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INTRODUCTION
An investigation of bolling and condensing potassium

heat transfer 1s being conducted for the National Aero-
nautics and Space Administration by General Electric Company
under Contract NA§_2:§§§§/to obtain two-~phase heat transfer
and fluid flow data for potassium under conditions of boiling
and condensing at temperatures anticipated in turbo-electric
Rankine cycle systems. The purpose of this paper 1is to
present some of the results obtalned from the bolling studies
done under this program.

Experimental work with bolling potassium includes both
"once-through" two-fluid boiller tests 1in Haynes-25 alloy
facility with single-tube geometries at potasslum temperatures
to 1750°F, and complementary boilling experliments with a radlant-
heated Cb-1Zr facllity at potassium temperatures to 2100°F.
Results from these experiments lnclude measurements of heat
transfer coefficients in the various bolling regimes from low
vapor quality to superheated vapor condltions, two-phase pressure
drop measurements, and some exploratory critical heat flux deter-
minations.

EXPERIMENTAL APPARATUS AND INSTRUMENTATION
300 KW Two-Fluid Faclllty

The 300 KW two-fluld liquid metal test facilﬂty (Figure 1)
is constructed of Haynes-25 alloy. Liquid sodlum flows 1n the
primary loop of the facility, accepting heat from a gas fired
furnace at maximum sodium temperatures to 185OOF and rejecting
the heat at the test section to boiling potassium in the second-
ary loop. Potassium flowing in the secondary loop is condensed

in vertical and horizontal air-cooled single-tube condensers.

The potassium vapor-liquid interface is maintained in a head

tank fitted with level probes, positioned immediately downstream

of the horizontal condenser. Flow rates are measured by electro-
magnetic flowmeters in the primary and secondary loops. Control
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of oxygen concentration in both loops 1s accomplished by
zirconium gettering grids located in the dump tanks.

Filgure 2 shows a dlsassembled view of the boiling test
section, including one of the helical inserts employed. The
test section is a shell and tube heat exchanger with the
potassium flowing inside the boller tube and heated by sodium
flowing in the annulus. Relative expansion between the boiler
tube and the shell is accommodated by a bellows located before
the heated section of the tube near the potassium inlet. The
helix insert consists of a 1/b-inch outside diameter support
tube around which is wound a ribbon to form a helical flow
path when the insert is placed in the boiler tube.

Seven 1/16-inch diameter Inconel sheathed chromel-alumel
thermocouples are located in the insert support tube, entering
from the outlet end, to measure potasslum temperature distri-
bution. Thermocouple wells, each containing three calibrated
platinum-platinum 10% rhodium Haynes-25 alloy sheathed thermo-
couples, are located at the test section inlet and exit of both
the sodium and the potassium streams. Inconel sheathed platinum-
platinum 10% rhodium thermocouples are positioned on the outside

shell of the test section in eleven rings of five thermocouples

-each to measure the sodium axial temperature distribution

(Figure 3).

All the thermocouples in the inlet and exit wells were
calibrated periodically in a melting point apparatus and were
used as primary standards for the in-loop calibration of the
shell and insert thermocouples. Calibration of the shell thermo-
couples and determination of test section heat losses were done
by maintaining the primary loop at temperature with the secondary
loop evacuated, under which conditions the temperature change



between the sodium inlet and exit wells 1is due solely to heat
loss. The heat loss determinations were made at a very low
sodium flow rate in order to maximize the sodium temperature
change across the test section. The shell thermocouples were
calibrated relative to the primary side well thermocouples at
near-isothermal conditions attained by use of the maximum
sodium flow rate. The insert thermocouples were calibrated
against the potassium exit well thermocouples under boiling
condiltions at low flow and low vapor quality, for which the

temperature changes along the insert and between the insert
end and the outlet well were negligible.

The thermocouple calibrations were performed at various
temperature levels and the corrections obtained were then applied
as functions of sodium and potassium temperatures at the test
section, respectively, in the data reduction procedure. The
test section heat loss, which was of the order of 1 KW was also
determined as a function of sodium temperature. The thermo-
couple corrections were generally less than 1OOF, and no appreci-
able drift was detected over the course of the experiments. The
temperature measurements are believed to be accurate to within
+ 2°F with the procedures followed.

The relationship between flow rate and output signal from
the electromagnetic flowmeters in both loops of the facility
were obtained by calculation using fthe equations given in
Reference 1. In order to minimize errors, measured values.
of the field intensity of the magnets were used for the cal-
culations. An indication of the resulting accuracy in flow
determination was obtained through intercalibration of the two

flowmeters by heat balance around the test section, using liguid-
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liguid runs. The disagreement obtained was 2%, which 1s be-
lieved to be representative of the probable error 1n the
individual loop flow rate determinations.

The two-phase potassium pressure loss in the test sectlon
was determined by means of two slack-diaphragm pressure trans-
ducers, with pressure taps positioned at the potassium inlet
and exit (Figure 1). These pressure gages were calibrated
against a Wallace and Tiernan (type FA-145) standard gage by
filling the potassium loop to various pressures with argon
both before and after the experiments with each test section.
The calibrations before and after testing generally agreed to
within 1l-psi; thus the error of the pressure measurements 1s
taken to be less than l-psi. This accuracy was attained by
maintaining the dlaphragm of the transducers at a constant
temperature level, which was necessary since the gage calibra-
tion depends on the diaphragm temperature.

Measurements of potassium exit pressure together with exit
temperature were used as one means to determine the amount of
vapor superheat in the once-through boiling tests in the 300 KW
Facility. Figure 4 showsnthe measured potassium exit pressure
plotted against the measured_exlit temperature for several runs
in which superheated vapor exit conditions were attained. Also
plotted are data for which the calculated exit vapor quality
was between 10% and 90%. The latter results agree generally,
within l-psi, with the saturatlon curve as determined by the
Naval Research Laboratories (Reference 10). This is a further

indication of the accuracy of the pressure measurements.

Recording of the large number of instrument‘readings re-
gquired to define a single data point in the 300 KW Faclility is
accomplished through the use of a high speed digital recorder.
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Complete readout on paper tape of the approximately 150
information bits required is obtained in approximately one
minute. {%hree complete readouts were obtained for each data
point, in order to provide an indication of the presence or
absence of significant fluctuations.

100 KW High Temperature Facllity

The 100 XKW Facility is a single loop system used to study
heat transfer to boiling potassium at fluid temperatures up to
2100°F. The alkali metal containment piping is constructed
from columbium-1% zirconium and 1is enclosed in a high-vacuum
environmental chamber to avoid atmospheric contamination.

Figure 5 1s a schematic representation of the loop and principal
instrumentation.

Liquid potassium is discharged from the electromagnetic pump
and flows through an electromagnetic flowmeter to an 8 KW radiant
preheater, which controls the preboiler inlet subcooling. Upon
leaving the preheater the potassium flows through a throttling
orifice into the preboiler, and then, in vertical up-flow, into
the test section.

The preboiler consists of a helically wound section of pipe
with a radiant heater element ir the core of the helix, all con=-
tained in a radiation shield (Figure 6). The preboiler heater
element 1s fabricated from coiled tungsten wire and is operated
at gross électrical power levels up to 60 KW. The function of
the preboiler is to control the enthalpy of The potassium in the
test section independent of test section heat flux, thus permitting
separation of the effects of quality and heat flux in the tests.

The test section, located downstream of the preboiler, is
a vertical section of pipe with a 30-inch heated length. The
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radiant heater for the test section consists of an array of
27 tungsten rods surrounding the test section, together with
a radiation shield (Figure 7). The test section heater is
operated at gross electrical power levels up to 32 KW,

Heat is rejected from the system in approximately 60 ft.
of condenser piplng radiating to the water-cooled walls of the
environmental chamber. Some control of the heat rejection rate
is accomplished with adjustable shutters which surround the
condenser coll (Figure 7).

The preboiler and the test section radiation shields consist
of concentric tantalum sheets enclosed in stainless steel cases.
The temperature of each of these cases is measured at six loca-
tlons and these temperatures are used to determine heat losses
using heat loss callbration data. The heat loss calibrations
are performed with the preboiler and test section piping removed.
With the vacuum chamber evacuated, power 1s supplied to the
heaters and the corresponding steady-state radiation shield case
temperatures are measured. This procedure 1s repeated at several
power levels, and since all the power supplied is lost through
the shield a direct correlation of heat loss as a function of.
shield case temperature is obtained.

The principal measurements and corresponding instrumentation
are as follows:

a) The flow rate is measured with an electromagnetic flowmeter.
Calibration of the flowmeter is by the calorimetric method using
an energy balance across the test section with all liquid flow.
The range of error of the flow rate measurements is estimated

to be within + 10%, depending on the accuracy of the potassium
liquid specific heat data used (Reference 10), which was assumed
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for this flow rate error estimation to be within + 5%.

b) Power to the preboiler and test section 1s measured with
polyphase wattmeters. The estimated range of error of the
electrical power measurements 1s + 1%.

c) Fluld temperatures at the preboiler inlet, preboiler outlet
and test section outlet are measured with W-3%Re vs. W-25%Re bare-
wire thermocouples located in wells (Figure 5).

c) Pipe wall temperatures are measured with W-3%Re vs. W-25%Re
thermocouples. Figure 8 shows typical thermocouple Jjunctilons

on the test section wall. The Junctlon is made by resistance
welding the 0.005-inch thermocouple wires to the pipe wall. A
continuing problem in the 100 KW Facllity has been repeated
fallures of the wall thermocouples. One mode of failure has

- been due to the W-3%Re leg of the thermocouple lifting off the

pipe surface. It was found that a small tab of 0.002-inch thick
tantalum foil tacked over the junction reduces the frequency of
this type of fallure. However, due to the severe operating
conditions imposed on the test section, wall thermocouple failures
remains one of the chief causes of loop "downtime'.

e) System pressures are monitored with two slack-diaphragm

type pressure transducers located upstream and downstream of

the inlet throttling orifice. The argon pressure in the dump
tank 1s an additional indication of system pressure, since the
loop is normally operated with the dump tank valve open.

Test section. thermocouples are calibrated in-loop as follows.
With the test section mass velocity held constant at a relatively
low value, the preboller power 1s increased to a level such that
the vapor quality of the potassium entering the test section is
about 10%. Neglecting the small temperature changes due to pressure
drop the temperature of the two-phase fluid in the test section
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1s assumed to be uniform. After the system has reached a
steady-state condition, the test section heat loss is deter-
mined using the radiation-case temperatures. The test section
power is then increased until the electrical power input balances
the heat losses. Under these very nearly isothermal, adiabatic
conditions, the temperatures of all test section thermocouples
closely approximate each other. Using one of the test section
outlet well thermocouples as the standard, a thermocouple correc-
tion is obtained for each of the test section thermocouples by
comparison with thils standard thermocouple.

Since an appllcable national standard EMF-temperature table
has not been adopted, samples from the same spool of W-3%%Re vs.
W-25%Re thermocouple wire used in the 100 XKW Facility are cali-
brated in a vacuum furnace. Initial calibrations of this kind
indicated a drift of about 20°F. However, after the thermo-
couples were '"soaked" for a few hours at 2300°F, repeatability
to within + 3OF was obtained. As part of the procedure for in-
loop calibrations, newly installed thermocouples are held at
2100°F for at least five hours before taking the first calibration
reading. Two additional calibration readings are then taken at
one hour intervals to verify absence of drift.

DATA MEASUREMENT AND REDUCTION

It 1s useful at thils point to define the various regimes of
forced convection boiling encountered in the "once-through" boil-
ing tests in the 300 KW Facility and in the tests in the 100 KW
Facility, as the experimental technicgues depend to some extent
on the boiling regime belng investigated.

The "nucleate" boiling regime exists in the lower range of

vapor qualities extending to some upper quality level which
is dependent on the heat flux for a given flow geometry, flow
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rate and saturation temperature, This regime 1s characterized
by relatively high heat transfer performance (heat transfer
coefficients of the order of 10,000 Btu/hr-ftg-oF) and steady

or only slightly fluctuating wall temperatures. It is belleved
that in the nucleaté boiling regime the heated wall is entirely
wetted by liquid, possibly by a continuous 1liquid film for

forced convection bulk boiling. As heat flux or vapor quality

1s ralsed, the nucleate bolling regime 1s eventually terminated
by onset of the "ecritical heat flux" condition, as characterized
by beginning of substantial wall temperature fluctuations and
reduction of heat transfer performance. Thilis marks the beginning
of the "transition" boiling regime, for which the wall temperature
fluctuates markedly and the effective heat transfer coefficient
is significantly less than for the nucleate bolling regime (heat
transfer coefficients of the order of 1,000 Btu/hr—fé{oF or less).
It is thought that in the transition bolling regime the wall is
only intermittently wetted by liquid. Further increases in heat
flux and vapor quality result in increased fluctuations of the
wall temperature until finally stable "film" boiling occurs, as
characterized by relatively steady, but large wall-to-fluid
temperature differences and correspondingly poorer heat transfer
performance, with heat transfer coefficients comparable to those
for dry vapor flow. In the £1lm boiling regime the heated wall
is believed to be completely dry with the liquid belng carried
along as droplets in the stream and with the heated wall in con-
tact with locally superheated vapor.

300 KW Two-Fluid Boiling Tests
Figure 9 shows the measurements made for a typical once-

through boiling run to exit superheat conditions in the 300 KW
Facllity using a helix insert in the test sectlon. Four distinct
heat transfer regimes may be inferred, namely: sub-cooled liquid
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heating, nucleate bolling, transition bolling, and vapor super-
heating.

The data for this typical run, as shown in Filgure 9, do not
provide a basis for distinguishing the film boilling regime from
the transition boiling regime. It is posslble that due to the
controlled temperature characteristics of the two-fluid boiller,
the corresponding upper limit of the wall-to-fluld temperature
difference 1is not high enough to cause complete drying of the
heated wall prior to reaching dry vapor flow conditions, as 1s
required for onset of the film bolling regime.

The discontinulty of slope in the sodium temperature profile
indicated by the shell temperature measurements shown 1n Figure 9
is assumed to be the critical heat flux point and the beginning
of transitlon bolling. The position at which the potasslium tem-
perature begins to rise near the tube exit is assumed to mark the
beginning of the superheated vapor region. The amount of heat

transferred in the superheat region 1is calculated from the measured

potassium temperature rise to the exit. The point of bolling
inception and the amount of heat transferred in the subcooled
liquid region are simiiarly determined from the lnsert thermo-
couples. For runs in which no insert was used superheated vapor
exlt conditions were not attained and, consequently, only the
subcooled heating region and nucleate and transition bolling

regions were present. For these runs without insert, the potassium

temperature at bolling inception was obtained using the inlet
pressure gage in conjunctlion with saturation temperature-pressure
properties, and the subcooled heating length was determined by
single-phase heat transfer calculatilons.

The average heat flux in the nucleate boilling region is
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calculated from the axial shell temperature gradient in this
region, which is assumed to be equal to the sodium axial bulk
temperature gradient. From the average heat flux and the

length of the nucleate boiling region, the amount of heat
transferred 1n the region 1s calculated. The heat transferred
in the transition boiling region is determined as the difference
between the total heat input and that transferred in the other
regions. The average heat flux in the transltion regilon 1is

then calculated from the estimated length of the region.

The local vapor quality and local sodium temperature at
various polnts along the tube, includling the critical heat flux
point, are calculated by heat balance, employing the values of
heat flux and length determined for the various reglons. The
local potassium temperature, obtained from the insert thermo-
couples, and the calculated local sodium temperatures are
utilized to calculate overall heat transfer coefficlents for
each of the various reglons. From these coefficients a potassium
heat transfer coefficient for each region 1is obtained by sub-
traction of the thermal resistances of the sodium and boiler tube
wall from the respective overall thermal resistances.

The average nucleate boilling heat transfer coefficlents
calculated 1In the above manner are large compared to the tube-
wall and sodium coefficients and therefore represent a small
fraction of the overall thermal resistance in the nucleate boiling
region. Thils fact precludes thelr accurate determination in the
300 KW Faeillty; but correspondingly the overall heat transfer
coefficient in the nucleate bolling region, which includes the
average nucleate boiling heat transfer coefficient and the
effective coefficlents for the tube wall and the sodium, both
of which are known wilth reasonable accuracy, can be employed to
calculate with good accuracy values of the heat flux in that
reglon. In particular, the critical heat flux is calculated as
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the product of the overall heat transfer coefficient in the
nucleate boiling regilon and the measured sodium-~to-potassium
temperature difference at the critical heat flux point.

The error in the critlcal heat flux levels calculated in
the above manner 1s not expected to be large. The potassium
nucleate bolling heat transfer coefflcient should be largest
Just upstream of the critical heat flux polnt since both heat
flux and vapor quality increase towards the critical point, and
there is evidence from the 100 KW Facility data (treated sub-
sequently) that the nucleate boiling heat transfer coefficient
increases with both of these quantities. If, for example, the
potassium heat transfer coefficient were taken to be infinite
in the calculations, the corresponding critical heat flux level
would be increased by less than 20% over that determined by the

above procedure.

The error in the local vapor gquality, 1lncludlng the
quality at inception of critical heat flux conditions, is
estimated to be about 5% from a consideration of flow and heat
balance errors. As mentioned above, the error in the nucleate
boiling coefficient is large since it is a small part of the
overall resistance. Since the transition boiling heat transfer
coefficients are smaller than the nucleate boiling coefficilents,
they represent a greater share of the overall thermal resistance
and thus can be determined with greater accuracy. The major
sources of error in the determination of the transition boiling
heat transfer coefficient are the uncertainty of the transition
boiling length, because of the limited number of insert and shell
thermocouples, and the error in the calculation of the heat
transferred in this region. An estimate of the error in the
transition boiling heat transfer coefficients is + 25%.
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100 KW High-Temperature Bolling Tests
The test procedure used in the 100 KW Facllity is to
hold the saturation temperature, test sectlon mass velocity

and test section heat flux nearly constant while the test
section vapor quality is varied by changing the preboiler
power.

Heat transfer coefficilents are calculated from measure-
ments made at a station inside the heated zone about 2-inches
upstream of the test section exit. The heat flux, which 1s
assumed uniform over the heated length, 1is calculated from
the measured electrical power input, and is corrected for
heat losses. The inside wall temperature is calculated using
the measured outside wall temperature and the calculated
temperature drop across the pipe wall. The local fluld temper-
ature is measured by the three well thermocouples at the test
sectlion exit.

The error in the nucleate boiling heat transfer coefficients
1s estimated to be within about + 45%, due primarily to the
small wall-to-fluid temperature differences, which are typically
less than about 10°F. For the film boiling and superheated vapor
heat transfer coefficients the error is estimated to be within
about + 10%.

Onset of critical heat flux conditions is detected by
observing the behavior of the test section wall temperatures as
they are recorded on an 8-channel oscillograph recorder. The
behavior of the test section wall temperature at the onset of
the critical heat flux condition was found to be of two general
types, as follows. At relatively high heat fluxes, when the
critical heat flux condition was reached (by slowly increasing
test section inlet vapor quality) the wall temperature at the
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test section exit would suddenly begin to rise on a rapild
transient (= 50°F/sec.) sharply distinguishable from the small
wall temperature fluctuations (Z 5°F) typical of nucleate
boliling conditions. Presumably, if no corrective action had
been taken, the wall temperature would have continued to rise
until stable fi1lm bolling was established— or some 1limit to the
process occurred such as a test section failure or reduction
of heat flux due to increased heat losses caused by the
correspondingly hilgher radlant heater temperatures. Such runs
were terminated by elther automatic or manual reduction of the
test section power after the wall temperature transient had
begun, 1in order to protect the test section from damage.

At relatively low heat fluxes and correspondingly higher
exlt vapor qualitles, onset of the critical heat flux condition
1s not so definite. Under conditions of low heat flux,when the
vapor quallty 1s raised beyond a certain critical value, which is
dependent on the heat flux level, there results a corresponding
increase 1s amplitude of wall temperature fluctuations above
that characteristic of the nucleate bolling regime, as illustrated
in Figure 10. Further increases in vapor quality result in
corresponding increases in the amplitude of the wall temperature
fluctuations and the time-average wall-to-fluild temperature
difference until, at sufficilently high vapor gualities, stable
film boiling occurs.,

As 1llustrated in Figure 10, the amplitude of the wall
temperature fluctuation increases continuously from nucleate
boiling through transition boiling to film boiling as the vapor
quality is raised. Thus, the "critical quality" corresponding
to the critical heat flux conditlon cannot be definitely deter-
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mined. The criterion which has been arbitrarily selected as

a working definitlion for runs in which thils type of behavior
occurs is that for a given heat flux the "critical quality" is
that quality for which the time-average fluctuating wall-to-
fluid temperature difference becomes approximately equal to
twice the corresponding steady-state nucleate bolling tempera-
ture difference. For data taking purposes, the time-average
fluctuating wall temperature at the critical heat flux condition
is estimated directly from the oscillograph recorder charts
made for each of the test runs, and a constant value of -
10,000 Btu/hr-ftQ—oF is taken as a representative average of
the steady-state nucleate boiling heat transfer coefficient
over the range of variables covered by these tests.

For runs in which an estimate of the effective heat
transfer coefficient in the transition boiling regime is made,
the procedure used is to calculate a time-average wall temperature
from digital recorder data, taken at 3-printouts/second for about
l-minute, and to then use this in conjunction with the measured
fluid temperature and test section heat flux to calculate a

corresponding time-average heat transfer coefficient.

EXPERIMENTAL RESULTS
Pressure Drop Data From 300 KW Facility
The bolling pressure losses in the test section were deter-

mined from slack-diaphragm absolute pressure transducers positioned
at each end of the boiler tube. Only the pressure losses in test
sectlons with inserts were analyzed, since the pressure losses
without inserts were of the same order of magnitude as the accuracy
of the gages, about 1 psi. The frictional component of the bolling
pressure loss was calculated by subtraction of the momentum pressure

loss. The integrated two-phase frictional pressure drop multiplier
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was computed as the ratio of the two-phase frictional com-
ponent divided by the pressure drop for all-liguid flowing

at the same total flow rate. Using the square root of the
liguild to vapor denslty ratio as an estimate of the slip
ratio (Reference 2), the calculated momentum component was
generally less than 20% of the total two-phase pressure loss.

The frictlon factors requlred for the computation of the
liquld potassium pressure drop, necessary for the determination
of the two-phase multilpliers, were obtained by water pressure
drop tests performed on the boller tubes with inserts. Typical
two-phase potassium frlctional pressure drop multipliers,
calculated from experimental data reported in Reference 5 and 6,
are presented in Figure 1ll. ©Shown for comparison on Figure 11
are predictions by the "Martinelli" and "Homogeneous" models.
These two-phase frictional pressure drop models are derived and
discussed in relation to application to potassium flows in
Reference 4.

The agreement between theory and experiment shown in

‘Figure 11 1s typlcal of all the pressure drop results obtained

with the 300 KW Facllity. The experimental values for the
potassium two-phase frictional pressure drop multipliers
generally fall between the predictions of the two models.

Nucleate Boiling Data

Figure 12 1is a plot of a typical set of nucleate boiling
heat transfer coefficlents measured with a tube without insert
in the 100 KW Facility. At constant saturation temperature,
mass velocity and heat flux, the heat transfer coefficient is
apparently almost independent of vapor quality over the range
shown. The data indicate a trend of increased heat transfer
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coefficient with increased heat flux. These data are reported
together with other nucleate bolling data from the 100 KW
Facility in Reference 7.

Measured Temperature Behavior at Post-Critical Heat Flux Condltions
Figure 13 is a segment of a typical oscillograph recorder

chart obtained during a critical heat flux determination at a

heat flux of 211,000 Btu/hr-ftg‘in the 100 KW Facility. Prior

to the preboller power Increase (test section inlet quality

increase), the pressure downstream of the orifice, the flow rate

and the fluld temperature at the test sectlon outlet were steady

and the test section wall temperature had small random oscillations,

characteristic 6f nucleate bolling. Following the power increase,

the wall temperature began an abrupt, rapid transient which

actuated the automatic power reduction system. This run is
typical of the type of wall temperature behavior observed when
the critical heat flux condition 1s exceeded at heat fluxes above
about 150,000 Btu/hr-ft2, in tubes without inserts.

Figure 14 shows segments of a continuous oscillograph
recorder chart obtained during a run in the 100 KW Facllity
during which the heat flux was low, about 50,000 Btu/hreftg.

The time of day during the run when each segment was taken 1s
marked on the recording in hours. This run illustrates the
general behavior of the test section wall temperature as condil-
tions are changed sequentlally from the nucleate bolling regime
into transition boiling, stable film bolilling and finally 1into
superheated vapor conditions. In segment-1l, before the preboiler
power increase, the test sectlon is apparently 1n nucleate boiling
although there 1s an occasional small excursion in the wall tem-
perature indicating that the critfical heat flux condition was
imminent. Immedlately following the preboller power increase
(segment-1), the amplitude of the wall temperature oscillations
momentarily reached values up to about BOOF and then became more
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steady. In segment-2, after the next preboller powér increase,
the amplitude of the wall temperature oscillations increased
markedly to values of about 75°F with a peak value of almost
1500F, indicating that the test sectlion outlet region was 1in
transition boiling. Following a further preboller power
increase, 1in segment-3, the wall temperature started to rise
steadily and finally reached a maximum and leveled off in stable
film boiling. In segment-4, the preboiler power was agaln in-
creased, resulting in slightly superheated vapor at the test
section outlet, as indicated by the rise in measured bulk fluild
temperature. Further increases in power (segment-5) resulted

in a measured outlet vapor superheat of about 200°F., 1In segments-6
and -7, the preboller power was reduced 1n steps to repeat in
reverse the sequence of events observed when going up ia pre-
boiler power. The wall temperature behavior during the power
reductions 1s very similar to that observed when 1lncreasing
power. Heat transfer coefflcients calculated from the measured
wall temperatures, using the procedures described earller, are
noted under segments-2, =3 and -4 on Figure 14 at the times for
which they were calculated, for the transition, film bolling and
superheated vapor regimes, respectively.

A Figure 15 compares the wall temperature behavior for a
tube without insert wlth that obtained for a tube with a helical
insert. The upper recorder chart in Filgure 15 shows the char-
acteristic sharp temperature rise at onset of critical heat flux
conditions, for the tube without insert. The lower recorder
chart segments in Figure 15 were taken with a tube containing
a helical insert (P/D = 6). For this run the wall temperature
began to oscillate slightly at a quality approximately equal to
the critical quality in the run with no Insert; but there was
no sharp temperature excursion, even though the heat flux levels
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were the same., Further increases 1n quallty, approaching 100%,
resulted in increases in amplitude and mean level of the wall
temperature fluctuations, characterlstic of the transition
boiling reglime, but dld not result in onset of gtable fllm
bolling conditions. This suggests that a hellcal swirl-
generator lnsert prolongs the transitlon bolling regime to
higher quality levels than would be obtalned iIn a tube wilithout
insert for the same heat flux.

Crltical Heat Flux Data and Correlation

Crltical heat flux data for potassium 1n vertical up-flow
in circular tubes with and without hellcal Iinserts, obtalned in
the 100 KW and 300 KW Facllitles, are presented in Figure 16.
These data were reported in References 5, 6, 7, 8 and tabulated
in References 8 and 9. The data are correlated by the following
empirical equation¥*:

)+ 6

(1 + a ’
10 Btu (1)

"o R
- X ’ 2

The parameter ag in equation (1) 1s the radial acceleration of
the fluld at the tube wall, in g's, developed by the helical
insert, and 1s calculated using the followlng equation:

2
o xC GK T

RTDIE |7 (2/D) by yor/eg

Equation (2) is derived and discussed in some detail in Reference
8. The exponent on the quantity (1 + aR) in equation (1) was
suggested by results for pool bolllng, for which the critical
heat flux 1s proportional to the fourth root of the acceleration

(2)

*Symbols are defined in the Nomenclature listed at the end
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normal to the heated surface (References 12, 13, 14).

The form of equation (1) with respect to the critical
quallty X, is arbitrary, and the two constants in the denominator
were determined empirically by best fit to the data given in
Figure 16. The trend of decreasing critical heat flux with
increasing vapor quality shown by the data in Figure 16 and
glven by equation (1) is in-agreement with the trend shown
for water under stable conditions (c.f., Reference 15 and 16) .

Equation (1) correlates the experimental data within an
average deviation of 31%. Deviations of the individual data
points frbm equation (1) were examined with respect to the
significance of other parameters, such as mass veloclty and
saturation temperature. No trends were evident, 1lndicating
that the dependence of the critical heat flux on these parameters
is less than the data scatter over the range of test conditions

covered.

Transition Boiling Data and Correlation

Transition boiling heat transfer coefficients have been
obtained for a varlety of test section geometries. These data
were reported in References 5, 6, 7, 8 and tabulated in
References 8 and 9. The data are plotted in Figure 17 in terms
of the following emplrical equation:

;'TE -1 2
0.7
(Z a5 2.55(10%) (5F) () (3)
R

Equation (3) was derived using the following reasoning:

- 20 -



1) The results from potassium droplet vaporization
experiments by Geosclence (Reference 11) show that the vapor-
ization lifetimes of single droplets increase rapldly with
increasing temperature difference between the heated surface
and the droplet before the onset of complete film boiling.
This suggested that the wall-to-fluid temperature difference
At 1s an Ilmportant parameter affecting the heat transfer
coefficlent in transltion boiling.

2) The local vapor quality x is considered an important
varlable, because the amount of ligquid which can be in contact
wlth the heat transfer surface decreases with increasing
quality.

3) The transition boiling heat transfer coefficient g
should reduce to the vapor phase heat transfer coefficient hv
at 100% quallty.

4) The radial acceleration generated by a helical insert
ap, given by equation (2), should increase the transition boiling
heat transfer coefficient, because the centrifugal force generated
tends to increase the fraction of liquid in contact with the heat
transfer surface.

The Colburn equation (Reference 18) was used to calculate

" the vapor phase heat transfer coefflcient hv in eguation (3) for

the tubes without insert. For the data taken in tubes with
hellcal inserts hv 1s calculated from the following empirical
equation, which is developed 1n Reference 8 using Greene's data
for liquid water in helical flow (Reference 19):

0.563
h. D D V., p 1/3
v e e HUVYv

k"v""'"‘ = 0’359 (_"'—"_ ) (NPI' ) (LL)

uV \'
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where
Vg =V, Vll + (ZP21)2 (5)
and
2 1-(%22 (6)

A1l exponents and constants in equation (3) were
empirically determined to obtain best fit of the 300 KW
Facllity transition boiling data. Equation (3) correlates
the data from both the 300 KW Facllity and the 100 KW
Facillity, shown in Figure 17, with an average deviation of
2L%.

SUMMARY AND CONCLUDING REMARKS
Bolling potassium heat transfer data have been obtained
over a range of mass veloclties, heat fluxes and qualities
at temperatures up to 2100°F in single-tube test sections. These
results provlide a reasonable basis for thermal design of once-

through potassium bollers. The experimental equipment and
measurement techniques developed in the course of the work
represent an advance in the technology associated with high-
temperature bolling of potassium.

Results obtained in the two-fluid 300 KW Facility provide
data on local heat transfer performance in the transltion boiling
and superheated vapor regimes at temperatures up to 175OOF. The
results from the radilant-heated 100 KW Facility extend the range
of test temperatures up to 2100°F for measurements of local heat

- 22 -
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transfer coefficients.

The exploratory measurements of critical heat flux
condiilons and wall temperature behavior in the transition
and £1lm boiling and superheated vapor reglimes, made in the

. 100 KW Facllity, are useful for application to design and

glve information on the nature of the forced convectilon boiling
process for potassium at high-temperature and high vapor qualities.
onset of critical heat flux conditions and in the transition

and f1lm boiling regimes for forced-convection bolling potassium
(Figures 13, 14, 15) is similar to the wall temperature charac-
terlstics reported for water in foprced convection bulk boiling
flow (References 15 and 17). This similarity suggests that the
underlying physical mechanlsms may be nearly the same for the

two fluids.

- 23 -
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NOMENCIATURE

Radial acceleration developed by insert, g's
Diameter of insert centerbody, feet

Equivalent diaméter of boller tube with insert, feet
Inslde diameter of boiler tube, feet

Acceleration due to gravity, 32.17 ft/sec”
Potassium mass velocity, 1b/(ft2-sec)

Heat transfer coefficient, Btu/hr-ftQ-oF

Heat trangfer coefficient in transition regilon,
Btu/hr-ft<~CF
2 0

Heat transfer coefficient for the vapor, Btu/(hr-ft°-"F)
Thermal conductivity of the vapor, Btu/(hr-ft-°F)
Prandtl Number, dimensionless

Twist ratlo or pitch-to-diameter ratio, tube diameters
for 360° revolution of insert

Local heat flux, Btu/(hr-rt°)
Critical heat flux, Btu/(hr-ft
Saturatlon temperature, Op
Axial velocity, feet/sec
Helical velocity, feet/sec

2)

Local quality, dimensionless

Local quality at point of critical heat flux,
dimensionless

Viscosity, 1b/(hr-ft)
Density, 1b/ft
Liquid density, 1b/ft-
Vapor density, lb/f‘t3

Integrated two-phase frictional pressure drop
multiplier, dimensionless

Wall-to-fluid temperature difference, °F
Temperature difference, °p
Bulk superheat of vapor, O

- 24 -
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