
Measurements of Bubbles Formed 
in Boiling Methanol 

A. S. 

The photographic method was used to measure bubble sizes and frequencies for methanol 
boiling at  atmospheric pressure outside a 3/8-in. O.D., steam-heated, horizontal copper 
tube. The average temperature of the h b e  was measured by use of the tube as a resistance 
thermometer. For nucleate boiling at  heat fluxes up to 80'% of the maximum, the product 
of bubble diameter and frequency was constant at 4 in./sec. In this region both the Rohse- 
now equation and the Forster-Zuber equation gave good predictions of the heat transfer. 
At higher fluxes the product f X D increased and the equations were much less suitable. 
The critical temperature difference for copper to methanol was not a single value but was 
a region extending from 52" to 62°F. The heat flux was nearly constant throughout this 
range at  a maximum of 115,000 B.t.u./(hr.)(sq. ft.). For film boiling, f X D was nearly 
constant at 11 sec.-l Bromley's equation was unsuitable for A T  values less than 180°F., 
but it became applicable a t  this A T .  The use of Nusselt's equation for steam condensing 
inside the tube was found to be satisfactory, proof that the slight slope of the tube was 
sufacient to permit adequate condensate drainage. 

Roiling liquids rcpresent the least 
understood form of heat transfer. Yo 
single expression has been proposed t o  
describe a complete boiling curve of 
h vs. AT. T o  obtain a n  equation which 
fits any reasonable range of data, i t  is 
necessary to choose one of the specific 
regions of boiling. Bromlcy (3) published 
a theoretical equation for film boiling 
outside a horizontal tube. Rohsenom (1.4) 
arid later Forster and Zuber (6) pub- 
lished expressions for nucleate boiling, 
presumably on a hot solid of any  shape. 
These nucleate-boiling equations are 
partly theoretical and partly empirical. 

The equation of Rohsenow is based on 
the photographic evidence of Jakob (8), 
who discovered that  the product of 
bubble diameter and bubble frequency 
seemed to be a constant for nucleate 
boiling. Jakob's observations were valid 
for both water and carbon tetrachloride; 
however, Jakob was careful to point out  
tha t  his da ta  were for small heat fluxes 
only. The  greatest flux studied was about 
one order of magnitude below the maxi- 
mum possible flux for nucleate boiling. 
There was no reason to believe tha t  high 
a n d  low heat fluxes would result in 
equivalent bubble sizes or frequencies. 

T h e  object of this research was to 
determine the diameters and frequencies 
of bubbles formed during nucleate boiling 
at large heat fluxes. With the equipment 
used i t  was possible to investigate the 
transition region and the film boiling 
region as  well and also to check the cor- 
rectness of applying Nusselt's equation 
for condensation to steam inside a hori- 
zontal tube. 

PHOTOGRAPHIC METHOD USED 

Bubble frequencies and diameters were 
determined by the photogrnphic method. 

In  brief, motion pictures were taken a t  
4,000 frames/sec. and were projected a t  
16 frames/sec. Ueasurements were taken 
from the projected slow-motion images. The 
details of the camera, film, and lighting are 
described in an earlier paper ( I T ) ,  which 
also contained a selection of still photo- 
graphs and information for viewing samples 
of the motion pictures. 

Methyl alcohol was used as the boiling 
liquid. It was boiled a t  atmospheric pressure 
at 148°F. outside a horizontal, %-in. O.D. 
copper tube. Figure 1 is a sketch of the 
boiler. The boiler dimensions were approxi- 
mately 8% by 8% by 5 in. Flat Pyrex-glass 
windows were located front and back; the 
remainder of the boiler w a ~  stainless steel. 
Studs used for a flange to secure the win- 
dows against a neoprene gasket arc visible 
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in the sketch. Approximately 1 gal. of 
liquid was contained in the boiler. 

The source of heat wm stetrm condensing 
inside the tube, which passed completely 
through the boiler, parallel to the windows, 
the immersed length being 8.4 in. The heat 
flux was varied by adjustment of the steam 
pressure between 0 and 100 Ib./sq. in. 
gauge. The resulting values of thc methanol 
film AT were between 38" ruld 181°F. 

The over-all piping arrangement was 
described previously (17).  The new arrange- 
ment included threo modifirations: the 
straight-through tube was used in place of 
the earlier bayonet heater; an automatic, 
pneumatic controller was inst:tlled to 
regulate the steam pressure; and electrical 
connections were added to  permit using the 
tube as a rcsistuiice thermometer. 
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Fig. 1. Details of boiler construction. 
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Fig. 2. Steam tube used as  resistance thermometer. 
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Fig. 4. Experimental data for methanol boiling on a copper tube. 
The solid symbols indicate runs for which motion pictures were 

made. 

STEAM TUBE AS RESISTANCE THERMOMETER 

Use of thermocouples to measure the 
temperature of the tube was rejected on 
several grounds. A surface-mounted couple 
would alter the nature of the boiling at the 
site of the couple, for it is known that 
nucleate boiling is dependent on the type 
of hot metal. In  addition, such a couple 
would have wires extending into the boiling 

liquid or into the condensing steam. In 
either case the wires would conduct heat 
to or away from the junction and result 
in erroneous readings. Even if the wires 
were embedded in a groove or a longitudinal 
hole in the tube wall, the pattern of heat 
flow would be modified, perhaps seriously. 

All these difficulties were avoided by use 
of the steam tube as a resistance thermom- 
eter. This scheme was suggested by Jeffrey 

in 1936 as a method of measuring the 
temperature of a condenser tube ( 1 1 ) ;  his 
calculations show that the temperature so 
obtained is very close to the true value 
averaged both radially and longitudinally. 

Jeffrey's method was modified somewhat 
for the boiling tests. The present setup is 
shown in Figure 2. A direct current of about 
30 amp. was passed through the steam tube 
and through a 0.0005-ohm manganin 
standard resistance in series. The potential 
drop through the tube was about 0.007 volt. 
This was read to  within volt by means 
of a Lreds and Northrup type K-2 potenti- 
ometer in conjunction with a galvanometer 
which responded 1 mm. to 0.5 X volt. 
The electrical generation of heat amounted 
to  only 0.2 watt, which is insignificant 
compared with the heat supplied by the 
condensing steam. The maximum uncer- 
tainty in the measured metal temperature, 
because of electrical sources of error and 
also the other sources, is estimated to  be 
about 4°F. 

The voltage drop across the standard 
resistance was measured also. The ratio of 
the two voltage drops was sufficient in- 
formation to  allow one to read the average 
tube temperature from a calibration curve. 
The calibration data were obtained by 
immersing the tube in four boiling liquids 
(methanol, water, bromobenzene, and ethy- 
lene glycol). No steam was passed through 
the tube during calibration. The calibration 
curve is reproduced in Figure 3. 

After thirty experimental runs the cali- 
bration was repeated, and a third calibra- 
tion was carried out after an additional 
nineteen runs. These recalibrat ions showed 
that the resistance of the tube increased 
slightly with each run, as was to be ex- 
pected, because the tube was polished 
before every run and earh polishing 
removed a trace amount of metal. The 
calibration shift amounted to  0.11 1 "F. per 
cleaning. This shift was taken into account 
in the calculation of test results. 

Figure 1 shows that the tube was sealed 
in the boiler by means of two neoprene 
stoppers. Pressure plates were tightened on 
steel studs to give the necessary tightness of 
the stoppers. Voltage leads passed through 
slits in the stoppers. The ends were soldered 
to the tube inside the boiler about M in. 
from each stopper. The current leads were 
attached to the tube outside the boiler, 
each end being about 1.2 in. from the 
stoppers. Thus current passed through a 
12.0-in. length of the tube, and the voltage 
drop was measured for an 8.0-in. section of 
the immersed portion. The heater tube and 
the accessories connected downstream 
(steam trap and the condensate flow line) 
were electrically insulated from their 
supports. Thus no current could by-pass 
the heater tube. 

PROCEDURE 

The copper tube was polished before 
every run.  A commercial powder for copper 
cleaning, Cameo, was rubbed over the 
surface gently with a damp cloth. The tube 
was then rinsed with water and dried with 
a clean cloth. The final surface was smooth 
and lustrous. The inside of the tube was 
cleaned mechanically several times during 
the investigation by means of a cloth swab 
on a metal rod. The inside appeared to  be 
free of fouling. 
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The cleaned apparatus was assembled, 
liquid was put in the boiler, and steam was 
passed through the tube. After steady state 
was reached, electric current was passed 
through the tube so that its temperature 
could be determined. After one set of 
readings was taken, the current flow was 
reversed and a second set was taken. The 
pairs of readings agreed, proving that 
thermoelectric voltage generation was not 
a source of error. The temperature calcu- 
lated was the average metal temperature. 
From this and from a knowledge of the 
heat flux it was simple to  calculate the 
temperature of the inside and outside 
surfaces of the tube. These temperatures 
were used to compute the individual film- 
temperature drops. 

Heat transfer data consisted of the flow 
rate of the steam condensate (during 
continuous operation) and also a final check 
of the methanol condensate flow rate 
(during a final batch operation). Blank 
heat losses determined with ah empty 
boiler were measured separately. The final 
heat balances closed within 8.9% on the 
average; the worst deviation was 16%. 
The heat transfer values reported herein 
are based on the methanol boil-up. 

A 100-ft. reel of 16-mm. motion picture 
film was exposed 'during each of eleven 
selected runs. The exposure time was about 
1 sec. for a reel. 

RESULTS 

The heat transfer values are sum- 
marized in Figure 4. The temperature 
difference between the metal surface and 
the bulk methanol varied from 38" to 
181°F. The maximum heat flux on the 
smooth curve is 115,000 B.t.u./(hr.)(sq. 
ft.) and occurs a t  a AT of about 58°F. 
Prior workers ( I S )  in the same laboratory 
reported a maximum of 139,000 B.t.u./ 
(hr.)(sq. ft.) a t  an estimated critical AT 
of 51°F. Other workers in this laboratory 
(17) obtained a maximum of 172,000 
B.t.u./(hr.)(sq. ft.) at an over-all AT of 
99.5"F. In  all three cases the heaters 
were %-in. O.D. copper tubes, although 
the tubes were not identical. The two 
earlier results ( 1 5 , l r )  were obtained with 
bayonet-type heaters cleaned with dry 
emery cloth. Presumably some difference 
between the earlier test results and the 
present ones can be attributed to end 
effects and to differences in surface tex- 
ture. The maximum heat fluxes for the 
three series of tests give a proportion of 
1.5 to 1.2 to 1.0. This is much smaller than 
the &50yo variability (a 3 to 1 propor- 
tion) which McNelly (12) states is 
common for boiling tests. 

NUCLEATE BOILING AND THE CRITICAL AT 

Motion pictures were taken at seven 
heat fluxes during nucleate boiling, 
varying from 52 to 960/, of the maximum 
flux. I n  each reel from six to twelve 
nucleating points were scrutinized closely. 
The rate of bubble emission for each 
point was determined, and the bubble 
diameters a t  the instant of break off were 
measured. 
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Figure 5 shows the locations on the 
boiling curve for the photographic runs. 
Figure 6 shows that the average bubble 
diameter as well as the average frequency 
of emission is constant for heat fluxes up 
to about 80% of the maximum flux. At 
higher fluxes the diameters and frequen- 
cies increase. 

I n  the range of constant diameter and 
constant frequency, the product of 
diameter and frequency is constant at 
4.0 in./sec. A previous set of measure- 
ments (17) using methanol on a bayonet 
heater a t  a heat flux of 78,000 B.t.u./ 
(hr.)(sq. ft.) gave af X D product of 3.3. 
These values are not greatly different 
from the values of 3.0 for carbon tetra- 
chloride and 3.1 for water which were 
reported by Jakob and Linke (9) for 
small heat fluxes. Jakob and Linke noted 
an appreciable dead time after the 
break off of one bubble before a new 
bubble began to grow in its place. I n  the 
present tests the dead time was so short 
as to be negligible. 

A photographic study of boiling in sub- 
cooled water with forced convection has 
been carried out by Gunther and Kreith 
(7, 8). These conditions are radically 
different from those for the present case, 
in which a saturated liquid and no forced 
convection were used. The subcooled 
.boiling data give an estimated f X D 
product of about 80 in./sec. The bubble 
diameters were smaller for the cold 
liquid, but the bubble frequencies were 
greatly increased. Data for total bubble- 
emission rate are given also by Gunther. 
If i t  is assumed that the heat transfer 
was accounted €or entirely by bubble 
generation, then the maximum bubble 
generation rate of 16 million bubbles/ 
(sq. in.)(sec.) would account for a heat 
flux of 249,000 B.t.u./(hr.)(sq. ft.). The 
measured flux was 3,360,000 B.t.u./ 
(hr.)(sq. ft.). The obvious conclusion is 
that bubble generation accounts for only 
a fraction of the heat transfer during 
subcooled boiling. Of course for a boiling 
saturated liquid, all the heat transfer 
appears as bubble generation. 

The constancy of bubble sizes and fre- 
quencies (at least up to the 80% heat- 
flux limit) means that increases in heat 
flux with increases in AT must be caused 
entirely by corresponding increases in 
the number of nucleating sites. The heat 
released a t  a nucleating site is therefore 
independent of the AT.  However, start- 
ing a t  about SO% of the maximum heat 
flux, the number of nucleating sites must 
increase less and less with each tempera- 
ture increment. 

Attempts were made to obtain motion 
pictures exactly a t  the critical AT.  Al- 
though prior workers treat the critical 
AT as being a precise value, in practice it 
is not a quantity which can be reproduced 
with exactness. Figure 5 shows the data 
for temperature differences smaller than 
65°F. plotted with an enlarged abscissa. 
The critical AT for methanolzon this 
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copper tube is actually a region extending 
from 52" to  62°F. Of course if an electric 
heater had been used, burnout would 
have occurred as soon as one measure- 
ment of the critical AT was made and 
duplicate runs with the same heater 
would have been impossible. Two photo- 
graphic runs'were made in the 10" critical 
range at 108,000 and 110,000 B.t.u./ 
(hr.)(sq. ft.). I n  these films both runs 
were typical cases (visually) of nucleate 
boiling. Routine bubble counts were 
made. 

One photographic run was made with 
a AT value of 81°F. Visually this case was 
typical of transition-type boiling; that is 
vapor formation was explosive, as de- 
scribed earlier (17). Bubble counts were 
not made from this film. 

COMPARISON WITH EQUATIONS 

In  Figure 5 the experimental results for 
nucleate boiling are compared with the 
equation of Rohsenow and the equation 
of Forster and Zuber. The Forster-Zuber 
equation is plotted also in Figure 4. 
Rohsenow's expression was developed 
(14) as a relationship between three 
dimensionless groups, a Nusselt number, 
a Reynolds number, and a Prandtl num- 
ber. The Prandtl group refers to the 
properties of the liquid only. The other 
groups involve vapor properties. The 
Reynolds group in particular was taken 
to be the Reynolds number of a bubble 
at the instant of break off. The bubble 
diameter and velocity at the instant of 
break off are therefore of great importance ~ 

and are included in the expression. 
The Rohsenow equation may be re- 

arranged to show the dependence of h on 
AT and the other variables as shown in 
Equation (1). 

The dimensionless coefficient C' was not 
specified; rather it is a value which gives 
a good fit to the particular system being 
considered. If the physical properties of 
the methanol are taken at the saturation 
temperature of the liquid, . as recom- 
mended by Rohsenow, the coefficient for 
the present data becomes 13.1 X 106. 
This corresponds to a coefficient CSF of 
0.0042 in Rohsenow's terminology. He 
reports a range of Csp values of 0.0027 
to 0.015 for other systems. 

The Rohsenow equation states that 
for a given system at a given pressure, 
h is independent of the properties of the 
superheated liquid film. However, the 
AT across this film is taken as the correct 
driving force. A possible way to resQlve 
this inconsistency is to take the physical 
properties of the liquid a t  the mean 
temperature of the superheated liquid 
film. If this is done with the present data, 
the coefficient in Equation (1) becomes 
8.5 X 1 0 6 ,  corresponding to CSF = 
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Fig. 5. Test of nucleate-boiling equations for methanol 
boiling at large heat fluxes. The solid symbols indicate 

runs for which motion pictures were made. 
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Fig. 6. Photographic bubble data for nucleate boiling of 
methanol. 

0.0049, This modified form is shown in 
Figure 5; i t  gives a good fit to the data. 
The original unmodified form gives the 
same h at a AT of 45OF., slightly lower 
valuea of h at AT > 45"F., and slightly 
higher values of h at AT < 45OF., all 
compared with the modified form. In the 
range of AT studied herein, no choice 
can be made between the two forms. 

Forster and Zuber also developed an 
equation containing Nusselt, Prandtl, 
and Reynolds groups. The prime differ- 
ence between this equation and the 
Rohsenow equation is in the Reynolds 
number. Forster and Zuber consider the 
Reynolds number for a babble which is 
niicroscopic and is growing. The diameter 
is a variable with time. The velocity 
used is the rate of radial movement of 
the bubble wall and is variable with timc. 
The theoretical product of the diameter 

and velocity happens to be a constant, 
and so a practical working equation 
results. The Forster-Zuber expression 
may be rearranged to give Equation (2). 
The equation 

fair fit with the methanol data. For fluxes 
less than 100,OOO B.t.u./(hr.)(sq. ft.) the 
predictcd heat fluxes are about 14% 
greater than the observed vdues. This 
accuracy is adequate for many applica- 
tions. The Rohsenow equation gives a 
closer fit, but it requires knowledge of 
experimental boiling data to give the 
arbi trary constant. 

It is possible to manipulate Equations 
( 1 )  and (2)  in an interesting way. Granted 
that the properties of the superheated 
liquid film are important and that these 
properties may be taken at the mean 
temper:iturc of this film, then it is seen 
that Equation (1) eohtains AT and via- 
cosity in a sensitive manner. All the other 
variables in Equation (1) arc affected 
but wcakly by changes in the solid- 
surface temperature (with a constant 
ambient pressure Rssumed). Viscosity 
may be' related to temperatuiu! by the 
Eyring type of expression, which shows 
In pL linear with 1/T. This substitution 
in Equiition (I), in combinatim with the 
constant properties of the liquid at 1 
atm. plus the coefficient 8.5 X 106 leads 
to Equation (3): 

= 0.50(A7' )2 .e~ .~""' / r"  (3) 
The syinbol TL refers to the incan tem- 
peratun! of the superheated liquid. The 
coeffieicnt 0.50 is dimensional, B.t.u./ 
(hr.)(sq. ft./OF.*), and TL is O R .  

Equation (2)  contains Ap, which is 
very sensitive to temperature. The other 
variablw liave but a weak effcct as tem- 
perature changes. If vapor pressure is 
related to temperature by the Clausius- 
Clapeyron equation. Equat.ion (2) be- 
comes Equation (4): 

h = ~ ~ o ( A T ) O . Z ' ( ~ ~ ~ . ~ " T / ? "  - 1)0.i5 (4) 

The constants 570 and 13.8 werc selected 
to give R good fit to the data obtained at 
atmospheric pressure. Theoretically the 
coefficient may be found by rising the 
physical properties of methanol, and at 
1 atm. i t  should be i20. Similarly the 
exponent 13.8 should be X/(RT,), or 
11.9. The exponent 13.8 is dimensionless, 
but the coefficient 570 ha8 the dimensions 
B.t.u./(hr.)(sq. ft./'P.'.*', and T, is the 
solid-surface temperature in OR. 

0.001 2( AT)' ' "(p, - pL)OC,," ' "pL0 ' 4ok,,0 ' '' 
h =  ( r o . b ~ ~ 4 ~ , , 0 . 2 0  1).21 P. 

is plotted in Figure 5. The authors 
evaluate the physical properties of the 
liquid at the temperature of the solid 
surface and those of the vapor at the 
saturation temperature. Thc dimension- 
less coefficient 0.00112 is supposed to be 
the same for all systems. I t  gives pre- 
dictioris equal to those froin the original 
Forater-Zuber equation, which, because 
of its difierent algebraic form, contains a 
coefficient of 0.001 5. 

The Forster-Zuber equation gives a 

Equations (3) and (4) suggcst that 
boiling iiivolves an activation energy! an 
idea which occurs sporirdically in the 
1iter:itura (2. 5,  16).  lfowever. the two 
expressions deal wit.li diffcrcnt kinds of 
activation. The exponent on e iit I<qua- 
tion (3) contains :in act.ivation energy for 
viscosity. niitl Equation (A) contiiins A, 
an activntion energy for vaporiixtion, in 
the equivalent exponent. According to 
Eyring these two values liave a constant 
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ratio. Thus Equations (3) and (4) should 
be identical, but they are not. Future 
studies will be necdcd to show which, if 
either, is correct. Tests showing the effect 
of pressure are of particular value. In 
any case, Equations (3) and (4) indicate 
that empirical equations in the form of 
h = a(AT)n may bc grossly oversimplified 
and that an additional factor involving 
eAT or el'= is desirable. 

Several empirical corrclations have 
been proposed for estimating the maxi- 
mum heat flux. The expression of Bohse- 
now and GrXith ( I Z ) ,  which is a rnodifica- 
tion of an earlicx correlation by Addoms 
( I ) ,  predicts a maximum flux of 227,000 
I<.t.u./(hr.)(sq. ft.) for the present con- 
ditions; Cichclli and Bonilla (4) predict 
197,000. The first figure is too high by 
over 90"/& the second by 70%. Cichelli 
and Ihnilla also give a correlation for the 
critical AT. Their prediction gives about 
83"F., which is not very close to the 
actual value of between 52" and 02°F. 

II 

n 
-10 x 

r 

0 

TRANSITION BOILING 

One advantage of a steam-heated sur- 
face, as opposed to an electrically heated 
one, is that the former permits tests in 
the transition region where h decreases 
as AT increases. Photography in this 
region yielded no information not re- 
ported previously (17) ; however, tube- 
temperature nieasurements did yield 
new information. For one thing the 
actual dependence of the methanol h on 
the methanol AT mas found to bc less 
steep than one might deduce from plots 
of h or U vs. the over-all AT. 

A second fact was discovered. For each 
experimental run a series of three repli- 
cate heat balances and AT measurements 
were obtained. For the nucleate and film 
boiling tests, the replicates agreed within 
a few per cent. But for transition boiling, 
the methanol-side AT often changed 
slowly during the course of a run. Inas- 
much as the steam temperature was 
controlled, the over-all AT remained con- 
stant. Thus the steam-side AT was chang- 
ing also, in the opposite direction to the 
methanol AT. The transition-boiling 
points plotted in Figure 4 are the results 
of single determinations taken within a 
few minutes. Typical of the drifting mere 
three successive readings a t  an over-all 
AT constant a t  118.5"F. The heat flux 
shifted slowly from 87,800 to 100,700 
B.t.u./(hr.)(sq. ft.) as the methanol AT 
'changed from 73" to 62°F. and the 
steam AT changed from 44" to % O F .  The 
reason for the drifting is not known. A 
guess may be based on the fact that this 
region gives a steam film AT which is 
strongly-and a steam h which is somc- 
what-dependctit on the steam tempera- 
ture, as shown in Figure 8. Thus a slight 
shift in the steam temperature could 
causc a significant shift in the steam h 
and a resulting shift in the metal tem- 
perature. This would alter the methanol 
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Fig. 8. Test of Nusselt equation for steam condensing inside a horizontal h b e .  The 
experimental tube was 20-gauge copper, :-in. O.D., slanted at 1.8" with the hori- 
zontal. The heat transfer length was 8.4 in. The inside area was used as a basis for h,. 

. The theoretical h. is based on the smoothed values of AT,.  

AT and the methanol h. The new co- 
efficients would cause a change in the 
heat flux. Thg new flux would alter the 
various values further, and the process 
might continue until a random fluctua- 
tion of the steam temperature in the 
reverse direction occurred. If this ex- 
planation is correct, transition boiling is 
"unstable" to tcmperature shifts even 
less than 1"F., because the steam tem- 
perature was controlled within 1°F. 

FILM BOILING 

Three reels of motion pictures were 
taken during film boiling. These covered 
the range of AT values for the methanol 
film 143' to 181°F., corresponding to heat 
fluxes of 27,000 down to 5,590 n.t.u./ 
(hr.) (sq. ft.). Visually, well-developed 
film boiling existed. The bubble release 
was in the form of orderly rows as pre- 
viously discussed (17). The diameter a t  
break off was measured for eleven or 
twelve bubbles in each film. The fre- 
quency of formation of tho rows was 
measured. 

Averaged results are shown in Figure 7. 
The product of frequency and diameter 
does not change with increasing heat 
flux, as would be predicted from obser- 
vations of the uniformity of the bubble 
sizes plus Considerations that (a) all the 
bubbles formed can be seen and measured 
and (b)  the volume of vapor formed must 
account for the heat transferred. Two 
explanations are possible for the dis- 
crepancy. The bubbles grow considerably 
after break off, and the amount of growth 
probably varics with the heat flux. Also, 
a small error in the measured diameter 
causes a large error in the calculated 
bubble volume. The heat fluxes calculated 
from bubble measurements (assuming no 
growth after break off) give but fair 
agreement with the measured heat fluxes. 
The table shows that an error of 41% 
in the measured diameter would explain 
the worst discrepancy in the data. Some 
adjustment should be made because the 
bubbles are egg-shaped at the instant of 
break off. The following calculations are 
for idealized spheres. 
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Actual heat Heat flux Theoretical 
flux, B.t.u./ estimated error in 
(hr.)(sq. ft.) from bubble diameter, 

(hr.)(sq. ft.) 

5,590 11,500 +27 
11,300 10,400 -3  

Dromley’s equation for stable film 
boiling, Equation (5), is plottcd in  
F’igure 4. 

data, B.t.u./ Yo 

27,000 9,600 -41 

The equation docs not give a good fit 
for the first stages of film boiling. For  
example, photography shows tha t  a 
methanol All of 140°F. results in clear-cut 
film boiling. The  nromley equation pre- 
dicts a heat flux which is only one sixth 
the observed flux. IIowevcr, at a AT of 
180°F. Equation (5) gives exccllent agree- 
ment with the data. 

NUSSELT EQUATION OF CONDENSATION 

Xusselt’s theoretical equation for film- 
type Condensation, Equation (6), was 
derived for a vapor outsidc a horizontal 
tube. 

Jakob (10) states that  the expression 
should apply for condensation inside a 
horizontal tubc provided the inside 
diamvtcr is used. IIo\wver, tlic t.wo cases 
have one distinct difference: during 
outside condensation, liquid drips from 
the entire tubc Icngth; during inside 
condenvation the liquid must collcct in 
the bottom of the tube and flow toward 
the exit. In tlie second c:tsc liquid may 
blanket the tube t)ottoin and Icad to  poor 
licat transfcr thcrc. 

Inasmuch as the tube temperature, 
stearn tempcrature, :irid heat transfer rate 
wcrc :ill measured, the :ictu:iI heat trans- 
fer coefficient for stc.tiin cwridensing 
inside thc copper tube was detrrrnincd. 
I n  Figurc 8 the data  :ire coinparcd with 
thosc predicted from the Kussc:lt equa- 
tion. The phgsictil properties were taken 
a t  the :ivc:r:ige temperature of the liquid 
film. The observed v:tlues :trc s w n  to  
agree ivell with thc thcoretic:tl ones for 
steam temperatures ui) to  about 280°F. 
At higher tcniptr:itures the obscrvctl 
values :ire less tli:tn the throrctical, a i id  
the equation is not conservative. The  
observed results hold prol)ably only for 
the particular tubc geomrtry used in 
these tests: :in 1.1). of 0.305 in., a heat 
tr:insfcr length of 8.4 in . ,  :iiitl :in iw1in:i- 
tion of 1.8” with the Iiorizontd. A longer 
tub(: o r  n sni:illw :trigle could caiise 
deviations. 

Tlic unusii:il Sh:lJJc of t h  curve of h 
in’Tigure 8 is a result. of the ch!irige iii thc: 
stenin 4T coii:cidctrit n.ith!~li(:Ich:iiijies i n  

the steam temperature and pressure. 
The  steam AT is shown in the graph. The  
peak occurs when the methanol is at its 
maximum heat flux. 

CONCLUSIONS 

For  methanol boiling at atmospheric 
prcssurc on a %-in. copper tube: 

1. The nuclcate boiling region is de- 
scribed satisfactorily by  either the 
Rohscnow equation or the Forster-Zuber 
equation for heat fluxes between 50,OOO 
and 100,000 B.t.u./(hr.)(sq. ft.) 

2. T h e  critical point for boiling is not 
a point but  is rather a region extending 
from 52” to  62°F. 

3. For nucleate boiling the product of 
bubble diameter and frequency of cmis- 
sion is constant at 4 in./scc. u p  to  about 
80% of the maximum hcat flux, thus 
extending the observations of Jakob for 
small fuxcs. 
4. Rctwecn 80 and 100% of the maxi- 

mum flux t h r  f X D product is greater 
than 4 and is not constant. 

5. For  film boiling, the product f X I> 
is nearly constant a t  about 11 scc.-l 

6. For film boiling at thc lower values 
of AT, the Rromley equation is not 
applicable; a t  values of AT near the 
maximum AT used, 180°E’., the equ :I t’ ion 
is satisfactory. 

7. Nusselt’s equation for condensition 
outsidc a horizontal tube is applicable to  
condensation inside B horizontal tube 
provided tha t  liquid accumulation at the  
bottom of tho tube is prevented. 

8. An excellent method of measuring 
the average temperature of a steam tube 
in a boiling liquid consists of the use of 
the tube as  a resistance thermometer. 
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NOTATION 

a = arbitrary constant 
CL 

(lb.)(”F.) 
D = bubble diameter, in. 
I),, Do = inside and outside diameters of 

a tube, ft. 
e = base of Kapcrian logarithins, 

2.718 
f = frequency of bubble release, 

bub blcS,’sCc. /poilit (11 uck%te 
boiling) or bubbles/scr.,/in. 
(film boiling) 

= heat capacity of liquid, n.t.u./ 

9 
h = heat transfer coefficient for 

inethanol, B.t.u./(hr.) (sq. ft./ 
“I?.) 

h. =:heat transfer coefficient for 
Ip 2, stc:~rn, 13.t.u., (hr.)(sq. ft.,’”F.) 

= gravity constant, ft.1 hr.2 

n 
P L  

P .  

Q / A  
R 
T 
TL 

T .  

T” 
T, 

AT 
ATM 

x 

P L l  P. 

PI., Pv 

U 

= thermal conductivity of liquid, 
vapor, B.t.u./(hr.) (ft./OF.) 

= arbitrary constarit 
= vapor pressure at saturation 

(at T-) ,  lb./sq. ft. 
= vapor prcssurc at maximum 

superheat (at T J ,  lb./sq. ft. 
= heat flux, B.t.u./(hr.)(sq. ft.) 
= gtis constant, R.t.u./(lb.)(”F.) 
= temperature, OF. or OR. 
= liquid temperature at mean of 

= surface temperaturc of hot 

= stcani temperature, “14’. 
= liquid temperature :it satura- 

= temperature tlifferencc, O F .  

= temperature driving force 
across methanol, OF. 

= temperature driving force 
3cross steam, O F .  

= over-all hcat transfcr coeffi- 
cient, B . t .u ./( hr.) (sq. ft ./OF.) 

= latcnt heat of vaporization, 
B.t.u./lb. 

= viscosity of liquid, vapor, lb./ 
(ft .) (hr.) 

= density of liquid, vapor, Ib./ 
cu. ft. 

= surface tension, lb./ft. 

T.  and T,, OR. 

solid, OR. 

tion, O F .  or OR. 
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