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ABSTMCT 

Experimental data and high speed movies were taken for film 
boiling of liquid nitrogen on thin horizontal wires  of 0.040 mm and 
0.250 mm diameter. The data were taken over a range of pressures 
from atmospheric to critical, and fluid bulk temperatures from satu- 
rated to 45' K subcooled. 

complete pressure and diameter range. The subcooled data exhibited 
a modest increase in heat transfer coefficient not exceeding 25% 

The saturated data followed existing analytic trends over the 

The visual data examined the effect of pressure, subcooling and 
diameter on flow patterns and found the transition from axial to cir- 
cumferential flow to be sensitive to  all three parameters. 
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INTRODUCTION 

Because of its low temperature a cryogenic fluid can film boil by 
simply bringing it in contact with an ambient or room temperature sur- 
face. As a result, film boiling is an important aspect of cryogenic 
heat transfer. It is also important in conventional boilers, in quenching 
and in similar applications. 

The field of film boiling has been examined extensively both ana- 
lytically and experimentally. Even if we  confine ourselves to hori- 
zontal cylinders, as we will, a great deal of information is already 
available. Nevertheless, some important parameters remain to be ex- 
plored and the present study proposes to examine some of them. The 
majority of experimental work has been confined to saturated atmospheric 
pressure boiling off large cylinders. There is still room for study of 
pressure, subcooling and wire diameter effects, especially on thin wires. 
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Thin is a relative term and, as will be discussed later, the degree 
of vvthinnessvv is a function of fluid properties, However, to  place this 
term in perspective we can say that horizontal cylinders on the order 
of 0. 5 mm (0.020 in.) diameter or  less will generally fall into the 
vthinv class 

(ref. 1). Bromley derived analytically a correlation for film boiling 
based on circumferential flow around a large cylinder which introduced 
the property grouping expressed in equation (1) 

The earliest work relative to the present study is that of Bromley 

Bromleyvs equation worked well for the existing data for cylinders 
of 6.35 to 19.1 mm diameter. 

and wire diameter on film boiling. He reported that small diameter 
wires tended to deviate from the Bromley equation. 

In 1962 Breen and Westwater Qref, 3) introduced new data and 
gathered the existing data of references (1, 2, 4, 5 and 6) and offered 
a correlation based on the property grouping of Bromley and the con- 
cept of the most dangerous wavelength, The correlation showed a 
strong influence of the ratio of wavelength to diameter on heat transfer 
coefficient for small diameter wires. 

model for thin wires based ora axial flow of vapor along the T i re  into 
the vapor domes as opposed to circumferential flow as founcf in large 
diameter cylinders Q f .  Bromley). The analysis yielded the same 
property grouping Bromley derived as well as the wavelength property 
grouping. It correlated all the data, amd agreed excellent with the 
Breen and Westwater empiricism. The resulting equation was 

hers Qref. 21, using oxygen, examined the effect of pressure 

In 1967 Baumeister and BamiP1 (refs. 7 and 8) proposed an analytic 



where 

27a 
/p - (3) 

,,' 

The theoretical point where Bromleyvs model (1) and the modehof 
Baumeister and Hamill (refs. 7 and 8) begin to diverge is approximately 
l/Do 2 1.5. Thus, analytically, we should expect circumferential flow 
around large diameter cylinders for Z/Do < 1. 5 and axial flow along 
small diameter, "thin; y T  wires for l/Do > 1. 5. 

Several experiments (refs. 9 to 13) have been conducted on large 
diameter cylinders in recent years. They examined pressure, accel- 
eration and different fluids and tended to confirm the validity of 
Bromley's work. Although Banchero did work with small wires, at 
elevated pressures he was in the l/Do range of large cylinders. 

The most pertinent references to the present work a re  references 
14 and 15. Grigull and Abadzic (ref. 14) film boiled saturated C02 on 
a 0.100 mm wire at pressures from P/Pc = 0.7 to the critical point. 
They coupled high speed photographs with data and observed that the 
flow field changed drastically at P/Pc = 0.99 although no heat trans- 
fer change was observed. Nishikawa and Miyabe (ref. 15) displayed 
similar results. 
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The present study is a combined visual and data experiment with 
film boiling liquid nitrogen for cylinder diameters of 0.040 mm and 
0.250 mm and pressure ratios 0.03 < PIPc < 0.99. Saturated and 
subcooled data was taken over all pressures with subcooling. as high 
as high as 45' K for the higher pressures. Preliminary results of 
saturated boiling on the 0.250 mm wire were reported at the previous 
Cryogenic Engineering Conference (ref. 16). The results showed the 
data followed the Baumeister-Hamill model trend over the pressure 
range 0.03 < P/Pc < 0.99. They confirmed a change in flow field 
with pressure but considered the results consistent with the Bromley 
and Baumeister-Hamill demarcation. A more complete story is 
presented herein, The present study includes a large body of data 
and a movie supplement which will be documented in an NASA TN 
(ref. 17). 

DESCRIPTION O F  EXPERIMENT 

The experiment was conducted in a double walled pressure 
vessel as shown in figure 1. The inner vessel was a 16.0 cm diameter 
by 32.0 cm high pressure vessel capable of operating up to 38 atm (Pc 
of nitrogen is 33, 5 atm). The outer vessel was a vacuum insulating 
jacket. The assembly was equipped with quartz windows front and back 
for viewing. The system was pressurized on top with nitrogen gas. A 
100 watt calrod heater was used to heat the pool to the desired bulk tem- 
peratur e following pressurization. 

The test wires were mounted horizontally under spring tension to 
an assembly which was in turn mounted to an access door as shown in 
figure 2. All the instruments and lead wires were also mounted to the 
door. Two 0.250 mm diameter platinum wires 5.44 and 5.48 cm long 
and one 0.040 mm diameter wire 4. 58 cm long were used as test heaters. 
Two pins 0.800 mm diameter were inserted in the mounting assembly 
below the wire  at distances apart of 5.43 mm for the 0.250 mm wire  
and 5.60 mm for the 0.040 mm wire. These provide a dimensional 
reference for the visual observations. 
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Pressure was measured with a bsurdon tube gage accurate to 
0.1 percent of full scale. Fluid temperature was measured with a 
platinum resistance thermometer rated accurate to within 0.1' K. 
The resistance of the platinum heater wire was calibrated and found to 
follow that of standard platinum. The average wire temperature was 
determined by measuring voltage drop across the wire and current 
through the wire. Heat was generated using a d. c. power supply with 
rms  ripple of less than 0.05 percent of test voltage. A precision digi- 
tal voltmeter was used for voltage measurements. Current was meas- 
ured using the same instrument and a Calibrated shunt, All measure- 
ments were backed up by redundant instruments. The system had a 
tendency to drift slightly while acquiring data. This coupled with 
reproducibility results limit claims on data accuracy to the following 
values: pressure, *lo 0%; fluid temperature, f0.2' K; wire tem- 
perature, &5%; and heat f l u ,  *5%. 

camera operating at 400 frarnes per second. Lighting was provided 
from the back by a 1000 watt lamp diffused through a frosted glass 
for better shadowgraph, 

The photographs were taken with a 16 mm high speed movie 

RESULTS 

Data were taken in the manner described above for film boiling of 
0.040 mm diameter horizontal plati- liquid nitrogen on 0.2 50 mm a 

num wires over the following range of conditions. 

0.03 4 PIPe 1 0.99 

7% 5 TB 5 126" K 

250 < Tw < 900' K 

2 8 5 q 5 70 watts/cm 

Of course, all combinations were not possible; for instance, the high 
subcooling can be achieved only at high pressure. More data were 



a 
taken on the larger wire. The raw data, along with the movie film 
supplement, are documented in reference 17. 

Saturated film Boiling 

The main purpose of this experiment was to examine film boiling 
on thin wires (with simultaneous data and visual record) over a wide 
range of parameters to test the range of the Baumeister-Hamill analy- 
sis (refs. 7 and 8). The first phase was to examine pressure and wire 
diameter effect on saturated film boiling. All points with 1 ATsub 1 < 0. 5' 
were designated saturated. 

The raw data results are presented in figure 3 with heat transfer 
coefficient plotted against critical pressure ratio for the two wire 
diameters. The most striking result is the diameter effect which shows 
that a 6 fold decrease in diameter yields a 2 to 3 times increase in heat 
transfer coefficient depending on pressure. The second result is a 
maximum in heat transfer coefficients as function of pressure occurs 
around P/Pc of 0.6 to 0.7. 

In the course of 
the experiment the first 0.250 mm wire broke. It was replaced. Sub- 
sequently, the second wire was removed to  take the 0.040 mm data. 
Finally the second 0.250 mm wire was reinstalled for more data. In 
figure 3 saturated data are shown for a11 3 cases. Thus we can ex- 
amine the effects of scatter within an individual run, of deviation be- 
tween two different wires, and of e r ro r s  introduced by disconnecting 
and connecting instruments. The result is that, if all the data are to  
be used for some composite reason they have to be accepted with a re- 
producibility of about &8%. If individual runs are used the scatter de- 
creases. Additional remarks on this will be made later. It should be 
observed that each of the individual runs exhibits the same trends. 

In figure 4 one can see how this data squares with the existing 
theory of film boiling on horizontal wires. The data in figure 4 cover 

2 all of the heat flux range, not just 35 watts/cm . The data and theo- 
retical trends are in reasonable agreement and the region of overlap 
is encouraging. With only the larger wire data available Baumeister 

I Figure 3 can also be examined for data scatter. 

'K 
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and Simoneau (ref e 6) suggested the constant in equation (2) could be 
increased about 25%. At present it is probably best to leave that to 
the discretion of the individual reader. 

axial flow model (refs. 7 and 8) at Z/Do 2 1. 5 one would expect a 
transition from one flow pattern to the other in this region. Figure 5 
is a set  of photographs of the flow patterns for the entire pressure 
range (and consequently Z/Do range) arranged along the correlation 
curve. At P/Pc = 0.44 the flow is clearly axial and at P/Pc = 0.85 
is circumferential. At P/Pc = 0.74 @/Do = 1, 56) it may be in tran- 
s it ion 

Is this merely a fortuitous coincidence? This question can be 
answered by examining two wire diameters, The parameter Z/Do 
decreases as both pressure and diameter increase. Thus if the model 
formulation is correct, flow transition should occur at higher pressure 
for the smaller diameter wire. In figure 6 the photographs of the 
flow patterns are displayed side by side at each pressure level for the 
two wires. It can be clearly seen that as a first order condition it is 
true that transition occurs at higher pressure for small diameter 
wires. However, for the 0.040 mm wire it would appear that transition 
occurs between P P, = 0.94 and P Pc Z: 0.9% at ,?/Do 
Z/Do = 4 the larger wire is definitely in axial flow the use of L/Do to 
mark transition is probably an sversimplifieation. However as a first 
order remark it is probably safe to say flow-transition is likely to occur 
at some specific value in a band 1 < I/Ds < 5. The data conditions of 
figures 5 and 6 correspond to figure 3, 

Transition in flow for the small (0.040 mm) wire occurred at very 
near critical conditions. Consequently it would be easy to interpret the 
strange flow patterns associated with circumferential flow as some near 
critical phenomena. Since the same patterns occur at PIP6 M 0.8 for 
the larger wire it is not likely that these patterns are near critical 
Phenomena per Se, Grigull and Abadzic (ref. 14) obtained sirhilir 
patterns on a 0.100 mm wire  with C02 at PIP, > 0.9 and quite rea- 
sonably associated this with the critical point. The present evidence 
suggests a reinterpretation of that data. 

Recalling that the circumferential flow model (1) deviates from the 

4. Since at 
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Subcooled Film Boiling 

The remaining parameter investigated was subcooling. Figure 7 
is a plot of heat transfer coefficient against pressure with subcooling 
as a parameter. The heat transfer coefficient is based on saturation 
temperature (i. e., h = q/(Tw - Ts)). The effect of subcooling appears 
to be about a 5% increase in heat transfer coefficient for about every 
10 degrees Kelvin subcooling with a total of less than 25% increase 
over the entire range of the experiment. The trend with pressure 
seems to be consistent with the saturated data. 

it caused some experimental problems. Recall the overall data scatter 
runs about &%. This would pretty well obliterate any subcooling 
trends. Thus the data of figure 7 were taken on a single day with no 
intermediate adjustments on the equipment. Since the single run 
scatter is considerably less than the overall, the trends of figure 7 are 
considered genuine. 

The data follow the correlation trend of figure 4 though slightly 
higher. If we were to plot the data in the manner of figure 4 the in- 
crease would be buried in the scatter and the implication would be that 
equation (2) is as good as it is for the saturated data. This is not true 
since there is some subcooling effect and thus the datalare not displayed 
in this manner. The fact that they follow the trend, however, indicates 
that the currently used property grouping would be basic to a subcooling 
correlation. 

The final question is the effect of subcooling on flow pattern. Fig- 
ure  8 displays flow field photographs for 3 pressures over a range of 
subcoolings using the large wire. In the first column the saturated flow 
field at P/Pc = 0. 54 is axial. Increasing subcooling merely affects 
bubble size. However at P/Pc = 0.84 the saturated flow field is cir- 
cumferential. An increase in subcooling changes the pattern to axial. 
Finally, at P/Pc = 0.94 the flow is circumferential and remains so. 
Since l/Do is a saturation parameter these pictures again point out 
that Z/Do is an oversimplification in designating flow transition and is 
only a first order concept. 

The authors did not anticipate such a modest subcooling effect and 
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SUMMARY 

Film boiling liquid nitrogen data and high speed movies were 
taken in a pool on thin horizontal wi res  of 0.250 mm and 0.040 mm 
diameters. The data were taken over a range of pressures from at- 
mospheric to critical, and fluid bulk temperatures from saturated to  
45' K subcooled. The primary results were: 

crease as wire  diameter decreases and exhibit a maximum with pr"es- 
sure  around' P/P;: = 0.7. 

correlates the data trends adequately but is somewhat low in magni- 
tude. 

3. Visual evidence supports the use of a circumferential flow 
model for large diameter wires and an axial flow model for small 
diameters. To a first approximation the transition occurs around 
1 < Z/Do < 5. The pictures suggest ,?/Do is an oversimplification in 
discuss ing flow trans it ion. 

4. For film boiling subcooled nitrogen on thin wires an increase 
of about 10' K in subcooling produces an increase of about 5% in heat 
transfer coefficient 

5. Visual evidence indicates that the transition from axial to cir- 
cumferential flow is influenced by subcooling. 

1 e Saturated film boiling nitrogen heat transfer coefficients in- 

2. The Baumeister-Hamill analysis (refs. 7 and 81, equation (2), 
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Figure 1. - L i q u i d  nitrogen pool-schematic layout. 

T LIGHT 
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TELECTRODE r R E F E R E N C E  PINS 
I 
I VOLTAGE I I (0.800 mrn DIAM, 

5.43 mm APART) 
/ I  
/ I  

Figure 2. - Test heater wire and associated instruments. 
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PIP, 
Figure 3. - Effect of diameter and pressure on saturated 

f i l m  boiling. 
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ZID, = 4.2 PIP, = 0.03 ZID, = 26.5 

ZID, = 3.5 PIP, = 0.13 LID, = 22.1 

UD, = 2.45 PIP, = 0.44 ZID, = 15.7 

ZID, x 1.56 PIP, = 0.74 ZID, = 10.3 

Wire diam 0.25Dmm 0.040 mm 

Z!D,= 1.23 PIP,=O.85 LID, = 8.07 

ZID, = 0.76 PIP, = 0.94 ZID, = 5.32 

PIP, = 0.97 ZID, = 3.43 

Z!Do"0.3 PIP, -0.99 l!D,-2.7 

0.250 lrlm 0.040 mm 

Figure 6. -Effect of diameter and pressure o n  the  saturated liquid-vapor interface. (q =35 W/cm*). 
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