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FOREWORD

The pool boiling experiment developed herein was motivated by
preliminary experiments and rationale done by Nanik Bakhru as his
doctoral dissertation under the direction of John H. Lienhard at
the University of Kentucky and under the support of an earlier
NASA research grant (NGR18~001-035). This conceptual design study
was done under NASA Contract NAS3-20397 in the Boiling and Phase
Change Laboratory of the University of Kentucky's Mechanical Engineering
Department. Mr, Thomas H. Cochran served as Project Manager both for
this Contract and the antecedent Grant. His contributions to the
success of both were varied, unselfish, and substantial.

The Principal Investigator in this work was Professor John H. Lienhard.
He and Professor Robert E, Peck of the University of Kentucky
co~authored this report. Dr. R. Bhatti also worked on the contract
in its early stages, and developed much of the material in section II-C.
This experiment is eventually to be incorporated into the much larger
Flow Boiling experiment being designed by R.D. Bradshaw and C.D. King
of General Dynamics Convair Division under NASA Contract NAS3-20389.
Their design reports have also been very helpful in the present work.
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SUMMARY

A simple experiment is formulated to facilitate the study of
pool boiling in the low gravity environments of the spacelab.

The experiment is contrived in such a way as to corroborate (or
correeﬁ) and extend the scope of Bakhru's earth-normal gravity
experiments. Bakhru's work showed, through the use of proven scaling
laws, that the hydrodynamically determined peak and minimum heat
fluxes would cease to occur at low enough gravity. He also noted
many features of the character of boiling at low gravity; The
experiment will investigate these characteristics under the conditions
for which they were predicted.

The apparatus will consist of a set of small, sealed test cells,
each containing a single cylindrical platinum electric heating
element immersed in liquid water, methanol, or Freon-ll3; Various
combinations of fluid properties, heater diameter, and g-level
(10_2 and lo—4gearth) will provide information over a range of twelve
test conditions.

The experimental procedure will require preconditioning the cells
to the prescribed saturation temperature. An independent battery
power supply to the heater wiil then be linearly increased for 45
seconds or until the heater temperature exceeds 500°c. It has
been verified that the test conditions in the cell will remain
nearly qpnstant’during this brief test period.

The cylinder heat flux and -temperature and the cell temperature
and éressure will be continuously recprded during the run in
conjunction with high-speed filming of the boiling process. The

total time needed to complete all of the twelve tests is estimated

xi




to be about two hours., The data will be used to construct complete
boiling curves for each set of test parameters. The photographic
data will show the nature of vapor removal and the motion of vapor
patches, once boiling has begun.

The experimental system is designed to be operated within the
two~phase flow experiments being designed by General Dynamics
Corvair Division. The weight of the experiment package will be
about 60 kg.  The estimated preflight cost of the experiment is

$46,500.
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TASK I: SCIENTIFIC JUSTIFICATION

A problem that has long vexed NASA (see, e.g., an early review by
Siegel [l]l) is that of understanding what the limit of nucleate boiling
will be in reduced gravity. Siegel was one of the first people who
devoted serious attention to low-gravity phenomena and one of his main
concerns was determining the influence of gravity on the peak heat
flux, q .- Reference [1] refers to many studies of low gravity burnout
which, like the pioneering high=-gravity studies of Costello (see, e.g.,
[2]), sought to validate or disprove the one<fourth power dependency of
Lpax OF gravity, g, that the Zuber-Kutateladze hydrodynamic theory [3]
predicted.

These studies generally showed that the one-fourth power law was
sh;ky at best. Costello, who pointed to this shakiness in expressing his
doubts about the hydrodynamic theory in the early 1960's, was just
starting to perceive ‘the real reason for the failure of Zuber's theory
at the time of his premature death in 1965 [4]. The reason was that
Zuber's theory was being erroneously applied to finite heaters of all
shapes, when it had only been derived for an infinite, horizontal,
upward-facing heater.

In 1968, Lienhard [5] showed formally that Costello and Adams' idea
was correct —--= that in a finite heater configuration, the influence of

1/4

gravity entered, not only as g in Zuber's flat plate expression, but

also through a géometrical function of R' where:

R' Z RY g(_pf - pg)/o

lNumbers in square brackets denote entries in REFERENCES.




in which pf and pg are the saturated liquid and vapor densities, and
g is the surface tension, all evaluated at the local saturation

temperature, Tsat
NASA was ‘interested in this discovery and, in 1967, they funded an
extended program at the University of Kentucky Boiling and Phase-Change
Laboratory to explore it fully. By 1973 this program had produced an
extensive study of interacting geometrical and gravity effects which is
summarized in the NASA contractor reports: [6,7]. This work resulted in
a complete hydrodynamic theory of the peak and minimum pool boiling
heat fluxes for large classes of finite heaters. The influence of
viscosity, the electrolysis analogue, related gquestions of the influence
of induced convection in certain configurations, were among the many
factors considered in the effort.

But the key issue in this exploration was that of determining how

q

max behaved as g approached zero., A number of specific ﬁredictions

for qax Were developed for different configurations. They all took the form

I max
q

maxZuber

= fn(R")

These expressions were highly successful but they failed to correlate

data for R' on the order of 0.l or less. This failure was entirely
understandable since R' is the square root of the ratio of gravity to
capillary forces. When R' is below 0.l,gravity is swamped by surface
tension, and the hydrodynamic mechanisms (which depend upon the balancing
of both forces) can no leonger take place.

This result placed the study -~ and NASA -- in an awkward position.
If hydrodynamic "burnout" no longer occurred at low gravity, then what

did? Siegel and others had observed some sort of change of behavior
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that they might have viewed as a hydrodynamic transition. The literature
was shot through with the idea that there was a peak heat flux at a

low gravity. The final step in the NASA study was therefore to study

9 ax closely at very small values of R',

To make observations at small values of R' one must either make
extended studies in a low~gravity environment or obtain data on extremely
small wires at earth normal gravity. Only the latter course was then
open, and Bakhru [8] undertook to develop such an experiment. The
result of his effort was the basic paper which demonstrated the need
for the present space shuttle experiment. Because of its importance
we include it in its entirety in Appendix 2. The key ideas from this
paper are:

1) The visual details of boiling when R' is on the order of 0.01

show a complete absence of the hydrodynamic prosesses.

2) Plots of the wall superheat against the heat flux, g, from

the wire, show that the conventional multivalued behavior
vanishes as R' decreases and the curves are entirely monotonic ,
when R' is on the oxrder of 0.01l.

3) There is no nucleate boiling in the range: R' < 0,01.

Instead the wire is blanketed with patches of f£ilm boiling.
Under some conditions the patches grow and collapse (or
"flicker") and under others they are stationary. In either
case the fraction of the wire that is blanketed increases
with heat flux until blanketing is complete.

4) Whether the vapor patches flicker or remain stationary

P . , K3 2
depends on the magnitude of a “"flickering parameter", A, where™:

2Symbols not defined in context are explained in the nomenclature section

of the paper in Appendix A,
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In water, for which A was about 0.17, the vapor patches
flickered on and off. In the organic fluids, A was always

less 'than about 0.02 and flickering never occurred.
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TASK II: CONCEPTUAL DESIGN OF EXPERIMENTS

A. Objectives

Bakhru's work makes it absolutely clear that, under low gravity
there should be radical changes from conventional boiling behavior.

The hydrodynamic mechanisms cease to exist and are replaced by something
different.

The problem is that ﬁodeling low gravity conditions with small
wires might possibly give a wrong impression of the nature of the
replacement phenomenon. Not only did Bakhru's wires have very low
thermal capacities, but their surface finishes are inherently smoother
than those of large iods. Furthermore, the pievious work at earth-normal
and elevated gravity has shown that gravity only enters through
certain dimensionless groups, but it hasn't eliminated the possibility
that other groups might be important only at very low gravity. For
these reasons we propose an experiment in which the relation between
g and AT, and other aspects of boiling, can be studied in the very
low gravity environment of the space-shuttle.

The objecti#es of this experiment are as fellows:

1) It should verify the existing prediction of 9oy for cylinders
in fhe range R' > 0.1 . (See, e.9., page 36 in [7] and the
surrounding discussion.)

2) It should piovide low gravity observations of boiling
(comparable withyﬁhose in Appendix A) in the ranges: R' < 0.01
and 0.01 < R' < 0.,1. Entire curves of heat flux against
temperature difference shoﬁld be constructed, especially in the

low R' range.

[
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3) Yeaters, both with higher thermal capacities, and thermal
capacities comparable to those in earth-gravity experiments,
should be used to avoid confusing effects of thermal capacity
with those of low gravity. In particular the phenomenon
of flickering should be investigated. It should be ascertained
whether or not the flickering criterion developed for small
wires also works at low gravity.

B. Approach

Geometrical considerations. The heater configuration in a low

gravity boiling experiment must be a "finite" geometrical configuration.
We have already seen that size and gravity are interrelated. There

is thus no obvious way in which a large -- effectively infinite -- flat
plate, with no characteristic dimension would reveal the special
influence of reduced gravity; Indeed, an infinite plate would be

hard to‘approximate at reduced gravity since the vapor jet spacing
would be very large. The simplest and most reasonable configuration to
deal with is that of a horizontal cylinder since we already have a
wealth of information dealing with it., It is the configuration that

we propose for study in the space shuttle.

Independent variables. The proposed experiments are designed
to study systematically the influence of R' and g on boiling from
horizontal cylinders. We are interested in the following three
ranges of R' values:

R'<0.01 (Something on the order of R'=0.005.) This will

permit observation of low-gravity boiling in the
regime in which the hydrodynamic processes  have

vanished and there is no peak heat flux.

£
£
!
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0.01<R'<0.10  {Samething on the order of R'=0,030.) This will
Facilitate sobscrvation of bolling in the transition
reglon in which the hydrodynamic mechanisms are
only partially established.

R'™0.10 Gomething on the order of R'=0.20.) This will

* facilitate low-gravity observation of holling in

the regime in which the established hydrodynamic
processas should prevail.

The experiments will be run at two reduced gravity levals:

£

‘v
<

Q.lenhz mf's2 and Q.Bxlénd»m/s . The latter is tho lowast level
that will be reasonably free of g-jititer effects. The former,
available only in short bursts up to 45s each, is the highest lovel
avallabla. Togather they provide two very different low-gravity
levels and will allow confirmation of any scaling laws deduced from,

or verdfied by, these tests.

Experimental Technique. The heater will be immersed in a £ludd
resarvoly and heated alectrically. Wo envision a sat of small
sealed, thermally conducting test cells, each of which contains a
singla cylindrical heater mounted horisontally in the minimal
gravity field.

The specification of beater sises and Eludd properties which
are related to R', and the box dimensions will be discussaed in
subsequent sections. One reusable box will be dasignated for each
56t 6f test ccnaitimns; backup test sells will alse be provided.

A prebestar will be used to ralse the saturation prassure and
tomparature in the test cell %o an appropriate léwel o ho spocifled.

Powar will then bo applied to the heater wirve and increased linearly

R =4
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with time until the average wire temperature reaches a preset shut-off
value. Continuous heat flux, tewpersiure, and photographic data
will be obtained and subsequently used to analyze the boiling process.

If the tests are of short duration, the pressure and temperatura
rise in the test cell should not be éxcessive and no extarnal
cooling apparatus will be required. The shift in the saturation
state will subseguently be shown to be small anough that it can
aasily be tolarated during such brief heating in a constant volume
Process.

It is also easy to show that the amount of evaporation is
virtually negligible in such processes, thus the liquid level is
practically constant. For exampla, in a closed containar 8§80 percent
filled with ligquid water undergoing a temperature change Exom
21°% to 66°¢ only 0.04 percent of the water will evaporate. Thus
the proposcd technique should give nearly constant test conditions.
Ve shall also show that the sealing parameter R' is insensitive to
the call pressure and saturation temperatura.

The proposad experimental system offiers many advantages, 2.9.:
photography can be made continuous during the run; if the temparatuxe
rises the liguid will remain saturated in the closed boxes that are
used; and opérator intervention is minimizad. A schematic diagram
of the overall expeximent system is presentad in Figura 1. The
dasign and specification of the various system components, the
axperimental procedure, and the data raahcticn scheme are addressed
in subsegquent sections.

€. Liguid Selaction and Siming of Heatars

The problem of selecting appropriate ligquids for the experiments

and the problom of setting the diameter of the test heaters arxe
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10

interrelated through the scaling parameter, R', and to a lesser extent
through the flickering parameter, A. The fluids chosen for evaluation
included those studied by Bakhru (water, benzene, methanol, acetone,
and isopropanol), and two others. These were ethanol which is

similar to (but less toxic than) meﬁhanolB, and Freon 113 which
promises many advantéges as an experimental fluid. i

Physical properties. Before turning to the specification

of values of R' and A, we neéd to identify the physical properties
of the fluids. The evaluations were carried out by Bhatti and
details are included in the second monthly progress report for the
present work [9]. The main source of these data was a collection of
data fits made earlier for NASA by Reich [10], and a DuPont report

on data for Freon 113 [11). The specific data sources are as follows:

- vapor pressure data [10], [11]

- liguid density [10}, [11]

- latent heat of vaporization [10]

- vapor density [10], [11], and the ideal gas law at very low pressure. ng
- liquid viscosity [10], [12] ii%

- specific heat at constant pressure, for the liguid [10], [11].

- surface tension: calculated from an earlier version of a
new correlation [13]

- thermal conductivity: linear extrapolations in temperature were run
through the limited data given by Reid and
Sherwood [14] for the five organic ligquids,
through the Freon 113 data in [14], and

through Bretsznajder's [15] data for water.

3 . ,
And which, after all, can be drunk if the trip home waxes long.
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- Coefficient of thermal expansion, B: These were obtained
by differentiating Washburn's [16] liquid
density formula for ethanol, Reich's densities
for the remaining organic liquids [10],
and densities from {11] for Freon 113.
These data are listed for four typical pressure levels in Tables 1,2,3,
and 4. The numbers in these tables aie generally a bit less
accurate than the sources from which they were derived, since the
original data were curve~fitted with equations to facilitate
computerized calculations.4
Selection. As noted in the preceding section, we wish to
investigate boiling in the hydrodyhamic region, the non-hydrodynamic
region, and the transition region, at two different low gravity
conditions. Accordingly we use the data in Tables 1,2,3, and 4 to
plot the heater radius that will give R'=0.005, 0.03, and 0.2
at g/ge=10_2 and 10_4, as a function of pressure in Figures 2a to 2f.
These figures all reveal that the pressure can vary (as we
have proposed) without influencing R' by more than a few percent
in the pressure range of interest. This means that no extra-
ordinary measures. need be undertaken to keep the cell pressure
at design values. This in turn will result in great simplification
of the experiment.
Two factors restrict the absolute size of heaters; One is
the power required by heaters of large surface area. The other is

the aspect ratio, or ratio of heater length to diameter. 1In

4General;Ly they lie within what we could have termed "slide-rule
accuracy", a scant five years ago.
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Properties of Saturated Liquids at a Pressure

Table 1.
of 1 atm or 101,300 Newtons per Square Meter

Properties Units Water Benzene | Acetone Methanol { Ethanol |IsopropanolfjFreon 113

Saturation o

Temperature (T) = 373.1 353.2 329.3 337.9 351.5{ 358.6 320.8

Surface k

Tension (0) N/m .05726 .02111 .01915 .01834 .01724 .01624 .01523

Density of 4

Liquid (pf) kg/m 958.1 815.6 749.4 748.3 739.0 735.9 1510.0

Density of

Vapor (pa) kg/m 0.5907 2.760 2.198 1.206 1.673 2.400 7.405

Latent heat of

Vaporization (hfg) J/kg | 2,257,000 | 399,100 549,100 1,113,000 | 852,400 698,800 |146,800

Viscosity of’ 5

Liquid (uf) N-s/m .000259 | .000312 .000240 .000337 | .000450 .000488 .000504

Specific Heat o

of Liguid (cp) J/kg-"X 4103 1960 2330 2667 3277 3784 982.7

Thermal Conductivity o

of LiquidA(kf) W/m K 0.6803 0.1272 0.1437 0.1942 0.1588 0.1216 .0706

Thermal Expansion o -1

Coefficient (B) (K) .000167 | .000411 .000464 .000394 | .000892 .000320 .000508
m .002467 | .001627 .001617 .001582 | .001544 .001502 .001016

»/O/ge (py - pg)
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Table 2.
Properties of Saturated Liquids at a Pressure of 0.6684 atm or 67,730 Newtons per Square Meter

»/O/ge (o - pg)

.001608

| Properties Units ‘Water Benzene | Acetone | Methanol Ethanol |Isopropanol| Freon 113
| Saturation o

Temperature (T) K 362,2 340.7 318.0 327.9 341.6 348.8 309.1

Surface

Tension (0)° N/m .05929 .02240 .02031 .01918 .01804 .01699 .01630

Density of 3

Liguid (pf) kg/m 965.7 828.9 762.2 751.7 747.3 743.4 1539

Density of

Vapor (pg) kg/m 0.4042 1.912 1.494 0.8260 1.140 1.643 5.068

Latent heat of

Vaporization (hfg) J/kg | 2,284,000 407,900 566,900 1] 1,133,000 866,800 734,700 150,500

Viscosity of 2

Liquid (uf) N-s/m .0003061 |.0003599 | .0002671 .0003824 | .0005310| .0006052 |.0005762

Specific Heat o

of Liquid (cp) J/kg- K 4099 1908 2287 2632 3114 3632 969.2

Thermal Conductivity °

of Liguid (kf) W/m K 0.6748 0.1316 0.1492 0.1974 0.1615 0.1293 .07285

Thermal Expansion o -1

Coefficient (B) ("K) .0001665 {.0004042 | .0004564 .0003887 | .0009373| .0003171 |.0004833

m .002503 |..001662 .001650 .001570 .001528 .001041
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Table 3.
Properties of Saturated Liguids at a Pressure of 0.3342 atm or 33,860 Newtons per Square Meter

Methanol

Properties Units Viater Benzene | Acetone Ethanol|Isopropanocl| Freon 113

Saturation o

Temperature (T) K 345.1 321.4 300.5 312.3 326.1 333.8 291.5

Surface

Tension (0O) ¥/m .06243 .02435 .02205 .02047 .01825 .01809 .01791

Density of 3

Liquid,(pf) kqg/m 976.9 849.4 782 772.6 760.4 754.9 1580

Density of

Vapor (pg) kg/m 0.2061 0.9984 0.7978 0.4251 0.5896 0.8746 . 2.658

Latent heat of ,

Vaporization (hfg) J/kg 12,326,000 421,300 594,400 | 1,165,000 889,600 789,500 155,600

Viscosity of 2

Liguid (uf) N~-s/m .0004001 [.0004525 {.0003179 | ..0004593 |.0007290} .0008488 [.0007198

Specific Heat o

of Liquid (cp) J/kg~-"K 4093 1827 2221 2576 2857 3400 949.6

Thermal Conductivity o

of Liguid (kf) W/m K 0.6643 0.1383 0.1577 0.2025 0.1658 0.1341 7.648

Thermal Expansion o -1

Coefficiént (B) (9] .0001692 1.0003943 |[.0004449 .0003811 |.C009929] .0003123 [.0004478
m .002553 .001711 001697 .001644 .001607 .001564 .001076

»/a/ge (pe - pg)

PI



Table 4.
Properties of Saturated Iiguids at a Pressure of 0.0668 atm or 6,773 Newtons per Sqguare Metexr

g

Properties Units Water Benzene Acetone | Methanol | Ethanol |Isopropancli Freon 113
Saturation o

Temperature (T) X 311.6 285.3 267.4 281.8 295.7 306.2 258.2
Surface

Tengion (0) H/m .06842 .02791 02522 .02284 .02149 .02000 .02083
Density of 3

Ligquid (pf) kg/m 993 887.7 £19.3 801.5 786.1 776.2 1653
Density of

Vapor (pg) kg/m .04924 0.2420 0.1769 .09342 0.1267 0.2229 0.5942
Latenit heat of

Vaporization (hfg) J/kg 2,410,000 446,600 646,300 |1,226,000 934,100 B90, 700 164,200
Viscosity of 5

Liquid4(uf) Mi-s/m .0007226 |.0007366 |.0004031 .0007090 -001716 .0016128 .001201
Specific Heat 6

of Liquid (cp) J/kg- K 4080 . 1675 2097 2467 2354 2971 892.9
Thermal Conductivity o

of Liguid (kf) W/m K 0.6258 0.1509 D.1738 0.2122 0.1742 0.1430 .0B239
Thermal Expansion -1

Coefficient (B) (°x) .0001620 }.0003769 |.0004246 | .0003673 | .001049| .C003038 [.0003871
Vb/ge (pf - p) m .002651 001791 001772 .001705 .001670 .001621 .001134

ST
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Bakhru's experiments this ratio was on the order of 103 so that
end effects were inconsequential. We should like to keep this
ratio as large as possible.

Figure 2e shows clearly that no experiments should be attempted
at the lower gravity level with R'=0.2 since the heaters would be
too large.

There are basically three reasonable choices of fluids: water,
Freon 113, and one from among the remaining organic substances.

We shall eliminate all but one of the organic liquids:

benzene: Because it is too toxic and highly flammable.
ethanol: Because it was not among Bakhru's liquids, while

the rest of this group was.

acetone and isopropanol: Since Bakhru reported only one run with

each of them.
Methanol remains. Bakhru provided data for six values of
R' in methanol.. It is not toxic in modest dilution with air and it
is less incendiary than acetone or benzene. Thus we specify water,
Freon 113, and methanol for use in the experiment.
The water-filled container will be used to observe fairly
small platinum cylinders at low pressure and R'=0.005 or less.
The largest of these can also be run at R'=0.03 under 10—29

earth

conditions. Sizes in the water capsule will include:
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Condition | 2xR, cm =g/ge R" press,atm. | T C
1 0.1524 107 | 0.003 0.17 57
2 0.1524 | 1072 ] 0.03 0.17 57

—
3 0.0254 | 107% | 0.0005 0.17 57
4 0.0254 | 1072 0.005 0.17 57

The methanol filled container will be used to observe both

large and small heaters under all three conditions of R'.

Condition | 2xR, cm g/ge R' press,atm. ¢
-2

5 0.64 10 0.2 0.33 39

6 0.64 1074 0.02 0.33 39
-4

7 0.17 10 0.005 0.33 39

8 0.10 1072 0.03 0.33 39

The Freon-filled container will also be used to observe the range

of R' values.

Condition | 2xR, com g/ge R! press,atmh TOC
9 0.061 | 1074 0.003 0.67 36
10 0.061 1072 0.03 0.67 | 36
11 0.61 1074 | 0.03 0.67 36
12 0.61 1072 0.3 0.67 36
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Thus we propose twelve basic runs. Six are to be at elevated
gravity and six are at the lower gravity level. The sizes above
are not precise. They can be altered slightly with unimportant
proportional alterations in R'. Thus we can standardize on five
heater sizes. The lengthskof the wires will be specified as 19 cm
for the two largest (0.61 and 0.64 cm dia.) wires and 5.1 cm for
the remaining ones. This will give a minimum length to diameter
ratio of 30 which shquld be sufficient,

The Flickering Phenomenon. The flickering parameter, A,

involves the heat transfer coefficient, h, at the inception of
boiling. This 1s a natural convection value, and to calculate it
we use the expression recommended by Bakhru on the basis of Herman's

equation, subjected to Langmuir's correction:

2k
h o= £ (4)

D1ln (1 + S/Raé/4)

where kf is the thermal conductivity to the liquid, D is the

diameter of the cylinder and RaD is the Rayleigh number based on

diameter. Thus equation (3) can be expressed as:

4o0v T
- fg “sat
AT = . 1/4 (5)
Dh__ 1lnjl + 5 i
fg 3 2
gBAT D" p. ¢
£ P

The problem with the use of equation (5) is that we do not know
the inception tempefature, AT,’and any attempt to predict it will
be chancy. Bakhru's values, obtained for very small wires, might
serve as an upper bound. This would appear to be reasonable because on

Bakhru's small wires the first nucleation corresponds with a site
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* density, n, of about 10 active nucleation sites per cm2. It could

} not begin at a lesser value because, on his small wires, ri>10/cm2 when
the first bubble nucleated. The site density at which sites begin to
reinforce one anothervso as to enhance heat transfer is far less than

2
this -- about 0.3 sites/cm” [17]. Thus, if a wire is larger, we can

(USSR

surely expect a far lower value of n, and with it a lower AT, at

-

i inception.

Rt

Bakhru's inception values of AT were about 40°C for water

and 44OC for methanol. For Freon 113, AT could be either larger

| —

" or smaller, However, the tendency of AT for organic liquids is to
i

i

¥ exceed the value for water. Since Freon 113 is "on the other

'ﬁ side of the organics from water" (lower latent heat and vapor

I

pressure, for example) we shall conservatively guess that AT is

(@] .
about 70 C in this case.

These extremely rough estimates of AT are used to estimate

fiind

the R.H.S. of equation (5) since it is very weakly dependent on

it

AT. The resulting values of AAT are plotted as a function of "
pressure, heater size, and liquid in Figure 3.
3 With reference to Figure 3, and recalling that Bakhru showed
only that:

flickering definitely occufred when A<0.02,

flickering did not occur when A>0.17, and

the flickering situation was unknown in between,
B we can anticipate what will happen in the proposed tests:

¥ - Fredn on the smallest wire would definitely not flicker,

only if AT were as small as lOC. Since we expect AT>>l°C,

anything can happen. (It probably will flicker.)
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- The larger wire that is used in water probably will flicker.

- Methanol will most likely fall in the unknown region,
except for the largest heater which can function in the
established flickering region if AT is less than 20%c.

- The smaller wire that is used in water will probably be in
the indeterminate region.

- Freon on the large wire should definitely f£licker.

Thus, the proposed experiments promise to test Bakhru's

flickering correlation over the full range of'possibilities and

to further delineate that correlation.

Thermal Capacity. Thermal capacity poses a problem which can

easily be sidestepped. Appendix A (see pages A-10 and A-1l) shows
that the flickering phenomenon depends upon a Péclét number and

a Biot number. The Biot number would remain unimportant in the
phenomenon unless the cylinder radius were increased to more than
1 cm, in the case of a platinum wire. The Péclét number is a
dimensionless velocity of the vapor patch front and the analysis
suggests that to maintain similar behavior, the physical velocity
mast slow as 1/J§T, These difficulties will be overcome, and
similarity with the small wire behavior will be maintained, by
using a thin layexr of resigtance heater material plated onto an
insulating cylinder.

D, Heat Flux Predictions

In the present section we estimate the cylinder heat fluxes
that will enable us to observe the complete boiling proceés for
each of the twelve test conditions identified in the preceding
section. This information will allow us to complete the heater

design and to specify the heater power regquirements. We may also
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assess the need for external cooling to maintain the various test
cells at the desired saturation conditions. The heat flux data
are presented in a series of curves (Figures 4a-f) which display
cylinder heat flux as a function of the temperature difference
between the heater surface (Twall) and the bulk fluid saturation
temperature (Tsat) for each of the twelve test environments.

The curves represent the initial (natural convection) and
final (film boiling) heat fluxes for increasing heater temperatures.
The natural convection heat flux for small wires was calculated
using the heat transfer coefficient from equation (4). The film
boiling heat transfer coefficient was obtained from equatioﬁ (19)
in Appendix A. Fluid properties were evaluated at ('I‘wall + Tsat)/z.

The curves do not predict where the transition from natural
convection to film boiling will occur; but indicate for design
purposes the expected range of temperatures and power requirements.
The actual transition point will be learned from the spacelab
experiments. Since fiim.boiling should be well-established below
AT=SOOGC, we will designate this temperature difference as a
reference point for terminating each test run and for determining
the maximum heat load réquirements. It should be poted that the °*
heater power requirements do not exceed 120 watts in any case.

E. Mechanical Design

The test heaters, The test heaters will be electrical resistance

heaters supplied by a low voltage battery that is independent of the
higher voltage cabin power supply. The temperature of all heaters
will be obtained by thermocouples which give a sequence of local

measurements along the inside of a thin tubular resistance heater.
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These heaters will be of two basic types: 1) thin small-bore tubing
for all diameters 0.17 cm or less, and 2) heating cylinders which have
been electroplated or sputtered or otherwise deposited onto dielectric
elements in which the thermocouples have been embedded, for the large
diameter elements. A standard wall thickness of .0051 cm is chosen
for the tubular heaters, and a platinum layer of .00254 cm is to be
electroplated on the surface of the larger ceramic core heaters.

The two arrangements are depicted at the top and bottom, respectively,
of Figure 5.

In each case we propose at least six thermocouples which will be
led out of the box through the rod, as shown. The thermocouples should
probably be chromel-alumel, although that decision could be influenced
by the plating process in the case of the larger rods.

The configuration of the electrical connection to the rod can best
be arranged as follows: A tapered copper sheath should be affixed to
each end as shown in Figure 6. Such a sheath can very effectively be made
by the electro-deposition of copper onto the platinum. Whether oxr not
the entire.sheath is deposited,'dr a larger diameter copper element is
soldered onto a thin sheath which has been electro-deposited, does not
matter. The length of the sheéth should be such as to allow a clear
run of 5.1 cm of the small rods between the sheaths, and 19.0 cm of the
largé rods. They should extend far enough outside of the box to
accommodate the necessary electrical connections. The sheath design
shown here will serve the purposes of: minimizing end effects,
carrying current to the rod, and eliminating voltage drop between the
test length of the rod and the ocutside of the box. Since we have now

specified the heater dimensions, we may examine the heat removal curves

(Figures 4a-f) to resolve the power requirements.
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butt welded very small gauge thermocouple
junctions - wires, one metal from left, the

other from the right with painted
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" The Small Rod Configuration
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{the two lead wires
/lof a thermocouple

1,1

e S e /// Ny
3w S w=remZ o~ junction ,Q \p
rednlled holes “& g

or other insulating

insulating core of ceramic ‘ y”

Large Rod Configuration

Fig. 5 The configuration of heater rods with
six thermocouples in each one.
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The heater power supply. Before specifying the heater power

supply we must resolve the electrical load into voltages and amperages.
This task is accomplished by determining the electrical resistance
of the platinum heating element and the required powér dissipatioh.
The maximum power demand for each test condition corresponds to the
£ilm boiling heat flux at +500°C 1in Figure 4. The detailed heater

configuration and power requirements are summarized in Table 5.

Since the voltage demands of the system are low,'and since D.C,
is required, the current may be conveniently supplied by a small
£attery operating through & rheostat. The power supply for the small
heaters should be provided by a conventional three~cell battery with
about lX% volts per cell. One to_three of these cells is to be imposed
in series according to the voltage required for the heater in question
(see Table 5). If each of the twelve experiments were to be conducted
twice for a period of about 45 seconds per run, the demand on the
battery wduld be on the order of only 10 amp~hrs, so a single small

battery should be adequate for the entire test.

The heating elements will be connected in series with a motor
driven variable resistor that is programmed to‘ramp the heater current
linearly from zero to maximum amperage during the test period. The
heater power will be initiated when the test cell reaches the preheater
set temperature and will be cut off when the heater temperature reaches

-500°C or when the elapsed time exceeds the allowable test period.



[ SR T

ORIGINAY; PAGE
. IS
OF POOR QUALITY

39

[P

SUOTSUBWTP A93esH

0 ¢e GGT°C VLY 860° 0°6T ¥5200° Zv8s* 19° (AN
1781 bLL T T°C¢E 860" 0°61 $5¢00° 441N T9° 1t
g8°S £E8° 6"V 1574 1°s 1500° 8050° 190° o1
8° 7 L89° £°¢ 13572 N 1°9 1600° 8050° 190" 6
6°Cl "1 (A} 580° 1°s 1500° 680° otT" 8
8 LT L8° S°qT ¥8¥0° T°S T500° 91" LT L
1762 vL°c 8°6L v60° 0°6Tl ¥sco0” £€9° GE9° 9
pTat £EE€°¢E 8°LTT ¥60° o°6l $GC00° €9° GE9° G

9LV L8°1 6°8 €6€° 179 T500° yzst1o°® A TAN 14
0°v LS°T €°9 g€6e” 179 1500° 241 yscon £
T°6T1 70°1 661 Zhso” 1°s 1500° A4 1441 [4
q°GQT £V8° T°¢T 4410 T°S 1500° 42% 244 T
e oo | o | o || S | | S | e
. A 5 ° UOTITPUOD

sjuswoxTnbay Iomog pue 92ZTS IolesH

°9 I9TqBL




40

o bttt

e e et <y

The circuit will be instrumented with voltage and amperage meters
to continuously record the heater power.

The test cells. The test cell configuration is set onythe'basis

of several constraints: The cross-section should be round on top and

rectangular on the bottom to encourage the liquid to cling to the | o
bottom under minimal gravity. It should be conceived with the notion
that it will be 80 percent filled with liquid duringkoperation. It
should be wide enough to minimize sidewall effects and long encugh

to minimize end effects. Finally it should be fairly narrow with
respect to its width.

FPigure 7 shows the two test cells that we propose to satisfy
these requirements. Certain dimensions and other features of these
cells are set as follbws: All of the small heaters are put in 8.18 cm
long boxes, and the large ones are put in 25.05 cm long boxes.

These lengths,~ﬂ, will give sufficient aspect ratio to the heaters

to avoid end effects. The height, h, is likewise specified as 5.1 cm
and 12.1-cm respectively; and the width, w, is chosen between 1.2¢ cm
and 3.81 cm, to give enough wall clearance without letting the boxes
-get heavy. ' igi

The boxes are to have pure copper walls which can be safely .
assembled with a good grade of soft solder since their teﬁperatures
remain low with respect to the softening temperatures of even the
lowest grades of solder.

The windows of the test cells should be of a good optical
quality plate glass,; on the order of 1/2 cm in thickness. They
should be mounted so as to give positive resistance to both imploding

and exploding, as indicated in Figure 8. The heater and test cell
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specifications will now enable us to resolve the heat removal
problem and to complete the preheater design.

The heat rejection problem. Figure 2 indicates that the scale

parameter, R', is insensitive to the cell pressure. Figure 3 shows
that the flickering parameter, A, is wore sensitive to pressure; and
to learn more about its role we havs suggested keeping the pressure
somewhat above Poat at room temperature, in each case. Since the
exact operating pressure is not critical, we propose that no special
care be taken to regulate the cell pressure closely. Instead we
plan to let it drift a little with the temperature in the cell.
Neverthelesé, to assure that A is low enough to give useful information
about the flickering phenomenon it will be necessary to assure that the
temperature of the cell starts near the previously specified operating
temperature and does not stray too far from it.

We calculate the temperature rise in each experimental test
by presuming conservatively that the maximum heat flux is dissipated
over the entire test duration in a volume of liquid, determined by
the test cell dimensions. Since a 45 second test period wés
advantageous from the standpoint of the battery lifetime, we will
stand by that figure for the temperature rise predictions.
(Ultimately it will turn out that a 45 sec run is consistent with
motion picture camera limitations as well.) Table 6 summarizes
the results of these calculations.

The twelve test conditions are described on the L.H.S. of

Table 6. The liquid, the operating pressure, Po ¢ and the corresponding

saturation temperature, T , are listed first, The temperature

sat

difference ATETsat—’I“m (where the cabin temperature T is taken to be

PR

RS-
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Eloc) is also listed. The final cell dimensions, maximum heat
fluxes, and the calculated temperature rise during a 45 second run
are listed on the R.H.S.

The resulting liquid temperature rises are all small enough
that they will not seriously alter the test condition. Thus we
are safe making 45 second runs, and no external cooling of the test
cell will be required.

The cell preheater. A preheater will be employed to condition

the test cell internal environment to the prescribed temperature
and pressure at the start of each experiment. The preheater will
consist of an electrical resistance heating element fixed to the
bottom of the test cell and powered by the 24 VDC spacelab power
supply. The preheater will be turned full on or off by a thermostat
which is controlled by a thermocouple located in the vapor region
of the test cell.

A major constraint on the preheater operation is that the heat
input to the cells must be very slow to avoid nucleation. The
preheater will therefore be operated in two steps. First, the test

cells will be placed in an insulated chamber and "warmed" to the

desired saturation temperature. Second, the cells will be transferred

to the test section and the preheater will be used to maintain the
desired test conditions by supplying any heat that is lost to the
cabin environment.

In the first step of the preheater operation, the test cells
containing water will be kept in one chamber and heated to the
55-60C temperature range. Another chamber will house the methanol

and Freon filled test cells while they are being heated to the
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35-400C temperature range. The preheater resistance will be
(242/w)Qsc>that each test cell will draw a specified number of

watts, W, when it is matched to the 24 VDC electrical supply.

Since the heat transfer will occur predominately by conduction, the test
cells should be placed in close thermal contact inside the inszulated
chambers. A transient heat transfer analysis of the temperature

rise of ligquid in the cells indicates that the minimum warm up time

of the largest cells will be on the order of one hour.

During the second step of the preconditioning operation involving
the transfer of the cell from the chamber to the test stand, the
preheater will again be powered. The power input, W, will be selected
to match the radiation heat loss from the test cell to the cabin
environment. The power requirements to maintain steady state
conditions in the cell are summarized in Table 7.

The cell pressure. We have specified operating pressures for each of

the test conditions and have stated that we will allow the cell pressure

to vary with the temperature. Since the pressure may vary over a small range,
pressure transducers will be inserted through the top of the test cells to
enable continuous monitoring of the cell pressure. The transducers will

also be coupled to pressure relief valves that will be set to open at 2 atm.
The values should vent overboard =-- probably through the forced convection
experiment's venting system.

Preflight test cell preparation. Prior to the flight, each cell

must be filled with its respective fluid, and four instrumentation elements
must be sealed in. The following instrumentation elements should be

located near the middle cross-sectional plane of the cell:

1. a vapor-phase thermocouple entering from the top of the box,
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2. a liquid-phase thermocouple located between the heater and
the bottom of the cell,
3. another liquid thermocouple located between the wall and the
aylindrical heating element just out of the window view,
4. a combination pressure probe and pressure relief valve in the
"top of the test cell.
The last three items Qill be sealed in place before the box is filled.
But the vapor-phase thermocouple will be held out since that port is
to be used as a f£filling hole.
The box will then be heated to the normal boiling temperature
of the liquid it is to contain. A tube will be inserted through the
open port (with a little celearance) and directed into the bottom of
the box. Saturated vapor will then be blown through the tube. Most
of it will scavenge air from the box and some will condense. The
liquid leéel in the box will be adjusted to that désired by controlling
the inlet temperature of the vapor. The scavenging process will be
permitted to proceed for an hour or so to remove almost all of the
air. Then the top thermocouple will be inserted and the box will
be permanently sealed.

F. Supporting Requirements

Bnvironmental. ' No fewer than six, and no more than twelve,

45 sec bursts of elevated gravity (10-2 times earth-normal) will be

required. These will be required for the six lowzgearth runs and

. . . -4 .
and zero to six replications ‘of these runs. A 10 gearth environment

will be required for the remaining six runs and zero to six replications

of these runs.

s

v
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Volume and Weight. Integration of the present experiment into

the flow boiling experiment [18] should minimize space and weight

A

requirements. A motion picture camera will be shared. We presume that

about 114,000 frames, or 6,000 ft of movie film must be added to

#
[ a

SRR 4

the existing magazine. The weight increase amounts to 34 kg.
Hardware for mounting this experiment should be minimal -- between

one and ten kg. The test cells (depending upon whether it is decided

to include backup units, and upon the details of the final design)

g“ should weigh between eight and 12 kg. Two warming boxes should
ke
ﬂ weigh one to two kg and the battery about one kg. Other valving,
in
iy instrumentation, and wiring should be light -- between one and five kg.

- The total weight should be somewhere between 46 and 64 kg with f£ilm

s

being the major contributor. All payload items from this experiment

il should be returned to the earth.

Volume will also be minimal and we presume that the modest

requirements can be fit into the two phase experiment space.

G. Procedure

The test cells should not be removed from their warming boxes
prior to the tests. When an experiment is to be made the operatoxr
should:

1. load the camera and switch it to the pool boiling experimental

circuit,

2. set the camera lens,

3. remove a test cell from the warming box and set it in its

experimental rack. (He should tap it into place once or

twice to get all of the test fluid in the "bottom".),
4, attach the "umbilical™ cord containing the thermocouple,

preheater, and power leads to the pool boiling experimental circuit
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gonnact the overboard dump line to the safety valve,

take pencil and pad in hand to make any notes on visual
observations during tha test,

push the expariment activation button and watch closaly as

the experiment proceads,

wait for ground-control to recommend on rerunning the experiment,
do a second run at the sascond gravity level, with any
replications called for by ground control, and

disconnact the cell and return it to the warming box.

This process should take about 15 to 20 minutes For each of

six test cells, with a reasonable number of raplications (only a Efew

of which will employ film). IF the data acquisition is arranged to

give immediate computer printout of the boiling curves, the decision

to replicate can ba made promptly.

H.

Data Acquisition

@ach

aach

The following items should be monitored continuously during

axperimental run:

us

[o)

AR

1

tharmocouplas recording cell temperaturas

(or mora) thermocouples recording heater temperatures

pressura transducer
valtage across the heaterx
amparage through the heatex

accalarometex

The following events must be noted as a function of time during

tast:

The initiation of the camera
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Any activation of:
- the pressure relief valve
- the‘electric power cutoff if it terminates a rﬁn before the
maximum duration of 45 seconds has been reached.

The data acquisition system is designed to be extensively
automated so that the operator will be free to record his oﬁn
observations of the boiling process.' The experiment control system and
data acquisition system will be initiated simultaneously by one switch.

After battery power has been applied to the heaters, a two
second time delay before starting the movie camera will permit a
performance check of the other equipment to ensure that the experiment
is operating properly,

Motion picture records of eéch run will be a very important
component of the data acquisition process. The movies should be made
with an appropriate high speed motion picture camera. We recommend
that each run be sampled at about 200 frames per second with a
20 or 50~to-one shutter. This framing-rate‘is about as slow as it is
possible to go without being in danger of missing events.* Bakhru used
a camera speed of SOO fps with a ten-to-one shutter and typically obtained
pictures like that shown in Figure 9. By reducing the framigg rate
to 200 we reduce the iﬁformation collected to 40 percent of that shown
in Figure 9. That should be adequate and it will permit recording
38 seconds of each run on a 400 ft reel of film. This will fit
nicely with the previously specified maximum duration of 45 seconds

for any run.

*A somewhat higher "minimum" value was. suggested in Progress Report #6.
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Light éhould be directed into the camera through the subject, as
shown in Figure 1, at an angle of 10o off the axis of the camera lens.
It should be passed through a diffuser at the back window of the test
cell. The light should be bright enough to permit an f-setting which
will give a depth of field equal to mosﬁ of the width of the cell.
Each box should have an identifying symbol on a lower corner of‘the
front window. It should be designed so thatvit will be clearly
identifiable within the focus at that point.

I. Cost Analysis

The costs of the experiment can only be guessed very rqughiy and,
we hope, without underestimating. Costs can be resolved into five
categories: Design, Materials and Processes, Fabrication, Equipment,
Preflight Testing, and Data Processing Softwear.

Design. Two months work by a designer and a detailer at $25,000

and $12,000 per year subject to 150 percent overhead. $15,400

‘Materials and Processes, It will be necessary to experiment with

the methodology for manufacturing the heaters. The only material
cost that promises to be substantial will be the platinum. A very
rough idea of costs is: v v $ 5,000

Fabrication. Fabrication should require about two man-months at

about $18,000 per year with 150 percent overhead. $ 7,500
Equipment. We presume that appropriate cameras are owned by NASA.
Data acquisition systems alréady eéxXist and need not be charged té
this experiment. Batteries must be purchased, so too must other
minor hardware connected with control. These items should comé

in below $ 3,000
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Preflight Testing. Two man-months of engineering time ($4,000) If‘

and one man-month of technician's time ($1,250) with 150 percent L;.

overhead. $13,000

Data Processing Software. An experienced programmer should be
able to develop the software to deal with the data within two
wéeks time ($1,000 with 150 percent overhead.) $ 2,500
Total estimated costs, less than $46,500

J. An Alternate Experimental Arrangement

. The use of sealed cells introduces the concern that thefcell‘
pressure wili be increased when boiling begins, whereupon simultaneous
condensation might occur on the periphery of the bubbles. Such condensa-
tion could conceivably distort the the boiling process. We believe,
although we are not certain, that the pressure rise should be modest,
and condensation sufficiently slow, as to cause no serious distortion.

One way to circumvent this problem would be to maintain the cell
pressure close to the design saturation pressure. This could be accomplished s
by providing a seal on each test cell which would be punctured just

prior to the experimental run. The séal would be housed in such a way

that the vapor is exposed to an appropriately sensitive and quick-acting
pressure regulaﬁing valve leading to the overboard vent.

If this change were deemed necessary, the additional hardware would ;; ?
probably lead to modest increases in the cost and complexity of the o
proposed experiment. The change would also nullify reusing the cells and

it would require means of dealing with the cells once they had been

used.
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BOILING FROM SMALL CYLINDERS*

NANIK BAKHRU
1BM Corporation, Hopewsll Junction, New York 12333, US.A.
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Abstract—Heat trunster is observed as @ function of temperature on small horizontal wires in water and
four organic liquids. When the wire radius is sulliciently small, the hydrodynamic transitions in the
boiling curve disappear and the curve becomes monotonie. Three modes of heat removal are identified
for the monotonic curve and described analytically: u natural convection mode. a mixed film boiling and
natural convection mode. and a pure liim boiling mode. Nucleate boiling does not occur on the small

wires,

The study was motivated by an interest in predicting the behavior of large heaters at fow gravity, The
applicution of the present results to such circumstances is therefore discussed. It is proposed that the peak
and munmum heat luxes will vanish at Jow gravity as well as on small wires.

Bi,
FIR).
4.

h.

h,q,
Jy=
h*,,

kK,

g kw'

Vu,
Pe,

NOMENCILATURE

Biot number. iR, 2k,

a function of R":

acceleration of a system in a force
field:

heat transfer coeflicient. ¢/0,:
latent heat of vaporization:

latent heat of evaporation plus

34 per cent of the sensible heat
of vapor at heater wall;

thermal conductivity of liquid.
vapor and heater, respectively;
Nusselt number, 2hR/k
dimensionless velocity, or Péclét
number, defined by equation (8):
pressure:

average heat flux on the entire
heater. Also heat flux on the un-
blanketed portion: of the heater
when used with g,

* This work was supported by NASA Grant NGR:
18-001-035, under the cognizance of the NASA Lewis
Research Center. The paper is extracted from the first
author’s doctoral dissertation at the University of Kentucky,

Yy

Y maxs Ymine

r.

q maxg*

R

R',

Ra*,

T,
T
AT,
AT,

yvy

heat flux on the blanketed portion

of the wire:

peak and minimum -boiling heat

fluxes, respectively:

radius of a bubble:

Zuber's predicted peak heart flux

for a flat plate:

characteristic dimension, usually

used to denote the radius of a

cylindrical wire: '

dimensionless characteristic di-

mension (usually the radius).
Rlglp; = peholt:

modified Rayleigh number, equa-

tion (16);

temperature:

heater surface temperature:

wall superheat, T,, — T,..;

temperature overshoot, T at

nucleation minus minimurma T for

q beyond nucleation:

time:

speed of vapor patch propagation:

(lip,) = (Lip,):
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Xo X axial distance coordinate: sub-
script b denotes reversed coordi-
nate under the blanketed portion
of the wire:

v distance measured from solid wall

-into liquid.

Greek symbols

X, thermal diffusivity of heater:

A, a dimensionless function,
dohe, T AThpk:

I viscosity of vapor:

PrPy saturated hiquid and vapor den-
sities, respectively:

a, surface tension between a satur-
ated liquid and its vapor:

8. temperature measured above T,

a,. equilibrium temperature in the
wire. g/l

. vapor patch triggering tempera-
ture:

Q.0,. dimensionless temperatures, 0°¢,
and 048, respectively:

L dimensionless axial parameters
defined after equation (10).

General subscripts

b. denoting conditions related to the
portion of heater blanketed by
vaper:

sat, denoting conditions at saturation,

INTRODUCTION

THE EARLY experiments of Nukiyama [1] and
of Drew and Mueller [2] demonstrated that
the plot of heat flux, ¢. against the liquid
superheat at the heater surface. AT, exhibited
local maximum and mimmum points. This
discovery set the stage for a program of study
that has lasted a third of a century. Since heat
transfer is remarkably efficient near the local
maximum. great effort has been dirécted to-
ward predicting this limiting heat flux.

In 1948 Kutateladze [3] discussed the
mechanism that dictated these extrema und in
1938 Zuber (see e, [4]) provided an analytical

description of ¢, 8nd g, for an infinite flat
plate heater, For ¢, he found

i
Gwase = 53 P Vl0glo, = PN (1)

The Zuber-Kutateladze theory says that g,
occurs when the vapor jets leaving the surface
becomes Hetmholtz unstable. It aiso says that
the jets are arranged on a grid that is sized
according to the Taylor unstable wavelength
in the liquid-vapor interface. These instabilities
arise as a consequence of inertial, interfacial.
and buayant forces.

The hydrodynamic theory has also been
formulated for g, in two finite geometries
{cylinders 5] and spheres [6]) and for g,,, on
cylinders 7, §]. For finite geometries it was
shown independently by Baobrovich er al. [9]
and by Lienhard and Watanabe [10] that if
the characteristic dimension of a body 1s R, then

Gmsvi mane = IK(R'i where

R' = R [glp; — pylic]. {2

Equation (2) has been shown [11] to apply as
long as: the contact angle is small. the system
is not close to the critical pressure. and the
viscosity of the liquid is not great.

Under conditions of very low gravity, or for
very small heaters. R’ (which characrerizes
the ratio of buoyant forces to surface tension
forces) becomes small. Figure 1 shows the
gmay correlation. equation (2) as applied to
about 900 horizontal cylinder data in [5]. In
this case, an R’ based on the radius. R, must
exceed Q15 if the Zuber-Kutateladze wave
mechanisms which define g, are to stay intact.
For smaller values of R’, surface tension so
over balances inertia that these mechanisms
deteriorate, and a sampling of data by Kuta-
teladze er al. [12], Sun and Lienhard [5]. and
Siegel and Howell [13] no longer correlate on
Gmar-Gmarp VS R’ coOrdinates.

It was likewise shown in [8] that there is
still good visual evidence of the wave stability
mechanisms. for all R* > 012, during film
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boiling on horizontal cylinders. But for R’ <
0-06 these mechanisms cease to be identifiable.
If equation (2) fails. and the Zuber-Kutate-
ladze mechanism fails with it. what exactly
happens to the boiling process at small R"? The
photographs of Sun [5], of Pitts and Leppert
(14], and of Kutateladze er al. [12] for small
wires provide some clue. Bubbles grow on the
wire until they are large enough to buoy off
and there is no evidence of the inertial waves
that are apparent on large wires. The photo-
graphs of Siegel and Usiskin [15] and Siege!
and Howell {13] show the same kind of process

for greatly reduced gravity. The forces of surface
tension and buoyancy remain important, how-
ever the process is slowed down and the effects
of inertia are greatly reduced. Indeed. the
soundtrack of a movie by Siegel and Keshock
(associated with [16]) specifically notes the
reduced inertia effects in boiling under low
gravity.

The problem that we face is then this: “If,
at low gravity or for small wires. inertia becomes
insignificant and the Zuber—-Kutateladze mech-
anisms fail, what replaces them?” We must
now ask what the various investigators who
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have given ¢,,, and ¢, data for low R’ have
actually observed. Without the inertial wave
mechanisms it is hard to see how there could
have been any ¢,,. OF g... DOINts to report.

EXPERIMENT

To answer the question raised in the Intro-
duction we set out to measure the full g vs. AT
curve for very small wires heating a variety
of liquids. The apparatus used to do this is
shown in Fig, 2.

A small platinum wire. which serves as both
a resistance heater and a resistance thermo-
meter. is suspended in the liquid of interest
and boiling is observed at successive heat
fluxes. The temperature of the wire was calculated
from the resistance which in turn was computed
from the ratio of voltage to curtent. using the
method detailed by van Stralen and Sluyter
[17]. Since complete details of the experimental
method are given by Bakhru [18]. we shall only
list a few major features of the tests here:

The wires were cleaned in soap and then
rinsed in the test liquid. Reagent grade liquids
were used in all cases. During actual observa-
tions the preheater, which was used to maintam
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saturation  conditions, was momentarily
switched off. Since the wires would melt during
atmospheric pressure runs in water, the water
runs were all made at pressures in the neigh-
borhood of 3 in. Hg abs. The maximum probable
error in g was found to be 2% per cent. The
maximum probable error in AT varied from
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36 per cent or about 35 'F at the very lowest
AT's to '8 per cent or about |3 F at the highest
AT's.

Our complete raw data are given in the form
of 13 boiling curves in Figs. 3—14, These have
been arranged” in order of increasing R’ from
0-0076 up to 0-0806. In each case data are
presented for both increasing and decreasing
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heat flux to expose any hysteresis effects.
Figure 5 combines data for two wires under
identical conditions to assure reproducibility
of results.

The major significance of the present study
is readily apparent from these curves. As AT
is increased on the smaller wires, ¢ rises mono-
tonically without passing through a maximum
and minimum. Only as R’ increases to about
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