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ABSTRACT 

By the use of equations, which are derived from a 

few simple premis.es; and well verified by exten~d ve ex­

perinental data, it is possible to calculate coefficients 

of heat transfer to be expected in natural convection 

stable film boiling fron a horizontal tube~ 

The method enployed for the derivation may be .applied 

to derive equations for heat transfer coefficients to oe 

expected in film boiling frora. any other shape. Equations 

are derived for the case of film boiling from a vertical 

tube or a vertical plane surface. 



Introduction 

boiling which occurs when a coLlplete vapor film exists be-

tween the heated surface and the boiling liquid. Nucleate 

boiling, in which the vapor origi~ates from individual 

points on the hot surface, is the type of boiling most 

generally encountered (McAdarn.s) 1
'3 and usually is to be 

preferred because of the large heat transfer coefficients 

that can be obtained. 

The basic equation for heat transfer is written: 

q=hAilt. ( 1) 

q represents the heat transferred per unit time; h is the 

coefficient of heat trapsfer; A represents the are&; 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 boiling range, the latter may be sub­

divided into a stable and a metastable film boiling region. 

As can be seen fro111 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 oont"rblled variable. 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 Hith slow cooling of a 

very hot object immersed in a boiling liquid is slow mooling 

to what I wi;Ll term the rninimuru critical heat flux ( ntcf in 

Figure 1). Then abruptly the boiling will becone nucleate 

on one or nore points on the surface and rapidly 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 sane boilers in the early part of the 

last century. 2 ' 18 

It is the purpose of this work to develop a sound 

theory which will predict the coefficients of heat transfer 

to be expected when there is stable film boiling. The ex.,. 

perimental work was all carried out on the boiling of liquids 

from the outside of hor.izontal tubes, although the equations 

are also developed 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 liquld with nuite.hot surfaces; 

this is the condition for film boiling. 

Film boiling usually occurs in the boiling of mercury, 

especially at high heat fluxes~ Attempts to use the mercury­

sterun cycle to obtain better thermodynamic efficiency in the 

-use of heat have been hampered by a lack of knowledge of 

this phenmnenon. 

In any boiler operation in the nucleate range where 

the heat input is the controlled variable, us in an elec~ 

trically heated boiler 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 1). The danger is even greater 

if the heat input is near the maximum critical heat flux 

and since the temperature rise would be quite large, it 

probably would have a very pronounced effect on the system, 

such as expansion and \Veakening of the parts to cause 

breakage. It is therefore most important that in the design 

of any such boil~r that consideration be given to the possi­

bility of the occurrence of film boiling. In sane cases it. 

may be desireable to ·operate in the film boiling range 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 beat treat­

ing of steel or other metals, it is usually film boiling 



-11-

combined with natural convection in the liciuid (important 

if the liquid is below the boiling point) that produces the 

temperature drop in the uetal \Vhere most of the desirable 

effects are noted. 

In thermal cracking operations it may be sometimes de­

sirable to use high temperatures and sho1·t contact times. It 

would appear that film boiling might be the answer and since 

the heat transfer coefficients are rather low, it might also 

be economically feasible~ 

It is thus apparent that the phenmilenon of film boiling 

is very real and that a sound theory by which to predict heat 

t~ansfer 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 and metastable 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 1917! Recent data 

(1917- 1948) have been reviewed and discussed by tnis author 1 , 

From this the follmdng qualitative facts may be listed. 

Metastable Film Boiling 

~1. All high-speed photographs of metastable film boiling 

indicate definite waves or ripples in the vapor ... liquid 

boundaryl1,6, 22 , 23. The film sometimes appears to alternately 

7a 
build up and collapse • 

2. The heat transfer coefficients are higher than would be 

predicted if the film were perfectly sruooth. This is at 

least partially due to the ripples 1. 

3· The nature of the hot solid surface is important but 

decreasingly so as the stable film boiling region is ap­

proached3,21,20,21. 

4. An increase in pressure, while boiling is maintained, 

especially when the pressure approaches the critical value, 

lowers the critical t.t and the (q/A)max thus rJ.aking it 

increasingly easy to get filrJ. boiling5. 

5. A decrease in the liquid vapor interfacial tension 

causes a lowering and shifting to the left of the raetast~ble 

6,15,13. 
portion of the curve in Fig~re 1 · · • Such a decrease 



also shifts the critical temperature difference iit
0 

quite 

appreciably to the left and downward. This effect is 

completely ignored by certain authors11 ,1 2. 

Stable Fil]jl Boiling . . . 

1. The liquid-vapor interface is 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 

stable film boiling from a horizontal tube nay be calculated 

from the theory presented in this paper 1
. one need only know 

the physical properties of the liquid, its vapor and the 

tube. The ~ethod is restricted to tubes v~hich are large 

compared to the vapo):' film thickness and thus do not apply 

for film boiling from small wires 1 6¢ 2 ~t is fair for moderate 

sized wires7a. 

3· The heat transfer coefficients are independent of 

the tube material except for the radiation contribution1 . 

4. The effect of any variable such as pressure may be 

calculated ftom its effect on the physical properties of 

the liquid and its vapor. 

5. A decrease in vapor-liquid interfacial surface ten-

sion produces no change in the calculated coefficients but 

such a decrease in interfacial tension does reduce the mini-

mum critical heat flux and the temperature corresponding to 

•tl9,6 
~ . 

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

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

than those to a liquid at the boiling point19 . This phen-

omena occurs in the quenching of steel etc. 

7. This type of boiling is usually encountered in mer­

cury boilers
14 '

8
' 9 ' 7 . The heat transfer coefficients to 

boiling mercury are usually smaller than to non-boiling 

mercury24, 25,3. Addition of potassium to themercury 

which should tend to wet the solid surface does not help 

prevent vapor binding (film boiling)
10

. 

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-

t . f'l b '1' 
24 

vee 1on 1 m 01 1ng. 
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THEORY 

Horizontal Tube 

I will develop a simple theory which will enable one 

to calculate the coefficients of heat transfer to be expected 

in stable fil~ 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 mechanism appears from visual observations 
. -

to be the situation on about the lower two-thirds 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 the bubbles form before rising. 

Since most of the heat will be transferred on the bottom 

two-thirds of the tube it would seem most important to have 

the theory fit the situc;.tion in this part of the tube. 

The assumptions in the simple theory and a short dis­

cussion of their validity follows. 

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 calculations 

of the Reynolds' Number in the film1 , which indicate that 

the flow is viscous eYen at the highest flow rates. The 

effect of radiation will be considered near the end of this 

section on theory. 

1. The vapor rises under the action of buoyant forc.es. 

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 the heat 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 

that the drag of the liquid is constant !:l.round the tube. 

This fnctor will be incorporated into a constant which will 

be determined experimentally 2nd hence, the error in the 

integration will be at least partially corrected. 

6. · The .latent heat of vcporization is the major item 

in the heat supplied to the vapor film. This is equivalent 

to assuming that the film hes thermal conductivity but little 

or no heat capacity. This is only a fair approximation even 

at the lowest te:r:1perature. Ev-en though tho assur:1ption is 

not good, it is appETently satisfactory to uso 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 kinetic energy of the vapor in the film is neg­

ligible. calculations1 indicate that this may possibly be a 

poor assumption. 

8. The vapor-liquid interface is smooth and continuous 

and is not effected by a variation in the vapor-liquid inter­

facial tension. The surfuce tension of the liquid produces 

large b~bbles at the top of the tube rat.her than a continuous 

upsweep of vapor but this is not ·serious since not much 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 asstmwd that the uneveness 

in the bottom of the film produced at very high heat fluxes 

does not effedt the heat trunsfer. 

9. It is permissible to use an average value for the 

temperature difference between the hot tube and the boiling 

liquid and treat it as a constant value around the tube in 

the integrations• This approach to the problem is essentially 

that used by Nusseltl7 for condenser problems and has been 

shown by this author4 to be justified in the case of con­

densers to within the accuracy required for engineering cal­

culations. 

10. The boiling liquid is ut its boiling point at the 

vapor liquid interface. Since it is normally impossible to 

superheat a liquid more than a very few degrees, the temper­

ature of the liquid in the vicinity of the tube is given to 

within e few degrees by equating the equilibrium vapor pres­

sure to the pressure existing in the vicinity of the tube. 

11. For engineering calculations it will be satisfactory 
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to evaluate all physical properties of the vapor at the 

arithmetic average temperature of the hot surface 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 experimental data (using physical properties 

evaluated at the arithL1etic mean temperature) ure made to 

fit the theory by the.uss of u constant factor. 

12. The combined effect of most of the errors in the 

foregoing assumptions may be corrected by evaluating a 

suitable factor to be determined from the experimental data. 

The theory is represented diagrammatically in Figure 2. 



R. 
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If P represents the pressure ut point P, and P
0 

repre­

sents the pressure at e equals 90°, then 

( 2) 

and 

dP = -~Rfl_sin e de. ( 1) 

Let us consider a heat balance on the element of vapor 

in the film enclosed by de. consider length of tube, L. 

dq = hb 0 dA At = hb~ RL At d8 = ~' dw, (4) 

where A' is the average difference in hent content between 

the vapor and the liquid. 

+ At 
~ 

cp dt. ( 5) 

We will consider that heat travels through the vapor 

film by conduction only. Let u be the thickness of vapor 

film at any angle e. Then 

h ' k. 
Co == -a 

( 6) 

Here h~ 0 represents the locnl value ::1t a point on the tube 

of the convection coefficient of heat trunsfer when hr is 

equal to zero, that is, there is no radic:tion. Since all 

the heat does not truvel clear through the VGpor film for 

some is used to heat it, the above expression can not be 

exact but should give a fairly good result if the latent 

heat is the major item in A_,. 

~' dw = k RL At de. 
a 

( 7) • 

*A complete list of synbols will be found in the nomencla­

ture at the·end of this paper. 
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Let us apply Bernoulli's theoren to the element de. 

Consider~- n".unit mass of mnteriul entering this differential 

section in viscous flow. Let us neglect the kinetic energy 

of the vapor in the film. Then 

dP 
~ --- = e 

(8) 

By use of a material balnnce, 

w ::: ~ V a L. ( 9) 

From the geometry of the system we obtain: 

dx = R sin 9 de. (10) 

Let us restrict ourselves to a tube large enough so 

that the vapor film may be considered between two parellel 

plates. One of these plates is more or less movable. \'tThere 

there is viscous flow betvveen two parallel plates both of 

h . h f" 26 w ~c are ~xed, 

d}t' 

R de 
(11) 

This would be the case when the liquid is very viscous or 

possibly quite dense. If the liquid moves with the gas film, 

because it is fluid and because of the convection currents 

set up in the boiling liquid, then equation (11) must be mod­

ified. If a situation exists such that the liquid exerts no 

rets.rding a.ction on the gns film, then only the tube contrib-

utes to the frictional drag~ In this case, 

(12) 

In general we may write, 

(11) 



where for natural convection, 

3 < (3 < 12 

If there is forced convection of the liquid across the tube 

surface, it would be possible to reduce (3 below 1. 

Let us substitute into equation (8) the value of dP 

from equation (1), the value of dF from equation {11), and 

the value of d~ from equation (10). The following equation 

is the r,esul t after rearrangement. 

(14) 

we shall replace V by its value from equation (9) and for, a, 

substitute its value froo equation (7). Then 

(15) 

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

variables. Then 

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

tween zero and W, we obtain: 

1/1 J{' W 1/1 1/3 .,_ 14 m 4/3. 
(3 w - dw = (3 1 vv 

0 -

J
?r. 1/1 

4- s1n e de= 3.428. 
3 0 

Since we have only integrated around one side, the total 

mass flow, W, for both sides will be twice that given by 

integrution of equation {16). 

(16) 

(lv) 

{18) 



If no radiation is present, 

W = h 0 0 2-n- R L 6 t 
)...t 

1/4 

(19) 

(20) 

Replacing R by half of the dic.mqter, D/2, and solving tor 

h00 , we obtain: 

3 • 428
1 I 4 2_~/ 4 fk 1 e ( ex - € ) g ~' 

hco= 11 t'l/4. [ D~ lit 

1/4 
(21) 

or 

( 22) 

It is of interest at this point to compare this equation 

with that for the coefficient of heat transfer in the conden-

sation of vapors on a horizo~tal tube. 

h = o.724 "'
4 ~ (21) 

v~· 

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

resemblence between equations (22) and (21) is striking but 

it should have been expected. 

Since f'or natural convection 

3 < " < 12 

then 

(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 lump certain 

quantities together into the Prandt1 Number, {Pr), ·. whioh is 

nearly independent of temperature and pressure. 

Pr = E~P 

Hence equation (24) becomes: 

hco = (const) k
2 ~ ( ~1.- ~ ) gAt Cp 

D t::.t Pr 

1/4 

(25) 

( 26) 

hco = film coefficient of heat transfer if there were 

no radiation. 

k = thermal conductivity of the vapor. 

~ = density of the vapor. 

~.V. = density of the liquid. 

g = local acceleration of gravity. 

A' = difference in heat content between the vapor c .. t 

its average temperatw·e and the liquid at its 

boiling point. see equation ( 5) • 

cp = heat capacity of the vapor at constant pressure. 

D = outside diumeter of the tube.· 

i:1t = temperature difference between the hot surface 

e.nd the liquid at its boiling point. 

Pr = Prandtl number of' the vapor. See equation ( 2 5) • 

All of the physical properties of the vapor are evaluated at 

the c.verage temperature of the film. This average hciS been 

arbitre .. rily taken as the arithmetic average of the tube 

surface temperature and the boiling liquid temperature. 

Most of the experimental -vvork will be concerned with 

the evaluation of this "constant" and will be shown in 



the sections on data c-:.nd results to have a value of about 

o.62. 

(const) = o.62 ± o.o4 (27) 

This «constant" is dimensionless and therefore its equivalent 

in equation (26) is 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 thus expect the dimen­

sionless group in equation (26) to be a function of the ratio 

of the heEt required for vaporization to the heat used in 

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

(28) 

If the kinetic energy of the vapor in the film is not 

negligible (assumption 7, pcge 18) then the derivation should 

be changed to include this kinetic energy term in Bernoulli's 

equation. For weight, w, in the section at d9 we have: 

dP 2V dV w dF g 
-w ~ = + w + w dx-

~ gc gc (29) 

Consider a differential weight dw entering the filr:1. Then 

dP bv
2 

dw fL . -dw L1 = . dw + dw dF + dx 
~ gc gc 

{'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. For these reasons a cor­

rective term, b, is put into the v2 term in equation ('30). 



This term, b, is between zero and one nnd much closer to zero. 

By adding the foregoing two equations, dividing by w and mul­

tiplying bye, we obtnin: 

2 
-dP = 2 ~ VdV + be V dw + edF + edx fL, 

gc w gc gc 
(11) 

Double differentials have been neglected. 

Let us combine the equations (1), (7), (9), (10), (11), 

and ( :n) as before to eliminate P, V,F ,x, and a. The result-

ing equation after combining terms is: 

This differential equation is as yet unsolved. It would be 

impossible to get an exact solution as neither ~ nor b is a 

true ~onstant. However, by inspection of the dimensions of 

the various terms of this equation (12) and by use of equntion 

{4) we moy write dimensionless groups which must be functions 

of eu.ch other. Let us use the diemeter instead of the radius 

of the tube. 

D At 1/4 P ..• \' ...... , 
h ( . '"' At ) = f' , ( 2 + b + ~ = f' '' r,,.u. "" ) ( ·n) 

co k 3 : e( ~.t - e ) g A:, k 6 t \ k 41 t , 

or 

(14) 

where the "constant" is only a true .constant in the simple 

theory., equation (26). Thus we see tha.t by plotting exper ... 

imental VElues of the "constant" against the group llt cp/)..' Pr 
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we should show the comined effect of kinetic energy in the 

vapor film equation (14), and the heat co.pacity of the vapor 

in the film, equution ( 28). Errors in other assumptions in 

the simple theory should also show up on this plot. The 

amount of flow of the liquid at the v&por boundnry uffeots ~ 

and thus must also affect the "constant". 

From all of this, it is apparent thet nearly all of the 

assumptions v,rhich might be considered poor in the simple theory 

should show thei:;::o effect when the ''constant" is. plotted against 

At cp/~' Pr, 1"G will be shown in the section on results that 

within the limit of experimental error there is no trend of 

the "constant" with the group At c p/ ~ ' Pr and he·nce the 

errors in the simple theory either tend to cancel or are of 

small magnitude. 
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Vertical Tube or Plate 

No experlmental vwrk is reported on natural convection 

film boiling from a vertical tube or plate but by applying 

the same simple theory as for the horizontal tube, we arrive 

at the following equation: 

(15) 

which may be wriC.ten: 

hco = (const') lk2 {>(~-e) g'A' ~ll/4 
J..: L b.t Pr J 

(16) 

L is the distance £l.long 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 d~rectly 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 thE..t 
' 

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 fihu thickness, This is equivalent 

to saying that the transmissivity of the liquid is low for ther-

mal radiation. Since the total coefficient is nerely the sum 

of the convection and radiation coefficients, we may write: 

(17) 

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 

taken as constant. Hence, from equations 9 and 11 the weight 

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

of the film. 

(38) 

If the contribution of the radiation to w is small, then, 

since the rate of increase of w with angle always de.creases, 

w increases with w to somewhat greater th<m the first power· 

If the radiation is already large, however, t~en w is more 



nearly proportional to Vv and in any cese the relution between 

w and W is not far from a direct proportion. For a given 

hco' the thermal conductivity of the film will be approximately 

constant and hence, the convection coefficient, h
0

, will vu~y 

nearlY inversely as the thickness of the film. Since the 

temperature difference and the enthalpy difference of the 
, 

vapor and liqdid will also remain nearly constant, the total 

weight of material evaporated will be proportional to the heat 

transfer coefficient. Thus, 

,..., 1 1 1 1 
he' - o( -·1""7'1" o( ~ o( 1'"'1 • 

a w~/ ) w•! ) h.Lf ") 

Combining this with equation ('37), we obtain: 

When hr is equal to zero there is no heat transferred by 

radiation and hence, h is equal to b
00

• Therefore, K is 

equal to h 4/'3 and 
co 

h 1/'3 
h = h ( co) 

co -n 

(39) 

(40) 

(41) 

Equation (41) gives us the approximate relntionship between 

h, hco and hr· This equation is difficult to use because h 

occurs imp+icitly in it. 

As long as hr is sma·ller ·than hco, 

h = hco + t hr (42) 

to within five per cent of the h from equation (41). If 

hr is very large, one may use the following equation which 



-1l-

gives the same relationship as equation {41) between h, hco 

and hr to within three-tenths of one per cent, as long as 

h~/hco i~ between zero and ten. This is certainly within 

any pra6tical operating range. 

[
1+l.!!r..( 1 
4 4 hco ·2.62 + hr 

fico 

(41) 

The term hr may be calculated by the following equation for 

parallel plates. 

1 +1' 
( ~ .... 1 

) . (h4) 

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

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

€ is the emissivity of the hot tube. 

c( is the absorptivity of the cold liquid. (usually 

near unity) • 

-8 
~ is the Stefan-Boltzman constant, 0.1711 x 10 

Btuj(hr) (ft 2
) ( 0

R4 ). 

The graph in McAdams(l 1) Figure 27, page 61 may be used 

to get 

by the 

hr for black surfaces. This -
emissivity factorl 1 

1 1 
- + - -1 

. ( o(,. 

value ·may then be multiplied 

J to get the true hr. 

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

the liquid for therual re.diation is smc~ll (as it is for most 

liquids) . 



APPARATUS 

Figure 3 is a diagram of the apparatus used in these 

experiments on film bo:Uing. Figure 4 is a photograph of the 

same apparatus. 

The apparatus essentially consists of a car>on tube heating 

element, from which the boiling occurs, contained between holners 

in a four-inch nyrex pipe tee. This apparatus is described in 
3 

detail in the author's thesis • 

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. From 

3 
the reading of this thermocouple it was possible to calculate 

the tube surface temperature. The difference between the tube 

surface temperature and the observed inside temperature of the 

tube was at most ten percent of the temperature difference 

between the tube surface and the boiling liquid temperature. The 

thermocouple was also used to check the temperature uniformity 

3 
along the tube • Tl.1.e 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 :t)ROCEDURE 

The vaPious parts of the apparatus, Figures 3 and 4, 

were cleaned thoroughly. The tube to be used was polished. 

The copper inserts ann the stainless steel holders were cleaned 

with emery cloth to give good electrical contacts. Tb.e tube 

was put in place between the stainless steel holders and the 

packing glanns at the sides of the apparatus were tightened to 

give a liquid seal. After assembly, the apparatus was filled 

with liquid to the desired level. Unless otherwise stated the 

level was between one and one and one quarter 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 increased to a high value 

f~ a few minutes to insure stable film boiling over 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 various liquids except for a few data taken with nucleate 

boiling of water for the purpose of evaluating roughly the 
3 

thermal co nducti vi ty of the carbon • 

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 

condi"tions were established. Th,is 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 (which was usually two and one-half inches to the left of 

the ceniter) was recorded. The thermocouple was removed and the 

voltage probe was moved to the same distance on th~ other side 

of the center and the voltage was then again recorded. The 

other voltage terminal was fastened to one terminal of the appa-

ratus. The voltage 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-

sphere and this is a relatively unimportant item in the theory. 

The external heater temperature has essentially no effect on 
3 

the observed coeffecients • 

The thermocouple used in the tube temperature measurements 
3 

.was calibrated at the boiling point of water, the melting 

point of tin and at the melting point of copper. 

.• 
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DATA 

The important experimental and calculated data are summar-

ized in Tables 1-21. Data wer~ taken on the following liquids: 

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

(Table 4) 1 absolute ethyl alcohol (Tables 5 ... ,'1), benzene (Table 8');, 

diphenyl oxide (Table 9) and n-pentane (Tables 10-16). Calcu­

lated data are also presented on mercury (Table 17). Tables 18 

and 19 summarize the data of Pilling and Lynch19 on the quench­

ing of a hot nickel 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, o.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 searched 

up to 1948 and are summarized in graphical form in the author's 
. 3 
thesis • 

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 liquid 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 sectio~ 
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of the tube or apparatus indicated. This is actually the differ-

ence of two readings in most cases. 

6. The "ti mv" refers to the temperature at or near-the center 

point of the tube and is the value in millivolts observed on the 

potentiometer. It is not corrected as written but since chromel 

vs. a1umel 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 correction (not over 

0.2mv). 
3 

It has been shown that this center point temperature 

is representative of the temperature over a section at least five 

inches long. 

7. Tl).e 11.6.t" is the calculated value of the difference in 

temperature between the tube surface and the boiling liquid. 

Here it is necessary to convert the measured inside temperatures 

to outside temperatures. This involves a rough estimate of the 
3 

thermal conductivity of the tube • 

8. The "h" is the calculated coefficient of heat transfer in 

English Engineering Units and is obtained from the basic equation: 

h=_q_. 
A.6.t 

A is the surface area of the tube in the section which has a 

heat input, q. 

9. The 11h "is the calculated value, from equation (41) 1 of co 

the coefficient of heat transfer to be expected 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 h , .6.t, the tube 
. co 
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3 

diameter and the physical constants of the liquid and its vapor. 

11. The quantity, t:..t cp/\ 1 Pr, is important in that the ex­

tended theory, equation (34) 3 indicates that the u~onst 11 should 

be some function of this dimensionless group. 

The external heater temperature and the observed liquid 
3 

and vapor temperatures are not included. It has been shown 

that the results are not effected by changes in heater temperature. 

The liquid and vapor temperatures were in all cases very close 

to the published values for the 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 Ha11. The nitrogen was distilled in the liquid 

air plant in Gilman 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 it from concerns such as Commercial Solvents Inc. 

The benzene was reagent grade from Baker and Adamson. The 

diphenyl oxide was laboratory gracle from Eimer and Amend. The 

n-pentane was 99 percent pure and was obtained from Phillips 

Petroleum Co. 

At the highest tube temperatures there was appreciable 

decomposition of the various liquids. Although no attempt 

was made 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 
'\ 

99.9% absolute alcohol. 
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Run Number 55 - 8/20/47 

Experimental and Calculated Data on the Film Bo;iling of Water 

from a 0.351-Inch Outside Diameter Carbon Tube 

Point 
No 

1 

2 

3 

4 

5 

6 

8 

9 

Amps 

100 

90 

79 

75 

70 

65 

100 

110 

120 

·/.. 
Volts· t 

m~ 
h h Const 

Btu co 
(hr) ( sq ft) ( °F) 

11.5 35.5 1296 46.8 

10.6 32.4 1166 43.2 

9.7 27~9 980 41.4 

9.2 25.9 896 40.8 

8~6 23.9 816 39.1 

8.1 21.2 703 39.7 

11.7 35.8 1310 47.2 

12.9 39.5 1469 51.0 

13.9 43.4 1644 53.5 

34.3 0.56 0.61 

32.8 0.56 0.52 

33.5 0.59 0.43 

33.9 0.60 0.40 

33.0 0.59 0.36 

34.6 0.61 0.32 

~4.6 0.57 0.62 

35.5 0.54 0.74 

34·3 0.49 0.90 

The voltage across the apparatus with the carbon tube replaced 

by a solid copper rod was 1.3 volts at 200 amperes. 

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

The effective leng~h of the carbon tube for heat transfer was 

estimated to be eight inches. 

*·The voltage was measured across the entire apparatus. 
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TABIE 2 

Run Number 94A .... 2/17/48 

Experimental and Calculat,ed Data on the F'ilm Boiling of Water 

from a 0.352-Inch Outside Diameter Carbon Tube 

Point 
No 

1 

2 

3 

4 

5 

Amps Volts* !~ h h Const 
Btu co 

100 6.81 

90 6.3 

80 5~87 

70 5.33 

110 7.63 

ThrT"["S"q f t l (UFT 

36.35 1296 46.~ 

28,~5 1002 41.7 

23.75 815 40.8 

40.15 1495 50.0 

33.2 

33.4 

34.7 

34.2 

0.55 

0.59 

0.62 

0.52 

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

0.61 

Oe53 

0.45 

0.36 

0.77 

*The voltage was measured across the center five inches of 

the carbon tube. 



) 

Point 
No 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

TABLE 3 -42-

Runs Number 57 and 58 - 8/2u/47 and 8/21/47 

Experimental and Calculated Data on the Film Boiling of 

Nitrogen from a 0.350-Inch Outside-Diameter Carbon Tube 

Amps Voltl :~ .6.t 
OF 

h h Const 
, Btu co 

t hr ) ( s q f t ) ( OF ) 

50 6.5 10.43 795 21.8 

61 7.~ 17.60 1099 22.8 

71 8.6 23.2B 1333 24.4 

38 5.3 4~35 530 20.3 

30 4.1 -0470 323 20.3 

60 7.6 17.13 1079 22.4 

71 8.8 24.3 l377r 24.1 

81 9.7 29~1 1576 26.6 

89 10.5 32.8 1~32 28.5 

107.5 12.1 39.73 2031 

80 9.5 27.~ 1506 

113 12.6 41.26 2098 

121 13.25 43.9 2216 

130 14.5 50.2 2520 

129 14.5 49.2 2470 

58.5 8.0 17.7 1104 

34.6 

26.7 

35.8 

38.0 

39.4 

39.9 

21.1 

20.8 0.67 1.44 

20.6 0.66 1.67 

20.7 0.66 1.83 

19.9 0.64 1.18 

20.1 0.63 0.87 

20.3 0.65 1.66 

20.0 0.63 1.84 

20.5 0.65 lo96 

20.9 0.65 2.01 

22.2 0.68 

21.5 0.68 

21.7 0.66 

22.5 0.68 

"15.7 0.47 

18.3 0.54 

2.12 

1.91 

2.13 

2.17 

2.24 

2.24 

1.67 

The voltage across the apparatus with the carbon tube replaced 

by a solid copper rod was 1.3 volts when the currert through 

the rod was 200 amperes. 

~The vnltage was measured across the entire apparatus. 

The inside diameter of the carbon tube is 0.125 J'. 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 
No 

1 

2 

3 

5 

6 

7 

8 

9 

10 

11 

12 

Amps Volts't' t. 
m~ 

77 5.22 32.25 1220 

68 4,70 28.24 1054 

60 4.30 24.05 882 

76.5 5.22 31.80 1201 

54.5 3.88 21.77 789 

50 3.54 19 .• 58 701 

45 3.22 17.00 594 

80 5.26 32.86 1245 

90 5.80 36.75 1411 

100 6.26 39.60 1528 

110 6.78 42.05 1635 

120.5 7.48 44.80 1757 

h h Const 
Btu co 

~ hr) ( sq ft) ( DF} 

29.3 

27.0 

26.1 

29.6 

23.9 

22.5 

21.7 

30.2 

33.0 

36.5 

40.6 

45.6 

18.9 

18.7 

19.8 

19.4 

18.6 

17.9 

18.0 

19.4 

19.4 

20.4 

22.3 

23.9 

0.64 

0.64 

0.68 

0.65 

0.64 

0.62 

0.62 

0.65 

0.65 

0.68 

0.72 

0.77 

The inside diameter of the carbon tube is 0.125 inches. 

t-.t c 
-. -p 
}iiPr 

1.38 

1.27 

1.14 

1.37 

1.07· 

0.99 

0.88 

1.39 

1.48 

1.53 

1.57 

1 .61 

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

carbon tube • 
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Run Number 84 - 12/26/47 

Experimental and Calculated Data on the Film Boiling of Absolute 

Ethyl Alcohol from a 0.239-Inch Outside Diameter Carbon Tube 

Point Amps Volts~;< t. b.t h hco Const 6t c 
No 

~ OF Btu A' PF mv 
( hr) ( s q ft) (OF) 

1 50 11.!35 34.8 1329 56.7 44.9 0.61 1.39 

2 55 12.0 37.5 1445 60.7 48.1 0.64 1.46 

3 60 12.8 40.2 1563 65.4 49.7 0.65 1.54 

4 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. 

~The vo1 tage was measured across the center five inches of 

the carbon tube. 
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TABtE 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 
No 

1 

2 

3 

4 

5 

6 

7 

8 

Amps 

110 

100 

90 

110 

120 

130 

140 

100 

Volts"*· t 
mt 

h h Const 
Btu co 

(hr}(sq ft)(OF) 

6.87 30.96 1113 45.4 

6.37 27.65 982 43.4 

5.89 24.30 851 42.3 

6.92 30.8 1105 46.1 

7.46 33.7 1219 49.1 

7.95 36.7 1341 51.4 

8.43 39.5 1454 54.1 

6.15 27.0 958 42 .• 9 

36.7 

36.1 

36.5 

37.5 

39.0 

39.4 

40.5 

35.9 

0.62 

0.62 

0.63 

0.64 

0.65 

0.64 

0.64 

0.62 

.6.t c 
·:.:;-p~ 
1. 

1.23 

1.11 

0.99 

1.22 

1.31 

1.40 

1.47 

1.09 

The inside diameter of the carbon tube is 0.128 :j.nches. 

*"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 
~-

D.t h h Const .6.t c Volts' t. 
No mv OF Btu co ---12 

>-,' Pr. 
(hr){ sq ft)t°F) 

1 80 5.62 24.82 891 44.8 38.5 0.63 1.03 

2 80 . 5.58 24.36 8.71 45.6 39.6 0.95 J..Ol 

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 0.61 

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 so 5.58 24.35 871 45.6 39.5 0~65 1.01 

10 90 6.10 27.83 lOll 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 1371 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. 

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

the carbon tube. 
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Run Number 87A - 2/6/48 

Experimental and Calculated Data on the Film Boiling of Benzene 

from a 0.352-Inch Outside Diameter Carbon Tube 

Point Amps Volts* 
!~ 

~t h h Const .6-t c 
No Op Btu 

c~ A' PF 
( hr ) ( s q f t ) ( Up ) 

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 5.29 24.73 886 42.4 36.2 0.58 1.78 

7 90 5 .8'6 28.0 1015 46.2 38.'P 0.60 1.94 

The inside diameter of the carbon tube is 0.125 inches. 

.:K 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 Film Boiling of Diphenyl 

Oxide from a 0.352-Inch Outside Diameter Carbon Tube 

Point Amps Vol til ti ~t h h Const D.t e 
No mv OF Btu co )lpfl 

thrl (sq f£)(°F) 
J\ 

1 70 4.8 24.7 57,2 52 .4. 43.7 

2 60 4.16 21.4 438 50 .• 7 43.7 

3 55 3.78 19.7 371 5o .o) 43.1 

4 70· 4.88 24.6 566 53.7 45.1 

5 80 5.4 2'7,.8 69.5 55.5 45.3 

6 90 5.9 30.6 810 58.5 46.6 

7 100 6.35 33.5 930 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. 
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Run Number 85 - 12/30/47 

Experimental and Calculated Data on the Film Boiling of 

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

Point Amps Vol tl" ti D.t h hc-o Const D.t c 
No mv op Btu ;,;r-pfl 

Thr) ( sq ft) ( °Ff 

1 60 4.6 15.8 598 41.1 38.2 0.70 1.45 

2 50 3.87 12.57 468 36.8 34.6 0.66 1.21 

3 45 3.55 11.14 411 34.6 32.6 0.63 1.11 

4 40 3.15 9.3 334 33.6 32 .o. 0.62 0.94 

5 60 4.6 15.9 602 41.0 38.0 0.70 1.44 

6 70 5.28 19.6 751 43.9 39.9 0.70 1.67 

7 80 5.93 23.15 890 47.5 4~.4 0.70 1.84 

8 90 6.42 26.5 1024 50.2 43.0 0.68 2.00 

9 100 7.0 30.1 1168 53.4 45.4 0.70 2.13 

10 110 7.5 33.4 1300 56.5 46.8 0.68 2.24 

11 120 8.0 36.0 1405 60.'7 49.7 0.70 2.31 

12 130 8.3 38.7 1518 63.4 50.3 0.69 2.38 

The inside r'liameter of the carbon tube is 0.125 inches. 

'i-: 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 Vol tt' t. .t.t h hco Const .t.t c 
No mrr op Btu ~II PF 

(hrl(sq ftl\°FJ 

" .I 

1 70 4.98 19.10 '733 42.4 38.5 0.68 1.65 

2 60 4.27 15.57 592 38.5 35•6 0.6~ 1.44 

3 50 3.7 12.30 458 36.0 33.8 0.65 1.20 

4 100 6.53 29.2 1138 51.3 43.8 0.68 2.10 

5 120 7.8 35.4 1380. 60.4. 49.7 0.71 2.30 

6 130 8.58 38.5 1505 65.9 53.2 0.73 2.38 

7 140 8.62 40.9 1608 66.7 52.1 0.69 2.44 

The inside diameter of the carbon tube is o.l25 inches. 

~The voltage was measured across the center five inches of 

the carbon tube • 
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) 
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 

Point Amps Volt#· ti L::.t h h Const t::.t c 
No mv op Btu co \I pfl 

(hr1 {sq ft) (OB,l 
/ \ 

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 37.2 35.5 0.63 0.94 

6 40 9.3 24.7 979 50.'l 44.8 0.66 1.94 

7 45 1 oj.2 28.0 1115 54.7 47.5 0.67 2.08 

8 50 11.12 31.5 1:2!58 58.9 49.8 0.68 2.22 

9 55 11.68 34.3 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 insic'te diameter of the carbon tube is 0.125 inches. 

The·vo1tage was measured across the center five inches of 

the carbon tube. 
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Run Number 86 - 2/7/48 

Experimental and Calculated Data on the l''ilm Boiling of 

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

Point 
No 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Amps 

70 

60 

80 

90 

100 

110 

120 

130 

140 

150 

70 

..;;;· 
Volts ti 

mv 

5.45 18.02 676 

4.72 14.6 540 

6.0 21.5 812 

6.68 24.45 924 

7.42 27.85 1055 

7.88 31.10 1181 

8.33 33.85 1290 

8.77 36.6 1400 

9.15 38.7 1481 

9.34 40.1 1536 

4.83 16.37 610 

h h Const .ct c 

\' PF Btu co 
(hrl{sq ftJ(uF) 

37.7 

35.1 

39.5 

4~.5 

46.9 

49.1 

51.8 

54.4 

57.9 

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 

0.66 1.57 

0.66 1.34 

0.67 1.74 

0.67 1.89 

0.68 

0.67 

0,66 

2.03 

2.14 

2.23 

0.66 2.31 

0.68 2.37 

0.69 2.40 

0.67 1.46 

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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TABLE 14 

Run Nuruber 92 - 2/11/48 

Experimental and Calculated Data on the Film Boiling of 

n-Pentane from a 0.152-Inch outside DiaLJ.et er carbon Tube* 

Point Amps Volts** ti ~t h hco c6nst Cit CE 
No 

1 

2 

3 

4 

5 

6 

mv OF Btu >OL.• Pr 
[fir) ( sq ft J ( °F) 

70 5.2 19.85 764 42.5 17.2 o.65 1.68 

6o 4.58 16.10 612 19-9 16.9 o.68 1.46 

50 1.85 12.75 477 15·9 11.6 o.64 1.24 

45 1.55 11.22 415 14.1 12.1 o.62 Lll 

40 1.21 9.45 119 11.8 12.1 o.61 o.95 

17·5 1-00 8.55 101 11.2 11.7 o.62 o.86 

The inside diameter of the carbon tube is 0.125 inches. 

The minimura critical heat flux occurs when there is about 

16 amperes through the tube.· 

*The tube used here was of special design1 such as to 

allow investigation of the stable film boiling range down 

to the minimum critical heat flux. 

**rhe voltage was r.1easured across the center five inches of 

the carbon tube. 
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TABLE 15 

Run Number 91A - 2/15/48 

Experimental and Calculated Data on the Film Boiling of 

_n-Pentane from a 0·152-Inch Outside Diameter Carbon Tube* 

Point Amps 
No 

1 50 

Volts 

11.10 492 1.26 

*This run was the same as run nUlilber 92 except that the 

level of the pentane was lowered until only about 5/6 of 

the tube was covered '~l'li th liquid. 

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

the carbon tube, 
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TABLE 16 . 

Run Number 94 - 1/12/48 

Experimental and calculated Data on the Film. Boiling of 

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

Point Amps Volts* t; ~t h hco Const ~Cp l 
No mv OF Btu )..! Pr 

( hr } ( s q f t ) ( °F ) 

1 110 1.9 18.15 710 47.6 45-1 o.68 1.64 

2 100 1.6 15.7 618 41.1 41.4 o.64 1.47 

3 90 1.4 12.8 494 42.4 41.4 o.67 1.27 

4 110 1.8 17.8 707 46.5 44.2 o.67 1.6o 

5 120 2.05 20.4 815 50.1 L,6. 9 o.69 1.7.6 

6 110 2.15 21.7 952 51.1 48.6 o.68 1.90 

7 140 2.50 27.2 1099 52.8 46.0 o.62 2.06 

The inside diameter of the carbon tube is 0.141 inches. 

The tube was highly polished to start with but soon after 

film boiling ·set in and the tube held at red heat for a few 

minutes the surface became quite dark. Its emissivity was 

estimated therefore to be about 0.7. 

*The voltage was measured across the center five inches of 

the stainless steel tube. 
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TABLE 17 

Calculated Data on the Film Boiling of Mercury at a Pressure 

of One Atmosphere from a 0.~52-Ipch Gutside Diameter Tube 

100 

200 

300 

500 

1000 

1500 

2000 

28 ·1 

24.0 

22.0 

20.0 

17-9 

16.9 

16.5 

In the calculation of hco• a value of o.62 was used as the 

constant in equation (26). 
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TABLE 18 

Data of Pilling and - hl9 
J .. ync on the Quenching of a Hot o.25-

Inch Outside Diametsr Nicket Alloy Red in water at 98°C 

Point ti dt "oc Cp rod ~t h hco Canst lit c 
No oc ere Se'c .oF B'Su 

___ ;n 
Bt~1 ')-'.. Pr 

lb- °F h .;-::-:-_;:-:;~ ° F. 
.l..L ..... \., 

1 500 14.5 0-111 720 40 '36 0-59 0-12 

2 6oo 19 Q,ll3 900 43 18 o.61 0-40 

'3 700 24 0.114 1080 46 '39 o.61 0-49 

The composition of the rod was 95 per cent nicke1 and five per 

cent silicon. The ·weight of the rod was 11.6 grams. The 

length of the rod was fifty millir.1eters. The emissivity was 

taken to be o.6. The original teuperature of the rod was 

810 °C. The water was open to the at~osphere. 
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TABLE ·19 

Data of Pilling and Lynch19 on the Quenching of a Hot Q.25-

Irtch Outside Diameter Nickel Alloy Rod in a TWo Per Cent 

Soap Solution at 98°C 

Point ti dt oc cp rod fit h h Canst lit CD 
No oc ae sec Btu OF Btu co 

"A' Pr 
ft2 °F lb °F hr 

1 700 21 0.114 1080 40 11 0. 51 . 0.49 

2 6oo 19 Q.l11 900 41 18 o.61 o.4o 

3 500 14 o.111 720 19 15 o.57 0.12 

4 400 10 0.129 540 16 11 o.54 o.25 

5 100 10 0.127 )60 51 51 o.78 o.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 total solids and 1,47 

per cent true soap. In the calculation of the "constant" the 

physical properties used were tal~en 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 

"constant" in equution (26), as given in tables (1) through 

(21), against the pnrQIIleter 6t cp/'A' Pr. It can be seen 

that there is perhaps a slight trend of the "constant" with 

6 t cp/ )\' Pr but it is certainly not conclusive and in fuct 

it is to be noted that the data for each liquid which were 

tuken at the smallest tt;3mpernture differences lie almost on 

a straight line et the adopted value of the "constant" of 

o.62 ± 0.04. This tends to indicate that at least for the 

r<inge of liquids cbosen 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, however, cover a wide range of viscosity and it is 

still possible that a very viscous liquid would give a value 

of the "constant" below o.62 {but not below 0-52). 

These values at the lowest 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 "constant" will be more 

accurate at the lower values of the temperature difference. 

For these several reasons the low temperature data were given 

the most weight in the determinr~tion of the adopted value of 

the "constant". Equation {26) then becomes: 

= o.62 (k2 e (!\ ... e) g 4' cpf 1 ~ 
D 11t Pr 

(45) 
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The effect of the tube alameter on the coefficient of 

' heat trr:nsfer is shown clearly in Figure 6. This indicates 

that a decrease in tube diameter, other things being equal, 

results in nn increase in the coefficient of heat transfer. 

Equations (26) or (45) would predict that the coefficient 

of heat transfer, hco' should vary inversely as the one-fourth 

power of the diameter. Figure 7 shows thot within the limit 

of experimental error this is certainly 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 

Lynch
19 

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

this it is appurent thnt the physical or chemical character 

of the tube or tube surface has little or no effect as long 

as it is fairly round and smooth. This is what the theory 

predicts. 

It might be expected that the shape of the containing 

vessel or the depth of emersion of the tube would be at 

least somewhat important. The lutter effect was checked in 

run 9'3A, Table 15, in which the liquid level which was norm-

ally at 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 vapor merely escaped directly 

into the vapor phase. This c~used 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 increase 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 dr h~a~ each other there 

might be an appreciable effect on the heat transfer, 

Figure 8 is a plot of the coefficients of heat transfer 

in film boiling from a heated 0·150-inch outsiQ.e diameter 

horizontal carbon tube to liquid nitrogen. The lowest curve 

is the calculated coefficient of heat transfer by radiation 

alone using a value of o.8 for the emissivity of carbon. The 

intermediate curve is the cc.lculated coefficient of heat trans-

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

transfer which would be expected if there were no radiation. 

' 
The upper curve is the calculo.ted coefficient of heu.t transfer 

using equation (41); this includes both the contribution of 

radiation and convection. It may be seen that the experi-

mentally measured values of h, represented by the open circles, 

agree fairly well with the calculated coefficients. The solid 

points are the experimental values of hco calculated from the 

measured values of h, using equation (l~l). Equation (43) 

might just as well have been used since it is nlll'lerically 

equivalent to equation (41). 

Since a plot of hco against 6t is of perhaps more value 

than one of h against 6t, 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 

properties of the liquid, its vapor and the tube. 

For simplified calculations for the liquids studied the 

curves in figures 8- through 15 ma.y be used to es.timate heat 
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transfer coefficients for the sm~e liquid boiling at one 

atmosphere from tubes of other diru'n.eters. The necessury rela-. 

tionship is: 

(46) 

which may be directly derived from equation (45). 

hco is the unknown heat transfer coefficient if there were 

no radiation. This is for stable film boiling from a horizontal 

tube. 

hco(D= 0 •15") is the meo.sured or calculated value of 

the heat transfer coefficient from a 0.15 inch tube. 

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

siderntion expressed in inches. 

The heat transfer coefficient, h, is calculated from 

equation (41) or (42) by use of equation (44). 

No concerted effort was made to determine the minimum 

critical heat flux or the critico.l teru.perature difference in 

the film boiling. Run 92, Table 14, wz:.s made from a carbon 

tube designed' to opernte down to the minimum critical heat 

flux in film boiling, The data of Pilling and Lynch19 , Tables 

18 and 19 indicate clearly thnt 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. Thi~ indicates that a 

decrease in surface tension of the liquid lowers the minimum 

critical heut flux and the temperature corresponding to this 

heat flux. 

Figure 16 is a comparison of the theory presented here 

with the recent data of Farber and Scorah?a on the boiling 
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of water from a o.o4o inch horizontal wire. The solid curve 

labelled hco is the calculated heat transfer coefficient if 

there were no radiation, using the physical properties of 

water from the literature. The solid curve labelled hBB is 

the calculated curve assuming that the wire was a black 

body. The true emissivity of the wires is unknown. The 

dashed curves were obtained from the data in Figure 9 by 

use of equ~tion 46 and hence should be of higher order of 

accuracy. It can be seen that c.lthough 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 Fnrber and scorah 

there are several chances for rather serious error in their 

meu.sureaents especially in temperature. However they must 

certainly be of the correct order of magnitude and hence 

give some additional confirmCltion to the theory presented here~ 

It is of interest that the theory holds as vvell as it does at 

this small a wire size. 

12a 
Very recent data of McAdams, Addams, Rinaldo and Day 

on film boiling of water from platinum wires of froM o;oo4 to 

o.024 inches diruueter indicate that the theory is not accurate 

within this range of wire size, the error ranging from about 

10% to lOO% as size of wire is decreased from o.o24 to o.oo4 

inches. McAdams et ar12a report that the fll.ux was inversely 

proportioned to the square root of the diameter of the wir·e, 

whereas at larger wire sizes it is proportional to the one 

quarter power. Q,ualitatively, 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 o.o40" 
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but not much below this figure. 
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Conclusions 

By the use of equations (45) or (26), (44) und (41), 

Which are derived from a few simple premises and well ver­

ified by extensive experimental data, it is possible to cal­

culete coefficients of heat transfer to be expec·ted in natural 

convection stable film boiling from a horizontal tube. If the 

amount of heat transferred by radiation is not over half the 

total heat transferred, i.e. the temperature of the tube is 

not too high, the simplified equation (42) may be used in 

place of equation (41). The amount of heat transferred per 

unit time may then be calculated by equation (1). 

For simplified calculations for the liquids studied the 

experimental points or co.1culsted curves in Figures 11 through 

18 may be used together with equetion (46) to estimate heat 

transfer coefficients in film boiling for the given liquid 

from tubes of other diruueters. 

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 prevailing in the 

system. As was mentioned in the section "Previous \York on 

Film Boilingn, when there is either uetastable 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 a diameter that the thickness of 

the film is small compared to the diruueter of the tube, al-
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though it appears to hold fairly well down to tubes of 0•040 

inches diaLleter. 

±he method employed for the derivation which ~ay be 

found in the section "Theory" may be applied to derive equa­

tions for heat trcmsfer coefficients to be expected in film 

boiling from any other shape. 

Equation (16), puge 28, results fro~ the application of 

the method to the case of film boiling fro~ a vertical tube 

or vertical plane surface. 



Nouenclature and Suggested Units 

Symbol Definition 

A heat transfer area 

a thickness of film 

b constant 

cp specific heat of vapor at constant 

pressure 

D outside diamete~ of tube 

d differential operator 

F friction loss 

f function 

g 

h 

acceleration of gravity 

gravitational constant, 4.17 x 10
8 

film coefficient of heat tr~nsfer 

he convection coefficient of heat trans­

fer, see equation (17) 

h film coefficient of heat transfer if co 

there were no radiation 

local VQlUe of hco at a point on the 

tube 

hr radiation coefficient of heat transfer, 

see equation (44) 

k thermal conductivity 

L length of tube 

ln logarithm 

~ subscript denoting liquid 

mv millivolts 
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Units 

Btul(lb) ( °F) 

ft 

( ft) ( lb force) I 

(lb mass) 

ftlhr2 

( 1 b mass) ( ft) I 

(lb force)(hr
2

) 

Btul(hrY(rt2}(°F) 

Btul(hr)(ft2)(°F) 

Btul(hr) (ft ·) (°F) 

ft 



Symbol Definition 

P Pressure 

P
0 

pressure at e equals 90° 

Pr Prandtl number, see equation 

( 25) 

heat. flow 

outside radius of tube 

inside radius of tube 

r radius of tube between Ri and 

T 

t 

R 

temperature 

temperature 

l'lt temperature difference betvv-een 

hot surface and liquid at its 

boiling point 

temperature at which the liq­
uid boils 

ti temperature of the ipside of 

the tube 

v velocity 

W weight evaporated on entire 

tube 

W heat generated per unit volULle 

in rod 

w weight evaporated up to any 

angle e 

X height above datum plane 

denotes proportionality 

absorptivity of liquid 

Units 

lb forcejft2 

:Btujhr 

ft 

ft 

ft 

ftjhr 

lb massjhr 

Btu/(ft 1 ) (hr) 

lb massjhr 

ft 

-76-



Symbol D"efinition 

~ constant, see equation (11) 

6 finite difference 

emissivity of hot tube 

angle measured froLl the bottom of 

the tube 

latent heat of vaporization at 

boiling point 

A' difference in heat content between 

vapor at its average tenperature 

and the liquid at its boiling 

point, see equation (5) 

viscosity of vapor 

77' '1.1416 

density of vapor 

density of li~uid 

((" Stefan-Bol tzraan constant, 

o.1713 x lo-8 
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Units 

Btujlb mass 

Btujlb mass 

lb massj(hr)(ft) 

lb mass/ft1 

lb massjft 1 
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