube is 0.128 inches.
*The voltage was measured across the center five inches of

the carbon tube.
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Run Number 90 - 2/7/48
Experimental and Calculated Data on the Film Boiling of Absolute

Ethyl Alcohol from a 0.352-Inch Outside Diameter Carbon Tube

Point Amps  Volts® t. A h h Const At ¢
No ) mv OF Btu °° 3T PR
(RFT{5q TET(CFT
1 80 5,62 24.82 891 44.8  38.5 0463 1.03
2 80 5.58 24.36 871 45.6  39.6 0.65 1.0l
3 70 4.95 20.73 726  42.4  37.7  0.64  0.86
4 65 4.62 18.70 645 41.5  37.4 0.64  0.77
5 60  4.30 16.75 566 40.6  37.2 0.64 0.69
6 55 4,03 15.10 501  39.3  36.3  0.63 0.6l
7 50 3,65 13.32 428  37.9 35,1 0.61  0.53
8 45 3,30 11.75 364 36,2 33,8 0.58 0.46
9 80 5.58 24.35 871 45.6  39.5 0.65 1.0l
10 90 6.10 27.83 1011 48.3  40.8 0.66 1.14
11 100 6.60 31.05 1144 51.3 42,3 0.66 1.25
12 110 7.08 34,10 1262 54.8 44,1 0.68 1.34
13 120 7.72 36.83 1871  60.1  47.7 0.72 1.41
14 130 8.20 39,60 1486 63.9  49.6 0.73 1.44
15 80 5.48 23.90 853 45.6  39.9 0.66 0,99

The inside diameter of the carbon tube was 0.125 inches.
¥ime voltage was measured across the center five inches of

the carbon tube,



- TABLE 8 -47-
Run Number 87A - 2/6/48
Experimental and Calculated Data on thé Film Boiling of Benzéne

from a O.352—Inch Outside Diameter Carbon Tube

Point  Amps Volts® t At h h Const At ¢

No my op Btu °° T PD
(EFTT(sq TET(OF)

1 60 4.2 17.35 590 38.11 34.4 0.62 1.31
2 55 3.88 15.85 530 35.9 32.6 0.60 1.21
3 50 3.48 14.0 455 34.1 31,3 0.58 1.06
4 60 4.25 17.55 598  37.9 34.1 0.62 1.33
5 70 4.68 21.23 750  39.1 34,1 0.58 1.57
6 80 5.20 24.73 886 42.4  36.2 0.58 1.78
7 90 5.86 28.0 1015 46.2  38.7 0.60 1.94

The inside diameter of the carbon tube is 0.125 inches.
*The voltage was measured across the center five inches of

the carbon tube.
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Run Number 91 - 2/9/48
Experimental and Calculated Data on the IFilm Boiling of Diphenyl

Oxide from a 0.,352~Inch Outside Diameter Carbon Tube

Point - Amps Voltd ty At h h, Const At c
No my OF Btu W PP
(RET(5q TET(OF)
1 70 4.8 24.7 572 52.4  43.7
2 60 4,16 21.4 438  50.7  43.7
3 55 3.78 19,7 371 50.0  43.1
4 © 70 4,88 24.6 566  53.7  45.1
5 80 5.4 27.8 695  55.5  45.3
6 90 5.9 30.6 810 58.5  46.6
7 100 6.35 33,56 930 61,8  48.0

The inside diameter of the carbon tube is 0.125 inches.
'*The voltage was measured across the center five inches of

the carbon tube.



TABLE 10

Run Number 85 - 12/30/47

-l9=

Experimental and Calculated Data on the Film Boiling of

n-Pentane from a 0,.,352-Inch Outside Diameter Carbon Tube

Point

&3

O ® N o O b

10

No

11

12

The inside dlameter of the carbon.tube is 0.125 inches.

Amps

60
50

45
40
60
70
80
90
100
110
120

130

Volts

4.6
3.87
3.55

3.15

6.42
7.0
7;5
8.0
8.3

vy

mv
15.8
12.57
11.14
9.5
15.9
19.6
22,15
26.5
20.1
33 .4

36.0

38.7

Ab
oF
598
468
411
334
602
751
890
1024
1168
1300
1405
1518

h
Btu

hCO

Const At ¢

(hr) (sq ftI(°F]

41 .1
36.8
34,6
33,6
41.0
43 .9
47 .5
50.2
53.4
56.5
60.7
63.4

38 .2
34,6
32,6

32,0

38.0
39.9
42 .4
43,0
45 .4
46 .8
49 .7
5043

0.70
0.66
0.63
0.62
0.70
0.70
0.70
0.68
0.70
0.68
0470
0.69

FAS

PR

1.45
1.21
1.11
0.94
1.44
1.67
1.84

2.00

2.13
2.24
2.31
2.38

*The voltage was measured across the center five inches of

the carbon tube.
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Run Number 86 - 2/5/48
Experimental and Calculated Data on the Film Boiling of
n-Pentane from a 0.352-Inch Outside Diameter Carbon Tube
Point Amps Voltd ¢, AL h h Const At ¢

No m¥ OF ~ Btu °° - W PR
| (e T(5q TET(OFT

70 4.98 19.10 733  42.4 3845 0.68 1.65
60 4.27 15.57 592 38,5 35,6 0.66  1.44
50 3.7 12.30 458 36.0 33.8 0.65 1.20
100 6.53 29.2 1138 51.3  43.8 0.68 £.10
120 7.8 85.4 1380. 60.4  49.7 0.7  2.30
130 8.58 28.5 1505 65.9  53.2 0.73 2.38

S B o 'S & I N S E ST =

140 8.62 40.9 1608 66 .7 52,1 0.69 2¢44
The inside diameter of the carbon tube is 0.125 inches. |
+*The voltage was measured across the center five inches of

the carbon tube.
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TABLE 12 _ -51-
Run Number 87 - 2/6/48
- Experimental and Calculated Data on the Film Boiling of

n-Pentane from a 0.238-Inch Outside Diameter Carbon Tube

P§gnt ~ Amps Voltsg® é% gg h . hCo Const %%_%?
o : (hr) (sq £t1(OF)
1 40  9.24 24.6 975 50.5 - 44,7 0.66 1.94
2 35 8.03 20.45 807 46,3 42,0 0.65 1.74
3 30 6.85 15.85 617 44.2  41.2 0.68 1.48
4 25 5.75 12.55 480 39.8 37.5 0.65 1.23
5 20 4.7  9.20 336 B37.2 25,5 0.63 0.94
6 40 9.3  24.7 979  50.7 44.8 0.66 1.94
7 45 102 28.0 1115 54.7 47.5 0.67 2.08
8 50 11.12 31.5 1258 58.9 49.8 0.68 2.22
9 55  11.68 34.2 1376 62.1  51.5 0.66 2.29
10 60  12.1 37.2 1501  64.5 51.8 0.65 2.38
The inside diameﬁer of the carbon tube is 0.125 inches.

The voltage was measured across the center five inches

the carbon tube.

of



Run Number 86 - 2/7/48

TABLE 13

~52-

Experimental and Calculated Data on the ¥ilm Boiling of

n-Pentane from a 0.468-Inch Outside Diameter Carbon Tube

Point Amps
No
1 70
2 60
3 80
4 90
5 100
6 110
7 .120
8 130
9 140
10 150
11 70

Volts

5445
4,72
6.0

6.68
7.42
7.88
8.33
8.77
9.15
9.34
4.83

ty

mv

18,02
14.6
21.5
24,45
27.85
31.10
33 .85
36 .6
38.7
40.1
16 .37

The inside diameter of the

XThe voltage was measured

the carbon tube.

N
Oop

(BTTTsq TET(OF)

676
540
812
924
1055
1181
1290
1400
1481
1536
610

h

h

37.7
35.1
39.5
43,5
46.9
49.1
£1.8
54 .4
657.9
61.0
37.0

34.2
32.5
35.1
38.1
40.2
41.1

42.3

43.3
46.1
47,6
34.1

0.69
0067

Const At c

1.57
1.34
1.74
1.89
2.03
2.14
2.23
2.31
2.87
2.40
1.46

carbon tube is 0.128 inches.

across the center five inches of
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TABLE 14

Run Number 92 - 2/13/48

Experimental and Calculated Date on the Film Boiling of

n-Pentane‘from a 0.352-Inch Outside Diameter Carbon Tube *
Point Amps Volts** t; 4t h h Const 4t ¢
No nv  °F Btu °° jﬁT‘%f
: (hr)(sq £t)(°F)

70 5.2 19.85 764 42.5 37.2  0.65  1.68

2 60 4.58 16.10 612 139.9 36.9  0.68  1.46
3 50 3.85 12.75 L77 35.9  33.6  0.6h  1.24
L L5 3.55 11.22 415 134.3  32.3  0.62 = 1l.11
5 L0  3.21  9.45 339 3.8 32.1  0.63 0.95
6 37.5 3.00 8.55 1301 133.2 31.7 0.62 0.86

The inside dizmeter of the carbon tube is 0.125 inches.
The mininmum critical heat flux occurs when there is about

36 amperes through the tube.

*The tube used here was of special design3 such as to
allow investigation of the stable film boiling range down

to the minimum critical héét flux.

®The voltage was measured across the center five inches of

the carbon tube.
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TABLE 15

Run Number 93A - 2/15/L8
Experimental and Calculated Data on the Film Boiling of

n-Pentane from a 0.352-Inch Outside Diameter Carbon Tube*

Point Amps Volts  tj At h - h,, Comst At e

No nyv °F Btu _ ""}\v Pr
(hr){sq f't)(°F)

1 50 3.95 13.10 492 35.7 33.4 0.63 1.26

*This run was the sane és run number 92 except that the
level of the pentane was lowered until only about 5/6 of

the tube was covered with liquid.

** The voltage was measured across the center five inches of

the carbon tube,



Experimental and Calculated Data on the Film Boiling of

PABLE 16 °

Run Number 94 - 3/12/48

n-Pentane from a 0.188-Inch Outside Diameter Stainless Steel Tube

Point Amps
“No
1 110
2 100
3 90
L 110
5 120
6 130
7 140

The inside diameter

Volt

1.9
1.6
1.4
1.8
2.0
2.3

* gy
s tl
mv

18.35

15.7

12.8
17.8
5 0.4
5 23.7

At
°F

730
618
L94
707
815
952

2.50 27.2 1099

h

Btu

hCO

(hr)(sq Tt)(°F)

L7.6
L3.1
L2.4
4L6.5
50.1
53.3
52.8

45.1
L1l.4
L1.4
Lh.2
4L6.9
4L8.6
4L6.0

Const

0.68
0.64
0.67
0.67
0.69
0.68
0.62

oY 32
» Pr

1.64

1.47
1.27
1.60

1.76
1.90

2.06

of the carbon tube is 0.143 inches. -

The tube was highly polished to stért with but soon after

film boiling set in
ninutes the surface

estimated thereforé

*The voltage was measured across the center five inches of

the stainless steel tube.

to be about 0.7.

became quite dark.

and the tube held at red heat for a few

Its emissivity was
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TABLE 17
Calculated Data on the Film Boiling of Mercury at a Pressure

of Cne Atmosphere from a 0.352-Inch Qutside Diameter Tube

st hCO
op Btu
(hr) (££°) (°F)

100 28.3
200 2L.0

300 » 22.0

500 20.0
1000 17.9
1500 . 16.9
2000 16.5

In the calculation of hco' a value of ©.62 was used as the

constant in equation (26).
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TABLE 18

O . .
Data of Pilling and Lynohl’ on the Quenching of a Hot 0.25-

Inch Qutside Diameter Nicket Alloy Red in Water at 98°C

Point ti dt °¢ o, rod 4 h  h,, Const &t o

No ~ °C & Fec ‘ptu  °F __Btn FE
15 °F hr ©+< OF

1 500 14.5 0.131 720 LO 36 0.59 0.32

2 600 19 0.-133 900 43 38 . 0.61 0.40

3 700 24 0.134 1080 46 139 c.61 0.49

The composition of thé rod was 95 per cent nickel and five per
cent silicon.‘ The weight of the rod was 11.6 grams. ‘The
length of the rod was fifty millimeters. The emissivity was
taken to be 0.6. The original’teﬁperature of the rod was

830 °C. The water was open to the atmospheré.
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TABLE 19 |
Data of Pilling and Lynch19 on the Quenching of a Hot 0.25-
Inch Qutside Diameter Nickel Alloy Rod in a Two Per Cent
Soap Solution at 98°C

Pcint t54 4t

No °oc de g%c CPBESG ﬁ; "’ Btuhc? const A%ngr
I5 °F nr £t °F

1 700 21 0.134 1080 4O 33  0.53.  0.49

2 600 19 0.133 900 43 38 0.61  0.40

3 500 1 0.131 720 39 35 0.57 0.2

L kOO 10 0.129 540 6 33 0.54 0.25

5 300 10 0.127 360 53 51  0.78  0.17

The rod is the same as that described in Table 20. About two
per cent of Ivory soap was dissolved in hot water for the soap
solution. Its analysis was 1.85 per cent toﬁal solids and 1,47
per cent true Soap. In the calculation of the "constant" the
physical properties used were taken to be the same as those of

pure water.
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Results

Figure 5 is a plot of the experimental values of the
wconstent" in equation (26), as given in tables (1) through
(21), ageinst the parameter At‘cp/j\' Pr. It can be seen
that there 1s perhaps a slight trend of the "constant" with
Lt cP/“A' Pr but it is certainly not conclusive and in fact
it is to be noted that the data for each iiquid which were
taken at.the smallest temperature differences lie almost on
& streight line at the adopted value of the "constant® of
0.62 * 0.04. This tends to indicate that at least for the
range of liquids chosen there is no trend of the "constant®
with the physical characteristics of the liquid, other than
with density which occurs in equation (26). These liquids
do not, hbwever. cover a wide range of viscosity and it is
still possible thet a very viscous liquid would give a wvalue
of the *“'constant" below 0.62 (but not below 0.52).

These values at the lowesﬁ temperature differences are
the most accurate because the physical constants are known
better here than at high temperatures. The radiation term

is also less important at the lower temperature of the tube

and since the emissivity of the tubes is only estimated from
other workers data, the value of the "constanﬁ" will be more
accurate at the lower values of the temperature difference.
For these scveral reasons the low tempersture data were given
the most weight in the determination of the adopted value of

the "constant". Equetion (26) then becomes:

/b

' 1
heo = 0.62 (kZQ(& =€) 2 Ln) . (L5)

D A&t Pr
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The effect of the tubé dismeter on the coefficient of

heuat tronsfer is shown clearly in Figure 6. This indicates
that a4 decrease in tube diameter, cther things being equal,
results in an increase in the coefficient of heat transfer.

Equations (26) or (45) would predict that the coefficient
of heat transfer, héo' should vary inversely as the one-fourth
power of the diameter. Figure 7 shows thot within the limit
of experimentzl error this is ccrtainly the case.

The data for the stainless steel tube fits on the same
curve as the carbon tube and also the data of Pilling and

19 on a nickel rod, Table 18, check equation (45). From

}Lynch
thié it is apparent thet the physical or chemical character
of the tube or tube surface has little or no effect as long
as it is fairly réund and smooth. This 1s what the theory
predicts.

It might be expected that the shape‘of the containing
vessel or thé depth of emersion of the tube would be at
least somewhat important. The latter effect was checked in
run 934, Table 15, in which the liquid level which was norm;
ally et least one inch above the tube was lowered until the‘
tube was about one-sixth exposed. In this case there was no
bubble formation but the rising ;apor merely escaped directly
~into the vapor phase. This caused but little disturbance of
the liquid. It will be seen that the coefficient for this
run is the same as that when the tube is covered. This tends
to indicate that convection currents set up in the liquid by
the rising bubbles do not substantially incréase the heat

transfer coefficient. It is realized that the evidence is as

yet too meagre to be conclusive on this point and indeed, if
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several tubes were located above GF héht each other there
might be an apprecieble effect on the heat transfer,

Figure 8 is & plot of the coeffiéients of heat transfer
in film boiling from a heated 0.350-inch outside diameter
horizontal carbon tube to liquid nitrogen. The lowest curve
isvthe calculated coefficient of heat transfer by radiation
alone using a value of 0.8 for the emissivity of carbon. The
intermediate curve is the celculated coefficient of heat trans-

fer, h from equation (45). This is the coefficient of heat

co’
transfer which would be expected 1f there were no radiation.
The upper cﬁrve is the calculated coefficient of heat transfer
using equation (41)s this includes both the contribution of
radiation and convection. It may be seen that the experi-
mentally measured valﬁes of h, represented by the open circles,
agree fairly well with the calculeted coefficients. The solid
points are the experimental values of h,, calculated from the
measured values of h, using equation (41). Eaquation (43)
might just as well have been used since it is numerically
equivélent to equation (41).

since a plot of hy, aguinst 4t is of perhaps more value
than one of h against at, figures 9 through 15 include only
the former. The curves are the calculated values and the
points are the experimented values. It is felt that the
measured points are in all cases of higher accuracy than the
calculated curves because of the uncertainty in the physical
propertieé of the liquid, its vapor and the tube.

For simplified calculations for the liquids studied the

curves in figures 8 through 15 may be used to estimate heat
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transfer coefficients for the same liquid boiling at one
atmosphere from tubes of other diameters. The necessary rela-

tionship is:

1/4
_ 0.35"
hoo = Beo(p = 0.35")’(Dinch) (“6>

which may be directly derived from equation (45).

h is the unknown heat transfer coefficient if there were

co
no radiation. This is for stable film boiling from & horizontal
tube.

hco(D: 0.35mn) 18 the measured orvcalculated value of
the heat transfer coefficient from a 0.35 inch tube.

D is the'outside diameter of the tube under con-

inch
" sideration expressed in inches.

The heat transfer coefficient, h, is calculated from
equation (43) or (42) by use of equation'(uh).

No concerted effort was made to determine the minimum
critical heat flux or the critical temperature difference in
the film boiling. Run 92, Table 14, was made from a carbon
tube designed3 to operaste down to the minimum critical heat

19, Tables

flux in film'boiling, The data of Pilling and Lynch
18 and 19 indicate clearly that it is possible to go to much
lower values of the temperature of.the tube in film boiling
when soap is dissolved in the water. This indicates that a
decrease in surface tension of the liquid 1oweré the minimum
critical heat flux and the temperature corresponding to this
heat flux. | | ‘

” Figure 16 is a comparison of the theory presented here
Ta

with the recent data of Farber and Scorah’™ on the boiling
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‘of water from a 0.040 inch horizontal wire. The solid curve
labelled hco is the calculated heat transfer coefficient if
there were no radiestion, using‘the physical properties of
water from the literature. The solid curve labelled hpp is
the calculated curve assuming that the wire was avblack
body. The true emissivity of the_wires.is unknown. The
dashed curves were obtained from fhe data in Figure 9 by
use of equation L6 dnd hence should be of higher order of
acduracy. It can be seen that although the agreement is
not as good as might be hoped for it is certainly qualitatively
correct when there is stable film boiling. As was pointed out
in the discussion following the paper of Farber and Scorah
there are several chances for rather serious error in their
‘measurenents especially in temperature. However they must
certainly be of the correct order of magnitude and hence
give some additional confirmation to the theory presented here.,
It is of interest that the theory holds as well as it does at
this small a wire size.

Very recent data of McAdams, Addoms, Rihaldo and Daylza
on film boiling of water from platinum wires of froum 0i004 to
.0.024 inches diameter indicate that the theéory is not accurate
within this range of wire size, the error ranging from about
30% to 100% as size of wire is decreased from 0.024 to 0.004

12a report that the filux was inversely

inches. McAdams et al
- proportioned to the square root of the diameter of the wire,
whereas at larger wire sizes it is proportional to the one
quarter power. Qualitatively, this should be expected from the
assumptions made in the simple theory. It thus appears that the

developed theory is fairly accurate for wire sizes down to 0.04LO"



but not much below this figure.

-2
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Conclusions

By the use of equations (45) or (26), (44) and (43),
which are derived from a few simple premises and well ver-
ifjied by extensive experimental data, it is possible to cal-
culate coefficients of heat transfer to be expected in natural
convection stable film boiling from a horizontal tube. If the
amount of heat transferred by radistion is not over half the
total heat transferred, i.e. the température of the tube is
not too high, the simplified equation (42) may be used in
place of equation (43). The amount of heat transferred per
unit time mey then be calculated by equation (1).

For simplified calculations for the liquids studied the
experimental points or calculated curves in Figures 11 through
18 may be used together with equetion (46) to estimate heat
trénsfer coefficients in film boiling for the given liquid
from tubes of other dlameters.

It is to be noted that this theory gives the heat trans-
fer coefficients in stable film boiling from the outside of
a horizontal tube when the liquid surrounding the hot tube
is at its boiling point under the pressure preveiling in the
system. As was mentioned in the section "Previous Work on
Film Boiling", when there is either metastable film boiling
or stable film boiling with the bulk of the liquid below its
boiling point, the coefficient of heat transfer is higher
than would be calculated‘by this theory. The theory is re-
stricted to tubes of such & dismeter that the thickness of

the film is small compared to the diameter of the tube, al-



TR
though it appears to hold fairly well down to tubes of 0:040

inches diemeter.

The method employed for the derivation which may be
found in the section "Theory" may be applied to derive equa-
tions for heat transfer coefficients to be expected in film
boiling from any other shape.

Equation (36), page 28, results from the application of
the method to the case of film boiling from a vertical tube

or vertical plene surface.
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Nomenclature and Suggested Units

Symbol Definition Units
A heat transfer area ft2
& thickness of film £t
b constant
Cp specific heat of vapor at constant
pressure . Btu/(1b)(°F)
D outside diameter of tube £t
a differential operator
F friction loss (ft)(1b force)/
(1b mass)
T function
g ‘ acceleration of gravity ft/hr2
Ec grévitational constant, 4.17 x lo8 (1b mass)(ft)/
(1b force)(hrz)
h film coefficient of heat transfer Btu/(hr)(ft2)(°F)
he convection coefficient of heat trans-
fer, see equation (37) Btu/(hr)(ft2)(°F)
hco film coefficient of heat transfer if
there were no radiation Btu/(hr)(ftz)(°F)
0.9 locel velue of h,, at a point on the
tube | Btu/(hr) (££°) (°F)
hr radiation coefficient of heat transfer,
see equation (44) Btu/(hr) (£t2) (°F)
k thermel conductivity Btu/(hr) (£t ) (°F)
L length of tube ft

1n logarithm
p'a subscript denoting liquid

mv millivolts



Symbol

Pr

At

W

W

Definition

Pressure

pressure at 6 equals 90°
Prandtl number, see equation
(25)

he&t. flow

outside radius of tube

inside radius of tube

radius of tube between Ry and
R

temperature

temperature

temperature difference between
hot surface and liquid at its
boiling point

temperature at which the 1liq-
uid boils

tenperature of the inside of
ﬁhe tube

velocity

weight evaporated on entire
tube

heat generated per unit volune
in rod

weight evaporated up to any
angle ©

height above datum plane
denotes proportionality

absorptivity of liquid

Units

1b force/ft%

Btu/hr

s

ft
Tt

°R
°F

°F
°F

°F
ft/hr

1b mass/hr
Btu/(ft}) (hr)

1b mass/hr
ft

-76-



Symbol

>\1
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Definition Units

constant, see equation (13)

finite difference

enissivity of hot tube

angle measured from the bottom of

the tube

latent heat of veaporization at

boiling point Btu/1b mass
difference in heat content between

vapor at its average tenperature

and the liquid at its boiling

point, see equation (5) Btu/lb mass
viscosity of vapor 1b mass/(hr)(ft)
3.1416

density of vapor 1b mass/ft3
density of liquid 1b mass/ft?

Stefan-Boltzman constant,

0.1713 x 10-8 Btu/(hr) (££2) (°R)&
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