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ABSTRACT

A basic heat-transfer aspparatus was designed and constructed for
the study of forced-convection boiling in small channels. The various
regions of forced-convection surface boiling were studied experimentally
and analytically. In the region of low wall superheat, the heat flux
can be predicted by available correlations for forced convection. Data
indicate, however, that these correlations do not properly account for -
the radial variation of properties for water at high temperature differ-
ence. The conventional Dittus and Boelter-McAdams relationship is
recommended for design purposes on the basis of its simplicity and con-
servative predictions.

An analysis for the prediction of the inception of first signifi=-
cant boiling was developed. Experimental results are in good agreement
with analytical predictions. The analysis provides information neces-
sary for the prediction of the complete forced-convection surface-boil=
ing curve. Data for a small-diameter tube indicate that the bubbles
formed at incipient boiling can trip the laminar or transition boundary
layer to a fully-developed turbulent boundary layer.

The region of vigorous boiling coincides approximately with the
extrapolation of the pool-boiling curve in one set of experiments. In
other experiments, pool-boiling data were strongly influenced by fluid
and surface conditions, as well as by bubble-induced convection in the
pool. Due to the complexities in these pool-boiling data, it is impossi-
ble to make a conclusive comparison with forced-convection-boiling data.
The heat flux obtained by a superposition of pool boiling and forced con-
vection is close to the apparent asymptote for fully~-developed boiling.
For design purposes, it is concluded that fully-developed forced~convec=-
tion boiling can be related to pool boiling by either direct extrapolation
or superposition of forced convection.

The burnout heat flux under conditions of forced convection and sur-
face boiling is shown to be a complicated function of subcooling at low
values of subcooling. This appears to be due to the velocity increase
caused by the relatively large volume fraction of vepor. Burnout flux
is shown to increase with decreasing tube diameter. This effect can be
attributed to an increase in void fraction with decreasing tube diameter.
Entrance effects are significant in forced-convection surface boiling as
shown by the decrease of burnout flux with increasing length. Flow
oscillations caused by system compressibility can greatly reduce the burne-
out heat flux in the subcooled region., This instability is particularly
difficult to avoid with tubes of very small diameter.
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INTRODUCTION

Extensive investigations devoted to experimental and theoreti-
cel studies of boiling phenomena have been conducted during the
past fifteen years. The study of boiliné heat tra.nsfér has‘ been
an integral part of the development of nuclear reactors and 'rocket
motors where exceedingly high heat fluxes are encountered. Forced
convection cannot be used to obtain the high heat fluxes required
due to the excessively high velocities which would be necessary.
With subcooled nucleate boiling, high heat fluxes can be accommo-
dated at much lower velocities and pressure drops.

Most research projects have concentrated on boiling at high
pressures in order to meet the requiremenfs of pressurized-water
reactors and modern steam power plants. At pressures of the order
of 2000 psie the wall temperature is not significantly different
from the saturation temperature. Accordingly, the study of the
peak heat flux in nucleaﬁe boiling has received the most attention.

With pressures near atmospheric, however, the wall-minus-
saturation temperature difference with water is of the order of
100 °F, and it often becomes necessary to predict this temperature
difference accurately. Such is the case, for example, in the
design of high-field electromagnets utilizing boiling as the cool~
ing mechanism. The electrical resisténce of such common core
materisls as copper is very sensitive to tenxperaturé. Magnet
power requirements are then strongly dependent on cooling-channel

wall temperatures.
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The efficient design of electromagnet and other high-perform-
ance cooling systems requires that channels of small cross section
be used. Heat transfer and burnout for small channels have not
been investigated in detail.

The first phase of this investigation is concerned with the
prediction of heat transfer in small-diameter tubes under condi-
tions of forced convection and surface boiling. The second phase
is directed to the study of burnout in forced-convection surface
boiling.

The construction and operation details of the experimental
facility designed for this study are considered first. The data~-

taking and calculation procedures are also outlined.
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APPARATUS

A basic heat-transfer apparatus was designed and constructed for
the study of forced-convection boiling in small channels.* The appara-
tus is suitable for related studies, such as pool bolling and burnout
under stable and unstable flow conditions. A schematic of the system
is given in Fig. 1, and a photograph of the generai arrangment is ?re-
sented in Fig. 2.

draulic

The piping is arranged about a test bench and tower constructed of
Dexion slotted angles and plywood. All pipe and fittings are qf stain-
less steel or copper-brass alloys for corrosion resistance. Imperial
rayon-rubber hose is used for flexible connections, such as the pump
inlet and outlet. High-pressure sections of the circuit are provided
with thick-walled tube and pipe.

Water is circulated by a Fairbanks Morse two-stage regenerative
pump providing a discharge pressure of 260 psi at 3.6 gpm. The pump
is driven through a flexible coupling by & 3 HP Allis Chalmers induc-
tion motor. Special pump seals of asbestos and teflon were instailed
to avoid contamination of the system water. A relief valve set at
300 psi insures that the maximum-allowable pressure for the bronze cas~
ing will not be exceeded. A bypass is provided to aid in keeping suffi-

cient flow through the pump.

%A preliminary apparatus was used with the power supplies and water sys-
tem in the Building 4 Magnet Laboratory. Data taken with that system
are not included,as tube surfaces were generally fouled due to improperly
treated water. The description of the apparatus is, therefore, confined
to the final apparatus constructed in the Heat Transfer Laboratory.
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A 2.5 gal Greer accumulator pressurized with nitrogen serves to
damp out pressure fluctuations due to the pump. A Jamesbury ball valve
in the main line is used to regulate the pressure across the test-sec-
tion line. A maximum pressure drop of 250 psi is availeble across the
test-section line. A ball valve at the beginning of this line was used
to further reduce the pressure fluctuations which caused the flowrater
to indicate high due to float vibration. The two basic Fischer Porter
flowrators are in parallel with appropriate shut-off valves.

The temperature of the water entering the test section can be con-
trolled by a preheater consisting of a 5 KW Chromalox immersion heater
in a tank fabricated of copper tube. The power to the heating element
is regulated by a bank of two variacs mounted on the control~pan§l bench.

The fine regulation of the flow to the test section is accomplished
by a Hoke metering valve., The valve requires 20 turns from open to
closed position, and the position of the stem can be noted on the micro-
meter hand wheel. For burnout runs it was necessary to install an addi-
tional metering valve at the inlet to the test section as shown in Fig.
L,

The test sections were installed in the line by means of Conax or
Swagelok fittings. Lines from the Helicoid test gauges were secured to
the test-section pressure taps by Swagelok fittings. The inlet and'out-
let thermocouples were inserted directly into standard fittings by means
of Conax adapters with lava sealants.

Another ball valve precedes the junction with the main line. This
valve was used primarily to help adjust the pressure in the test section,
but it was also useful in reducing back-pressure fluctuations during
operation with net vapor generation. The steam would hit the cool water

from the main line, causing severe cavitation as it condensed.
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The heat exchanger is of the counterflow type; system water passes
through the inner tube and city-water coolant flows in the annulus
formed by the inner tube and a concentric outer tube.' The exchanger was
designed to dissipate 50 KW of heat furnished to the system water by the
pump, preheater, and test section while maintaining a constant water
temperature at the inlet to the preheater. During winter operation the
system water could be cooled to less than 50 Op by the city water;
whereas 80 °F was normal for summer operation. Except for these sea~
sonal fluctustions, the city-water temperature and pressure were constant
enough to allow steady-state operation. At high power input to the test
section, a slight rise in the test-section inlet water temperature was
noted.

A stainless-steel Fulflo filter was installed in the city-water
line to keep impurities from reducing the performance of the heat
exchanger. Periodic replacement of the filter cartridge was necessary
due to the accumulation of rust. Another filter was provided at the
pump intake to entrain any dirt, especially solder end pipe-joint com-
pound, which found its way into the loop.

A stainless-steel pressure vessel fabricated for Boiling Project
D.I.C. 66271* was adapted for use as a degassing and expansion tank.
The heaters in the tank totalling 12 KW were wired to the 110 and 220
VAC services and controlled by 5 switches on the control panel. The
4.7 gal capacity of the tank was adequate to provide make-up weter for

pump leakage and burnout loss for long periods of operation.

#*Numbers denote References listed beginning on p. 88.
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Distilled water was introduced into the system by using s small
Hypro pump to raise the water to the 15 gal stainless-steel storage
tankl from the standard 5 gal supply bottles., Steam heating was pro=
vided for this tank so that the water could be deaerated prior to
filling. Preliminary degassing was, however, not often done as a
general loop degassing was found more satisfactory after filling.

An ion exchanger2 was adepted for the present system. Water
was bypassed through a tank containing Rohm and Haas Amberlite mixed~
bed resin. The distilled water was of conductivity ebout O.T ppm
when added to the system but would go close to 5 ppm mefely by sit-
ting in the piping overnight. At this concentration of impurities,a
heavy deposit was precipitated at the hot surface of the test section.¥*
This condition was avoided by continuous use of the ion exchanger
whereby the system water was reduced to less than 0.1 ppm as read on
a conductivity meter made by Industrial Instruments, Inc.

Power Supply

The power supply as shown in Fig. 3 consists of two 36 KW
Chandeysson.externally—excited generators, each rated at 12 volts
and 3000 amperes. The generators are driven by 440 volt-3 phase-
600 RPM synchronous motors. The M-G sets and control systems were
installed for previous boiling projects, and only minor modifications
were necessary to adapt them for the present operation.

A portable control console regulates generator power from zero
to maximum as required. The generator outputs are connected in series,
and the output from one generator is added or subtracted to the output

of the second generator. Water-cooled shunts are installed in parallel

*¥The effects of such fouling are indicated in Fig. 30, where clean-tube
data are compared with data for a fouled tube.
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with each generator in order to take up the shock of an open circuit
caused by burnout. The regulation is accomplished by a set of coarse
and fine potentiometers. . The control circuit was modified to incréase
the field strength so that a full 29 volts could be obtained. as coa‘n-‘ |
pared with the previous limit of 17 volts. A blower was also added to
cool the resistors and potentiometers in the control console. A mas-
ter stop button is provided for emergency use in shutting down the
generator end pump. The coupling between the pump and generators can
be taken out for pool-boiling experiments. |

The existing buss-bar supply was extended to the test stand as
shown in Fig. 4. The conductors feeding the test section coﬁsist of
ten parallel braided-copper cables for each side. The use of braided
cable permits considerasble flexibility in insta.llation of test sections.
The cable assembly is clamped on the water-inlet side to a copper plate
to which a brass test-section holder is fastened. On the outlet end,
the connection to the test-section holder is made by braids with hori-
zontal flexibility in order to allow for thermal expansion of the test
section. The test-section holders were made from brass plate in two
segments which clamped the test-section sleeve. The surfaces of con-
tact were tinned with high-temperature soft solder to insure-firm
electrical comnection from the test-section sleeves to the holders.
The downstream end of the test seétion was qonnec‘bed to the main pip-
ing with rubber hose for reasons of flexibility and electrical insula-
tion. o

For pool-boiling experiments the test section was submerged in &

Pyrex beaker on the bench. Copper bars secured to the power brackets
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extended vertically into the pool where the test section was bolted on
by means of brass fittings.

instrumenta.tion

Sensing devices and recording equipmnt are provided to monitor
steady~-state and transient conditions throughout the system. Pressure
gages are installed as indicated in Fig. 1 to ﬁid in adjusting the test-
section pressure to desired values. A thermocouple is instailed in the
degassing tank to monitor water temperature during the degassing operg-
tion. A gage glass provides indication of the liquid level. A gage
glass also indicates the water level in the storagé tank. Replacement
of the metering tubes and floats in the flowrators provides a ra.ngé of
test-section flows from 1.5 to 1300 1bm/hr. Calibration Més giving
mass flow versus scale reading are shown in Fig. 5. The units were
periodically checked against the initial ca.libratioﬁ.

The thermocouples at the test-section inlet and ocutlet were placed
so that the water was well mixed at the point of temperature measure-
ment. The outlet thermocouples were located sufficiently far down-
stream so that any steam bubbles in the liquid would have & chance to
condense. In general, several outlet thermocouples were provided and
the average reading taken to insure that the true mixed-mean tempera-
ture was measured. Fiberglass insulation was used from the thermo-
couple fittings to the test section to prevent heat loss or gain of
the water.

Test-section pressures are measured by Helicoid 8-1/2 in. test
gages with an accuracy of 0.25 percent of full scale. A 200 psi gage
is used to measure upstream pressures, and a 100 psi gage measures

downstream pressures. The gages were checked individually on a
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dead-weight tester and were also compared with each other at various
static pressures in the test-section line. Snubbers are provided to
prevent any severe pressure oscillations from damaging the gage move=-
ments. For upstream pressure indication in cases where the bourdon-l
type gage caused unstsble system operation, a Dynisco diaphra.m—type
pressure transducer was used. The transducer signal was measured on
the recorder. '

All thermocouples were made of Leeds and Northrup 30-gage duplex
copper-constantan wire. A calibration was performed; howéver, the
deviations from the N.B.S. tables were not significant, and no correc=-
tion was made to the readings. The method of installing thermocouples
on the test section is described in a later section. Thermocéuples' |
are connected to a Leeds and Northrup thermocouple switch having 12
positions. The switch is in turn connected to an ice bath and to a
selector switch which allows measurement of the signal on the potentio-
meter or recorder.

The potentiometer is a Leeds and Northrup Type K instrument with
external standard cell end batteries. A Leeds and Northrup spotlight
galvanometer completes the systex;x. Signals from thermocouples, trans-
ducer, or shunt can also be indicated on a Minneapolis-Honeywell Brown
recorder. This instrument is a pen~type single-cha._nnel recorder hép.ving
manually-selected ranges for 0-6, 5-11, 10-16, 15-21, and 20-26 milli-
volts. This special design was ordered to give the best possible read-
ing accuracy on the wide range of millivolt signals expected in this
study.

The test-section current and voltege drop are measured to give the

" power dissipated by the test section. The current is also one of the



variables used in calculating the test-section inner-wall temperatures.
Current is inferred from a reading of the voltage developed across a,’
standaxrd shunt. This shunt was calibrated and installed as indicated
in reference’ 1. Spring clips were used to connect the voltage taps to
the test-section bushings. A voltage~divider network was installed to
scale down the voltage so that it could be read on the recorder or
potentiometer. 1In general, however, voltage was read directly on s
Weston multirange DC voltmeter as it was useful to have a visual indica-
tion of testwsection power.

Measurement of Tube-Wall Temperature

The most difficult problem in any heat«transfer experiment is the

measurement of the temperature of the actual heat-transfer surface.

The thermocouple cannot in any way be placed in direct contact with

the tube wall. For the thin-walled tubes used in this study, the cur-
rent flow would be disturbed in the vicinity of the measuring junction,
and the correct surface temperature would not be recorded. Furthermore,
with direct-current heating, the thermocouple would have impressed across
it the voltage gradient at that point. The current would then have to bé
reversed to determine the thermsl FMF alone.

Even if the correct surface temperature could be measured, s thermo-
couple at the heat-transfer surface would disturb the fluid flow, and
the results would be misleading. The only solution then is to place the
thermocouple wires on the wall opposite the heat-transfer surface and
insulate the measuring junction from the wall. However, any electrical
insulation between the thermocouple and the wall implies a thermal insula-
tion which results in a temperature reading lower than that of the wall.

A guard heater is then required to insure an adiabatic wall if the
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thermocouple is located on the outside of the tube. If heat transfer
tekes place uniformly at the outside wall of a tube s & heater is not

necessary as the thermocouple is placed at the inner surface which is
adiasbatic. |

A heated shield was constructed from sta.zidard. aluminum tubing.
Threadlike grooves were cut into the outer wall of this tube. Tﬁe
shield sections were then black anodized to be electrically insulat-
ing. Nichrome wire wes wrapped around the tube to serve as a heéting
element. Spacers fabricated from aluminum silicate served to hold the
shield to the test section.

A layer of Scotch Electrical Tape No. 27 was wrapped around the
tube at the desired location .‘ The measuring junction was then bound
radially arxound the tube with another layer of tape. -ihermocouples
were also taped to the inside of the shield. Sufficient lengths of
all thermocouples were left inside the shield to avoid conduction
errors. The space between the shield and tube was filled with asbestos
fiber.

Power is supplied to the shields by a 110 VAC supply which is
stepped down to about 25 V by a Stancor filament transformer. The
power to each shield is controlled by a Powerstat. The arrangement
permits fine control of each shield temperature.

Power to the shield is adjusted until the shield thermocouples
and the tube-wall thermocouples within a shield section indicate approxi-
metely equal EMF. In order to reach equilibrium quickly, the variac is
overshot in the direction of change and backed off quickly when the
desired temperature is reached. The balancing operation can be followed

easily on the recorder. There should be no temperatu:ée gradient across
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the thermocouples when the two sets of readings agree., Tests performed
in reference’lindicated that outer-wall temperatures a.ccuré,te to 1 °F
should be obtained by this method. The use of several shield sections
permits compensation for a.n axisl temperature gradient. This gradient
was, however, never found to be substantial.

The outer-wall temperature mist be corrected for the gradient
through the wall in order to obtain the wall temperature at the heat-
transfer surface. The gppropriate solution to the heat-conduction
equation was given by Keith and .‘.’ou.mmfzin:'fie‘ld..::J The tube was considered
to be an infinite c¢ylindrical resistor in which the electric power is
dissipated at the inner wall and where the outer wall is adiabatic.

The electrical resistivity and the thermal conductivity were cqnsidered
to be linear functions of temperature. The equation solved by use of
Taylor's series is given in Appendix B in its original form. The equa-
tion was put in terms of current instead of voltage gradient by Rohsenow,
et a.l.l The equation was used in this form to compiite the temperature
drop through the tube wall for various values of outer-wall temperature
and current. A check of the original solution indicated that the only
modification reciuired for the case wheré the power was disgipated at

the outside wall was a change in sign of the second term in the "series.
This solution was also noj;ed by (}]arkol'L

Evaluation of the tube-wall tentpefature drop required accurate
,infoz;mation on the tube dimensions, resistivity, and thermal conduc-
tivity. The dimensions of the commercially-drawn tubes used in this
study are given in Appendix A, Test sections were measured in a variety
of ways depending on the size. The outside diameter could, of course, ,

be measured for all tubes. The wall could be measured with a pin
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micrometer only for the nickel tubing. For the smaller tubes, a cer-
tain length of tubing was weighed and the inside diameter inferred °
from outside-diameter measurement and the density. Tubes were also
filled with mercury, and the average inside diameter was inferred from
the weight of the mercury. In general the manufacturers' mean dimen-
sions were closely adhered to.

All necessary property and temperature-correction informetion was
available for the nickel tube which had been used in previous boiling
projects., This information was not available for the stainless-steel
tubes which were used in most of the experiments., Thermal-conductivity
data for 304 stainless were considered reliable and as indicated in
Fig. 6 were taken from references 5 and 6. As only approximate agree-
ment was found among available sources regarding the resistivity of
304 stainless, the temperature dependenceof the resisteance for a sample
length 61‘ each of the several tube sizes was measured.

The resistance of the sample was compared with a standard resist-
ance in the bridge circuit described more fully in reference 1. A
small electric furnace was used to maintain the tube at uniform tem=
perature. The resistivity was readily calculated from the relationship
,;Oe = RtAt/L‘ No allowance for the change in dimensions due to thermal
expansion wes necessary. The resistivity is indicated in Fig. T; for
comparison, resistivity curves from several sources are included. It
is noted that the smaller-size tube has & higher resistivity although
the metallurgical composition for the two sizes is identical. The cold-
drawing of small tubes from larger ones probably accounts for this effect.9

The temperature-correction curves for the stainless-steel tubes are

indicated in Figs. 8 and 9. All computations were done with a desk
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calculator. Some iteration was required as the mean resistivity'[% is
based on the temperature drop through the wall. Generally, however,
the solution was obtained on the second or third iteration.

Test Sections

Three types of test sections were fabricated in order to study
forced-convection boiling and burnout. Two additional test sections
were assembled for pool-boiling studies which were informative in
interpreting the boiling date taken under conditions of forced convec-
tion. The tubular sections represent the geometries used in many
practical applications. The various test sections used in this study
are shown in Fig. 10,

a. Tubular

The basic tubular design incorporated power-supply and pressure-
tap provisions. Holes were drilled into the tubes with a 6 mil pivot
drill, Jigs were provided to hold the tubes and guide the drill.
Brass plugs were inserted into the tubes so that the drill would cut
through the wall cleanly instead of breaking through and leaving a
Jjagged edge. The static holes were kept as small as practically possi-
ble to avoid disturbing the fiow.2° Even the 6 mil holes would plug
up with small dirt particles during fabrication or even during opera-
tion.

Brass bushings were cut from 7/16 in. round stock., Holes were
drilled for the test section and for the 16 ga needle tubing which was
used for the pressure taps. The tap holes in the bushings were lined
up with the holes in the tube wall. The bushings were then sweated to
the tube with silver solder or high«temperature soft solder. A minimum

amount of solder was run into the joints to keep the static holes from
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plugging up and to keep the fillets to a nominal radius. The taps were
then soft soldered to the bushings by building up fillets rather than
sweating which might again plug the static holes.

b. Annular

The anmular test section consisted of a piece of 16 ga stainless=
steel tubing centered inside a 5 mm Pyrex tube. A length of bored-out
1/8 OD copper tubing was sweated to the stainless tubing at elther end.
Power was supplied to brass bushings sweated to the cuter ends of these
copper sleeves, As the resistance of the cépper sleeves was negligible
compared to the stainless tubing, the heated length‘was defined by the
length of tubing between the copper sleeves. Pyrex tubing cut approxi-
mately equal to the heated length was centered around the stainless
tubing by means of clips made from copper wire. A sfatic-préssure hole
was drilled through the glass tubing at the axial position desired for
local heat-transfer measurements. The holes of approximately 15 mil
diameter were drilled ultrasonically by Clendenning Smith Company,
Watertown.

The pressure-gage hose was then secured to the tap by means of a
clamp. A thermocouple with an insulated measuring junction was inserted
inside the stainless tube. The annular assembly was mounted in standard
crosses by means of Conax fittings. Teflon sealants were provided at
the copper sleeves to permit thermal expansion. Thermocouples and weter
connections completed the arrangement. The Pyrex tube made for a rather
delicate assembly, and special supports were necessary for mounting in
the buss-~bar clamps.

c. Pool-Boiling
A pool-boiling test section was made of 16 ga stainless tubing to

compliment the annular apparatus. A section was cut from the same stock
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used in the annular assembly and soldered to brass blocks. A thermo-
couple with the measuring junction insulated with Teflon tape was
inserted inside the tubing. Leakage of water into the tube was pre-
vented by soldering one end and sealing the thermocouple end with epoxy.
The assembly was secured to the vertical buss-bar extensions and sub-
merged in g large beaker. An additional'thermocouple was provided for
measurement of the pool bulk temperature,

Pool-boiling test sections were also prepared from tubes used in
forced-convection boiling. Tube lengths were cut down to approximately
half-cylindrical size by milling. Brass blocks for power connections
were soldered to either end. Thermocouples were bound to the insulsted
outside surface by Teflon tape. This assembly was then cemented with
high-temperature epoxy to a guard heater of semi~-circular form as shown
in Fig. 10. The guard heater was sealed with Dow Corning Silastic RTV
silicone-rubber insulating material. Boiling took place from the inside
surface of the cut tube, and shield power was adjusted in the usual way
to insure an adiabatic outer wall.

Only the test sections made from 0.18 in. OD nickel tubing could
be used for pool boiling at atmospheric pressure. The bubbles formed
at incipient boiling are of the order of 1/8 in. diameter at atmos-
pheric pressure. These large bubbles occupied the entire cross sec-
tion of a small tube and became attached to the edges. Instead of grow-
ing and departing, these bubbles grew axially and insulsted the surface.
Burnout then ruined the test section at a very low heat flux.

DETAILS OF OPERATION
Distilled water was pumped from the commercial 5 gal cohtainers

into the storage tank. The system was then filled by gravity and



-17-

drained out to remove any accumilated dirt. Vents at the flowrators
and the ion exchanger as well as most valves were opened for fhe final
filling. The degassing-tank vent was always open. The other vents
were closed in turn as water poured out. The system was essentially
full when water poured out of the main vent. Momentary circulation
with the pump removed any remaining air pockets.

The valve to the ion exchanger was then closed, as water above
140 °F would ruin the crystels in the bed. All deg;ssing-tank heaters
were turned on, and water was circulated through the system. Water
was bypassed into the degassing tank when the water in the tank was
near boiling. With violent boiling,conéiderable pressure was built up
in the tank with the result that water was pumped out. This condition
was avoided by regulating the tank heaters and the bypass valve. The
tank thermocouple and the gage glass were useful in estimating when
such control was needed. The various system valves were opened and
closed to loosen any small air pockets. The system water was effec-
tively degassed by being dumped into the vigorously boiling water
at the top of the degassing tank. About 20 minutes of degassing in
this manner was sufficient to reduce the dissolved gas to a negligible
amount. The standard Winkler analysis outlined in Appendix C indicated
air contents of approximately 1.5 cc air/liter. The tank heaters were
then shut off, and the heat exchanger turned on. The tank bypass velve
was closed as soon as steam ceased to come from the tank vent.

Degassed water was then circulasted through the ion exchanger, and
the accumlator was filled. More water was then added to the system,
and the degassing procedure was repeated. The system was then ready

for operation. Degassing was performed whenever a new test section was
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installed or makeup water was added from the supply tank. It was also
necessaz;y to degass periodically as the expansion tank was vented to
the atmosphere, and the water in the tank would eventually become satu-
rated with approximately 20 cc air/liter.

The system was operated for at least 30 minutes at zero power level
before beginning any heat-transfer measurements. The system water was
then cooled down and was thoroughly circulated through the ion exchanger.
The generators were also given a chance to warm up during this period.

When using nickel test sections, one of the power leads was usually
disconnected when starting the generators. This was necessary as the
generators would not come up to full speed in unison, and a potential of
several volts would momentarily exist across the test sections., This
provided considerable power input with the low-resistance nickel sections
and even caused burnout on several occasions. The original control cir-
cuit contained starting resistors set to give a zero voltage output; how=-
ever, these were apparently taken out by successive users.

The only shut-down precaution was to lock out the accumilator before
turning off the pump. This prevented the water from being forced out of
the accummlator and eventually out of the system through the degassing-
tank vent. The pump is electrically connected with the generators so
that the generators are shut down if the pump power fails 01; is shut off.
The generators can, however, be shut off separately by a switch on the
control console.

The amount of data recorded varied with the type of test section.

In general the flow and pressure level were established, and the power
level was varied. The power to the guard heater was continually adjusted

to maintain an adiabatic ocuter wall opposite the wall thermocouple
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locations. The inlet and outlet pressures were recorded. Also recorded
were the EMF's of the inlet-and outlet-water thermocouples and the wall
thermocouples. The shunt voltage was recorded, and the reading of the
voltage drop across the test section was teken from the voltmeter. All
millivolt readings were taken on the potentiometer unless fluctuations
made it necessary to average the signal from the recorder trace. Power
measurements were taken before and after the wall temperatures were
recorded, This was necessary due to the considerable IC ripple in the
generating system. Power fluctuastions were also due to turbulence in
the test section, especially in the transition region. The w}ariation
of the heat-transfer coefficient caused a change in wall temperature
due to the low thermal capacity of the wall. The resulting fluctuatj.on
in tube resistance caused oscillations in the power. This was espe=-
cially noticeable in the low-resistance nickel tubes. |

In general, data for a particular operating point could be taken
within 15 minutes. Most of the time would be spent adjusting the
temperature of each guard heater.

Burnout was approached by increasing the power at constant flow
rate. The shunt voltage was indicated on the recorder and test-sec=-
tion voltage was noted on the voltmeter. The flow was adjusted as
required due to changes in the hydraulic resistance of the test section.

Burnout date consist of those data recorded just subsequent to the
physical destruction of the test section. When burnout occurred the
generators and pump were shut off, and the test-section line was iso-
lated from the rest of the flow system. Before securing the fittings
on the replacement test section, water was allowed to leak from both
directions. This insured that a minimum of air would be entrained in

the system,
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DATA REDUCTION

Calculation Procedure

The calculation procedure was formalized to allow for efficient
reduction of the numerous dats taken during the study. Sample calcula-
tions for non-boiling and boiling runs are shown in Appendix D. In all
cases the axial temperature gradient was not large enough to cause
local variations in the heat flux. This was convenient as it allowed
several independent measurements of the heat flux. The heat-transfer

rate was calculated from

a = w(n, - 1) (1)

where the enthalpies were evaluated from the measured inlet and outlet

temperatures. The heat-transfer rate was also given by

q=V1i (2)

vwhere the voltage across the tube was measured directly with the volt-
meter, and the current was inferred from the shunt voltage. Finally,

the heat-transfer rate was calculated from
. 2
q = 12Rt = i peL/At (3)

where the electrical resistivity was interpolated from the measured
date at the mean radial wall temperature. Excellent heat balances
were obtained; the values of the heat input as calculated from the
above equations differed by 5 percént at most. The heat flux was
obtained by averaging the three rates of heat transfer and dividing
by the heat-transfer area. The heat-transfer area was defined by the
section of tube between the inlet and outlet bushings. Fillets from

the soldering operation were considered part of the bushings. The
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heat balance verified that the bushings themselves contributed negligible
heet to the water.

Due to the uniform q/A, it was possible to consider a linear increase
in the bulk temperature from inlet to outlet.

The pressure was also assumed to vary linearly from inlet to outlet.
The pressure taps were located close enough to the heated section so that
the pressure drop in the small lengths of unheated section could be con-
sidered part of the heated-section pressure drop. This assumption is
reasonable in view of the moderate pressure drop in the test sections.

No data were taken at very low values of subcooling where the void
volume at the tube exit becomes significant., Under these conditions
most of the pressure drop can be expected to occur over the last portion
of the tube. The assumption of linear pressure drop is then obviously
no longer valid. In practice a run was terminated when the pressure
drop increased appreciably. Thisprecaution also avoided premature
burnout due to flow oscillations which 1is discussed in th‘e section on
burnout. |

The temperasture of the heat-transfer surface was obtained by sub-
tracting the appropriate correction from the measured outer-wall tempera-
ture.

The values of thermal conductivity and viscosity for water were
taken from McAdams,® and specific heat was taken from Eckert and Drake.

The surface tension was taken from Dorsey.12

Accuracy of Results

The greatest uncertainty lies in the determination of the tempera-
ture of the heat-transfer surface. With the smaller tubes the mea.sur;lng

Junctidn of the thermocouple was placed circumferentially around a

i
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considerable portion of the tube. This tended to eliminate error due to
flow stratification and wall-thickness variation. It is noted that the
temperature drop given by equation (Bl) is a strong function of the resis-
tivity and thermal conductivity. As noted, the resistivity was measured
for each size tube and found to be well represented by a straight line.
Unfortunately the thermal conductivity could not be obtained experimen-
tally for the various tubular sections used. Published dats were, there-
fore, used to obtain the temperature variation of this parameter. It
was noted that the resistivity depended somewhat on tube size and in all
probability the thermal conductivity follows the same trend. In view

of the difficulty involved in estimating the magnitude of this effect,
the available data were used as is.

The geometric terms in the wall-temperature correction are less of
a source of error than the items mentioned above. Even with the worst
combination of nominal dimensions and tolerances listed by the manufac-
turer, the percentage variation in [th was found to be of the order of
only one percent. Of course, actual dimensions were used; however,
slight variations in outside diameter and wall thickness occurred for
any piece of stock.

The larger nickel tubes were instrumented with thermocouples at the
top and bottom of the tube. The readings were then averaged to get the
local value of the outer-wall temperature. In general the upper-wall
temperature was higher than the lower-wall temperature at the low flow
rates. This temperature stratification was also noted with large tubes
by Kreith and Summerfieldl3 who attributed it to the effect of gravity.

In any case the estimate of error in the temperature is simply an

educated guess; however, : 5 °F seems reasonsble. It is noted that the
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maximum error in [th will occur similtaneously with the maximm
(tw - ts) at the highest flow rate.

The heat flux as cbtained from the average of three values is
considered to be within P 2 percent. The error in the increase in
enthalpy of the water from inlet to outlet is then of the same order.

The local pressure should be well within one percent even if

errors due to improperly-drilled pressure teps are considered.
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CHARACTERISTICS OF NUCLEATE BOILING

The study of boiling heat transfer began in 1926 when Mosciki and
Brod.erll+ conducted experiments with an electrically-heated wiré sub-
merged in a tank of water. Boiling heat transfer cannot be predicted
by the usual formulations derived for forced convection. In addition,
it is influenced by many minor variables. As a consequence it has
become customary to represent the heat transfer by the boiling cﬁrve.
The heat flux is plotted versus the wall-minus-saturation femperature
difference which has been found to be the governing temperafure differ-
ence in boiling. The prediction of the boiling curve for a particular
system has been the object of boiling researchers ever since the first
boiling curve was obtained by Nukiyama.l5 in 1934.

The regimes of boiling are indicated in Fig. 11 for a specified
flgid-surface combination and constant pressure.

Pool Boiling

Consider first the boiling curve for saturated. pool boiling; -
As the wall temperature rises above the saturation temperature in the
region A-B, convection currents circulate superheated liquid, and
evaporation occurs at the surface of the pool. As the wall tempera-
ture is increased further to B, bubbles form at active nuclei on the
heating surface. These bubbles rise through the pool transferring
steam to the vapor space. The growth and departure of bubbles at the
surface augments the heat transfer, and the (q/A)-versus-(tw - ts)
curve changes slope in the nucleate-boiling region. The slope of the
curve then decreases, and the heat flux goes through & maximum as the

heating surface is partially covered with vapor bubbles.
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Beyond the peak of the curve in region C-D, an unstable film forms
around the wire, Under the action of circulation currents, this steam
film collapses and reforms rapidly. The partial vapor film provides
additional resistance to heat transfer, and the heat-transfer rate
decreases as the temperature difference increases. In the film-boiling
region D-E, heat is transferred through the film covering the surface
by conduction and ;jadiatic;n.

If the temperature difference is the dtependent variable as with
electric heating, operation at C is unstable, and the system will pro-
ceed toward regi.on E'. The temperature at E' is generally above the
melting point for most metals. For this reason point C is referred to
a8 the burnout point.

The above description applies, with minor modifications, when the
bulk liquid is subcooled. Surface or local boiling occurs when a liquid
below saturation is brought into‘contact with a 'heating surface hot
enough to cawse boiling. The vapor bubbles collapse at the surface or
break loose and condense in the cold liquid.

In the region A-B the curve for subcooled pool boiling obeys the
usual law for natural convection. The behavior of the subcooled~pool-
boiling curve in the nucleate-boiling region is, however, not well
established. It is indicated here as simply merging with the nucleate=-
boiling curve for saturated pool boiling. As shown, the burnout heat
flux is appreciably raised when the bulk liquid is subcooled.

Forced-Convection Surface Boiling

Numerous experiments have been performed to obtain data for surface

boiling under conditions of forced convection. Flow normal or parallel
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to wires or tubes has been considered as well as flow inside tubes. The
general characteristics are shown in the upper portion of Fig. 11. At

low (tW - ts), where the heat transfer is governed primarily by forced-con-
vection, the heat flux increases at constant (tw - ts) as the velocity is
increased. This effect was clearly shown by Kreith and Summerfield13 and
Rohsenow and Clark,'® It has been argued by Rohsenowl! that subcooling

has & similar effect. In the limit at zero wall superheat, tw = ts, the

heat flux should be predicted by forced convection.

(a/a)g =n (t, - &) =h ( - &) (%)

It is noted that as the subcooling increases, h decreases; however, the
net effect can still be expected to increase the heat flux. It is believed
that no dats have been published which clearly indicate the effect of sub-
cooling in forced-convection surface boiling. The effect of pressure and
subcooling are frequently lumped togethér as in the presentation of Kreith
and Summerfield. It is well known that the boiling curves shift to the
left with increased pressure.

Considerable wall superheat is required before boiling is initiated.
This has been studied quite extensively in connection with pool boiling;
however, little work has been done on the prediction of‘incipient boil-
ing under conditions of forced convection.

Most work in forced-convection surface boiling has concentrated on
the "fully-developed" region of the boiling curves. In this region the
effects of velocity and subcooling disappear and the boiling curves
appear to merge into a line. The data have~been shown by McAdems, et al.,18

Buchberg, et al.,l9 and Jens and Lottes,go among others, to be represented

by a straight line in the fully-developed-boiling region. The data from
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thege experiments as presented do not indicate the transition regiom,
or knee of the boiling curve, which is always present between incipi-
ent boiling and fully-developed boiling.

The plot of McAdems et a1.6 showing the heat flux versus tempera-
ture difference has been accepted as a standard for many years. How-
ever, this plot is misleading in certain respects as it does not
include all of the data taken for the pertinent runs. An effort was
made to separate out the effects of velocity and subcooling using the
original data. Plotted in Fig. 12 are data for 60 psia and 1, 4, ‘and
12 ft/sec. Values of subcooling from 20-150 %F are indicated. Several
test sections were used; however, they were cut from the same tube, and
identical cleaning procedures were useq. The trend of velocity and
subcooling as discussed sbove appears to be indicated by the data ﬁsints
which were omitted from the published plot. It is also apparent that
there is no significant effect of either velocity or subcoolihg in the
fully-developed-boiling region. |

Design Procedures

Comménly’used design procedures for forced-convection surface boil-
ing are indicated in Fig. 13.

18 considered the boiling curve to consist simply

McAdams, et al.
of the forcedrconvection curve and a fully-developed-boiling curve. A
transition point was defined as the intersection of fheltwﬁ curves. At
heet fluxes higher than the transition flux, the fullyhdevelopeadboil-
ing curve is to be used. In a preceding publication for this project
Kiennel22 noted that the transition point maj not necessarily be the
point at which first vapor is formed. Although the similarity between

the fully-developed-boiling curve and the pool-boiling curve was mentioned,
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it was not claimed that forced-convection-boiling data were directly
related to pool-boiling data for & particular system. .

It is generally assumed thet the fully-developed region of the
boiling curve coincides with the extrapolation of the pool-boiling
curve.23 This explanation is physically reasonable at least at low
velocities. However, no data have been found which support this assump-
tion. A design criterion based on this assumption was proposed by
Engelberg«~Forster and Greif.eh The non=boiling forced-convection
correlation and the pool-boiling correlation for the particular fluid
and surface are required. The intersection of the two equations gives
a heat flux (q/A)a. An empirical relation is then used to locate the

point where the boiling curve is essentially the same as for pool boil-

ing.
(a/a); = 1.4(a/n), (5)

The region between incipient boiling and (q/A)3 is represented by a
straight line, It is not made clear, however, how the point of incipi-
ent boiling is determined.

An alternative design procedure suggested by RohsenowlT

is the only
procedure which realistically attempts to account for the combined effects
of forced convection and nucleate boiling in the transition region.
Rohsenow considers the total heat flux to be given simply by a superposi-

tion of the heat flux due to bubble motion and forced convection.
(a/8) = (a/p)g + (a/A)g, (6)

The forced-convection term is the heat flux that is predicted by the
applicable. forced-convection correlation at the particular flow condi-

tions. The effect of bubble motion is given by the correlation for
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saturated pool boiling for the particular fluid-surface combination.
The influence of velocity and subcooling is incluéed in the forced-

convection term. It is seen that the velocity and subcooling curves
will merge wifh the pool-boiling curve only at relatively high heat

fluxes where the forced-convection heat flux becomes ver& small com-
pared to the total heat flux. TImplicit in the method is the assump-
tion that at low values of wall superheat, the pool-boiling term is

negligible, so that the total heat flux is essentially accounted for
by forced convection.

Data of Rohsenow and Clark,'® Clark and Rohsenow,” Kreith and
Summerfield,3 and others were analyzed to test this method. In all
cases the points representing (q/A)B-’»rersu:s--(1:w -t s) could be approxi-
mately correlated by & straight line. The slope was approximately three
for commercially-prepared surfaces, and the intercept varied with fluid
and surface. Both slope and intercept compared favorably with pool-
boiling data; consequently, the (q/A)B-versus-(tw - ts) plots were called
the pool-boiling curves for the particular fluid-surface combinations.
Actual data for saturated pool boiling were, however, never taken.

An interesting approach to the correlation of forced-convection
surface boiling has been presented by Bernath and Begell.26 These
investigators analyzed data teken with annular test sections in the
Columbia boiling project. Most data appear to have been taken in the
transition region which was denoted as the "region of fully~developed
local boiling" in that paper. In plots of wall superheat versus sub-
cooling at constant velocity and heat flux, the data were found to lie
in two regions. The first region is where wall superheat is independent

of subcooling; this is apparently the region of fully-developed boiling.
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The second, however, is a region where the wall superheat decreases
linearly with increasing subcooling. This linear dependence is unusual
and must be due, at least partially, to the variation of pressure within
the data. Furthermore, it is implied that the wall superheat at fully-
developed boiling is independent of pressure in the range 25-150 psia.
This is at variance with the views of most investigators. One of the
crossplots indicates that the wall superheat at the inception of fully-
developed boiling decreases with increasing velocity. This also seems
unreasonable.

In any case the design procedure developed by Bernath and Begell
for predicting wall superheats is too involved to be put to practical
use. It must be noted that it should be successful in predicting the
Columbia data since these data were used in evaluating the various
functional relstionships constituting the correlation.

Scope of. Heat-Transfer Studies

The preceding discussion has indicated several areas in forced-con-
vection surface boiling that have not been investigated in detail. The
effect of subcooling has not been clearly noted in the region of low
wall superheat. The point of incipient boiling has not been considered
adequately. The relation of the fully-developed~boiling region to pool
boiling has not been clearly established. As a result several design
procedures are recommended which predict different boiling curves for
the same conditions.

In addition, the study of heat transfer in subcooled boiling with
forced convection has been confined to channels of relatively large
hydraulic diameter. The smallest channels used for heat-transfer studies

are apparently the 0.18 in. tubes of references 16 and 19. It is not
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clear whether the results cbtained from studies with large channels can
be safely extrapolated to small channels.

These areas are considered in the following discussion of the heat-
transfer experiments conducted in this study. ‘The regions of forced=
convection surface boiling are considered in the following order: region
of low wall superheat, incipient boiling, and transition and fully-devel-

oped boiling.



-32-

THE INFLUENCE OF TEMPERATURE DIFFERENCE ON THE
TURBULENT FORCED-CONVECTION HEATING OF WATER

General

It has been noted that a considerable wall superheat may be required
before boiling is initiated under conditions of forced convection. It
follows that heat transfer at low wall superheat can be correlated by
the expressions developed for non-boiling forced convection. It is appar-
ent, however, that under these conditions the wall-minus-bulk femperature
difference[&t will be higher than that normally encountered in ordinary
heat-transfer equipment. In addition, when predicting the curve for
forced-convection surface boiling, the forced-convection correlation
employed will be extrapolated to very high values of /\t. It is thus
necessary to examine in detail the influence of[&t on the forced-convec-
tion heating of water.

Three of the more widely accepted correlations of forced-convection
turbulent flow in tubes are the following:

Colburn:2T

(h/cpb a) (U, cpb/ko)2/3 = 0.023/(GD/,L(f)0'2 (7)

Sieder and Tate:28

/ey ©) (/2 ULAM = o0zr/ioop )2 ()
McAdamnaz‘e9

(h/ey 6) (e,l/0,0 = 0.023/(eoph,)? - (9)

The subscripts refer to the temperature at which the particular fluid
property is evaluated; w refers to wall temperature, b to bulk or mixed-

mean fluid tempersture, and f to a film temperature defined by (tw + tb)/2.
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These equations are for heating or cooling of various fluids and include
the effect of temperature-dependent properties. They correlate the data
for moderate /\t, Reynolds number (G40 = 10‘*, Prandtl nuiber
0.5 =< ( cpu_/k) < 120, and heated length-to-inside diameter ratio L/D = 60.
The form of equation (9) was first proposed for the heating of various fluids
by Dittus and Boelter.30

Air data at highAt have been correlated by a modified form of equa-
tion (9);31 however, it appears that no systematic date have been reported
which consider the effect of At 0;1 the heating of liquids. McAda.ms6 recom-
mends either equation (7) or (8) for extrapolating results for liquids to
high[&t. Al-Arabi32 examined the data of several observers for the turbu-
lent heating of water é,nd fdmd that the results fo:'lowAt and moderate
At had to be treated separately for good correlation. Heat-transfer
coefficients were computed on an a.vei'ase basis, and the highest At wes
approximately 80 OF. The dats considered were too limited to enable a
complete study of the effect ofAt. Owens and Schrock33 took dgta for
forced comfection of water at the inception of surface boiling. These
investigators considered incipient boiling to be the intersection of the
forced-convection and fully-developed<boiling curves. Their data were
cons'istently belbw the values predicted by the correlations of equations
(7) to (9). Kreith and Summerfield'> correlated non-boiling data at high
heat fluxes by equations (8) and (9). The use of a short test section
and high system pressure permitted very high[&t. The data were too few
to check the influence of[&t on these correlations.‘ Furthermore, the

average heat-transfer coefficients used in that study are somewhat mis-

leading as entranceeffects are included.
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Experimental

As available information appeared inadequate to predict forced-con-
vection heat transfer at high[&t, initial experiments were made in this
area. Heat-transfer measurements were made for the heating of water in
a smooth 0.09% in. ID stainless-steel tube. A calming section of 2.5 in.
preceded the heated section. Outer-~wall temperature measurements were
made at an L/D of TO. Pressure measurements were taken to insure that
no data were taken under conditions of surface boiling. The pressure
level was approximately T5 psia.

In the experiments the heat flux was wvaried at constant mass velocity
G to provide a considerable temperature variation. For example, for

G = 5.56 x 106

b /nr 6%, [\t varied from 24 - 160 °F, t_from 71 - 140 °F,
and tf from 83 - 221 °F. & higher pressure level as well as a lower inlet
temperature would have been needed to increase the range of these varia-
bles.

The results indicated in Fig. 1l give the left-hand side of equations
(7) to (9) versus the appropriate Reynolds number. All data lie within
the scatter of the original correlations which is usually considered to
be T 30 percent. The values of the experimental constants differ some=-
what from those in equations (7) to (9); for example, the constant based
on the correlation of equation (9) is 0.026. This constant was found to
change slightly with tube diameter and material indicating a probable
roughness effect. The constant is substantially lowered16 for water at
high pressure indicating that the variation of fluid properties with
pressure is important. The fact that the results of reference 33 have

lower constants than the present data can be explained at least partially

by roughness and pressure-level considerations.
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The radial variation of properties causes the data to diverge with
respect to the correlating line as[&t is increased. In the case of the
McAdams correlation, the predicted heat~transfer coefficients would be
quite conservative at high[&t. The Colburn and Sieder-Tate equations
attempt to correct for radial property variation by considering the
wall temperature as well as the bulk temperature in the evaluation of
properties. It is seen, however, that these correlations overcorrect
for the property variations, and the predicted heat-transfer coefficients
are optimistic at high/\t.

A better correlation of the radial property variation could be found
vhich would cause all points to fall in a straigpt line; however, the
correlation would be of limited general interest as it would debeﬁ@ on
how the properties vary with temperature. The data of this study indicate
that there is né great error introduced by assuming conventional correla-
tions valid for low-temperature water at high[&t. The relationship of
equation (9), however, appears desirable as it is the sigplest to use and
is on the conservative side. |

On the basis of this study, it was decided to use the relationship
of equation (9) for the turbulent forced-convection heating of water.‘ A
further refinement was to use the exact correlating line at constant mass

velocity for extrapolation into the wall superheat region.
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FORCED~CONVECTION SURFACE BOILING AT

LOW WALL SUPERHEAT

Experiments with large L/D tubes sre generally restricted to low
heat fluxes if bulk boiling is to be avoided. This usually limits
boiling tests to the region of low wall superheat. chevér, the longer
tubes are better suited for investigating this region where forced con-
vection is important. Entrance effects are reduced to a minimm, and
it is also practical to monitor several axial positions to obtain data
for several values of subcooling at a single power setting.

Dgta for a 0.0465 in. ID stainless-steel tube of heated length
5.0 in. and calming length 1.25 in. are indicated in Figs. 15 and 16.
Two guard-heater segments were used, and wall-temperature measurements
were taken at 50 and 80 L/D. Mass velocities of 2.46, 6.23, and 12.72
1bm/hr ft2 were investigated. These mass velocities correspond to inlet
velocities of 11, 28, and 57 ft/sec. It is seen that forced-convection

datsa from both stations are well correlated for Re >-10h; however; the

b
data for lower Reynolds numbers exhibit considerable scatter. These low-
velocity data are characteristic of the transition region which is
generally considered to be in the range 2300 < Re < 10,000,

As shown on the boiling plot, data in the region of wall super-
heat are very regular for the two higher velocities. As the pressure
decreases and bulk temperature increases axially, the subcooling for
station 2 should always be lower than that for station"l. Lines of
constant subcooling are sketched in and are seen to be asymptotic to
the heat flux predicted by the forced-convection correlation at zero

wall superheat.
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The data for the low velocity are very complicated due to the transie-
tional character of the flow. The wall temperature at station 2 is gener-
ally higher than that at station 1 in contrast to observations at higher
velocities. There is also considerable scatter, although the usual
increase in slope from forced convection to fully-developed boiling is
evident. Wall temperatures fluctuated considerably, and it was necessary
to read most values of thermocouple EMF from the recorder rather than the
potentiometer.

Similar data for a 0.094 in. ID stainless-steel tube of heated length
5.48 in, and calming length 2.5 in. are given in Figs. 17 and 18, Outer=
well temperatures were measured at 29 and 48 L/D.

In Fig. 1T it is seen that for Re > 101’, date for the lower L/D lie
slightly higher than the data for the higher L/D although the correlating

lines have similar slopes. The higher heat transfer appears to be due to
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an entrance effect. An analysis by Deissler® ' and experiments by Hartnett
indicate that a length of 15 diameters brings the local heat-transfer
coefficient approximastely equal to that reached asymptotically in a long
tube. However, this holds only when the flow is fully developed and turbu-
lent at ﬁhe beginning of the heated section. The calming length for this
tube was probably inadequate for full development of the hydrodynamic
boundary layer; thus, the hydrodynamic and thermal boundary layers both
developed over a considerable portion of the tube. Linke and Kunze36
have :shown that entrance effects in this case can be noticed until approxi-
mately TO L/D.

The date for the low flow rate are reasonably well ordered; however,
they lie below values which would be predicted for turbulent flow. A
diameter-Reynolds~number transition appears to be, taking place similar to

that noted for the low flow rate with the smaller tube.
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The boiling plot compares favorably with the plot for the smaller~
diameter tube. The asymptotes at zero wall superheat for equal subeool-
ing do' not coincide, however, due to the influence of diameter and
entrance length on the heat-transfer coefficient.

The data obtained with test sections 12 &nd 13 indicate clearly
the characteristics of the boiling plot at low wall superheat. At con-
stant wall superheat the heat flux increases with veloecity and subcool-
ing. The asymptotic value of the heat flux at zero wall superheat is
given by Eq. (4) where the heat-transfer coefficient is obtained from
the forced-convectien correlstion found most suitable at high radial
temperature difference.

Since the effect of subcooling was ¢learly shown by these tests,

further experiments were run simply at constant velocity and inlet tempera=

ture. The subcooling was then dependent on the heat flux.



INCEPTION OF FIRST SIGNIFICANT BOILING

Analysis
No analyses are known to have been reported which predict the condi-

tions under which nucleate boiling will be initiated in a forced-convec-
tive system. As mentioned earlier the intersection of the forced-convec-
tion and fully-developed-boiling curves is velocity dependent. This does
not, however, mean that the transition to fully-developed boiling begi;zs
at a wall superheat dependent on the vel;acity. On the contrary, Rohsenow's
superposition principle suggests that the transition zone for all values
of velocity and subcooling begins at a wall superheat corresponding to
the inception of boiling in a saturated pool. In order to develop a
criterion for incipient boiling, the conditions required for bubble nuclea-
tion will first be considered.

In an attempt to explain the basic physies of boiling, several alterna-
tive descriptions of bubble nucleation have been proposed. Theories based
on the thermodynamics of pure liquids have been unsuccessful in predicting

nucleation superheats except with pure degassed liquids in scrupulously-

31 The more | commonly accepted theory of nuclea-

clean glass containers.
tion in practical boiling systems suggests that bubbles originate at small
cavities in the heating surfa.ce.38 Bubble nuclei are formed by vapor
trapped in the cavities.

Consider a segment of a spherical vapor bubble of radius r in a liquid;

at equilibrium

e (:pg - p{) =2Trd (10)
or

Pg =B = 20/ (11)
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It is noted that Te = '.I'g at equilibrium. Then, according to the
Helmholtz relation for the radii of curvature of interest, 138 < P g
Consequently, the liquid tempersture must be superheasted with respect
to the liquid pressure.

The Clausius<Clapeyron equation relates T and p along the satura-

tion line:
B dpg/aTy = g 0 /Ty = Be VT, (12)
It is noted that
(p, - 3, )/(T, - T) = dp,/az, (13)

Combination of Egs. (11) to (13) then gives

™ -1 F2 o"rgvg/hfg r (1k)
or
™ = Ts/ [l -2 dvg/hfgr] (15)

This final equation can readily be applied to a hemispherical bubble form~
ing at a cavity with & mouth radius r. The bubble must pass through the
hemispherical state before growing outs&ide the cavity; this shape conforms
to the configuration of the minimum radius of curvature. Equation (15)
then represents the eriterion for bubble growth. Tﬁe thermal layer sur-
rounding a bubble nucleus must attain a temperature such that there is
net heat transfer to the bubble if it is to grow.

In forced convection this thermal layer is the laminar sublayer.
However, the temperafure gradient within the laminar sublayer mekes it
difficult to define the relation of local liquid temperature to the

critical vepor temperature. It is postulated simply that the nucleus of
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hemispherical shape with radius r will grow if the liquid temperature
at g distance y = r from the wall is greater than the critical wvapor
temperature defined by equation (15). The liquid adjacent to the bubble
is then greater than or equal to the critical bubble temperature.

In all probability, this represents an upper limit, as all of the
surrounding fluid is then sble to transfer heat to the bubble. In
reality, if the fluid temperature at a distance somewhat less than r
18 equal to the critical vapor temperature, the bub‘:;le should still grow.
There is then heat transfer to the base of the bubble and heat transfer
from the top of the bubble, with the net heat trensfer equal to zero at
equilibrium. The solution for this heat transfer is complex as the _
liquid tempersture profile is distorted near the bubble. Han and Griffithuo
present a pool-boiling analysis which uses the relationship r = 0.67y. In
their analysis it was necessary to meke numerous assumptions which cause
considerable uncertainty in the final result. An exact solution, 1f it
were possible, would involve labor out of all proportion to the results.

The postulaste as stated above appears sound enough physically for a
design approximation. Hsu and Graham39 have used this same criterion
for estimating the critical temperature profile for initiation of bubble
growth in pool boiling.

The tempersture profile in the laminar sublayer is given simply by
T, = T, - (/A)y/k (16)

Equations (15) and (16) together with the postulated relationship

= = l
T, T, at y=r (17)
represent the criterion for incipient boiling. The wall superheat at
which boiling will occur is best evaluated graphically for a particular

system.
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Consider forced«convection heat transfer at high heat flux to a
system at constant pressure. The inception of boiling is indicated
schematically in Fig. 19. Equation (15) can be i)lotted for the sys-
tem as all properties are evaluated at the saturation tempersture.

The liquid tempermture profile is a function of ﬁze bulk tempersture
and velocity in addition to the heat flux. The wall temperature will
increase with an increase in heat flux or with & décrease in velocity
or subcooling. The heat flux can be increased to the point where the
curves are tangent at a distance y'. The bubble originating from &
cavity of this radius can now grow. Only a small additit;nal inerease
in wall temperature is necessary to activate a considersble range of
cavity sizes.

It is noted that grooves sre more probable than cavities due to
the nature of most metal-forming operations. It has, however, been
shown by Ba.nkoffhl that cavities are more stable vapor traps than
grooves. In most cases the smaller second-order roughnesses formed
statistically by the fracture of the solid determine the superheat. In
commercially~prepared surfaces & wide range of cavity sizes can be
expected. Ineipient boiling, then, should be independent of surface
condition for most commercially-finished surfaces. The present analysis
should, therefore, be valid in most practical applications. It is noted,
however, that the position and slope of the remainder of the boiling
curve should be dependent on the size range of active nuclei.

Experimental Verification

The data taken with test seetion 13 were used to check the preced-
ing analysis for incipient boiling. Successive points at moderate wall

superheat for each flow rate were checked graphically for incipient



~43-

boiling. In Eq. (16) the thermsl conductivity was evaluated at the wa.ll
temperature. The variation of the thermal conduciivity for water in the
range of liquid temperatures encountered near the wall is so small that
no error is introduced by this &ssumption. Figure 20 shows the resuits"
for test section 13 at the three mass velocities considered. The lines
indicating the liquid-temperature variation are terminated at the end
of the laminar sublayer to indicate that this analysis 1s confined to
the leminar sublayer. The thickness of the laminar sublayer can be

shown to be epproximated by

y, = 50/re®*7/0.023 (28)

for a smooth tube. Several t‘g curves are shown because of the axial
pressure gradient in the tube at higher flow rates.
The experimental verification is indicated in Fig. 21. The rela-

tive amount of boiling for each point is indicated by

(a/8) - (a/A)pe /(a/A)

where the forced-convection term is evaluated from an extrapolation of
the appropriate correlation line from Fig. 17. When plotted versuls wall
superhest, this boiling proportion is seen scattering about or remaining
close to the zero line, indicating that forced convection accounts for
all the heat trensfer. At a definite wall superheat, however, the points
become positive, indicating that the heat transfer is augmented due to
the boiling. This wall superheat at incipient boiling is seen to be
strongly dependent on velocity. The exact transition point is a matter
of judgment, as the break point can be imsgined to occur over a spread
of at least 5° of wall superheat. In any case, the experimental break

points can be considered to coincide with the transition points suggested
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by analysis. The same procedure was followed for test section 12 with
equally good correspondence between the predicted and observed transi-
tion points.

The system water was degassed to less than 1.5 cc air/liter for
all runs. Premature "boiling" due to gas release at the hot surfacel8
should not occur at this low air content.

The wall superheats for incipient boiling are indicated in Fig.

18, The locus of points for incipient boiling is seen to be approxie-
mately a line on the (q/A)-versus-(t w"t's) plot. It is appareﬁt that
at constant mass velocity the wall superheat required for incipient‘
boiling increases as the subcooling is increased. The plot then
illustrates the commonly-observed phenomenon of boiling starting first
at the exit of a tube with uniform heat flux. The wall superheat
increases axially due to the decrease in subcooling., Accordingly, the
last section of the tube can have forced-convection boiling while the
rest of the tube has ordinary forced convection.

The design procedure using this analysis is clear. The locus of
points for incipient boiling at a given pressure can be plotted on the
(q/a) -versus-(tw-ts) plot since the heat flux, wall temperature, and
pressure determine all quantities in Egs. (15) and (16). The intersec=
tion of the appropriate forced-convection line with this incipient~boil=-
ing curve gives the start of the transition to fully-developed boiling.
A genersl correlation giving critical wall superheat as a function of
pressure and heat flux can readily be developed for convenience in design.

As noted in the derivationof the incipient-boiling criterion, bubbles
will probably grow at lower values of the wall superheat than predicted.

However, the first few bubbles are unlikely to increase the heat transfer
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above what can be expected from forced convgction. Even though the
nucleated bubbles stick up before growth, it is doubtful if they con=-
tribute to heat transfer either. The experimental plot would then
also be expected to give a transition point at wall superheats higher
than where the first bubbles are actually formed. Thus both analysis
and experiment are in the same direction.

A1l available boiling data were checked to see if more support
could be gained for the present analysis. Several pertinent studies
are now discussed.

An investigation of the conditions required for the inception of
boiling for water at high pressures was conducted by Buchberg, ‘e’c 9.1.19
For the particular fube size considered, the heat flux at incipient
boiling was found to be a function only of mass velocity and bulk tempera-
ture at constant pressure. Axial well-temperature variation and wall-
temperature fluctuation were observed to determine the incipient-boiling
point. The difference in wall temperature between a downstream location
and a location near the inlet was plotted versus heat flux for constant
pressure and flow. A sharp peak in the curve then defined the heat flux
at incipient boiling. Oscillogram traces also indicated thet well-tempera-
ture oscillations were reduced considefa.bly at the so-called incipient-
boiling point.

It is believed, however, that this method actually indicated the
start of fully-developed boiling rather than the beginning of first
significant boiling. Reference to the boiling plofc shows that at con-
stant heat flux and pressure, the wall temperature must increase axially
in the forced-convection and transition reg'ioné N ‘whereas in the fully-

developed region it remains constant. This effect is due to the axial
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decrease in subcooling in the direction of flow for a channel. It is
the sudden flattening of the axial tempersture profile which gives rise
to the inflection point on the crossplot noticed by Buchberg and co-
workers, The inflection point mist then signify the start of fully-
developed boiling. However, it must be noted that a sensitive exfperi-
ment of this type is almost impossible at high pressures where the wall
superhegt at fully-developed boiling is less than 10 °r.

An attempt was made to apply the present incipient~boiling anslysis
to the data of Buchberg, et al., Their correlation for non-boiling con=-
vective heat transfer was used to obtain the wvalue of (1:W - tb) at their
value of incipient boiling corresponding to the particular G and tb'

The resulting values of (tw - ts), however, were all approximately ~-20 °p
indicating that the forced-convection correlstion must be inaccurate at
high A’c. As a result there was no possiblity of checking the present
anelysis with those high-pressure data. In any case it is usually not
necessary to determine the point of incipient boiling at high pressures,
as 1t is separated from fully-developed boiling by only a few degrees of
wall superheat.

HsulL2 applied his pool~boiling analysis to the inception of forced-
convection surface boiling as obtained by McAdams, et a1.18 The con-
cept of a transient thermal layer was retained and the thickness of
the limiting thermal layer was estimated from reference experimental
points., The effect of pressure and subcooling on the wall temperature
at incipient boiling was then checked and found to be approximated by
the analysis. It is recalled that McAdams et al. have defined incipient
boiling as the intersection of the forced-convection and fully-developed-
boiling curves., Actual boiling will start at considerably lower wall

temperature. In addition, the concept of a transient thermal layer



47

appears to be unnecessary in g forced<convective system where the tem-
persture profile in the laminar sublsyer is well defined.

Reference to experimental results of 1‘18.!11520\.11‘&31‘Jm‘,ssl}3 for incipient
boiling is given in a recent srtiele by Hasélden.hh The wall superheat
at incipient boiling is shown to incresse with inecreasing velocity and
subcooling while decreasing with increasing pressure. This general
relationship agrees with the results of the present study; however, a
more detailed comparison is not possible until the actual data are pub-~
lished.

The analysis of the inteption of boiling under conditions of forced
convection is not limited in its application to subcooled systems.
Nucleate boiling sctually extends into the region of slug flow in a
two-phase-flow system., It has long been recognized that strong two-
phase circulation suppresses nucleation, The procedure outlined in
this section should be useful in predicting the heat transfer in two-
phase systems.

Tripping of Boundary Layer by Incipient Boiling

Boiling data were taken with a short 16 ga. tube with the inten-
tion of uncovering any unusual diameter effect which might be present
in forced-convection surface boiling. The sought-after diameter effect
turned out to be pertinent to the analysis of incipient boiling, hence
the results are presentéd in this sec¢tion,

Date taken for & 0.0465 in. ID tube at axial locations of 29 and
51 L/D are shown on the boiling plot in Fig. 23. The right-hand por-
tions of the curves are seen to be merging &nd the effects of velocity

and subcooling are clesrly diminished,
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The apparent asymptote in the fully~-developed-boiling region is
similar to that obtained with test section 12. For higher mass flows,

the region of low wall superheat is correlated by the extrapolation of

6 2

the forced-convection data given in Fig. 22. For G = 2.46 X 10 1bm/hr ft-,
however, the situation is more complex.

The data for the lowest flow rate are seen to fall into regions of
low and high heat flux on the boiling plot. The phenomenon is more clearly
indicated in Fig. 24 where Cartesian coordinates are used. As the heat
flux is increased, the wall temperature increases, and the effect of sub-
cooling is as it should be. At a wall superheat of approximately 15 0F,
the wall temperature at station 2 suddenly becomes less than station 1.

As the heat flux is further increased, the wall temperatures decrease
well into the non-boiling region. A regular pattern is then evident with
the usual trend of subcooling. The slope of the curve increases slightly
as a wall superheat of somewhat less than 20 OF is reached.

This unusual phenomenon can be explained in terms of laminar-turbu-
lent transition and incipient boiling. The data taken at lower heat
flux as indicated in Fig. 22 lie well below the turbulent line although
somewhat above values that would be predicted for laminar flow. Due to
the small diameter and low bulk temperature, the Reynolds numbers lie
near the beginning of the transition region. On the other hand, the
data for high heat flux are definitely turbulent as indicated in Fig. 22.
Something happened to suddenly change the character of the flow from trensi-
tion to turbulent.

The sequence of wall-temperature variation with heat flux was per=-
fectly reproducible with the transition always starting at about 15 degrees

6 2

of wall superheat. For 38 psia and g/A = 0.45 X 10~ Btu/hr £t°, the
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incipient-boiling analysis predicts the start of boiling at (tw - ts)
18 °F. As noted earlier the first bubbles can be expected to grow at a
slightly lower wall superheat. It appears to be no coincidence that
the wall temperstures behsve strangely when the first bubbles grow.

The bubbles can be considered as devices which trip the boundary
layer from transition to turbulent. The second station exhibits this
behavior first, in accordance with the spread of boiling upstream in
the tube. These data then constitute further experimental verification
of the analysis for predicting incipient boiling. They also indicate
the difficulty of predicting the behavior of boiling or nonboiling sys-
tems operating in the laminar-turbulent transition region.

Data for other test sections were examined to see if there were
any discontinuities which would imply a change in flow character at’
the point of incipient boiling. None were found, as might be expected,
since the other data for low wall superheat were sufficiently close to

turbulent flow to start with.
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TRANSITION AND FULLY~DEVELOPED SURFACE BOILING

Discussion
The introductory section on nucleate boiling considered only the
most basic presentation of boiling data, the (q/A)-('t‘;“»"Gé«) plot. .It
is clear that this presentation lacks generslity and can be véry cumber=
some if a wide range of variables is to be indicated. At this point it
is appropriate to outline the attempts which have been made to correlate
the data in nucleate boiling. |
In the region of strong nucleate boiling, for both pool boiling
and forced-convection surface boiling, the date of many investigators

1

can be expressed by
/A = ot -t )" (19)

In this expression n is a constant, ranging from 3 to 4 for most commer-
cially-prepared surfaces, and C a particular co’ns’ca.nt for each pressure
and fluid-surface combination. For example, Jens and Lottesao found
that MIT and UCLA forced-convection surface-boiling data for water :could

be correlated epproximately by

a/a = (/900" (¢ -t )" (20)

Similar dimensional equations have been presented by meny investigators.
It must be emphasized that these equations apply only to the region of
fully-developed boiling. As noted earlier, the replot of date from McAdams'
project indicates no effect of velocity or subcooling in this region.
Recent studies by Lurie and J ohnson21 of transient pool boiling lend addi-
tional support to the general observation that fully-developed mucleate-

boiling heat transfer is a weak function of the fluid circulation.
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The similarity of equations for forced-convection boiling and pool
boiling has led to the conclusion that the curve for fully-developed
forced-convection surface boiling is simply the extrapolation of the
curve for saturated pool boiling. This coincidence has not, however,
been directly verified by experiment.

Generalized correlations can only be successful if they are based
on an accurste physical model of boiling heat transfer. A number of
proposals have been mede concerning the dominent mechanism for heat
transfer. Dimensionless groupings of the macroscopic variables based
on the proposed mechanisms have been correlated empirically.

Correlations for satursted pool boiling have been proposed by
Rcﬂ:zsenowh5 and Gilmourh6 among others. These correlations have been
successful in predicting the heat transfer for various liquids at varie
ous system pressures. However, the position of the fullyade;elqped-
boiling curve has been found to shift with each fluid-surface system.
Nominal experiments are therefore required to establish the constant
for the particular system being considered.

Rohtsenc.wrl7 has proposed that the convection effect is superimposed
on the bubble-motion effect. This applies for calculation of the heat
transfer under conditions of forced flow or unbounded natural convec-
tion. The superposition appears to work in spite of the fact that the
convective terms are based on expressions valid for undisturbed velocity
distributions. The bubbles clearly disturb this velocity distribution.

More recent correlations by Levy'lrr and Engelberg-Forster and Greifzu
appear to be more general as it is claimed that they correlate data

independently of fluid and surface condition. These correlations were
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derived for pool boiling, but they are supposed to be applicable to the
fully~developed region of forced-convection surface boiling.

All four correlations are based on different mechanisms of nucleate
boiling, and yet each claims success in predicting boiling heat transfer.
The success is at least partially due to the fact that vigorouséboiiing
data have s very steep slope on the boiling plot. As a consequence, it
is possible to pass any number of correlating lines through experimental
points.

It is apparent that the fluid mechanics of boiling in forced-convec=-
tion are different from those in saturated pool boiling. In forced-con-
vection subcooled boiling, for example, the bubbles grow and collapse at
the surface as they are swept downstream. On the other hand, in saturated
pool boiling, vapor bubbles detach from the surface and rise through the
pool. It is natural, then, to question why correlations based on pool
boiling should be successful in the forced-convective case. Kreith and
Fousth8 looked at this problem and concluded that the correlation chosen
by Rohsenow is broader in scope than the original model would indicate.
They found that the agitation for detaching and non-detaching bubbles
was the same order of magnitude.

Bankoffhg recently summarized the various mechanisms which have
been proposed to explain the high heat~transfer rates associated with
boiling. He concluded that & single simple formulation was not adequate
to describe all of the features of nucleate~boiling heat transfer. He
then proposed a more complex formulation which describes subcooled
nucleate boiling with convection by a threestep model:

1. The heat flows from the wall to the liquid by two paths: (a) The

wall area periodically covered by bubbles is cooled by quenching
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as colder liquid rushes in as the bubbles collapse, and (b) the
remainder of the wall area is cooled by microconvection induced
primarily by bubble growth, departure, and collapse.

2. Heat then flows through the two-phase wall layer by convection
in the liquid between the bubbles and by latent-heat transport
within the bubbles.

3. The heat is finally transferred by turbulent convection from the
edge of the two-phase layer to the turbulent core.

An analysis for any one of these series paths is sufficient to
describe the heat transfer. Bankoff derived expressions for the quench-
ing and convection fluxes in the first and third steps., Data of

Gtmther5 0 and Gunther and Kreith2

3 on bubble parameters together with
an empirical constant were used to estimate the total heat flux at the
wall., Bankoff divided the turbulent convection in step three into
components due to the bubble and stream motion. The bubble boundary
layer was considered thin compared to the channel dimensions. The
stirring action of the stream was calculated from a forced-convection
correlation where the equivalent diameter was used. The stirring action
of the bubbles again required bubble parameters and arbitrary constants
which were evaluated from Gunther's data. It is ‘noted that step three
then is similar to the procedure of Rohsenow which is used to estimate
the total heat flux by adding forced convection to pool boiling.

Bankoff has ably described the probable mechanism of forced~convec-
tion surface boiling; however, the use of local bubble perameters limits
the practical application of his theory. These parameters, such as
bubble frequency and lifetime, must be experimentally related to the

macroscopic system variables. In short, even the most sophisticated
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model leans heavily on experiments to determine the necessary constants.
These constants are, however, not dependent simply on the fluid proper-
ties of the boiling system.

A general correlation of boiling data does not seem possible because
of the strong influence of minor variables which are not readily cone
trolled. Among these variasbles are amounts of dissolved and adsorbed
gases, impurities and contemination on the surface, and differences in
experimental technique. All of these variables have a pronounced effect
on both the slopeand position of the boiling curve. These minor varia-
bles are discussed further due to their importance in interpreting the
data of this study.

In this study heat-transfer surfaces were thoroughly cleaned before
installation, Trichloroethylene and acetone were used as cleaning agents.
The test section was swabbed with either of these solvents and rinsed
with warm water. The only possible deposit that could result from this
cleaning operation would be a film of partially dissolved 011.52 This
white film, which was observed when hastily cleaning fittings, would not
be left if the swabbing operation was thorough. In any case, this film
was removed by water in the rinsing process.

As the system water was continually deionized, no deposits were
found on the heating surfaces. The stainless-steei hegters were clean
and bright after all runs. A very slight discoloration was » however,
noticed on the inside surface of the nickel tubes. This film was observed
with the same tubes in a previous boiling study and found 1'70 have a thicke
ness of the order of a wave length of blue light ..16 Its effect on heat

transfer is pure speculation.
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Each tube size must be considered to be a different surface with
regards to boiling, even though the same material is used. The stain-
less-steel tubes in this study are cold drawn without internal plugs;
smaller size tubes being merely larger tubes drawn down. The inner
surface of the tube is free to distort, and it is reasonable to assume
that surface characteristics for small tubes are different from those
of large tubes. The positionsof the fully-developed portionsof the
boiling curves for the stainless test sections 12, 15, and 13 are differ-
ent, although the slopes are basically the same. It is also noted that
the same finishing procedure for different materisls will usually result
in a different surface due to the different material properties. Finish-
ing procedure and surface conductivity are considered important factors
in determining the surface characteristics.

Nucleation is generally considered to occur from pre-existing gas-
filled cavities on the heater surface., The duration of boiling and the
condition of the water, therefore, most certainly influences the heat
transfer. The degassing procedure should remove adsorbed air from the
surface as well as from the water. Boiling for a period of time before
taking data should help stabilize this particular surface condition.
This "aging" of the heat transfer surface is well known; however, it
is not well established what length of time is required before a sur-
face becomes stabilized. In the present experiments, surfaces were
degassed for at least one hour before taking data.

The amount of degassing appears to influence the position of the

boiling curve according to Kennel.22

A (tw - ts) shift of some 22 per-
cent was noticed between runs where gpparently the only difference was

in the degassing procedure. It was suggested that the longer degassing
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period, which included local boiling from the test-section surface,
removed a portion of the nuclei from which boiling could occur.

Differences in experimental technique are also responsible for
deviations in boiling dats in the literature. As noted in a preced-
ing section, considerable uncerteinty exists in the determination of
the temperature of the heat-transfer surface. As different procedures
are used in most investigations, especially in flow inside tubes, it
is reasonable to assume that some of the discrepancy can be traced to
this measurement.

The preceding discussion has indicated the complexity of boiling
heat transfer. Even if a general correlation were possible, little
would be gained by attempting to generalize the boiling data which
have been obtained in this study. The (Q/A)-(twrts) plot suffices
for most aspects of this study. The one exception is where it is neces-

sary to compare data taken at different pressures.
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Data for Forced-Convection Surface Boiling at High Wall Superheat

The transition region and fully-developed-boiling region were

investigated with a 0.094 in. ID tube of total heated L/D = 31,
These dimensions were chosen so that local data could be taken at
an L/D large enough to avoid substantial entrence effects, and yet
get into the fully-developed-boiling region without going to bulk

boiling.

Forced-convection data for an L/D of 14 and 24 are indicated in
Fig. 25. The data indicate that heat-transfer coefficients near the
entrance are larger than at downstream locations. Compa.i'ison with
Fig. 17 shows that at constant G, the local heat-transfer coefficients
are progressively higher as L/D goes from 48 to 14, This is in general
agreement with the observations of most investigatoz;s.

The boiling data taken at an L/D of 24 are shown in Fig. 26, In
the fully-developed region, the curves of different velocity appear
to be merging to a single line. The subcooling varies for each velocity
as noted on the plot. The effects of both velocity and subcooling, then,
can be considered to be wiped out in the fully-developed-boiling region.
Tests with this tube were terminated with burnout at the medium flow
rate.

These data were further reduced to examine the applicability of
the superposition method of Rohsenow. The forced-convection data as
presented in Fig. 25 were extrapolated to obtain the hypothetical q/A
due to forced convection at the local boiling conditions. This was
subtracted from the total q/A and plotted in Fig. 26. The operation
is a fair test of the correlation, as the pressure was constant for

all runs. Superposition claims that when the effects of velocity and
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subcooling, which are incorporated in the forced-convection term, are
taken away from the boiling curves, the result should be a straight
line corresponding to the extrapolation of the pool-boiling curve.

It is seen that the data can be grouped into curves for each
velocity rather than the single curve which would be predicted from
superposition. The values of the (q/A)B go asymptotically to zero
at approximately the (tw - ts) for incipient boiling. This is accord-
ing to the definition of incipient boiling; however, it means that
there is a different (q/A)B curve for each velocity and subcooling.
Furthermore, the curves follow no regular pattern in the transition
region. They cross and each have several inflection points. Only
in the fully-developed region do they become straight lines; however,
it is noted that the lines are definitely separated according to
velocity. In all probability, if the fully-developed region could
be extended, all (q/A)B curves would appear to merge into the actual
data. In short, these data demonstrate that veloecity and subcooling
curves appear to merge in the fully-developed-boiling region. As a
consequence, the boiling portion obtained by superposition consists
of different curves depending on the velocity and subcooling.

Comparison of Pool Boiling and Forced-Convection Surface Boiling

a. Tubular Geometry

It has been noted that the pool=-boiling curve is essentisl to
the construction of the forced-convection-boiling curve for a particu=-
lar system, Experiments were devised with the object of directly com-
paring data for pool boiliﬁg and forced-convection boiling.

Since the surface condition plays such an important role in boil-

ing, it is necessary to pool boil from exactly the same surface that
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is used in forced-convection boiling tests. In general, this is a diffi-
cult experimentel task; however, two approaches were underteken. In the
first experiment, a tubular section was essentially sliced in half length-
wise. The complete assembly, which was described éarlier, included &
waterproof guard heater and power connections.

Attempts were made to fabricate this pool-boiling apparatus from the
stainless-steel tubes for which considerable boiling data had been taken.
These efforts were unsuccessful due to the relatively large bubbles at
incipient boiling. These bubbles would remein attached to the edges of -
the half tube and grow axially with increased heat input, causing prema-
ture burnout. It was, therefore, necessary to use the larger nickel
tubes for the pool~boiling tests. For purposes of comparison, data were
taken over a wide range of flows with a tubular test section made from
the same piece of stock.

Forced~convection~boiling data and pool-boiling data for the nickel
surface are presented in Fig. 28. Fully-developed boiling could not be
attained at the lowest flow rate due to bulk-flow limitations. It is
noted that again the forced-convection-boiling lines appear to merge
into an asymptote which can be represented by the dashed line. The
pool~boiling line exhibits the usual characteristics: a region at low
wall superheat where natural convection plays s pért, a fully-developed
portion with constant slope, and a region of decreasing slope where the
bubbles begin to pack the surface. The burnout at g/A = 371,000 Btu/hr £t2
compares favorably with date of other investigators for saturated pool
boiling of water at one atmosphere.6 The concave hest-transfer surface

appears to have had no noticeable effect on the boiling data.
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A direct comparison of pool boiling and forced-convection boiling
is, however, not permitted by the raw-data plot due to the difference
in pressure between the two systems. The dimensionless groups proposed

by Rohsenowh5

appear to have correlated the effect of pressure from
14,7 to 2500 psia; they were, therefore, adopted for the present datae
reduction. The results are shown in Fig. 29. Included are several
representative curves for (q/A)B which exhibit the complex behavior
noted earlier. The extrapolation for the forced-convection effect is
based on data given in Fig. 27.

It is seen that it is possible to consider the extrapolation of the
pool~boiling curve as coincident with the curve for fully-developed
forced-convection boiling. This coincidence, however, is quite specula-
tive as any number of straight lines can be passed through the points
representing the complete pool-boiling curve. The transition and bubble-
packing regions gs well gs the fully-developed portion have often been
considered in drawing a straight line through the data.h5

It is recognized that the data for nearly-saturated pool boiling
do not represent entirely the effect of bubble motion. The heat flux
due to natural convection should be subtracted from the pool«boiling
heat flux to obtain the heat flux due to bubble motion alone. A natural-
convection correlation is, however, unaveilable for the concave surface
considered here. In any case, the correction due to the natural convec-
tion should be important only at low values of the pool-boiling heat
flux. The slope and position of the curve would not otherwise be signifi-
cantly altered.

If the fully-developed portion of the forced-convection-boiling curve

is actually the region where the velocity effect is insignificant compared
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to the bubble-motion effect, it should coincide with the extrapolation
of the fully-developed portion of the pool-boiling curve. The coinei-
dence of the fully-developed portions of the boiling curves clearly
does not occur, as the forced-convection-boiling curve has a smaller
slope than the pool-boiling curve. It would gppear that the effect

of forced convection is to flatten the boiling curve.

It can, however, be strongly argued that the fully-developed por-
tion of the saturated pool-boiling curve at pressures near atmospheric
are not entirely representative of the bubble-motion effect. As the
heat flux was increased, a large volume of vapor was noted to depart
from the surface. The bubbles grew rapidly until they were at least
1/2 in, in diameter when they reached the surface of the pool.

The natural convection induced by the large volume flow of vapor
can be considered to augment the heat transfer and produce a steeper
boiling curve., The data of Addom853 indicate a decreasing slope with
increasing pressure for pool boiling. Bubble size decreases with
increasing pressure so it seems reasonable that the induced natural
convection would be reduced at higher pressure. The higher pressure
data are then more representative of the bubble-motion effect in pool
boiling.

It can be seen that the flux attributed to boiling as obtained
by superposition can also be considered the extrapolation of the pool-
boiling curve. The velocity shift at high wall superheat is not espe-
cially noticeable due to the relatively small range of velocities con=-
sidered. There is some scatter at the inception of boiling. However,
8 single line can be passed through the data points having & slope

similar to that of the assumed fully-developed-boiling line.
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It is noted that the intercept of the fully-developed-boiling curve
at ¥ = 1.0 is approximately X = 0,009, The spproximate intercept of
the points obtained by superposition is X = 0.01 which compares favora-
bly with the value obtained by W‘alshSh using identically-drawn A nickel
tubing.

Attention is called to an apparent discrepancy in data presented
from a previous boiling project. Inspection of Fig. 9‘of Clark and
Rohsenow25 indicates that the data,when correlated for pressuré, fail
into two distinet groups. There sppears to be an asymptote with an
intercept at X = 0.006 in addition to the one indicated at X = 0.009.
Only the data in the left-~hand grouping were reduced according to super=-
position as shown in Fig. 10, with the result that the intercept falls
at X = 0.006. It is quite possible that the data from the right-hand
grouping were taken with A nickel test sections instead of the L nickel
tubes supposedly used throughout the study. This would explain lack of
agreement between the two groups of data as well as the omission of the
one group in the superposition analysis.

Figure 30 gives a clear indication of the effect of fouling on
the boiling curve. Clean~tube data were teken from Fig. 28 and fouled-
tube data were taken from preliminary runs where no ion exchanger was
used. A heavy black deposit of carbonates precipitated at the heat-
transfer surface when the water was not treated. The increased resist-
ance to heat transfer is evident at all regions of the boiling curve. .
b. Annular Geometry

An annular test section was slso constructed to investigate the
same problem. The anmular arrangement permitted an independent check

of the above conclusions with a different geometry. The dimensions of
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the annulus were chosen so that a large portion of the fully-developed-
boiling curve could be covered. In addition,it was hoped that a visual
indication of incipient boiling could be obtained.

As described previously, the annular test section consisted essen=-
tially of 16 ga needle tubing placed inside a 5 mm Pyrex tube. A pressure
tap and thermocouple were located as far as possible from the inlet in
order to avoid entrance effects., Several test sections were used due to
breakage of the Pyrex tubing and burnout. Careful measurements of the
Pyrex tubing were made before assembly as the inside diameter varied
considerably. A simple pool-boiling test section was constructed from
the same length of tubing used in the annular runs,

The forced-convection and pool-boiling dats are indicated in Fig.
32, It is seen that the fully-developed portion of the forced-convec-
tion-boiling curve indicates no effect of velocity or subcooling in
accordance with previous results. It is noted, however, that the slope
of the fully-developed portion is somewhat steeper than that obtained
when boiling on the inside of the same tubing (Figs. 16 and 23). The
manufacturer indicated that the outside surface of the tubing was
polished whereas the inside surface was left as dramn.9 The difference
in slope is probably caused by the different surface characteristics
produced by the manufacturing operations.

Due to the relatively large velocity and subcooling used in these
tests, the bubble size was very émall. As 8 consequence, it was impossi-
ble, even with magnification, to see incipient boiling. At high wall
superheats the flow became cloudy and individual bubbles were discerna-
ble due to a reduced level of subcooling.

Considerable difficulty was experienced in obtaining pool-boiling

date for the wire-like geometry. The two curves shown are representative
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of the data obtained and indicate the sensitivity of the experiment to
surface conditions, placement in the pool, and bulk temperature.

The left-hand curve for PB 3 was obtained with a surface thoroughly
cleaned and rinsed with trichloroethylene. The test section was located
approximately 3/16 in. from the bottom of the pool. The water was thoroughly
degassed and maintained at s bulk temperature as close to saturation as
possible by means of an immersion heater. The surface was also degassed
by surface boiling for some time before dats were teken.

The data for PB 1 were obtained with a surface that was not particu-
larly well cleaned. The tube was placed approximately one inch from the
bottom of the pool. The test section was allowed to sit in the pool for
several days between taking sets of data. The bulk temperature of the
pool depended on the heat input to the test section as no auxiliary heater
wes used.

It is noted that these data lie approximately 10 °F to the right of
the first boiling curve. This can be explained, at least partiaily; by
the cleanliness of the surface. The prolonged sosking could also shift
the boiling curve in the observed direction. The heating surface can be
expected to give off adsorbed air to water degassed by previous boiling.
This effect is discussed by Ja.kdb.55 It is probable that the soaking was
more effective in degassing the surface than the aging procedure followed
for PB 3.

The fully-developed portions of both boiling curves are seen to be
very steep, steeper than might be expected for a commercially-prepared
surface. The right-hand boiling curve actually reverses direction at
higher heat fluxes. It appears that this effect is due to the large
vapor volume departing from the surface in nearly-saturated pool boile
ing at low pressures. The net effect of this bubble motion was to

violently stir the entire pool. The test section PB 1 was located
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substantially farther from the bottom of the pool than was PB 3. In all
probability, the convection currents in the former case were stronger at
the tube than in the latter case. This could account for fhe bénding
back of the curve for PB 1.

The stronger bubble-induced convection with PB 1 also increased the
peak heat flux. Neither tube was burned out, but the curves can be extra-
polated to the probable burnout point.

The only known published data indicating a probable effect of bubble-
induced convection were presented by Rallis, et a,l.5 6 These data indicate
that the boiling curves for subcooled pool boiling lie to the right of
the curves obtained with saturated pool boiling. Ordinarily the opposite
would be expected as natural convection increases with subcooling. If,
however, the bubble-induced convection is larger than the natural convec-
tion, the trend will be as observed.

The bending back of the boiling curve has been noted by at least one
other investigator. Unpublished data of Long5 T show this effect for a
boiling system using variously finished surfaces with dichlorotetrafluoroethane.
Inasmuch as no satisfactory explanation has been given for the phenomenon
observed by Long, the above-mentioned idea of bubble~induced convection
probably explains his observations.

Forced-convection data for the annular geometry are correlated in
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Fig., 31 according to the equation proposed by Carpenter, et al.
correlation is only one of many proposed for annuli; the main difference
sppears to be in a correction term which accounts for various ratios of
outer~to~inner diameter. The form of the correlation is noted to be

identical to that of Sieder and Tate as given in Eq. (8) although the

constant is changed somewhat. The majority of the data fall close to the
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original correlation. Data for the shorter tube are higher, perhaps due
to entrance effects.

The forced-convection-boiling data and pool-boiling data were corrected
for pressure in Fig. 33. The data given in Fig. 31 were extrapolated and
used to obtain values of (q/A)B in the comparison plot. Due to the com-
plexities of the pool<boiling curves, it appears impossible to draw any
general conclusions regarding the coincidence of the pool-boiling curves
and the fully-developed-boiling curve,

Pool-boiling data were not corrected for natural convection. The
lower portions of the pool-boiling curves would be much steeper if this
correction were applied; however, the other regions of the curves would

not be significantly altered,
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DESIGN=-PROCEDURE SUMMARY

As a result of this study, a more accurate prediction of the forced-
convection-boiling curves for a particular system is possible. Boiling
curves constructed for several velues of velocity and subcooling are
shown in Fig. 34. These curves were obtained from the assumed line for
saturated pool boiling by the two basic design methods: direct extrapola-
tion and superposition of forced convection.

The forced-convection curves were constructed from the usual rela-

tion

(a/A)gg = Blt, = &) =1 [ (5, = t,) + (1 - &,)] (21)

where h was obtained from Eq. (9). The additional varisbles which compli-
cate the prediction of h, such as entrance effects, were not considered
in this example. The locus of incipient boiling was obtained from Egs.
(15) to (17), and is seen to be a straight line at constant pr;essure.

The construction according to Engelberg-Forster and Greif consists
simply of locating by Eq. (5) the point on the extrapolation of the pool-
boiling line where forced convection is no longer important. A line then
connects this point with the incipient-boiling point.

The curves were also constructed by the superposition method of
Rohsenow for the same values of velocity and subcooling. In order to
avoid the considersble discontinuity at incipient boiling, the original

formilation of superposition has been modified to the following:

(a/a) = (a/A)pgt(a/A)g - (a/a), (22)

where (q/A):L is the pool-boiling heat flux at incipient boiling.
The boiling curves constructed by both design procedures are sub-

stantially in agreement, especially at low velocities. It is emphasized
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that the independent variable in most boiling systems is the heat flux.
The wall superheat predicted by either method will be within the usual
uncertainties associated with boiling.

For most forced-convective systems, data for saturated pool boil-
ing will not be readily available. The same procedures can be used to
construct boiling curves if nominal dats for fully-developed forced=
convection surface boiling are gvailable. These data are used to infer
the saturated pool~boiling line, and the desired boiling curves are then
constructed as indicated above.

In lieu of actual data for the particular boiling system, it is
possible to base the design on availasble data for a similar system. It
is emphasized that use of such data is not desirable due to the influence
of minor variables on boiling heat transfer. The effects of fluid and
surface condition are peculiar to a given system and influence the boil-
ing curve rather strongly. Correlations for fully-developed boiling
vhich are presented only in terms of fluld properties must likewise be

considered as only approximate.
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SUMMARY OF HEAT-TRANSFER STUDIES

The boiling curve under conditions of subcooling and forced convec=
tion is characterized by three regions: (a) a region of low wall super-
heat where forced convection applies, (b) a transition region where
forced convection and surface boiling are important, and (¢) a fully-
developed~boiling region where the effects of forced convection are
unimportant,

Available correlations for forced convection can be used to pre=-
dict the heat flux in the region of low wall superheat. However, it
is shown that these correlations do not properly account for the radial
variation of properties for water at high temperature difference. The
conventional Dittus and Boelter-McAdams relationship is recommended for
design purposes on the basis of its simplicity and conservative predic-
tions.

An analysis for the prediction of the inception of first signifi-
cant boiling was developed. Experimental results are in good agreement
with analytical predictions. The analysis provides information neces-
sary for the prediction of the complete forced-convection surface«boil=-
ing curve.

The use of small-diameter tubes generally means operation at low
Reynolds nmunbers, It is shown that flow conditions in the transition
range of Reynolds numbers can be strongly influenced by the inception
of surface boiling. Data for a small-diameter tube indicate that the
bubbles formed at incipient boiling trip the laminar or transition
boundary layer to a fully~developed turbulent boundary layer.

The experimental results for comparison of forced~convection boil-

ing and pool boliling are inconclusive, The fully-developed region of



forced~convection surface boiling can be represented by a straight line
on the boiling plot. The effects of velocity and subcooling are negligi-
ble in this region. This region of vigorous boiling coincides approxi-
mately with the extrapolation of the pool-boiling curve in one set of
experiments. In other experiments, pool=boiling date were strongly
influenced by fluid and surface conditions, as well as by bubble-induced
convection in the pool. Due to the complexities in the pool-boiling
data, it is impossible to make a comparison with forced-convection-boil-
ing data.

The heat flux obtained by a superposition of pool boiling and forced
convection is close to the gpparent asymptote for fully-developed boiling.
For design purposes, it is concluded that fully-developed forced-convec-
tion boiling can be related to pool boiling by either direct extrapola-

tion or superposition of forced convection.
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BURNOUT

Primary Variables

The most important information required for the successful design
of a nucleate-boiling heat-transfer system concerns burnout. The burn~
out point ususlly represents the maximum heat flux which can be applied
to a particular system without destruction of the heating surface. The
importance of burnout was immedistely recognized by early investigators
of surface~boiling heat transfer.

In all probability, the first burnout investigation was carried
out by Mosciki and BJ:'oderlLF in subcooled pool boiling. Burnout data
for forced-convection surface boiling were presented by McAdams, et a:l..,l8
Kreith and Sumerfield,> Gunther,’” and Jens and Lottes.-C Burnout was
visualized by these investigators as a local phenomenon; at this condi-
tion the bubbles become numerous enough to coalesce and form & vapor-
blanketing layer. Accordingly, the data were correlated in terms of
local properties: mixed-mean temperature, pressure, and velocity. The
channel dimensions were considered to have no effect on burnout. These
same properties have been considered the only variables affecting burn-
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out by more recent investigators as Mirshak, et al.”” and Zenkevich.
Data for constant pressure have often been presented on a plot of
(q/A)BO versus (ts - tb) and V. The burnout heat flux at constant
velocity is usually linearly dependent on subcooling, suggesting that
the subcooling is the driving force at burnout and that the velocity

may be considered to represent a burnout heat-transfer coefficient.

For example, the date of Gunthersl were correlated by:

s
(q/A)BO = const G* (tg - tb)BO (23)
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The same form has been used by most investigators, although a term which

corrects for pressure is frequently added.

Bernath&L has presented a method of correlating subcooled burnout

which assumes that the driving force for heat transfer at burnout is
(t, = t)poe
transfer coefficient from burnout data where the wall temperature was

This assumption permits the evaluation of a burnout heat-

recorded. Bernath used Columbia data to obtain an expression for hBO
in terms of the veloeity and the hydraulic and heated diameters of the
annular test sections. Data from several burnout programs were then
analyzed to arrive at an equation for the wall temperature at burnout
as a function of pressure and velocity.

The final equation indicates that as the velocity increases, the
wall temperature at burnout decreases for constant pressure and sub-
cooling. This does not seem reasonsble physically and is at variance
with data of most investigators. It is also evident that the wall
temperature should be a function of fluid and surface condition. In
general it would appear to be rather difficult to correlate burnout
in terms of the variables which Bernath has chosen.

An effect of channel length was found by Jens and Lottes.20 When
attempting to correlate data of UCLA and Purdue, they found that the
burnout flux was lower for longer L/D tubes, all other conditions remain-
ing the same. The same effect was mentioned by Green, et a1.62 It is
noted, however, that neither of these studies included the length as a
varigble in final correlations.

The generalized burnout correlstion of Griffi’oh63 contains hydraulic
diameter in the Reynolds number. The effect of diameter was not specifi-
cally investigated, however, and Griffith mentions that the correlation

is probably not valid for diameters smaller than 0,18 in.
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Recent Russian studies by Chirken and Iukinsh and Kafenhaus and

Bocha.rov65 have indicated & strong dependence of the burnout heat flux
on channel height. In both studies the burnout heat flux wes found to
decrease when the channel height was reduced below 2 mm.

In contrast to these results, Aladiev, et al.66 mentioned that
(a/A)p, for tubes of 3 mm diameter was much higher than for tubes of
8.2 mn diemeter. It is presumed that other variables were held con-
stant in this comparison; however, the data are not presented.

At the start of the present investigation, then, the effect of
primery varisbles in subcooled burnout appeared, at least to some
extent, to have been investigated. Five dependent variasbles have been

found to influence the burnout heat flux:

(q/A)BO = £(p, G, tb’ L, D) (2k)

At moderate pressures (q/A)Bo increases with increasing p and G and
decreases with increasing t’b and L. The effect of channel height, how-
ever, has not been systematically investigated, and there is disagree~-
ment among investigetors regarding its effect. Inasmuch as this study

is concerned with tubes of small diameter, it was thought appropriate

to investigate in greater detail the influence of tube diameter on burneut.

Secondary Variables

The above discussion has considered the major variables which have
been found to influence subcooled burnout. Other varisbles have been
studied, and it is appropriate to consider these before discussing the
present experiments.

Burnout tests were run by Jacket, et a1.67 with upflow in channels

inclined 45 degrees from vertical and with vertical downflow., It wes
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concluded that flow direction had no significant effect on burnout. The
experimental results of Zenkevich and Subbotin,68 obtained with vertical
upflow or downflow, support these conclusions.

The dissolved-gas content of the system water has been found to have
no effect on the burnout flux. Experiments at high pressures by Zenkevich

and Subbotin68 and DeBortoli and Masnovi69 with dissolved-gas concentra-

tions up to approximately 14O cc/liter support this conclusion. Gu.nther5 1
found no effect of dissolved-air content on the burnout limit in his low=-
pressure studies. It must be emphasized, however, that two-phase flow
can influence system stability. This effect is discussed in a later sec=-
tion.

Burnout tests with tubes in crossflow by Leppert, et a1.70 indicated
no significant effect of surface finish. Jacket, et a,l.67 concluded that
neither surface material nor surface roughness affected the burnout heat
flux for rectangular channels. A more extensive investigation of surface
finish by Aladiev, et a1.66 also indicated no effect of roughness of the
heated surface. However, Mirshak, et a.l.s 9 did find some increase in
burnout flux when the surface was roughened.

Leppert, et a.l.70 found that witfl small amounts of volatile organic
additives, there was a slight increase in peak heat flux. This was
apparently due to the decrease in bubble size caused by the additives.

In these experiments the largest amount of organic fluid added was 2.65
prercent by weight. This amount did not materially change the properties
of the mixture from those of pure water. It is apparent, however, that
a larger percentage of additive would change the properties sufficiently
to require a burnout correlation which is valid for different fluids.

Dissolved and adsorbed gases, surface finish, and additives appear

to have little effect on the peak heat flux, It must be emphasized,



=T5=

however, that these variables will shift the boiling curve and thereby
influence the critical (tw - ts). The location of the burnout point is
important; however, this information is suppliéd from heat-transfer
measurements for the particular fluid-surface combination. It is fortu-
nate that burnout data can be taken without consideration of these
secondary variables.

The thickness of the heater appears to have a significant effect
on burnout. Aladiev, et al.66 found similar burnout points with tubes
of wall thickness of 0.016 and 0,079 in. Gunther,Sl however, found
that his data obtained with heating strips of 0.004 in. thickness were
below results obtained with thick-walled tubes. Thin-walled heaters
are unasble to stand hot spots caused by temporary insulation of the sur-
face by vapor patches. Data obtained with thin-walled heaters should be
considered as premature burnout data.

Another cause of low values of the burnout flux is the use of AC
heating with thin-walled heaters. Alternating current results in a
uniformly-distributed but periodically-varying heat source within the
heater. The peak flux being absorbed is higher than the rms values of
voltage and current would indicate. In the limit, the ratio of peak
heat flux using DC to that using AC approaches the ratio of maximum
power to rms power, which is 2 for a single-phase power source.

The only known experimental study of this phenomenon has been per-
formed by Szetela.71 It was found that in pool boiling with & 10 mil
nichrome wire, the DC peak flux was twice as high as AC at 10 °F sub-
pooling and 1.3 times at 35 OF subcooling. The magnitude of the differ-
ence in burnout flux between the two forms of heating is probably a

complicated function of the thermel conductivity, specific heat, and
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dimensions of the heater, as well as the frequency of the power supply
and the magnitude of the heat-transfer coefficient.

Experimental technique can also account for the large scatter in
the data of different investigators. Griffith63 reported that prems-
ture burnout can occur if power to the test section is increased too
rapidly or too unevenly. The method of approaching burnout has also
been found to influence burnout. Kreith and Summerfieldl3 found that
burnout fluxes were higher if the subcooling or velocity was decreased
than if the heat flux was increased. This effect was believed to be
due to the attainment of wall-temperature equilibrium before equilibrium
surface«~boiling conditions were attained..

Axial-conduction errors can be expected to cause high experimental
burnout heat fluxes. Thick-walled tubes of high thermal conductivity
can be expected to rupture some distance from the exit. Due to the
higher subcooling, the burnout heat flux will be higher than if burnout
had occurred at the exit. Local instead of exit conditions should be
used to describe burnout in this case. It might be noted that this is
virtually the only experimental condition which will cause high experi-
mental burnout fluxes.

Experimental Considerations

Considerable thought has been given to the definition of burnout
heat flux. In the WAPD studies, for example, burnout is not considered
to be the point of transition from nucleate to film boiling, but rather
the point where the departure from nucleate boiling occurs (DNB). This
method of defining burnout is slightly conservative as DNB will be below
the maximum heat flux by several percent. The distinction is felt to
be an unngcessary refinement as the actual design would provide for opera-

tion well below either point.
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SilvestriTa mentions that tube rupture is an operstional definition
of burnout which can be misleading. His objections are made in reference
to slow burnout, which occursat high quality, and burnout due to flow
oscillation. These conditions were avoided in obtaining the present data.
Burnout protection devices have been used in various boiling projects.l9’ 73
A detection circuit and a circuit breaker are the mejor components of
such systems. The detector relies on the fact that burnout, in all sub-
cooled systems at least, occurs at the test-section exit and is charac-
terized by a large temperature rise of the heaster. The electrical resist-
ance of the final portion of the heater is compared with that of the
remaining length. A sudden change in resistance of the downstream portion
unbalances a bridge circuit and ultimately interrupts power to the test
section, A properly-functioning burnout detector gives an accurate indica-
tion of the maximum heat flux.
Although burnout protection devices are considered unreliable by some,6l
it was decided not to use one in the present study for other reasons. A
burnout detector and explosive switch were available from a previous proj-
ect; however, considerable modification would have been necessary to use
it with the present system. The various sizes of test sections would
have required substantial adjustment of the bridge circuit for each series
of runs. There is also considerable danger involved in activitating the
switch with dynamite caps. In addition, time and material costs were
less for fabrication and replacement of a new test section than they
would have been for activitation and setting of the control circuit.

Furthermore, there is no doubt that a genuine burnout has occurred when

the tube ruptures.
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Flow Stability in Boiling Systems

a. Flow Excursion

Recent studies have indicated that system stability must be con-
sidered when taking burnout data. Two types of instability are recog-
nized as causing premature burnout: flow excursion and flow oscillation.
Instability due to flow excursion was first considered by Ledinegg.Yh
It can be visualized in terms of the system and tube pressure -drop-versus-
flow curves as shown in Fig. 35. If the system characteristic intersects
the tube characteristic with a steeper negative slope than exists any-
where along the tube curve, the system is atable. With a nearly-hori-
zontal system characteristic, for example, operation at point (b) is
unstable. A slight decrease in flow causes the operating point to move
rapidly to point (a). Very often the percentage of vapor at (a) is too
great and burnout occurs. Instrumentation cannot follow the rapid change
in flow and apparent burnout is at (b).

As noted by Clark and Rohsr—:nowz5 and Jens,75

the instability may be
removed by increasing available pressure drop and installing a throttle
valve near the test section to effectively steepen the system characteris«
tic. For all runs in the present study, the pressure at the inlet to the
test-section line was maintained at approximately 200 psi. For an exit
pressure of 15 psi, this meant that the pressure drop across the tube and
throttle valve was 185 psi. Normally the pressure drop across the tube
did not exceed 20 psi; therefore, it can be said that the effective SysS=
tem characteristic was sufficiently steep to avoid burnout due to flow
excursion. In any case, burnouts due to flow excursion are easy to

recognize as they exhibit characteristics of quality burnout. Subcooled

burnouts caused a relatively clean rupture of the tubes, whereas the
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fracture in quality burnout was large and jagged. No unusual subcooled
burnouts were found.
b. Flow Oscillations

The problem of oscillations in two-phase-flow systems has become
of great interest to engineers in recent years. The problem can be
briefly summarized. The generation of steam in either subcooled or bulk
boiling can give rise to periodic perturbations, followed by correspond-
ing changes in the hydraulic resistance of the heated channel. The magni-
tude of these fluctustions depends on characteristics of the system pre-
ceding the heated section. A compressible volume, cogsisting of a bourdon
gage, flexible hose, air pocket, etc., can exist in this preceding sec-
tion., The resistance fluctuations in the heated channel cause periodic
compressions of the medium in the preceding section and temporary decrease
of the flow in the heated tube. These oscillations can be stable if the
amplitude is such that the tube does not pass into the burnout condition.
Even if the burnout condition is reached, the period of oscillation may
be so short that physical destruction of the tube does not occur.

Oscillating conditions were observed in the Laboratory with a staine
less-steel test section where the flow discharged to the atmosphere. At
a certain heat flux where the exit subcooling was 30 °F, the discharge
practically ceased, and film boiling began at the downstream end of the
tube and moved upstream. The glowing then suddenly reveded, and a mix-
ture of steam and water was discharged from the tube. This sequence of
events proceeded at an almost constant period of 5 sec. until the tube
failed after 20 min. from the thermal fatigue. The necessary compressis«
ble volume was believed to have been supplied by an air pocket, or per-

haps merely the mass of water between the test section and the flow=-control
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valve., It is emphasized that these oscillations took place with a sub=-
cooled system.,

Flow oscillations can be caused by the compressibility of the fluid
in the heated tube itself as shown in the analytical and experimental
investigation of Quandt.76 Aladiev, et al.66 obtained burnout under
pulsating conditions where the compressibility was provided by an expander
filled with superheated steam, water heated to the saturation temperature,
or nitrogen., The same results were obtained when a two-phase mixture
entered the test section. The data obtained under the latter condition
are similar to those presented by Silvestri72 for burnout in & steam-
water system.

Lowdermilk, et al.TT determined the effect of a flow restriction
preceding the heated section on burnocut heat flux. It was found that
& definite pressure drop across the throttle valve was necessary to
achieve non-oscillating conditions, and thereby stable burnout. In
this casé, the valve served to isolate the test section from the remaine
der of the system, which due to its large mass was compressible to some
extent. A system of infinite stiffness or zero compressibility is cer-
tainly not possible; however, the results of Lowdermilk, et al. indicate
that the stiffness need be only above a certain critical value for the
burnout to be steble., It is noted that instability due to both flow
excursion and flow oscillation can be eliminated by installation of a
throttle valve near the test section. For this reason the two phenomena
are often confused.

It is important to mention that data obtained under conditions of
flow oscillation are reproducible for a given system. This accounts for

the fact that data are often not questioned for possible error due to
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system oscillations. The fact remains, however, that the highest burnout

flux obtained for & given system will represent the true value.

Experimental Procedures

The procedures followed in this study with respect to the secondary
variables are now summarized:

1. All experiments were run with the test sections in the horizontal
position.

2, System water was degassed only periodically; care was taken, however,
not to trap air in the line when installing new test sectioms.

3. Tubes were used as manufactured except for a thorough cleaning of the
inside surface with acetone. System water was continually deionized
during operation to avoid fouling.

4, No additives were introduced into the system.

5, The tube wall thickness varied from 0.00625 in. for 23 ga stainless
tubing to 0.015 in. for nickel tubing.

6. Direct-current heating was used for all runs.

T. The power was increased as graduslly as the control circuit would
allow.

8. Burnout was approached in all cases by increasing the heat flux at
constant flow rate. Simltaneously, the subcooling was regulated
by means of the preheater and, if necessary, with the heat exchanger.

9. Burnout occurred in virtually all cases at the tube exit; accordingly,
exit conditions were considered burnout conditions.

Inlet and outlet temperatures were monitored with the usual thermo-
couple arrangements. At low flow rates there was considerable heat loss
from the water between the thermocouples and the tube. A calibration
procedure was developed to correct the measured temperatures to actual

values at the tube inlet and exit.
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A pressure tap was located in the piping somewhat downstream of the
tube exit. It was assumed that the repid expansion of the flow into the
exit fittings consumed all of the velocity head. As the velocity head
at the pressure tap was negligible due to the large-diameter fitting,
the pressure gage then indicated the approximate static pressure at the
tube exit. It was necessary to extend each tube approximstely 1/8 in.
into the current bushings in order to have a good solder connection.
However, the pressure drop in this unheated section was not considered
to have caused significant error in the evaluation of the exit pressure.

A multi-channel recorder would have been necessary to record all
pertinent veriables directly at burnout. Without this equipment, it
was necessary to estimate certain quantities at the burnout point. Com-
plete data for the inlet and cutlet temperatures, flow rate, tube volt-
age, pressure, and shunt reading were recorded periodically as the power
was increased. At burnout, however, only the voltmeter reading and a
recorder indication of one temperature or shunt voltage could be obtained.
Sufficiently small increments of power were taken so that missing informa-
tion could be readily inferred from previous data.

Experimental Results

An experimentel program was undertaken to investigate the effect of
velocity, subcooling, length, and diameter on burnout in tubes under
conditions of forced convection. As the system is limited to relstively
low pressures, no attempt was made to ascertain the effect of pressure
veriation, and the outlet pressure was maintsined at approximately 15.5
psi for all runs.

The effect of quality was investigated as shown in the raw-dste

plot of Fig. 36. At high subcooling the burnout heat flux decreases



~83-

monatonically as the subcooling is decreased. The date are then seen to
pess through a minimum at low subcooling and finally increase in the bulk-
boiling region. The range of quality covered represents the maximum possi=
ble on the system with velocity, pressure, and geometry fixed as shown.

The variation of burnout flux in the quality region has been shown
to be extremely conr_plice.‘ced,.'r8 Quality burnout will be investigated at
a later phase of this project; it was not considered in detail in the
present study.

The relation of burnout flux to quality in the subcooled region can
be explained in terms of two-phase-flow considerations. At low values of
subcooling the void fraction, or volume fraction occupied by steam, becomes
apprecisble. This causes an increase in the average velocity with the
result that the burnout limit is raised. In the quality region the velocity
increases with increasing quality, and the burnout limit continues to
increase, The increased velocity apparently aids in removing the bubbles
from the wall, thus preventing the formation of vapor patches which cause
burnout.

A correlation of subcooled burnout data was proposed recently by

Zenkevich:éo
0588 bg = 1y
- 80 ->
(q/A)Bo = hfg U‘b 2.5 + 184 (—&ﬁ-;g——') x 10 (25)

The primary varisbles are seen to be mass velocity and subcooling. The
other variables are included mainly to form dimensionless groups.
Zenkevich checked the existing data and concluded that the burnout flux
was essentially independent of pressure between 1 and 20 atm. - According

to Zenkevich the effects of changes in the physical parameters h_f g’ Q )
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and Z/b mibuslly cancel for changes in water pressure between 1 and 20
atm. Therefore, the inclusion of these parameters should introduce no
extraneous pressure effect when the data are reduced.

Burnout limits predicted by the Zenkevich correlation are indicated
in Fig. 36. It is seen that the present data lie substantidlly sbove
this prediction. It seems appropriate to look to geometrical considera-
tions to explain the deviation. A summary of the channel dimensions

included in the Zenkevich correlation follows:

McAdams, et al.'d Ammilus, D_ = 0.52 in.

Gunther’— Rectengular Channel, D_ = 0,189

Chirkin = Iu.k:lna'L Annulus, D, = 0.158 - O.kk4

Kutateladze - Borishanskii!® Pipe with heater inserts, D_ = 0.45 = 0.65

It is seen that the channel sizes considered are relatively large
compared to the 0.09% in. ID tube used in this study.

In order to investigate the influence of diameter on burnout, tests
were run at two velocities for all tube sizes considered in this study:
0.1805, 0.09%, 0.0465, and 0.023 in. ID. The results as shown in Fig. 37
indicate a strong inverse dependence of the burnout flux on diameter.

The Zenkevich prediction is shown as & possible asymptote at each of the
velocities. It appears that if the present study were extended to larger
tube sizes, the burnout date would agree with the predictions of Zenkevich.

Several points are also indicated showing the effect of system com=-
pressibility on burnout. For D = 0.023 in., the burnout flux was rela-
tively low when the upstream flow-control valve was used. When the
throttle valve was located near the test section, the peak fluxes were
much higher. Apparently the mass of water between the valve and test

section in the first case was sufficient to cause flow oscillation and
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premature burnout. The volume of these smallest tubes was so small that
only a very little compressible volume was needed to cause a large tempo-
rary decrease in flow through the test section. With the larger-diameter
tubes, the data were generally independent of valve placement. Premature
burnouts were, however, observed with large-diameter tubes with the
upstream valve placement if the inlet-water temperature was sufficiently
high.

The diameter effect on stable burnout does not agree with the results

ok and Kafenhaus and Boc:ha.rov.65 The only explanation

of Chirkin and Iukin
for this seems to be that these investigators had premature burnout due
to flow oscillations. Valve locations are not clearly indicated in these
papers; however, manometerswere installed near the entrance to the test
sections. The pressure instrumentation alone could have provided enough
compressible volume to cause flow oscillations. The cbserved decregse in
burnout flux with decreasing channel height is quite reasonable in a soft
system. As the channel volume is decreased, a given compressible volume
will exert e greater influence on the flow. The greater the amplitude

of flow oscillation, the lower the burnout flux will be.

The increase of burnout heat flux with decreasing diameter suggests
that the void fraction also increases with decreasing diameter. It is
probable that the burnout heat flux can be directly related to the void
fraction. However, the void fraction itself is a complex function of
the same variables which determine burnout.80 Due to the complexity of
the boiling process, the approach to the prediction of void fractions
must be almost completely empirical. Limited research has been carried
out in this area, and no data are available for low pressures. Even if

such data were available, it would seem rather superfluous to include
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void fraction among the varisbles influencing burnout. The same informa-
tion is already contained in the major burnout varisbles discussed earlier.
The results of an investigation of the dependence of burnout on L/D
are shown in Fig. 39. The burnout flux is seen to be inversely dependent
on the L/D ratio. This result concurs with cbservations of other investiga~
tors noted previously. The bebavior is very similar to that observed with
non~boiling forced-convection systems, suggesting that the bubble boundary
layer also requires a certain length to become fully developed. No change
in burnout heat flux was noted when the calming length was changed from
0.16 to 1.6 in,
Burnout data obtained in this study are presented in Appendix E.
No attempt was made to correlate the burnout data obtained in this study.
A more complete systematic variation of the pertinent variables will be
required before a general correlation can be attempted. It has been
shown that such a correlation must include terms accounting for the

influence of tube diameter and length on the burnout heat flux.
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Summary of Burmout Studies

The burnout heat flux under conditions of forced convection and
subcooling is shown to be a complicated function of subcooling at low
values of subcooling. This appears to be due to the velocity increase
caused by the relatively large volume fraction of vapor.

It is necessary to include geometry in the description of burnout
for small channels, Burnout flux is shown to increase with decreasing
tube diameter. This effect can be attributed to an increase in void
fraction with decreasing tube diameter. Entrance effects are signifi-
cent in forced-convection surface boiling as shown by the decrease of
burnout flux with increesing length.

Flow oscillations caused by system compressibility can greatly
reduce the burnout heat flux in the subcooled region. This instability
is particularly difficult to avoid with tubes of very small diameter,
Previously-reported studies of subcooled burnout in small channels indi-
cated tﬁat the burnout flux decreases with decreasing chennel height.
However, it is believed that these data were obtained under unstable
conditions. The data of the present study can be considered to indicate

the actual dependence of burnout flux on diameter.
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APPENDIX A

PROPERTIES OF TUBING USED IN TEST-SECTION ASSEMBLIES

Type Manufacturer Material Dimensions (measured) Process
oD ID
20 gage  Hypoflex Superior Tube Co. AISI Type 0.035 in. 0.023 in. Cold drawn,
hypodermic Norristown, Pa. 304 stainless no inside
needle tubing steel plug, outside
polished
16 gage " " " 0.0645 0.0465 "
11 gage " " " 0.120 0.09k "
Special Int'l. Nickel Co. A nickel 0.2105 0.1805 Cold drawn,
inside plug
Drawn by

D. E. Makepeace
Attleboro, Mass.

..176..
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APPENDIX B

TEMPERATURE DROP THROUGH TUBE WALL

The solution for the inner-wall temperature as obtained by Kreith

and Sunnnerfield3 is given below:

t, =t - Atw

il

n(D - D,)? n(p, - D,)>
=tow "W T (jptow)(l F Xy o) - 1250(1}%'00“)(1 O Torg)
2
| B30y + MO0 toy 1) m y

6(1 + Ot )31 +0 €03 DAL+ 0t (1 + Oy tg,)

4
(p_ - D)
"2':{6"1"' (1)
where
m = 3.413 (de/ax)%/2 o' K (82)
e

As shown by reference 1, Eq. (B2) can be expressed in terms of current as

follows:

-22 , , 2 2 22
m=8x3.413 PO i/pk']T(Do-D.) (B3)
e e

1

where the mean resistivity is evaluated at the average wall temperature.

The average wall temperature is given to sufficient accuracy by

ct
n

t, (tgy * t)/2 (Bl4)

If heat is transferred instead through the outside surface of the tube,
it can be shown that Eq. (Bl) is valid if t o 18 Teplaced by b, and the

sign of the third term on the right is made positive.
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APPENDIX C
ATR-CONTENT ANALYSIS

A standard Winkler technique was used to determine the quantity of
dissolved oxygen in the system water. Henry's Law, which relates dis-
solved air to dissolved oxygen, was then used to calculate the quantity
of dissolved air.

A 250 cc glass-stoppered bottle was filled with water from the test
loop. The filling tube was withdrawn only after the water overflowed
for several minutes. Most of the water which had come in contact with
air should have been removed by this procedure.

The following reagents were used in the anglysis:

1. U480 gm MnSO) in one liter water.

2., 100 gm NaOH and 360 gm KI in one liter water.

3. Concentrated H2 soh diluted 1:1 with distilled water.

b, 5 gm starch in 100 cc water.

5. 0.0l normal solution Na2 82 O3
Two cc of reagents 1, 2, and 3 were added to the sample in order. Several
cc of starch solution were added, turning the sample blue, and 100 cc of
this solution were titrated with reagent 5.

Chemical reagents were introduced at the bottom of the sample through
graduated pipettes. It was assumed that the dissolved air in the water
displaced by the reagents was the same order of magnitude as the air which
dissolved at the water surface. After the Hé SOH addition, any oxygen
going into solution had no effect on the titration. More consistant results
were obtained by running in a fixed amount of Na2 82 03, shaking the solu-
tion, and slowly titrating to a colorless end point, rather than slowly

titrating throughout.
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The following equation relates the amount of oxygen to sample size
and cc and normality of the thiosulfate solution:
ce oa/liter = 5600 (N thio) (cc thio)/(cc sample) (c1)

From Henry's Law,

cc air/liter = 2.9(ce 02/1iter) (c2)
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2k
25
26
27
28
29
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31
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35
36
37
Lo
Ly
Lo

.7
.7
14,6
15.0
1k.9
15.0
15.1
15.0
1.9
4.9
1%.9
14,6
15.1
1.9
14,9
14,9

Po
psia

30.1

30.2

30.
30.
30.
30.
30.
30.
30.
30.
30.

(o] o o | + o N w

w
o
A\

31.7

31.2

33.1

Vi
ft/sec

10

APPENDIX E
BURNOUT DATA
(hg-ho )
Btu/lbm
9
T2
70
6l
b7
22
32
25
Lo
12
22

2

X

.0254
L0541
L0541

L1117

(Q/A)Box210-6

Btu/hrit
L.68
L, 52
k.22
3.68
3.18
3.08
3.0k
3.76
3.05
3.20
2.66.
3.35
3.53
3.62
3.66
L.o7

Notes

Calming I = 1.6 in.
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21

46
10
18

16
19
20
b5

25.0
25.0
24,7
ak.7
2k, 7
2k, T
k.7
25.0
19.8
2k.3
2k,1
23.5
25.0
2k, L
24,0

17.3

Po
psia

29.9
30.7
30.6
29.9
30.k4
30.5
30.1
30.6
30.6
30.2
30.6
30.1
30.7
29.8
30.5
29.8

Vi
ft/sec
10

20

10

20

"

10

20

1"

10

1"

10

APPENDIX E

(Continued)
(hg -ho) x (a/A)po x 1076 Notes
Btu/lb_ °  Btu/hrfi?
38 1.92 Calming L = 1.6 in.
35 1.90 "
L6 2.66 "
32 2.76 Calming L = 0.16 in.
unless otherwise noted.
35 2.68
3k 4,13
31 k.35 é
o
3 3.60 '
32 3.98
39 6.25
36 6.0k
L2 1.87 Valve upstream, BO in middle
33 1.54 r L
30 L.62 " n
35 4.83 ! "
33 L,38 Valve near TS, no BO



L5
L3
Ll

k9
50
51
23
54
55
56
o7
58
1L

15

L/D

17.3
2. b

21.7

34.6
3h.T
29.6
29.2
20.0
21.0
12.3

5.2

b.7

7.6
12.6

12.b

Po
psia

29.8
30.1

30.3

29.9
29.7
30.6
30.

=\

30.
290
300

0

30.
30.

[©) NN o) W AV}

30.

30.2

30.5

Vi
ft/sec

20

APPENDIX E
(Continued)

(hg=hg)
Btu/1b
m
33
36
31

32
31
32
31
31
32
32
32
32
34
39
36

A
](3% /1)13

.
6.
6.

3.
3.

97
83

35

ST

.50
.66
91
.88
.13
.16
.19
3.

T1
25

05

9‘{;2

rT

Notes

Valve near TS

1

-Tot-

Calming L = 1.6 in.
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22

23

(Continued)
L/D Po Vi (hg=ho) X (q/A)Bo X 10'6 Notes
psia  ft/sec Btu/lb Btu/hrit2

ah.7 30.6 10 51 3.1k Calming L = 1.6 in.
25.0 30.2 . 53 3.33 "

50.0 30.6 20 34 3.91 "

50.0 30.5 15 30 2.53 "

50.0 30.2 " 39 2.39 "

=20t~
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FIG. 2 GENERAL VIEW OF HEAT-TRANSFER

FACILITY
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FIG. 3 MOTOR-GENERATOR INSTALLATION
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FIG. 4 DETAILS OF TEST-SECTION INSTALLATION
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FIG. 10 REPRESENTATIVE TEST SECTIONS USED FOR
HEAT-TRANSFER AND BURNOUT STUDIES
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