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ABSTRACT

The present series of experiments were undertaken in order to provide
additional informstion on the éffects of different heating surface mater-
ials on bolling heat transfer. Three different materials were used in
conjunction with three different fluids.

Wires of platinum, tungsten and iron were chosen for the heating sur-
face materials. All wires were approximately 0.010 inches in diameter and
two inches long. The fluide used were methyl alcohol, carbon tetrachloride
and iso-octane. Measurements of wire temperature and heat flux were made
with the wire immersed in the fluid and heated electrically.

The results indicated that there was no major effect of the heating
surface material on either the burnout heat flux or on the temperature of
the nucleate boiling region. These findings are, of course, limited to
the wire-fluid combinations tested as well as 4o the range of experimental

conditions investigated.
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I. INTRODUCTION

Boiling heat transfer is defined as heat transfer from a surface to
a liquid when the temperature Qf the ligquid adjacent to the surface is
sufficiently high to cause boiling. The bulk temperature of the liquid
mnay be at or below ite saturation temperature.

A typical boiling heat transfer curve is shown in Fig. 1, where the
heat transfer rate, gfA (Btu/in2 sec.) is plotted against the temperature
of the heating surface, T (°0). In the region A to B, heat is transferred
by convection. At point B, with the surface temperature somewhat above
the boiling point of the fluid, bubbles of vapor begin to form on the
heating surface. Depending on the fluid and the temperature, some of
these bubbles grow and collapse in the mamner described by Ref. 1, and
some detach from the heating surface and rise into the fluid., 4s the sur-
face temperature is increased, the frequency of bubble formation increases.
Eventually some of the bubbles coalesce and form a partisml vapor blanket
over the heating surface. Because of the relatively poor condﬁctivity of
the vapor, the bubbles tend to act as insulation and a further increase
in surface temperature actually tends to lower the heat transfer rate. A
maximam is reached at point C., If higher heat transfer rates are reguired,
the surface temperature has to ﬁe raised to & value above B, Since for
some combinations of metals and fluids this temperature is sbove the meli-
ing temperature of the metal, point C is generally called the burnout
point.

In the region between C ané D large masses of vapor are formed by the
coalesence of individual bubbles. These large vapor masses detach and
rise, resulting in an essentially unstable condition at the heating sur-

face and considerable agitation in the fluid. Beyoné the minimum at point
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D. é.stable vapor film forms at the surface.

The region from A to B is generally known as the convection region,
that from B to C as the nucleate boiling region, that from C to D as
the partisl film boiling regioh, and the region beyond D as the complete
film boiling region.

In engineering design, the burnout point is of importance as it often
represents a practical limit to the emount of heat that can be traensfer-
red from a surface. The present study is concerned with the nucleate
boiling regime and in particular with the location of the burnout point
and with the temperature at which nucleate boiling heat transfer begins.
A considerable veolume of data has been accumulated on water and several
other fluids, notably alcohol. The heating surface was usually a wire
suspended in the fluid or a metsl tube with the fluid flowing either on
the inside or the outside of the tube. (Refs. 1,2,3,4,5)

A question that has however, received relatively little attention
concerns the poseidble effect of different wire materisls on the nucleate
boiling region and the burnout point for various fluids. It has so far
been generally thoughtthat the location of the nucleate boiling region,
as well as the burnout point, are not significantly influenced by the
vwire material, Some influence of the wire material on the burnout point
has, however, been recorded (Ref. 2) and it seems desirable to give more
attention to this aspect.

A further question to be examined is that concerning the relation of
the temperature at the start of nucleate boiling to the normal fluid boil-
ing point. Here again it has usually been assumed that the temperature
at the start of nucleate boiling is close %o the normal boiling point of

the fluid. However, additional experience with different heating surfaces
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and flu;ds is required to substantiate this assumption.

The present series of tests were undertsken to exemine the effect of
-different heating surface material on the burnout point snd on the nucles~
tion temperature in different fluids. It is hoped that the results may
help to form conclusions on the effects of heating surface material on
boiling heat trensfer. A larger body of such informetion than is now
available will be necessary before it will be possible to derive any gen~
eral correlation between the burnout point and the parameters of the fluid

end the flow field.
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II. OUTLINE OF THE PROBLEM

In order to carry out the proposed series of tests, it was decided
to use as a hgating surface an'electrically hegted wire suspended hori-
zontally in the test fluid., The electrical power input to this wire could
then be easily measured and the heat transfer rate at the surface of the
wiré computed directly. 3By choosing the wire diameter sufficiently large,
the wire curvature has only a small effect on the nucleation (Ref. 4). On
the other hand, the diameter compared to the length of the wire was suf-
ficiently small so that no serious end effects were to be expected. Cal-
culations have been carried out to show that the temperature distribution
through an electrically heated wire of small diameter is sufficiently uni-
form to allow the assumption of constant temperature throughout the wire
(Ref. 4).

The heating surface materials chosen for the series of tests were
platinum, tungsten and iron. Methyl alcohol (CHBOH), Carbon tetrachloride
(CClu) and isooctane (2-2-4 trimethyl pentane (053)3303203(033)2) were
selected for the test fluids. The heating surface materials were obtain-
able in wire form with & high degree of purity and the necessary physical
constants were easily obtainable. The fluids chosen also consisted of a
single chemical component and the necessary physical constants, particular-
1y the boiling points, were again accurately known. Table I lists the
physical properties of the fluids. No attempt was made to treat the fluids
by degassing, pressurization or simila? methods, as in practice they are
normally encountered untreated, and in the present series of tests it was
desired to investigate phenomena as they might occur in engineering ap-
plications.

Each heating surface materiel was tested in all the fluids and at two
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different bulk temperatures of the liquid. Normal room temperature of
approximately 22°C. and a bulk temperature slightly below the saturation
‘temperature were selected. Three or more runs were made at each condi-
tion with each wire, so that § total of about seventy-five runs were per-
formed.

Each heating surface meterisal was obtained in one continuous length,
and the test wires used were cut from these. Since both resistivity and
temperature coefficieht of resiatii'ity are strongly affected by composi-
tion, this procedure assured that all wires nominally of the same material

actually had very nearly the same composition.



III. DESCRIPTION OF APPARATUS

The measurement presenting the most difficulty in the present series
of tests was that of determiniﬁg the wire temperature, and the design of
the .apparatus was largely dictated by the method chosen., Two methods of
'l;eﬁxperatum measurement were considered: first, the possibility of using
a thermocouple attached to the wire, and secondly, the possibility of
using the wire itself as a resistance thermometer., The first method was
rejected 'bet_:ause it wos surmised that the presence of a thermocouple at
the heating surface might furnish extraneous nuclestion points and thus
influence the results. The second method was chosen ag it left the heat-
ing surface unobstructed. The surface temperature and the resultant heat
flux could then be calculated from relatively simple electrical measure~
ments.

In order to measure the resistance change with temperature of the test
wire, the wire was installed as one leg of a Wheatstone bridge as shown in
Fig. 2. 'The change in resistance with temperature could then be determin-
ed by measuring the unbalance of the bridge and computing the temperature
and the heat transfer rate by the methods shown in Appendices A and B.

The major difficulty encountered in the construction of the fixed legs
of the bridge was dissipation of the heat caused by the rather large
currents necessary to give an adequate heat flux in the test wire, In
order that these fixed leg resistances remain constant, they were con-
structed of 0.0285 inch diameter manganin wire which has a temperature
coefficient of practically zero (£ 0.000006 / °C, Refs. 6 and 7) in
the temperature range being considered. To further reduce any possible
resisté,nce changes in the fixed legs, each leg was constﬁcted as a

parallel circuit as shown in Tig. 2, with each resistance thus being re-
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quired to'carry only half of the leg current. In thies way the surface
area availeble for heat dissipation was increased. To dissipate the heat
generated, the fixed legs wers suspended in a cooling fluid. Water was
rejected as a coolant as in several experimental attempts changes in con-
ducﬁivity were observed to influence the magnitude of the fixed leg re~
sistance, Transformer oil was finally used as a coolant and proved very
satisfactory. All connecting wires were of ¥o. 12 copper wire.

For flexibility of operation of the bridge with test wires of dif-
ferent mate:ials and different resistances, it was necessary to construct
one of the control resistances of this bridge so that it could be adjusted.
A manganin slide wire resistance in parallel with a manganin resistance
constructed like the other permanent legs was used for this variable leg
and both wires were placed in containers of transformer oil.

The current was varied by means of a one hundred ohm, fifty step, high
capacity rheostat shown in Pig. 2, A ballast resistor alsoc shown in PFig. 2
was connected in series with the rheostat., This ballast resistor operated
in the nucleste boiling range in a container of distilled water.

A Leeds and Forthrop "Speedomax" self balancing potentiometer was used
to measure the bridge unbalance as shown in Fig. 2. Decade boxes were
used to furnish a large resistance (900012) and the potentiometer was used
across a portion of this large resistance, measuring millivolis by the
voltage divider principle.

The second measurement to be taken was that of the current in the test
wire. This current was determined by means of a Weston Flectric DC mil-
liammeter, type D-55049 equipped with shunts to give ranges of five, ten,
twenty and fifty amperes. The Calibration lLaboratory at the California

Institute of Technology calibrated the instrument.
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All resistances were checked with a Rubicon portable Wheatstone
bridge. :A group of measurements were made over an extended period of
time with the resistance being measured in the fluid in which it operat-
ed during the tests. These resistence measurements were found to change
by nbt more than one per cent over a period of several weeks and as a
result, only one value of each resistence was used in 8ll calculations.

.The bulk temperature of the test fluid was measured by a standerd
mercury thermometer suspended in the fluidé.,

The wire of platinum, tungsten or iron was clamped between the brass
plates shown in Fig. 3, which were fastened to "EKovar'* rods. These rods
were used in a previous experiment, although no special requirements were
rlaced on the electrode material by the present series of tests. The
brass plates gave a negligidble contact resistance and did_not appear to
react chemically with the test fluid with one exception. Carbon tetra-
chloride reacted in the presence of the red hot wire and produced appreci-
able carbon deposits as well as another deposit presumed to be cuprous
chloride. Since tests in the full film boiling regime were not necessary
for the present investigation, this phenomenon was not objectionable. WNo
burnouts were observed at the contacts at any time so the method of fasten-
ing the wire appeared to be fully satisfactory. The terminals and rods
that were in contact with the.test fluid were periodically cleaned with

a ten per cent hydrochloric acid solution.

*  Westinghouse trade name,



IV. TEST PROCEDURE

The test fluid was placed in a beaker and allowed to settle from the
initial pouring. The test wire was cut, placed in the clamps, and then
installed in the beaker., The wire wes then connected to the bridge clr-
cult as shown in Figs. 2 and 3. The power was turned on with all of the
resistance of the rheostat in the circuit, thus producing a very small
initial current. With this small current flowing through the bridge, the
slide wire resistance was adjusted to initially balance the bridge., The
rheostat resistance was then reduced by steps; at each step the magnitude
of the current in the test leg was recorded from the ammeter and bridge
unbalance was obtained by reading the potentiometer.

At the instant of nucleation, the potentiometer would ususlly move
abruptly from the instantaneous value to a lower one, indicating a sudden
drop in temperature. This type of temperature overshoot prior to actusl
boiling has been observed previously in specially treated water (Ref. 3)
and in ethyl alcohol (Ref. 5). It was quite frequently obtained in the
untreated fluids used in the present experiments. When the bulk tempera-
ture of the fluid was near saturation, bubble formation over the entire
wire length appeared at the instant of nucleation. When the bulk tempera-
ture of the fluid was near room temperature, the rate of bubble formation
did not seem as uniform over the length of the wire, at least as far as
could be Judged by visual observation. The ammeter reading remained es-
sentially constant during the nucleation process in both cases.

Readings were taken as the rheostat resistance was reduced to the
point where the power in the wire became sufficient to cause "burnout®,
At this point, the ammeter would reach a maximum and theﬁ drop, snd 2 quite

accurate reading could be obtained by careful observation. The potentio=-
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meter rgading increased suddenly at this point, indicative of a rapid
rigse in wire temperature,

Por the tungsten and the platinum wire, the so called "burnout! point
did not correspond to actual ffacture of the wire. The wire came to an
equiiibrium temperature in thé full film boiling region. This tempera~-
ture was sufficiently high to cause the wire to glow visibly. The irom
wire, however, always broke upon reasching the "burnout® point.

In some cases, readings were actually taken in the complete film boil=-
ing region._ This was done in the same manner as in the nucleate boiling
range, with the voltage divider for the potentiometer set at a different
ratio. The return curve follows a different route, but could be tramced
accurately all the way back to the original temperature.

As a part of the testing program, the temperature coefficient of re-
sistivity (<, /°C) of the wires used was determined and the results were
compared with the values given in various handbooks (Refs. 6,7). These
tests were considered necessary as very small composition changes can have
appreciable effects on this coefficient and it was considered undesirsble-
to use handbook values without this experimental check. Curves of re-
sistivity./I’(microhm - cm), versis temperature were constructed (Fig. 4)
and used for all computations of the wire surface temperature.

The change in the resistivity with temperature has to be taken into
account in computing the heat flux value (q/A, Btu/in.2 sec.). It was
therefore necesesary to determine the temperature at each point, to find
the corresponding resistivity and then obtain the heat flux from the sque~

tion: _ V4
‘Z/A - _]_.ﬁ—
€610 (Appendix A)



P Iy 2

The change in temperature was computed from the eguation:

Co AR
al =
//rid . (Appendix B)

The temperature coefficient of fesistivity.c)(, was considered constant
.in the temperature regime encountered in the present series of tests,

The measurements necessary for the determination of < andoX were
takeﬁ by placing a test wire of each material in a beaker of alcochol,
using the same wire hoiders as for the other tests. A very low current
was used in the test.bridge to get a reading of bridge unbalance. Then
the fluid was heated to 2 higher temperature and the bridge unbalance was
azaln read from the potentiometer. From the difference in bridge unbal-
ance and from the value of the current the change of wire resistance with
temperature could be computed, and conseguently the temperature coef-
ficient of resistivity of each wire material could be determined.

For tungsten, the value of o( obtained was 0.00424/°C. This value
agrees closely with that of Cﬁ8Y= 0.0045/0C, which is listed in Ref. 6.

Values of;/o for tungsten are listed in the same reference as follows:

Temperature °C Resistivity
/9, microhm—-cm,
17 5.65
117 8.06
217 10.56
317 13.23

Computing of from this: data a value of oK = 0.00435/°C was obtained.
This value of o was used for computations and Fig. 4 was constructed from
this data.

For platinum, the experimental value of o was 0.,00348/°C. Ref, 7

lists ot as 0.00354/°C and Ref. 6 gives the values of <X shown below.
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Temperature °C Resistivity
: o mi crohm-cm,
0 10.96
100 14,85
Loo 26.0

Compﬁting A from this data gives a value of 0.0035&/00. Thislast value
of K was used in all computations,

Por iron, the experimental value of £ was 0.005/°C. which agrees with
that given by Ref. 6 for a temperature of 20°C. Since no consistent hand-
book data could be found for © versus temperature, the experimentally
determined values of the resistance at 20°C. and of =< were used to con-
struct Pig. 4. As an initiel value, the data given in Ref. § for //420008
10 X 1076 microhm-cm was used, which checked closely with the experi-
mental value.

Results of the calibration tests and a comparison with reference data
are tabulated in Table II with an error estimate also shown.

Before proceeding further, it may be helpful to estimmte the accuracy
of the temperature and heat flux rates obtainable from the presént test
installation. First the resistances of the bridge had to be determined.
These measurements were, as previously stated, obteined with a Rubicon
rortable YWheatstone bridge anq the error in this measurement was consider—
ed less than one~-half of one per'cent.

The mercury thermometer used for temperature measurement was presumed
accurate within the reading error of 0.29C, resulting in negligible error,

Reading errors on the potentiometer were negligible and a calibration
of the instrument with a standard cell showed no detectable deviations.
Therefore, these errors were considered negligible compared with the other
inaccufacies of the apparatus. The principal limitation on the accurscy

of the ammeter was the accuracy with which the disl of the ameter could
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be read., This reading error ie estimated to be two parts in two hundred,
or one per cent of thé full scale reading.

Teking into account the foregoing experimental errors and considering
the small discrepancies between the listed and the measured value of ~©,
the values o{;/o were considered to be accurate within two_per/pent. The
temperature coefficients of resistivity, o , were similarly estimated to
* be accurate within 3 percent.

The wire dimensions were checked by micrometer and scale.‘ Lengths
were aqcurate to better than one per cent, The diameter of the platinum
end tungsten wires was found to be 0,010 + .0002 inches, The diameter of
the iron wire ranged from 0.0091 inches to 0.0089 inches, ﬁith the average
value of 0.000 inches being used in all ecaleulations. N

Summing the possible errors, it is estimated that the temperature de-

terminations are accurate to + 59C, and the heat flux values to + 7%.
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V. DPRESENTATION AND DISCUSSION OF DATA

The results of the experiments are presented in a series of graphs
of heat transfer rates (g/A in Btu/in.z,sec.) versus wall temperature
(T, degrees Centigrade). Two representative graphs, Figs.'s agd 6, are
shown for discussion purposes. Detail graphs for each wire-fluid combina-
tion are shown in Figs. 7 through 24. PFrom the data for the iron-methyl
alcohol combihation in Figs. 9 and 12, Pig. 5 was prepared. bnly the
center curves of Figs. 9 and 12 sre reproduced. One of the curves in Fig.
5 corresponds to a fluid bulk temperature of 22°C. (room temperature) and
the other to a fluid bulk temperaﬁure of 63°C., which is oniy 2°C, below
the saturation temperature. The curves in Fig., 5 will be discﬁésed in
detail, as they are quite typical of the results obtained with other wires
and flﬁids¢ | |

In Pig. 5, point A indicates the beginning of the vun for a fluid
bulk temperature of 220C, TUpon heating, the portion of the curvé from A
to B was first obtained, which region corresponds to hegt transfer by free
convection, In this region no bubble formation was observed, except pos-
sibly the occufrénceof an occasional air bubdble.

At point B, bubbles would form spontaneously and in great quantity
6vef most of the wire concurrent with an abrupt temperature decrease, as
indicsted by a sharp drop in the potentiometer reading. Upon further heat-
ing, the steep portion, CD, of the curve typical for nucleate boiling heat
transfer was obtained., The portion of the free convection curve AB which
lies at a temperature above that of point C corresponds to the temperature

overshoot which has been observed previously by several investizators

(Refs. 3,5). The phenomenon of this overshoot has been explained (Ref. 3)
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by assuming that, under certain conditions, there will exist only relae-
tively small nucleation cavities in the neighborhood of the heating sur-
face. Relatively high temperatures will then be required to overcome the
surface tension of the cavities and to initiate bubble formation. Once
the generation of large bubbles has started, the heating surfacq has there-
by been exposed to large masses of vapor, and it is believed that large
nucleation cavities will have been created. These large cavities will then
make further boiling possible at lower temperatures., With thé present
series of flulds and heating surface materials, the overshoot occurred fre-
guently and without any special preparation of the fluid. The temperature
overshoot is of interest in studying certain aspects of the.problem of
bubble formation. TFor engineering applications, however, the portion of
the curve AB which corresponds to the overshoot is expected to be of only
minor iﬁportance. The temperatures.in the fully developed nucleate boile
ing region, on the other hand, were to be investigated as a part of this
study. As the temperature range of the nucleate boiling region was small,
it was sufficient to give a typical value representative of this range.

The temperature determined by the intersection of the free convection curve
with the extrapolation of the nucleate boiling curve (point C' on Fg. 5)
wae teken as this typical value. Polnt C' corresponds to the beginning
of the nucleate boiling region in cases in which there is no temperature
overshoot, and in the following the temperature corresponding to point C!
" will be called the "nucleation temperature",

As the heat transfer was increased beyond that corresponding to point
C , the rate of bubble production seemed to increase steadily with cor-
respondingly greater agitation of the fluid., As point D was approached
"burnout® occurred as indicated by a sudden and drastic change in wire

temperature. In the cases of platinum and tungsten, the wife glowed dut
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would usually not melt., Readings could actu=zlly be taken in the high
temperature full film boiling range. The iron wire, however, always melt-
-ed at the burnout heat flux.

A similar set of data was obtained with the initial fluid bulk tempera-
ture near the saturation temperature. The results correspond to the right
hand curve in Fig. 5. The type of curve obtained and the phenomena observ-
ed were the ssme for the experiments at the elevated bulk temperature as
for those at the lower bulk temperature. The nucleate boiling region in
this case was consistently at surface temperatures higher than those de-
termined in the tests at low bulk temperatures. The burnout points were
all lower than those at low bulk temperatures as was expected in view of
the available experience in boiling heat transfer.

The principal questions to be investigated in the present series of
experiments were the effects of wire material on the burnout point and on
the temperature in the nucleate boiling rezion., These effects may e
studied by examining the data shown in Figs. 7 through 24, \

The bﬁrnout point will be considered first., The data showsthat there
was a variation in the burnout point for a given fluid and bulk temperature
for successive tests with the same wire material. These variations were
geherally within 5 - 104, This varistion was probably due in part to ex-
perimental error, and in part possibly to slight differences in the sur-
face conditions and composition of the wires. The differences in the burn-
" out points obtained with the three wire materials respectively, were of the
same order as the scatter of the results obtained from several tests with a
single materlal. From the results of the present series of tests, there-
fore, no definite effect of the wire material on the burnout point was de-

tgcted. The average values of the burnout point for methyl alcohol were:
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Average Greatest
Fluid Average (¢ [A)pox Btu/in? sec Z/a Deviation
Bulk for all from
Temperature | Platinum Tungsten Iron wires Average %
22°C 1.210 1.453 1.295 1.319 10.17
63°C 0.519 0.542 0.551 0.537 3.35
The corresponding data for octane was:
Average Greatest
Fluid Average (¢ [A),.- Btu/in? sec Z/a Deviation
Bulk for all fronm
Temperature Platinum Tungsten Iron wires Average %
22°¢ 0. 580 0.653 0.567 0.6 8.83
74°0 0.460 0.483 0. 434 0.459 5.45
The data for carbon tetrachloride was::
Average Greatest
Fluid Average (T [A) Btu/in2 sec 7 /A Deviation
Bulk — for all from
Temperature Platinum Tungsten Iron wires Average %
220¢ 0.557 0.650 0.753 0.654 15.75
73°C 0.282 0.276 0.267 0.275 2.91

The second question to be studied was that concerning the temperature

in the nucleate boiling region.

The temperature at the beginning of this

‘region (point C!') will be taken as the significant temperature as was

mentioned before,

Again the differences in the experimental values for

successive tests with the same wire materialwere of the ssme order as

the differences obtained with different wire materials,

For the combina~

tions of wires and fluids tested no dependence of the nucleation tempera-

ture on the wire material could be determined.
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The actual data obtained iz shown below.

Nucleation Temperatures, °C

Wire Platinum Tangsten Iron Beiling
. Point

Fluid Temp. ([Room Sat Room Sat Room | Sat oc

Alcohol 95 110 93 118 75 87 64

Octane 96 130 120 125 88 | 122 98

Carbon Tetra-

chloride 85 90 80 91 80 97 76

In all cases the nucleation temperature was closely related to the
boiling point. The widest variation was observed for & platinum wire in
octane at a bulk temperature of 76°C., in which the nucleate boiling
region was at a temperature 329C. above the normsl boiling point.of 98°C.

It can be seen that in most cases the temperature of the nucleation
rbgibn was higher when the bulk temperature of the fluid was near satura-
tion than when the bulk temperature was low. The reason for this be~
havior can not be fully explained from available data. it is possible
that these differences are attributable to the difference in air content
of the fluid at the two temperatures. In each case, thé liquid was prob—
ably saturated with air, and therefore contained more air at the low bulk
temperature than at the high one. The fluid which would flow from the main
’ body of the liguid into the neighborhood of the wire would thus have had to
give off more gas when the bulk temperature was low., GCas bubdble formation
must therefore be expected to occur more readily in the former case than
in the latter.

In the case of octane, the nucleation region for one series of runs

at low bulk temperature was at a temperature which is actually below the
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normel saturation point. This could possibly also be explained on the
basis of gas bubble formation as was discussed above.

In a few cases, measurements were extended into the full film boiling
region and the data thus obtained is presented in Fig. 6. Path ABCD was
followed as previously described with the test wire becoming ineandescent
between points D and E. With the same rheostat setting, equilibrium was
reached at point E, with full film boiling being quickly established. As
described in the introduction, a fairly stable vapor film was assumed to
form at the wire surface; however, large quantities of vapor detached from
this layer and rose to the surface. This boiling effect was continuous
over the length of the wire and resulted in great agitation.of the fluid.

By inereasing the current, the portion of the curve from E to P was
obtéined. As the current was increased the wire became visidbly hotter and
greater sgitation of the fluid took place. Reducing the current resulted
in the portion of the curve from F to G.

Near point G, agltation of the fluid and the rate of bubble production
decreased greatly, When point G was reached, nucleate rathgr than film
boiling appeared to be fairly well established and the path to H was follow=-
ed without any changes in current being made. From H, the path followed
the increasing flux curve very closely, bypassing the temperature over-
shoot.

Data were not taken in the full film boiling regimg for all wire fluid
~ combinations as only the nucleate boiling range and the burnout point were

of primary interest for this study.
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VI. CONCLUSIONS

It was the purpose of the present series of tests to determine the
effeet of the material of the heating surface on the burnout point and on
nucleation temperature for nucleate toiling heat transfer. The heating
surface materials used were platinum, tungsten, and iron wires and the
test fluids were methyl slcohol, carbon tetrachloride, and iso-octane,

The experiments carried out were described in section IV and the results
were presented in section V.

The results show that the burnout point as well as the nucleation
point for each combination of fluid and wire material are subject to a
certain scatter. For the burnout the range of this scatter was\épproxi-
matély five to ten per cent of the average value. This scatter is explain-
able in part by errors inherent in the use of the test eguipment. In part,
however, it is believed to be due to slight variations in the surface con-
dition of the wire, in the composition of the wire, and possibly to
small changes in the impurity and dissolved air content of ghe various
fluid samples. Variations in burnout heat flux obtained with different
wires in the same fluid were of the same order as the variations obtained
in'successive runs with the same wire material. Within the accuracy of the
tests, the burnout point may be sald to be independent of the wire material.

As a2 second item, the temperature in the nucleate boiling region was
~ to be investigated. As the temperature change throughout this region is
small, it was sufficient to give a single characteristie value for the
whole range. The nucleation temperature (illustrated by point CV in Fig.
5) was selected as this characteristic value. The nucleation temperature

for o given wire-liquid combination at fixed bulk temperature, was again
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subject to rather wide variations ( + 10°C.). Again this was attributed
in par% to slight variations in the characteristics of the wire and the
-fluid. The differences in nuclestion temperature for different wire mater—
ials were not significantly wider than the differences in nucleation tem-
perature ocbtained from seversl tests with the same wire material. The
results, therefore, 8o not show any effect of the wire materiel on the
nucieation point,

The largest deviation of the nucleation temperature from the normal
boiling point was oﬁserved for a platinum wire in iso-cctane at a bulk
temperature of 76°C. 1In that case the nucleation temperature exceeded the
normal boiling point by 32°C. Such temperature differences may be of im-
portance in some heat transfer equipment. In many spplications however,
particularly in the design of cooling systems, the assumption that nucleate
boiling takes place approximately at the normal saturation temperature may
be adequete.

It was further observed that for each wire-fluid combination the
nucleation tempersture increased with the bulk temperature. Wo complete
explanation for this behavior was found, but it was believed that this
effect could be caused by changes in the alr content of the liquid. (See
section V.)

On the basis of the available results it may be concluded that the
wire material has no major effect on either the magnitude of the burnout
flux or on the temperature in the nucleate boiling region. This conclu~
sion is of course limited to the surface materials and the fluids used in
the present series of tests as well as to the range of experimental con-
dltions investigated. FWarther tests will have to be conducted before it
will ﬁe possible to make a more generasl statement on the effect of surface

material on boiling heat transfer,



=22

APPENDIX A

Computation of Temperature Difference

Ref. 2 shows a derivation for the change in resistance in one leg

(A R) causing unbalance of & Wheatstone dbridge.

In the diagram above, Ry is the leg with the changing resistance and Ia
is the current in this leg. The bridge unbalance is the potential dif-
ference across Rg. the voltage eg. The change in resistance, provided
the resistance Rg is large compared to the others (9000 to 0.2<2 in

this case) is:
2 e { _ ClRs (R, + R) #(Rs +R)(Ra + s )]}

I, D°

AR =

[~4

In this equation D° is the determinent of coefficients from the basic

matrix of current and potential equations.,

0 0 o
D"=R R3BR3 + B3Ry By + Ry Ry By + Ry B) R,
The change in temperature of the heating wire from that at balance

is given by the equation:

A= AR/Rio(
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whers By = ©, LfA the initial resistance of the wire
L = wire length
A = wire cross sectionsl area
o« = tempsrature coefficient of resistivity of the wire material

over the temperature range o T

The bridge was constructed with the following values of the various

resistances.
! = B
B3 Platinum = 0.106 ohm
Tungsten = 0.064 ohm
Iron = 0,131 ohnm
RB = 0.244 ohnm
B, = 0,242 ohm

The values for A R were computed from the equations:

2e e

Platinum ARE -i—-ﬂ 1 -12.3 58
a a
2e e

Tungsten AR = =f (1-18.84 «8)
T, Tn
2¢

Iron AR= ?-5(1-103-5)
a

a
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APPENDIX B -

Computation of Heat Flux

Heat energy dissipated by the wire may be equated to electrical energy

absorbed.

A (B "2 in?) = 12R tte) X 0 ft lbs/sec HP
9/4 (Btu/in® sec) S (1n%) (vetts) 778 ft 1bs/Btu 746 watts/ HP

Substitute for S in terms of L, length in inches, 4, diameter in inches.
Substitute for R the expression o LfA with © in microhm-cm. and A in

square inches
q/A=Iz/0L X _ii-"_Eg X i x 1 X 31076
T&E T 78X7 T AL 2. 5%
a/a= 12,0 [ 6,61 X 109 X 43
For the platinum and tungsten wires, & = 0.010 inches
a/a= 1% 0 [ 6610  (Btu/insec)
For the iron wire, 4 = 0.009 inches
/A= 1% 0 | U815 (Btu/in2sec)

After computation of the temperature by the method shown in Appendix A,
the value of o at this temperature may be found on Mg, 4, Then a/A

can be computed for the point.,
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APPENDIX C-

Sample Computation

Wire : Platinum

Fluid : Methyl Alcohol
Fluid Bulk Temperature 24°C
Volﬁage Divider Ratio 50
Ammeter Ratio 20

Bridge Zero at 0,05 MV
Readings : Ammeter; I = 170

Potentiometer; MV= C.76

Ammeter reading times ammeter ratio 2°1§Oé 0 = 3.4 amps
Correct MV reading by subtracting
initial setting of potentiometer 0.76 - 0,05 = 0,71 MY
Multiply corrected MV by voltage divider 1
ratio and convert to volts %3%6 X 50 = 0.0355 v
aRr A ey < e 200355 0.0355
AT = = 1 -72.3 § = < —/2.3""’"—“)
Ry & Ta R; o IQ) 3.4 %0.106~0.00354 1 3.4

T = 49,1 C
T=AT+T1=49.»1+21+.0=?3.1°C

Read o from Fig. 4 for each temperature: © = 13.8 microhm-cm

Compute qfA

6610 6610

0.0242 Btu/in? sec
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TABLE I

Properties of Test Fluids

Fluid Synonyms Chemical Mpl. Density Boiling
Formule Wet. g/ml t
oC
Methyl Methanol CHjOH 32.04 0.79609 6,65
Alcohol
Iso- 2,2, 4-tri- (CH3) CCH,,~ 11,23 0.6918 99.3
2 2
octane nethyl- CH(CH- )
_pentane 372
Carbon Tetra- cCe 153,84 1.595 76.0
Tetra- chloro-
chloride nethane
Fluid Thermal Electrical Viscosity Surface
Conductivity Conductivity Cp. Tension
cal/sec cm °C ohm=1 em™ dynes/em
Methyl 0.000498 58 X 10~7 0. 597 22,6
Alcohol (20°C) (20°C) (20°C)
Iso- 0.000375 < 1x 10713 0.542 21.8
octane (n-octane) (20°c) (20°¢)
(n~octane) (n~octane)
Carbon 0.000263 4y x 10-18 0.969 26.8
Tetra- (20°¢C) (20°¢)
chloride
Sources: Refs. 6, 8.
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TABLE II

Comparigon of Handbook and

Experimental Values of Temperature

Coefficient of Resistivity, o< ( /°C)

Material X , [°
Deviation
From Slope Average Handbook Between
of Experimental (Ref.) JBxms
Ovs, T values values and
curve (Ref)
Platinum 0.00354 0.00348 0.0036 3.5 %
(Ref. 5)
Tungsten 0.00435 0.0042h 0.0045 6.1¢
(Ref. 4)
Iren 0.005 0.005 6.005 o %
(Ref. &)
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HEAT FLUX /A B’IU/in2 sec
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HEAT FLUX gq/A BTU/inZ sec
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HEAT FLUX q/A BTU/inZ sec

HEAT FLUX vs, WALL TEMPERATURE

FIGURE 6
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LUX vs. WALL TEMPERATURE
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