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ABSTRACT

A basic heat-transfer apparatus was designed and constiucted for
the study of forced-convection boiling in small charmels. The appera-
tus has also been used for related studies, such as burnout under sta:ble
and unstable flow conditions and pool boiling.

The various regions of forced-convection surfece bolling were stud-
ied experimentally and analytically. In the region of low wall super-
heat, the heat flux can be prediscted by available correlations for
forced convection. Deta indicate, however, that these corrslations 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 purposés on the 'ba.sis
of its simplicity and conservative predictions. ‘

An analysis fcr the prediction of the inception of first significant '
boiling was developed. Experimentel results are in good agreement with
analytical predictions. The analysis provides information recessary for
the prediction of the complete forced-convection surface=-boiling curve.

The use of small-diameter tubes generally means operation at' low
Reynolds numbers. ' It is shown that flow conditions in the transition
range of Reynolds numbers can be strongly influenced by the inception
of surface boliling., Data for a small-diameter tube indicatie 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 comparisocn of forced-convection boil-
ing and pool boiling are inconclusive. The fully-developed reglion of
forced-convection surface boiling can be represented by a straight line
on the boiling piot. 'The effects of velocity and subcooling are neglipi-
ble in this region. This region of vigorous boiling coincides approxi-
mately with the extrapolation of the pool-beiling curve in one set of
experiments. In other experiments, pool-boiling data were strongly influ-
enced by fluid and surface conditions, as well as by bubble-induced con-
vection in the pool. Due to the complexities in these pool<boiling data,
it is impossible to make a comparison with forced-conveetion-boiling data.

The heat flux cbtained by a superposition of pool boiling and forced
convection is close to the apparent asymptote for fully-developed boiling.



For design purposes, it is concluded that fully-developed forced-ccn-
vection boiling can be related to p.:. boiling by either direct extra-
polation or superposition of forced -.onvection.

The burnout heat flux under ccnditions of forced convection and
surface 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 vapor.

It is necessary to include geometry in the deseription 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-
cant in forced-convecticn surface boiling as shown b the decrease ‘of
burnout flux with increasing length. ‘

Flow oscilletions caused by system compressibility can 'greatly
reduce the burnout heat flux in the subcooled region. This instaebility
is particularly difficult to avoid with tubes of very smell diameter.
Previously-reported studies of subcooled burnout in small channels
indicated that the burncut flux decreases with decreasing channel height.
However, it is believed that these data were cbtained under unstable
conditions. The data of the present study can be considered to indicate
the actual dependence of b:..acut heat flux on diameter.

Thesis Supervisor: Warren M. Rohsenow
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f SYMBOLS
A = surface area
c:p = sgpecific heat
D = diemeter
De = hydraulic diameter
G = mass velocity
h = enthalpy
h = heat-transfer coefficient
h fg = heat of waporization
fj i = current
k = thermal conductivity
k! = thermal conductivity at 0 °F
L = heated length
Lp = pressure-tap length
P = pressure
q = rate of heat transfer
g/A = heat flux

(q/A)B = heat flux due to bubble agitation

(q/A)Fc = forced-convection heat flux

(q/A)o = heat flux at (1:w -t)=0

(a/A), = pool-boiling heat flux at incipient boiling
1

(q/A) 5 = heat flux at intersection of forced-convection
: and pool-boiling curves . :

(a/A) 3 = heat flux defined by Eq. (5)

= R = electrical resistance
r = bubble radius
T = @bsolute temperature
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SYMBOLS
(Contited)
temperature
critical temperature defined by Eq. (15)
measured inner-wall temperature

measured outer-wall temperature

velocity

shunt voltage

tube voltege

specific volume

mass rate of flow

linear distance

laminar-sublayer thickness

radius of bubble et incipient boiling
constants

temperature coefficient of thermal conductivity
temperature coefficient of resistivity
wall-minus-bulk temperature difference
temperature drop through tube wall
dynamic viscosity

kinematic viscosity

resistivity

resistivity at O %

surface tension
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Dimensionless Groups

Nusselt mumber = hD/k

Prandtl number = chL/k

Reynolds number = GD/U

Stanton number = h/ch = Nu/PrRe
Subscripts

mixed-mean condition
burnout condition
film condition

vapor condition

inlet bulk condition
liquid condition
outlet bulk condition
seturation condition
tube

condition at heat-transfer surface



INTRODUCTION

Extensive investigations devoted to experimental and theoreti-
cal studies of boiling phenomens have been conducted during the
past fifteen years. The study of boiling heat transfer ha.s been
an integral part of the development of muclear reactors a.nd rocket
motors where exceedingly high heat fluxes are encountered. Forced
convection cannot be used to obtaﬁ_.n the high heat fluxes required
due to the excessively high velocities which would be necessary.
With subcooled nucleate boiling, high heaf fluxes can Se accommo-
dated at mmch lower velocities and pressure drops.

Most research projects have concentrqted on boiling at high
pressures in order to meet the requiremenfs of pressurized-water
ree:.ctore and modérn steam power plants. At pressures of the §rder
of 2000 psia the wall tempersture is not significantly different
from the saturation temperature. Ac‘cordingly, the study of the
peak heat flux in nucleaﬁe boiling has received tl.zev most attention.

With pressures near atmospheric, however, the wall-minus-
saturation temperature difference with water ;s of the order of
100 °F, and it often becames necessary to predict this temperature
difference accurately. Such is the case, for example, in the
design of high-field electramagnets utilizing boiling as the cool-
ing mechanism. The electrical féﬂista:nce of such cqmm core
mterials a8 copper is very sensitive to tenperature loh.g:et
power requirements are then strmgly dgpendent on cooling-chnnnel
u wall tenperstures.
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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 smell 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. Tile 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 calculetion procedures are also outlined.



APPARATUS

A basic heat-tra.nafer apparatus wves designed and constmcted for
the study of forced-convection boiling in small channels.* The appara-
tus is suitable for related studies, such as pool boiling and' burnout
under gtable and unstable flow conditions. A schematic of the system

| is given in Fig. 1, and a photograph of the gepgru.i qrra.n@nent is pre-
sented in Fig. 2. | |
Hydraulie

'.I.‘he piping is erranged about a test bench and tower éunst.ructed of
Dexion slotted angles a.nd plywood. All pipe and fittings a.re.of sﬁin-
less steel or copper-brass alloys ‘foi' corrosion resistance, Inmeriai
rayon-rubber hose is used for flexible éonnections ’ éqch as the pump
inlet and cutlet. Am.gh-presaure sections of the circuit are provide&
with thick-walled tube and pipe.

Water is circulated by e Fairbanks Morse two-stage regenerative
pummp proﬁdins a discharge pressure of 260 psi at 3.6 gem. The pump
16 driven through & flexible coupling by & 3 HP Allis Chalmers induc-
tion motor. Special pump seals 6f aebeétos and teflon were 1nstal‘ied

to avoid contamination of the system water. ‘A relief .va.lve set at

300 psi insures that the nl.ximm-a.'l.lowable press‘ure for the bronze cas-
ing will not be exceeded., A bypass is provided to aid in keeping suffi-‘
clent ﬂow through the pump.

*A prelim.m.ry 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 epparatus censtructed in the Heat Transfer Leboratory.:
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A 2.5 grl Greer accumlator pressurized with nitrogen serves to
damp out pressure fluctuations due to the pump.' A Janmesbury bail ‘valve
in the main line is used to regulate the pressure across the test-sec-
tion line. A maximum pressure drop of 250 psi 1s available 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 eppropriate 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-panél bench.

The fine regulation of the flow to the test secti.on is accompiished
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 instail an a.;ldi-
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 a.n‘d‘oﬁtu
let thermocouples were inserted directly into standard fittings by means
of Conax adapters with lava sealants.

Ancther ball valve precedes the junction with the main line. This
valve was used primarily to help adjust the pressure in the test section,'
but i1§ was glsq useful in reducing _ba.ck-preaaure fluctuations during
opefatim with net vaﬁor 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 e constant water
tempersture 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 normel for surmer operation. Except for these sea-
sonal fluctuations, the city-water temperature and pressure were constant
enough to allow steady-state operation. At high power input to the test
gsection, a slight rise in the test-section inlet wvater 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 accumlation of rust. Another filter was provided at the
pump intake to entrain any dirt, especially solder and 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 water 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 a small
Hypro pump to raise the water to the 15 gnl sj;a.inless-steel storage
tankl from the standard 5 gal supply bottles. Steam heating was pro-
vided for this tank so that the water could be deaerapedlﬁrior to
fi11ing. Preliminary degessing was, however, not of'ten done as @
generel loop degassing wes found more satisfactory aftei' filling.

An ion excha.nger2 was adapted for the present system. Water
was bypassed through a tank containing Rohm and Haa.s Amberlite mixed-
bed resin. The distilled water was of conductivity about 6.7 ppm
when added to the system but would go close' to 5 ppm mgzl'ely by sit-
ting in the piping overnight. At this conceﬁtration of impurities,a
heavy deposit was precipitated at the hot surface of the test section.*
This condition was avoided ﬁy-continuoua use of the ion excha.néer
whereby the system water was reduced to less than 0.l 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-
Cha.nde:-isson- 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 operat:ldn.

| A portable control console regulates generator power from zero
to maximim a8 required. The generator outputs are comnected in series,
and the output from one generstor is added or subtracted to the output

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

*The effects of such fouling are indicated in Fig. 30,vhere clean-tube
.deta 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 circult
caused by burnout. The m@tim is accomplished by a set of coarse
and fine potentiometers, . The contrel cirqxit was modified to '1ncréa.se
the Pield strength 80 that a full 29 volts could be cbtained as com-
pared with the previous limit of 1T volts. A blower was also added to
cool the resistors and potentiometers in the control consoie. A mas-
ter stop button is provided for emergency use in sh'qtting doﬁn the
generator and pump. The coupling between the pump and generators can
be taken out for ppol-b_oiling expe.riinents. |

The existing buss-bar supply was extended to the test stand es
shown in Fig. 4. The conductors feeding the test secticm consist of
ten parallel braided-copper cables for each side. The use of braided
cable permits considerable flexibility 1h inatal).ati!.on of test sections.
The cable assenbly is -cla.mped on the water-inlet side to a copper plate
to which e brass test-ﬁectim holder is fastened. On the outlet end,
the comnection to the test-section holder is ﬁa.de by braids with hori-
zontal flexibility in order to allow for thermal expansion of the test
section. The test-section holders were mede 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,:é'irm
electrical comnection from the test-section sléeves to the holders.
The downstream end of the test se;:tiqn was o;onnected-to the main pip-
ing w:l.th rubber hose for reasons of flexibility and electrical insule-
tion. o

For pool-boiling experiments the test ‘section was submerged in a

Pyrex beaker on the bench. Copper bars secured to the power trackets
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extended vertically into the fpool vhere the test section was bolted on
by means of brass fittings. |

inatrumentatian

Sensing devices and recording eqtﬂ.pment are provided to monitor
steady-state and transient conditioms throughout the system. ‘Pressure
gages egre insta.]_.led a8 indicated in I"‘ig. 1 to la.id. in e.djusting the test~
section pressure to desired values., A thermocouple is insta.ﬁed in the
degassing tank to monitor water temperature during the degassing opera-
tion. A gage glass provides indication of fhe 1liquid ;I.evei. A gnge
glass also indi,cates the water level in the storaée tank. Repiacemnt
of the metering tubes and floats in the flowrdtors provides a :g'an_gé of
test-secti‘on flows from 1.5 to 1300 lbm/hr. Calibration 'curvés giving
mass flow versus Vscale readi?g are shown in Fig. 5. The units were
periodically checked against the initial calibration.

The thermocouples at the test-section inlet and ocutlet were placed
so that the water was well mixed at the point of temperature measuré-
ment. The outlet thermoccuples were located sufficiently fer down-
stream so that any steam bubbles in the liquid would have a chance to
condense., In general, several outlet thermocouples were provided and
the average reading taken to insure that the true mixed-mean tempera-
tu:fe wa.s measured. Flberglass insulation was used from the thermo-
couple fittings to i:hé 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

domtrem pressures. The garges were checked individually cn a
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dead-welght tester and were alsc compared with each other at various
static pressures in the teat-sectién 1ine. Snubbers are provided to
prevent any severe pressure oscillations from damaging the gage move-
ments. For upstream pressure indication in cases where the bourdcm-|
type gage caused unstable system cpera.tiou;, & Dynisco d:la.p;hram-ty:pe
pressure transducer was used. The transducer signal wes measured on
the recorder. | ‘

A1l thermocouples were made 'of Leeds and Northrup 30-ga.ge duplex

copper-constantan wire. A calibration was perfcrmed, however, the
Ceviations from the N.B.S. tables were not significant, and no correc-
tion wes mede to the readings. The method of instslling thermocouples
on the test section is descrihed in a later section. ‘l‘hermocc‘mples‘ |
are connected to a Leeds and Northrup thermocouple switch having 12
positions. The switch is in turn connected to an ice bath b.n;i to a
selector switch which allows measurement of the signal on the potentio-
meter or recorder.

The potentiometer is a Leeds and Nortbrup Type K instrument with
external standard cell and batteries. A Leeds and Forthrup spotlight
galvenometer completes the systei. Signals from thermocouples, trans-
ducer, or shunt can also be indica.té;:l on a Minnespolis-Honeywell Brown
recorder. This instrument is a pen-type single- cha.nnel recorder ha.ving
mnua.lly-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 voltage drop are measured to give the

' power dissipated iay the test eection. The current is also cne of the
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veriables used in calculating the test-section imnmer-vall temperatures.
Current is inferred from a reading of the voltage developed across a'
gtandard shunt. This shuat was calibrated and i|nstalled as indicated
in refere‘nce" l Spring clips were used to eonnee't-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. In general, however, voltage was read directly on a
deston miltirange DC volimeter as it wes useful to have a visual indica-

ticn of test-section power.

Measurement of Tube-Wall Temperature

The most difficult problem in any heatetransfer experiment is the
messurement of the teaperature of the actual heat-transfer surface.
The thermocouple cannot in any way be placed in direct contact with
the tube wall. TFor 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 recé:rd.e'd. Furthgmore,

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 tLermal FMF alone.

| Even if the correct surface tempersture could be measured, a 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 well opposite the heat-transfer surface end
insulate the measuring junction from the wall. | However, any electrical
insulation between the thermocouple and the wall implies a thermsl insula-
tioﬁ which results in a temperature reading lower than that of the wall.

A guard heater is then required to insure an ediabatic wall if the

ey
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g thermocouple is located on the outside of the tube. If heat transfer
; takes place uniformly at the outside wall of & tube, & heater 1s not
| necessary as the thermocouple 1s placed at the inner surface which is E
| adigbatic. |

' A heated shield was comstructed frem standard alumimm tubing.
Threadlike grooves were cut into the outer wa.‘llef this tube. Tirle
shield sections were then black anodized to be electrically insulat-
ing. Nichrome wire was wrapped around the tube to serve as a hea:ting

element. Spacers faebricated from eluminum silicate served to hold the

R PR AT L e T T

shiqld. to the test sectiom.

A layer of Scotch Electrical Tape No. 27 was wrapped around the

tube at the desired location. The measuring Junction was then bound

radially around the tube with another layer of tape. - Thermocouples
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 mr_pply which is

- stepped down to sbout 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 teﬁpera.ture.

. Power to the shield is adjusted until. the shield thermocouples

and the tube-wall thermocouples within a shield section ‘mdicai_;e approxi-
mately equal FMF., 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
éﬁ.ﬁii&‘an the recbrd.ei. ‘Ifhere should be no tdmpemtu;"e mdient a.qrose
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the thermocouples when the two sets of readings agree. Tests performed

in reference’lindicated that ocuter-wall temperatures accurate to 1 °F
should be cbtained by this method. The use of several shield sections
perxits compensation for a.n axial temperature gradient. This gradient
was, however, never found to be substantial.

The ocuter-wall temperature must be corrected for the gradient
through the wall in order to cbtein the wall temperature at the heat-
transfer surface. The a:ppropria.te solution to the heat-condnctian

equation was given by Keith and Summerfield.>

The tube was considered
to be an infinite c¢ylindrical resistor in wtei,ch the electric power is
dissipated at the 'inner wall and where the outer wa.ll is adiabatic.

The electrical resistivity and the thermal conductivity were éqnsidered
to be linear functions of temperature. The eqﬁstion solved by use o;‘.'
Taylor's series is given in Appendix B in its originn.l form. 'fhe ‘equa-
tion was put in ternp of current instead of voltage gradient by Rohsenow,
et al.l The equation was used in this form to campite: the temperature
drop through the tube vall for various values of outer-vall temperature
and current. A check of the original solution indicated that the only
modification requ.ired for the case where the power wes dissipated at

the outside wall was a cha.nge in sign of the second term in the ‘eeries.
This solution was &lso noted by Clark.

Eviluation of the tube-wall temperature drop required accurate

information on the tube dimensiomns, resistivity, and thermal conduc-

tivity. The dimensions of the commercially-drawn tubee used in this
study. are given in Appendix A. Test sections were measured in a variety
of weys depending on the size. The qutaide dlaneter could, of course,
be measured for all tubes. 'menncmldbemeuuredﬂthapin




-13-

micrometer only for the nickel tubing. TFor 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
f£1lled with mercury, and the average inside diameter was inferred from
the weight of the mercury. In generel the marmufecturers! mean dimsne
sions were closely adhered to.

Al]l necessary property and temperature-correction information wae .
available for the nickel tube which had been used in previous boiling
projects. This information was not available for the, atainlésn-steel
tubes which were used in most of the experiments. 'merml-condﬁctivity
data for 304 stainless were considered relisble and as indicated in
Fig. 6 were teken from references 5 and 6. As only approximate agree-
nent was found among available sources regarding the resistivity of
304 stainless, the temperature dependenceof the resistence for a sample
length of each of the several tube sizes was measured.

The resistance of the sample was ccenpé.red with a standard resist-
ence in the bridge circuit deslcribed more fully in refer'ence' l. A
small electric ‘m:m'ace was used to maintain the tube at uniform tem=-

perature. The resistivity was readily calculated from the relatiomship

pe = RtAt/L' No allowance for the change in dimensions due to thermal

expansion was necessary. The resistivity is indicated in Fig. T; for
camperison, resistﬁity curves from geveral scurces are included. It
i8 noted that the smaller-size tube has a higher resistivity although

the metallurgical compositicn for the two sizes is identical. The cold-

draving of smell tubes from larger omes probably accounts for this effect.’

The temperature-correction curves for the stainless.steel tubes are
indicated in Figs. § and 9. All computations were dome with & desk

meEama =
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calculator. Some iteration was required as the mean resiatiﬂty pe is
based on the temperature drop through the wall. Generally, however,
the solution was cbtained on the second or third iterstiom.

Test Sections

Three types of test secticns 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 & 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 brealking through and leaving 8
Jagged edge. The static holes were kept as small as practically possi-

10 &ven the 6 mil holes would plug

ble to avoid disturbing the flow.
up with small dirt perticles during fsbrication or even during opera-
tion. . | _

Bress bushings were cut from 7/16 in. round stock. Holes were
drilled for the test section and for the 16 g needle tubing which wes
used for the pressure taps. The tap holes in the bushi@ were lined
up with the holes in the tube wall. The busliings were then sweated to
the tubeb with silver solder or high-temperature scft 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 nominel radius. The teps were
then soft soldered to the bushings by building up fillets rather than
sweating which might again plug the static holes.

b, Anmlar

The anmilar test section consisted of a piecevof 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 either end.
Power was supplied to brass bushings sweated to the cuter ends cf these
copper sleeves, As the resistance of the copper sléeves was negligible
campared to the stainless tubing, the heated length wes defined by the
length of tubing between the copper sleeves. Pyrex tubing cut approxi-
mately equal to the heated length was centered around the steinless
tubing by means of clips made from copper wire. A static-pressure hole
was drilled through the gless tubing at the axial position desired f.or'
local heat-transfer measurements. The holes of apﬁro:dmtely 15 mil |
diameter were drilled ultrasonically by Clendenning Smith CWany,' |
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 wes mounted in standard
crosses by means of Conax fittings. Teflon sealants were provided at
the 'copper 8leeves to permit thermal expansion., Thermocouples and water
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.

Ce | Pool=Boiling _

A pool-boiling test section was made of 16 ga stainless tubing to

campliment the anmilar a.ppa.r&.ua. A section was cut from the same stock
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used in the snmular 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 assenbly was secured to the vertical buss-bar extensions and sub-
merged in & large besker. An additicmal thermocouple was provided for
measurement of the pool bulk temperature. |

Pool-boiling test sections were also prepared from tqbes used in
forced~-convection boiling. Tube lengths were cut down to approximetely
half-cylindrical size by milling. Brass blocks for power connections
were soldered to either end. Thermocauplcs were bound to the insulated
outside surface by Teflon tape. This assenbly was tﬁen cementéd 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 ususl way
to insure an adisbatic outer wall.

Only the test sections mede from 0.18 in. OD nickel tubing could
be used for pool boiling at qtmnspheric preasuré. 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-
tionlof e small tube and became attached to the edges. Instead of grow-
ing and departing, these bubbles grew axially and insulated the surface.
Burnout then ruined the test section et & very low heat flux.

| DETAILS OF OPERATION
Distilled watér_ﬂaa pumped from the commercial 5 gal containers

into the storage fank. The syatem;uas then filled:by gravity and
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drained out to remove any accumilated dirt. Vents at the flowrators
end the ion exchanger as well as most valves were opened for fhe final
£111ing. The degassing-tank vent was always open, The other vents
were closed in turn as water poured out. The system was esgentially
full vhen water poured out of the ‘main veht.; Momentary circulaticn
with the pump removed any remaining eir pockets.

The velve to the ion exchanger was then clt.;sed, a3 water ebove
140 °F would ruin the crystals in the bed, All degassing-tank hesters
were turned on, and water was circu.iia.ted through the.s'yatem. Water
woe bypassed into the degassing tank when the water in the tank was
near boiling. With violent boiling comsidereble pressure was bullt up
in the tenk 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 gege glass were useful in estimating when
such control wes needed. The various system lw.lves were opéned 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 tans. About 20 minutes of degassing in
this» manner was sufficient to reduce the dissolved gas to a neglig:i_.ble
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
vas closed as soon as steam ceased to come from the tank vent.

Degassed weter was then circulated through the ion exchenger, and
the accumlator was filled. More water was then added to the systen,
and the degassing procedure was repeated. The aystem wes then ready

for opefo.tion. Degassing vas performed whenever a new test section was
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installed or makeup water was added from the supply tank. It wes also

necessary to degmss 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 measuremerits. The system water wus

| then cooled down and was thorcughly circlﬂ,a.ted through the ion exchanger.
The generators were also given a chance to warm up during this period.
When using nickel test sections, ome of the power leads was usually
disconnected vhen 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 lovx-resistance nickel sections

and even caused burnout on several occasions. The ocriginal centrol cif-
cuit contained starting resistors set to give & zero voltage output; how-
ever, these were apparently taken out by succes:sive users.

The only shut-down precaution was to lock out the accumlator before

turning off the purmp. This prevented the water from being forced out of

T
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the accumilator and evertually out of the system through the degassing-
tenk vent. The pump is electrically comnected with the generafors 80
that the generators are shut down if the pump power fails or is shut off.
The genera.tbrs can, however, be shut off separately by a switch on the
control comsole. |

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 gua.rd heater wvas contimally adjusted

to maintain an adigbatic outer wall opposite the wall thermocouple
g
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locetions. The inlet and cutlet pressures were recorded. Al&s0 recorded
were the FMF's of the inlet-and outlet-water thermocouples end the wall
thermocouples. The shunt voltage was recorded; and the rea.ding of the
voltage drop across the test section was taken fram the voltmeter. All
millivolt rea.dings were taken on the potentiometer unless fiuctuations
made it necessary to average the signal n'cun the recorder trace. Power
messurements were taken before and after the wall .temperatures were
recorded, This was necessary due to the considerable IC ripple in the
generating system. Power fluctuations were also due to turbulence in
the test section, especially in the transiticn region. ‘The variation
of the heat-trensfer coefficient caused a change in wall temperature
due to the low thermal capacity of the wall. The resulting fluchmt{l.on
in tube resistance caused oscillations in the power. This was espe-
clally 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 edjusting the
temperature of each guard heater.

Burnout wes approached by increasing the power at constant flow
rate. The shunt voltage was ind;!.ca.ted on the recf:rder end tesﬁ-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.

‘Bu:rnmt dats consist of those data recorded Just subsequent to.the
physical ddstruction 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 & minimm of air would be entrained in

the system,



DATA REDUCTION

Calculetion Procedure

The calculation procedure was formalized to allow for efficient
reduction of the numercus data taken during the studyﬁ. Sanple calcu;la-
tions for nor=boiling and boiling rums are shown in Appendix D. In all

cases the axial temperature gradient was not large enough to cause

local verietions in the heat flux. This was convenient as it allowed
several independent measurements cf the heat flux. The heat-transfer

rate was calculated from

qQ= V(ho - hi) (l)

vwhere the enthalpies were evaluated from the meesured inlet and ocutlet

temperatures. The heat-transfer rate was also given by

q=V1 (2)

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

the hagt-transfer rate was calculated from
2
a=1%R, = 1% DL/A, (3)

where the electrical resistivity was interpolated from the measured
data 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 percent at most. The heat flux was
obtained by averaging the three rates of heat transfer and dividing
By the heat-transfer area. The hea,t—t:.:ansfer area was defined by the
settion of tube detween the inlet and éutlet bushings. Fillets from
the soldering operation were cogside'fed part of thé bushings. The




=2]=-

heat balence verified that the bushings themselves contributed negligible
heat to the water.

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

The pressure was also asaumed to very linearly from inlet to outlet.
The pressure taps were located close enough to the heated section so that
the pressure drop in the smail lengths of urheated sectiom could be oon-
sidered part of the heated-section pressure drcp, This assumption is
ressonsble 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 préssure drop is then obﬁmsly
no longer valid. In practice a run was terminated when the pressure
drop increased appreciably. Thisprecaution also aveided premature
burnout due to flow oscillations which 18 discussed in th.e section on
burnout. |

The temperature of the heat-transfer surface was obtained by sub-
tracting the appropriate correction from the megsured outer-wall tempere-
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 vas taken from Dorsey. -
ch‘:ung"_‘gg Results

- The greatest uncertainty lies in the determingation of the tempera-;
ture of the heat-transfer surface., With the smeller tubes the measuring

Ju,nctién of the thermocouple was placed circumferentially around a
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cansiderable portion of the tube. This tend¢d to eliminate error due to
flow stratification and wall-thickness veriation. It is ncted that the
temperature drop given by equation (Bl) is a strong function of the resis-
tivity and thermal conductivity. A= noted, the resistivity was measured
for each size tube and found to be well represented by a straight line.
Unfortunately the thermel conductivity could not be obtained experimen-

tally for the various tubular sections used. Published date 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 ef:t‘ec:t,l
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
canbination of nominal dimensions and tolerances listeci by the manufac-
turer, the percentage variation in Atw was found to be of the order of
only one percent, Of course, actual dimensions were used; howe\fer,
slight variations in outside diameter and wall thiclmesé 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 a.vefaged to get the
locel 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 wes also noted with large tubes
by Kreith and Sl.mlneri’ield.]'3 who attributed it to the effect of gravity.

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

educeted guess; however, : 5 °F seems reasonable. It is noted that the
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maximum error in Atw will occur simmltarecusly with the mexinmm
(tW - ts) at the highest flow rate.

The heat flux as obtained from the average of three values is
considered to be within z 2 percent. The error in the increase in
enthalpy of the water from iniet 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 taps are comsidered.

F TEmm
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CHARACTERISTICS OF NUCLEATE BOILING

The study of boiling heat transfer began in 1926 when Mosciki and
Brc;d.erli+ conducted experiments wil  &. electrically-heated wire sub-
merged in a tank of weter. Boiling heat transfer cannct be predicted
by the usual formulatione derived for forced convectiom. In addition,.
it is influenced by meny minor variables. As a consequence it has
become customary to represent the heet transfer by the boiling curve.
The heat flux is plotted versus the wall-minus-saturation temperature
difference which hes been found to be the governing tempera.tl:u.re 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 Nulkiyema 1 in 1934.

The regimes of boiling are indicated in Fig. 11 for a specified
fleidfsurface ccmbination and constant pressure.

Pool Boiling

Consider first the boiling curve for saturated pool beiling:
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 18 increased further to B, bubbles form at active muclei on the
heating surface. These bubbles rise ﬁhreugh the pool transferring
steam to tpe vapor space. The growth and departure of bubbles at the
surface augments the hea’ trensfer, and the (q/A)-»veraus-(tw -1t ﬁ‘)
curve changes slope in the nucleate-bolling region. The slope of the
curve then decreases, a.nd‘ the heat flux goes through & meximum 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 unﬁtable film forms
around the wire. Under the action of circulation currente; 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 x_ja.diati;n.

If the temperature difference is the d:ependent variable as with
electric heating, operation at C is unstable, end the system will pro-
ceed toward regi;:n E'. The temperature at E' is generally above the
melting point for most metals. For this reason point C is referred to
as the burnout point.

The above description epplies, with minor modificaticns, when the
bulk liquid is subcooled. Surface or local boiling cccurs when a liquid
below saturation is bro@ht into contact with a heating surface hot
enough to cawse boiling. The vapor bubbles colleapse at the surface or
break loose and cme in the cold liquid. |

In the region A-B the curve for subcooled pcol boiling obeys the
usual law for natural convecticn. The behavior of the subcooled-pool-
boiling curve in the mucleate-boiling region is, howsver, not well
established. Tt 18 indicated here as simply merging with the mucleate- -
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 cbtain data for surface
boiling undar 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 comstant (tw - ts) 8 the velocity is
increased. This effect was clearly shown by Kreith and Summerfield’S and
Rohsenow and Cla.rk.16 It has been argued by Roh.sénow” that subcooling
has & simllar effect. In the limit at zero wall superheat, t, = tg, the

heat flux should be predicted by forced convection.

(@/A)y = (b, - &) =h (5, - &) (%)

It is noted that as the subcooling increases, h decreases; however, the
net effect can still be.expected to increase the heat ilux. It 18 believed
that no data, have been published which clearly indicate the effect of sub-
cooling in forced-convection surface boiling. The effect of pressﬁre end
subcooling are frequently lumped togeth'er 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 prediétitm of Iincipient boil=
ing under conditions of forced convection.

Most work in foa'cednconvection surface boiling has cmcentrated on
the "fully-developed" region of the boiling curves, In this region the
effects of velocity and subcooling disappear and the boiling curves

appea;r to merge into a line. The data ha.velbeen shown by McAdams, et al. ,18

20

Buchberg, et o.lo,l9 and Jens and Lottes, among others, to be -repi-eaented

by & straight line in the mu.y-dzveloped-boi;ing region. The data from
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these experimente &s presented do not indicate the transitiom regiom,
or knee of the boiling curve, which is alweys present between incipi-
ent boiling and fully-developed boiling.

The plot of McAdams et a1.6 ghowing 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 date taken for the pertinent runs. An effort vas
made to separate out the effects of velocity and subcooling using the
original data. Plotted in Fig. 12 are date for €0 psia and 1, L4, and
12 ft/sec. Values of subcooling from 20-150 °F are indicated. Seversl
test sections were used; however, they were cut‘frmn the same tube, and
identical .clea.ning procedures were used;. The trend of velocity arnd
subcooling &s discussed above appears to be indicated by the date fbints
vhich were cmitted from the published plot. It is also apparent that
there is no significant effect of either velocity or subcoo]ihg in the
mlly-developed—boiling region. |

De'sig Procedures

Com:i:hly used design procedures for forced-convection surface boil-
ing are indicated in Fig. 13. | _ |
| McAda.m, ‘et al.la considered the boiling curve to consist simply
of the forcedgcmvection curve and a fully-developed-boiling curve. A
transition point was defined as the intersection of éhe;tw; curves. At
heat fluxes higher than the transition flux, the mlly-developetli-boilo
ing curve is to be used. In a preceding publication for this project

Ket:mel22

noted that the transition point m" not necessarily be the
point et which first vepor is formed. Although the similarity between

the fully-developed-boiling curve and the pool-boiling curve was mentioned,
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it was nos claimed that forced-convection-boiling data were directly
related to pool-boiling date for a particular system.

It is generally essumed that 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.ah 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 18 then used to locate the

point where the boiling curve is essentially the same &8 for pool boil-

ing.

(e/a); = 1.M(g/a), (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 Rohsenowr{ 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/a) = (a/a)y + (/M) (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 glven by the correlation for
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saturated pool boiling for the particular fluid-surface combinetion.
The influence of velocity and subcooling is 1ne1udled in the forced-
convection term. It is seen that the velocity and subcooling curves
will merge wj.‘fh the pool-boiling curve only at relatively high heat
fluxes where the forced-coavection heat flux becomes veﬁr smll com-
pared to the total heat flux. Implieit in the method is the assump-
tion that at low values of wall superheat, the pool-boiling term is

negligible, 80 that the total heat flux is essentially accounted for

by forced convection.

16 o1ark and Rohsenow,?” Kreith and

Data of Rohsenow and Clark,
Summerfield,’3 and others were analyzed to test this method., In all
cases the poinis representing (q/A)B-veraua-(tw - t;) could be approxi-
mately correlated by a straight line. The slope was approximetely three
for commercially-prepared surfaces, and the intercept varied with fluid
and surface. Both slope and intercept compared favorably with pool-
boiling date; consequently, the (q/A)B-versus-(tw - ts) plots were called

the pool-boiling curves for the particular fluid-surface combinations.

Actual date 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
invesﬁigators analyzed data teken with anmular test sections in the
Columbia boiiing project. Most data appear to have been tgken in the
transition region which was denoted as the "region of fully-developed
local boiling" in that ﬁper. In plots of wall superheat versus sub-
cooliﬁg at constant velocity and heat flux, the date 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 sutcooling. This linear dependence 18 unususl
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 i1s independent of pressure in the range 25-155 psia.
This 18 at variance with the views of most investigators. Ome of the
crossplots indicates that the wall superheat at the inception of fully-
developed boiling decreases with increasing velocity. This also seems
unreascnable.

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
ﬁmct.iona.l" relationships constituting the cor_rela,tion.\

che 23_. Heat-Transfer Studies

The preceding discussion has indicated several érea.s in fo:ced-fcon-
vection surface boiling that have not been investigated in deta.il; The
effect of subcooling has not been clearly noted in the region of low
wall superheat. The point of incipient bolling 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 recammended 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 relstively 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 obtained from studies with large channels cen
be safely extrapolated to smell channels. |

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

oped boiling.
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THE INFLUENCE OF TEMPERATURE DIFFERENCE ON THE

TURBULENT FORCED-CONVECTION.HEATING OF WATER

General

It has been noted that a considerable wall superheat mey 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 ﬁemperature
difference[&t will be higher than that normally encountered in ordinsry
heat-trensfer 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:

a7

Colburn:

(h/e, ©) (Ul cpb/kb)a/ 3 = 0.023/(cDfy)° (7)
28

Sieder and Tate:

(/e ©) (/0> UMM - o.ce1/(ep )2 (8)

McAdams:ag

(b/e, ©) (e,t/0,2C = 0.023/(onp, )2 (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 temperature, and f to a film temperature defined by (t-.w + tb) /2.
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These equations are for heating or cooling of variocus fluids and include
the effect of temperﬁture-dependent properties. They correlate the data
for moderate /\t, Reynolds mumber (GD/() = 10*, Prendtl nunber
0.5 < (cplU/x) < 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.3°

Adr data at high/\t have been correlated by e modified form of equa-
tion (9);31 however, it eppears that no systematic data have been reported
which consider the effect of \t cn the heating of liquids. MeAdams® recom-
mends either equation (7) or (8) for extrapolating results for liguids to
high/\t. Al-Arab1¥ examined the data of several cbservers for the turbu-
lent heating of vater and found that the results for low/\t and moderate
A\t had to be treated separately for good correlation. Heat-transfer
coefficients were computed on an_gvefage basis, and the highest[&t was
epproximately 80 °F. The dete caﬁsidered were too limited to enable a
camplete study of the effect of/\t. Owens and Schrock>> took data for
forced conQection of water at the inception of sﬁrfhce boiling. These
investigators considered 1ncipient boiling to be the intersection of the
forced-convection and fully-developed<boiling curves. Their data were
consist?ntly‘bblbw th? values predicted by the correlations of equations
(T) 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
end high system pressure permitted very high/\t. The data were too few
to check the influénce: of[&t on these correlations.’ Furthefmore, the
average heat-transfer coefficients used in that atudy are somevhat mis-~

leading as entranceeffects are included.
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Experimental
As available information appeared inadeguate to predict forced-con-

vection heat transfer at high[&t, initial experimente wefe made in this
area. Heat-transfer measurements were made for the hgating of water in
a smooth 0.094 in. ID stainless-steel tube. A calming section of 2.5 in.
preceded the heated section. Outer-wall temperature measuremente were
made at an L/D of TO. Preesure measurements were taken to insure that
no data were taken under conditions of surface boiling. The pfessure
level was approximately 75 psia.

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

6

G = 5.56 x 10° 1b_/hr £t°,/\t varied from 24 - 160 °F, &, from 71 - 140 °F,

and t_ from 83 - 221 °F. A higher pressure level as well as a lower inlet

f
temperature would have been needed to increase the range of these varia-
bles.

The results indicated in Fig. 14 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 = 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 loweredl6 for water at
high pressure indicating that the variation of fluid properties with
pressure 1s important. The fact that the results of reference 33 hsve

lower constants than the present data can be expleined 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 aa[Xt i8 incressed. In the case of the
McAdems correlation, the predicted heat-transfer coefficients would be
quite conservative at high[&t. The Colburn and Sieder-Tate equations
attempt to correct for redial property variation by considering the
well temperature as well as the bulk temperature in the evaluation of
properties. It is Been, however, that these correlations overcorrect
for the property variations, and the predicted heat-traunsfer coefficients
are optimistic at high[&t.

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

On the besis of this study, it was decided to use the relstionship
of equation (9) for the turbulent forced-convection heating of water.. A
furthe: refinement was to use the exact correlating line at constent mess

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

Deta 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 teken 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
data from both stations are well correlated for Reb >-10h; however, the
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 < Rel< 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 tenperature increases axially, the subcooling for
station 2 should always be lower than that for station'l. Lines of
consﬁant subcooling are sketched in and are seen to be asymptotic to
the heat flux predicted by the forced-convection correlation at zero

wall superheat.



The data for the low velocity are very complicated due to the transi-
tional cha,racﬁer of the flow. The wall temperature at stetiom 2 18 gener-~
ally higher than that at station 1 in contrast to observations at higher
velocities. There i8 also considersble scatter, although the usual
increase in slope from forced convectiom to fully-developed boiling is
evident. Wall temperatures fluctuated comsiderably, and it was necessary
to read most values of thermocouple EMF from the recorder rather than the
potenticmeter.

Similar data for a 0.09% in. ID stainless-steel tube of heated length
5.48 in. and calming length 2.5 in. are given in Figs. 17 snd 18. Outer-
well temperatures were measured at 29 and 48 L/D.

In Fig. 17 it is seen that for Re > 10’*, data for the lower L/D lie
8lightly higher than the data for the higher L/D although the ccrrelating
lines have similar elopes. The higher hest transfer appeajra té be due to
an entrance effect., An analysis by Deisslmﬁu and experiments by Ha.rtnett35
indicate that a length of 15 diameters brings the local hea.t-trénsfer
coefficient approximately equal to that reached asymptotically in a long
cube, However, this holds oniy when the flow is fully developed and turbu-
lent at the beginning of the heated section. The calming length for this
tube was probably inadequate for full development of the hydrodynamic

bm&ary leyer; thus, the hydrodynamic and thermal boundary layers both
de\feloped 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 data for the low flow rate are reasonably well ordered; however,
they lie below values which would be predicted for turbulent flow. A
diameter-Reynolds-mmber'tra.néition 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 esymptotes at zero wall superheat for.eqpal subcool-
ing dolnot coincide however, due to the influence of diameter and
entrance length on the heat-transfer coefficient’,

Th¢ data obtained with test sections 12 and 13 indicate clearly
the characteristics of the beiling plot at low wall superheat. At con-
stant'wall superheat the heat flux increases with velocity 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-convection correlation found most suitable at high radiel
temperatufe difference.

Since the effect of subcooling was ¢iearly 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.
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INCEPTION OF FIRST SIGNIFICANT BOILING

Analysis

No enalyses are known to have been reported which predict the condi-
tions under which mucleate boiling will be initiated in a forced-convec-
tive system. As mentioned earlier the intersection of the forced-convec-
tion and fully-develcped-boiling curves is velocity dependent. This d&es
not, however, mean that the transition to fully-developed boiling begiAa
at a wall superheat dependent on the vélﬁcity. On the contrary, Rchaenow's
superposition principle suggests that the transition zone for all values
of veloeity and subcooling begins at a wall'sqperheat correspanding to
the inception of boiling in a saturated pool. In order to develop &
criterion for incipient boiling, the conditioms 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 prcposed. Theories based |
on the thermodynemice of pure liquids have been unsuccessful in predicting
nucleation superheats except with pure degassed liquids in scrupulcusly-
clean glrss conta:lners.37 The marechmmonly'accqpted theory of nuéiea~
tion in practical boiling systems suggests that bubbles originate at small
cawities in the heating surfuce.38 Bubble nuclei are formed by vapor
trapped in the cavities.

Consider a segment of a spherical vapor bubble of radiuvs r in a liquid;
at equilibrium

bifa (2, - 5, )=2T=rg (10)

or

Pg - =20/r (11)
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It i3 noted that !I."i3 = 'I'8 at equilibrium. Then, according to the
Helmholtz relation for the radii of curvature of interest,’ ?8 < pg.
Consequently, the liquid temperature must be superheated with respect
to the liquid pressure.

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

tion line:

x> = : 12
ap s/ Ty Beg P, s/ Tg hfs/ Ve'e (12)

It is noted that

(pg - 1, )/(T, - T;) = dp /ar, (13)

Combination of Egs. (1I) to (13) then gives

TE -T T2 o’ 'l‘gvs/hfg r (1k)
or
TE =1/ [1 -2 dvg/hfgr] | (15)

This final equation can readily be applied to a hemispherical bubble form-
ing at a cavity with a mouth radius r. The bubble must pass through the
hemispherical state before growing outside the cavity; this shape conforms
to the configuration of the minimm radius of curvature. Equation (15)
then répresents the criterion for bubble growth. 'I'ﬁe 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 laminer sublayer.
Howevér, the tenpera.fure gradient within the laminar sublayer makes it
difficult to define the relation of local liquid temperature to the

critical vapor 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 a distance y = r from the wvall is greater than the critical vapor
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, a8 all of the
surrounding fluid is then &ble to transfer heat to the bubble. In
reality, if the fluid temperature at a distance somewhat less than r
is equal to the critical vapor temperature, the bu'b‘t;le should still grow.
There is then heat transfer to the base of the bubble and heat trensfer
from the top of the bubble, with the net heat tmsfér equal to zero at

equilibrium., The solution for this heat tra.nsfer is complex as the

liquid temperature profile is distorted near the bubble, Han and Griffit 40

present a pool-boiling analysis which uses the relatiomship r = 0.67y. In
their analysis it was necessary to make mumerous assumptions which cause
considerable uncertainty in the final result. An exmct solution, if it
were possible, would involve labor out of all proportion to the results.
The postulate as stated above appears sound enough physically for a
design approximtion. Hsu and Grmn39 have used this same criterion
for estimating the critical tempera.tﬁre profile for initiation of bubble
growth in pool boiling.

The temperature profile in the laminar sublayer is given simply by

T = T, - (a/A)y/x (16)
Equations (15) end (16) together with the postulated relaticnship
TC = Ts at y=1r (17)

represent the criterion for ineipient boiling. The wall superheat at
vhich 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 &
system at constant pressure. i‘he inception of boiling is indicated
schematically in Fig. 19. Equation (15) can be §1§ttec1 fér the sys-
tem as all properties are evaluated at the saturation temperature.

The liquid temperature profile is a function of 'the bulk tempereture
and velocity in addition to the heat flux. The wall temperature will
increase with an incremse in heat flux or with a déarease 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 a
cavity of this radius can now grow. Only a small a.dditi;na.]. increase
in wall temperature ie necessary to activate a considerable range of
cavity sizes. .

It is noted that grooves are more probable than cavities due to
the nature of most metal-forming operations. It has, however, been
shown by Bzau.nkoi&‘flFl that cavities are more stable vapor traps than
grooves. In most cases the smaller second-order rcughnesses formed
statistically by the fracture of the solid determine the superheat. In
comnercially-prepared surfaces a wide range of cavity sizes can be
expected. Incipient 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 Verificaticn
The data taken with test section 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

E’
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boiling., In Eq. (16) the thermal conductivity wns evaluated at the wall
temperature. The veriation of the thermal condncfivity for water in the
range of liquid temperstures enccuntered near the well is so small that
no error is introdnéed by this aséu.mption, Figure 20 ahm the resul't'
for test sectian 13 at the three mess velocities ’tzionsidered. The lines
indicating the Jiquid-tememture veriation are terminated at the end
cf the laminar sublayer to indicate that this analysis is confined to
the laminer sublayer. The thickness of the laminar sublayer can be

shown to be approximated by

v, = 50/re®*91/0.023 (18)

for a smooth tube. Several t"g(- curves are shown beqa.use of the axial
pressure gradient in the tube‘a.t higher flow rates.

The experimlenta.l verification i3 indicated in Fig. 21. The rela-
tive amount of boiling foax' emch point is indicated by

(/A) - (a/A)gg /(a/A)

vhere the forced-convection term is evaluated from an extrapolation of
the eppropriate correlation line fram Flg. 17. When plobted versis wall
superheat, this boiling proportion is seen scattering about or remaining
close to the zero line, indicating that forced eonvection accounts for
aJ;I. the heat transfer, At a definite wall superheat, however, the points
become positive, indicating that the heat transfer is augrented due to
the boiling. This wall superheat at incipient boiling is seen to be
strongly dependent on velocity. The exmct tramsition point 18 a matter
of judgment, as the break point can be imagined to occur over g spread
of at least 5° of wall superheat. In any case, the experimental break
potnts can be considered to coincide Hi;bh the transition points suggested
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by analysis. The same procedure was followed fqr 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 releasé at the hot Bu.r:t‘a.cel8
should not occur at this low air content.

The well superheats for incipienf;. boiling are indicated in Fig.

18. The locus of points for incipient boiling is seen to be approxi-
mately a line on the (q/A)-verBus-(tw-ts) plot. It is apparent that .
at constent muss velocity the wall superheat required for incipientl
boiling increases as the subcooling is incre‘a.sed.‘. 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 subcoocling. 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 tﬁis englysis is clear. The locus of
points for incipient boiling at a given pressure can be plotted on the
(a/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 transitiom to fully=-developed boiling.

A general correlation giving critical wall superheat as a function of
pressﬁre and heat flux can readily be developed for convenience in design.

As noted in the derivatiemof 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 vhat can bte expected from forced convgction. Even though the
mcleated 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 & transitiom point at wall superheats higher
than vhere.the firat bubbles are actually formed. Tms both anslysis
and experiment are in the same directiom.

All 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 cognditions required for the inception of
boiling for vater at high pressures vas conducted by Buckberg, et al.”
For the particular 1l".u];n.e Bize 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 mJl-ténpercture variation and wall-
temperature fluctuation were observed to determine the incipient.-boiling
point. The difference in wall tenpera.tuie between a downstream loecation
and & location near the inlet was plotted versus heat flux for canstant
pressure and flow., A sharp peak in the curve then defined the heat flp.x
at incipient boiling. Oscillogram traces also indicated that wall-tempers-
ture oscillations were reduced considerably at the so-called incipiente
boiling point.

It is believed, however, that this method actually indicated the
start of fully-developed boiling rather than the beglnning of first
siglificant boiling. Reference to the boiling plqb shows that et con=-
stant heat flux and pressure, the wall temperature mist increase axially
in the forced-convection and trensition regicus, ‘Whereas in the fully-
developed region it remains comstant, 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 temperature profile which gives rise
to the inflection point on the crossplot noticed by Buchberg and co-
workers., The inflection point mist then signify the etart 'of fully-
developed boiling. However, it must be noted that a sensitive exjgeri-
ment of this type is almost impossible at high pressures where the wall
superheat at fully-developed boiling is less than 10 °F.

An attempt was made to a.pﬁly the present incipient-boiling analysis
to the data of Buchberg, et al. Their cbrrela.ti:on for non-boiling con-
vective heat transfer was used to obtain the value of (tw - tb) at their
velue of incipient boiling corresponding to the particular G and t’b'

The resulting values of (tw - ts), however, were all approximately -20 °F
indicating that the forced-convection correlation mist be inaccurate at
high At. As a result there was no possiblity of checking the present
analysis with those high-pressure data. 1In any case it 1s usually not
necessary to determine the point of incipient boiling at high preéasures s
a8 it is separated from fully-developed boiling by only a few degrees of
wall superheat.

Hsuhz applied his pool-boiling snalysis to the inception of forced-
convection surface boiling as obtained by McAdams, et 1. me con-
cept of a transient thermal layer was retained ard the thickness of
the limiting thermal layer was estimeted from reference experimental
points. The effect of pressure and subcooling on the wall temperature
at 1néipient. boiling was then checked end found to be epproximated by
the analysis. It is recalled that McAdams et al. have defined incipient
boiling as the interaection 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
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appears to be unnecessary in a forced-convective system where the tem-
perature profile in the laminar sublayer is well defined.

Reference to experimental results of Ma-ntzmxrazﬂshzi for incipient
boiling ie given in a recent article by Ha,seld.en.'h'h The wall superheat
at incipient boiling is shown to increase with increasing velocity and
subcooling while decreasing with increesing preésure. Thia 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 inception of boiling under conditions of forced
convection is not limited in its aéplicatim to m.tbc'oclaled systems.
Nucleate boiling actually extends into the region of slug flow in a
two-phase-flow system. It has long been recognized that strang two~-
phase circulation suppresses nucleation. The procedure outlined in
this section should be useful in predicting the heat transfer in two-
phase systems.

TIripping of Boundary Layer by Incipient Boiling

Boiling date were taken with a shart 16 ga. tube with the inten-
tion of uncovering any unusual diameter effect which might be present
in fdrced-convection surface boiling. The émght-a.fter diameter effect
turned out to be pertinent to the analysis of incipient boiling, hence
the results are presented in this section.

Data taken for a 0.C465 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-
tioms of the curves are seen to be merging and the effects of veloeity

and subcooling are clearly diminished.
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The apparent asymptote in the fully-developed-belling region is
similar to that obtained with test sectlion 12. For higher mass flows,

the region cf low wall superheat is correleted by the extrapolation of

6 2

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

The data lor 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 OF,
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 o. somewhat less than 20 °F is reached.

This unusual phenomenon can be explained in terms of laminar-turbu-
lent transition and incipient boiling. The dsta taken at lower heat
flux a8 indicated in Fig. 22 lie well below the turbulent line although
somewhat above values that would be predicted for leminar flow. Due to
the small diemeter and low bulk temperature, the Reynolds numbers lie
near the beginning of the transition region. On the other hand, the
deta for high heat flux are definitely turbulent as indicated in Fig. 22.
Something happened to suddenly change the character of the flow from transi-
tion to turbulent.

The sequence of wall-temperature variation with heat flux was per-
fectly reproducibie 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 enalysis predicts the start of boiling at (t v ts)
18 °F. As noted earlier the first bubbles can be expected to grow at a
slightly lower wall superhest. It sppears to be no coincidence that
the wall temperatures behave strangely winen the first bubbles grow.

The bubbles can be considered as devices which trip the boundery
layer from transition to turbulent. The second station exhiblits thie
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 3186 indicate
the difficulty of predicting the behavior of boiling or nonboiling sys-
tems operating in the laminar-turbulent transition region.

Date for other test sectlons were examined to see 1f there were
any discontinuities which would imply a change in flow character at .
the point of incipient bolling. 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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TRANSTTION AND FULLY-DEVELOPY:} SURFACE BOILING

Discussion
The introductory section on nucleate boiling considered only the
most basic presentation of boiling data, the (gq/A)=(% ‘;qyé.); plot.. .It
is clear that this presentation lacks generality and can be véry cumber-
some if a wide range of variables is to be indicated. At this point it
is appropriate to ocutline the attempts which have been!mde to correlate
the data 1in nucleate boiling. |
In the region of strong nucleate boiling, for both pool boiling
and forced-convection surface boiling, the data of many investigators

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

In this expression n is a constant, ranging from 3 to I for most commer-
cially-prepared surfaces, and C a particular co'nste.nt for each pressure
and fluid-surface combination. For example, Jens and Lotte320 found

that MIT and UCLA forced-convection surface<boiling data for water :cou.ld.

be correlated approximetely by

a/a = (%07.9)" (¢ 1) (20)

Similar dimersional equations have been presented by meny investigators.
It must be emphasized that th-se equations apply only to the region of
mlly-_d.evelcped' boiling. As noted earlier, the replot of data from McAdams'®
project indicates no effect of velocity or subcooling in this region.
Recent studies by Lurie and J‘ohnsonzl of transient pool boiling lend addi-
tional support to the general observation that fully-developed nucleate-

boiling heat transfer is a weak function of the fluid ecirculation.
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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 lor saturated pool boiling. This colncidence has not, however,
been directly verified by experiment.

Generalized correlations can only be successful if they are based
on an accurate physical model cof boiling heat tramnsfer. A mumber of
proposals have been made concerning the daminant mechanism for heet
transfer. Dimensionless groupings of the mmcroscopic variebles based
on the proposed mechanisms have been correlated empirically.

Correlaticns for saturated pool boiling have been proposed by
Rohsenowks and Gilmourh6 smong others. These correlations have been
successful in predicting the heat transfer for various liquids at vari-
ous system pressures. However, the positiom of the fullybde;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.

RdhsenowlT has 1. jposed that the convection effect is superimposed
on the bubble-motion effect. This applies for calculation of the heet
transfer under conditiomns of forced flow or unbounded natuzg; convec=-
tion. The superposition eppears to work in apite of the fact thet the
convective terms are based on expressions valid for undisturbed velocity
distributions. The bubbles clearly disturb this velocity distribution.

More recent correlatione by l’..e'vy'h7 and Engelberg-Forster and Greifah
appear to be more genersl as it ip 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 nacleate
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 a very steep slope on the bholling 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 surfape and rise through the
pool. It is natural, then, to question why correlations besed on pcol ~
boiling should be successful in the forced-convective case. Kreith and
Foust'.l"8 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 megnitude.

Bankoffh9 recently summerized the various mechanisms which have
been proposed to explain the high heat-transfer ratés associated with
boiling. He concluded that a single simple formuiation was not adequate
to describe all of the features of nucleatedboiling heat transfer. He
then proposed a more complex formulation which describes subcocled
nucleate boiling with convection by a threestep model:

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

wall area periodically covered by bubbles is cotled by quenching
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as colder liquid rushes in as the bubbles collspse, and (b) the
remainder of the wall area is coolgd 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 enalysis for any one of these series paths is sufficient to
describe the heat fre.nsfer. Bankoff derived expressions for the quench=-
ing and convection fluxes in the first and third Bteps. Data of
Gl.mther5 0 end Gunther and Kreith23 on bubble parameters together with
an empirical constent were used to estimate the total hest flux gt the
wall. Bankoff divided the turbulent convection in step three into
components due to the bubble and stream motion. The bubble boundaxy
layer was considered thin ccmpa.réd. to the charmel dimensions. The
stirring action of the stream was calculated from & forced~convection
correlation where the equivalent dismeter was used. The stirring action
of the bubbles again required bubble parameters and arbitrary constants
which were evaluated from Gunther's dats. It is noted that step three
then 18 similar to the proce&ure 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 ferced-convec-
tion surface boiling; however, the use of local bubble parameters limits
‘the practical application of his theory. These parameters, such es
bubble frequency &nd lifetime, mist be experimentally related to the
mcroscopic System varisbles. In short, even the most scphisticated
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model leans heavily on experiments to determine the necessary constants.
Thege constants are, however, not dependent simply on the fluid proper-
iee of the boiling system.

A general correlation of boiling date does not seem possible because
of the strong influence of minor variables which are not readily con-
trolled. Among these variables are amounts of dissolved and adsorbed t
gases, impurities and contamination 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 es 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

2 This

cleaning operation would be & film of partially dissolved oil.
white £1lm, which was observed when hastily cleaning fittings, would not
be left if the swabbing operation wes 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 heeting surfaces. The stainless-steeli heaters were clean
and bright after all runs. A very slight discoloration wes, however,
noticed on the inside surface of the nickel tubes. This film wa.s.observed
with the same tubes in a previcus boiling study q.nd found 1I:o have a thick-
ness of the 'order of a wave length of blue 1ight._16 Its effect on heat ‘

transfer is pure speculation.
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Fach tube size must be considered to bz a different surface with
regards to boiling, even though the zame raterial 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 ressonable to assume
that surface characteristics for small tubes are d.-ifferent from those
of large tubes. The positiomsof the fully-develcped 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 alsc noted that
the same finishing procedure for different materials will usually result
in a different surface due to the different material properties. Finish-
ing procedure and surface cmductiyity ere 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: ﬁeat
transfer. The degassing procedure should remove adsorbed air from the
surface as well as from the weter. Boiling for a period of time before
taking data should help stabilize this particular surrac;.-.- condition.
Thie "aging" ;af the heat transfer surface is well known; howaver, it
is not well established what length of time is required before & sur-
face becomes stabilized. In the present experiments, surfaces were
degassed for at least one hour before ta.i:Lng date.

The amount of degassing appears to influence the position of the

boiling curve according to l(ennel.22

A (1'.w - ts) shift of some 22 per-
cent was noticed between runs where apparently the only difference was

in the degassing procedure. It was sugéested that the longer degassing
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period, which included local boiling from the test-section swa'face,
removed a portion of the nuclei from which boiling could occur.
Differences in experimental technique are also responsible for
deviations in boiling date 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, ';lt
is reasoneble to assume that scme of the discrepancy can be traced to
this measurement. |
The preceding discussion has indicsted the complexity of boiling
heat transfer. Even if a general correlastion were pcssible, little
would be gained by attempting to generalize the boiling date which
have been cbtained in this study. The (q/A)-(tw-tB) plot suffices
for most espects of this study. The one exception is where it is neces-

sery to compare data teken 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 encugh to avoid substantial entrance 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 néar the
entrance are larger than at downstream locations. Comparison 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 investigatofs.

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 subccooling 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 regiom.
Tests with this tube were terminated with turnout at the medium flow
rate.

These data were further reduced to examine the epplicability of
the superposition method of Rohsenow. The forced-convection dats 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 frum_the total q/A and plotted in Fig. 26. The operation
is & fair test of the correlation, as the pressure was constant for

all runs. Superposition claims that when the effects of velocity and

r
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subcooling, which are incorporated in the forced-convection ternm, 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 ca.n be grouped into curves for each
velccity 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 (1;w -% B) for incipient boiling. Thie 18 accord-
ing to the definition of incipient boiling; however, it means that
there is a different (q/A)]3 curve for each velocity and subcooling.
Furthermore, the curves follow no regular pattern in the transition
region. They cross and each have several inflection pointa. Only
in the fully-developed region do they become straight lines; Jowever,
it 18 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 veloclty and su'Bcooling
cwrves appear to merge in the fully-developed-boiling region. As a
conaequehce, the boiling portion obtained by superposition consisté

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 essential to

the comstruction of the forced-convection-boiling curve for a particu-

lar system. Experiments were devised with the objJect of directly com-
pering date for pool boiling and forced-convection boiling.
Since the surface condition plays such an important role in boil-

ing, it 1s 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 experimental task; however, two approaches were undertaken, In the
first experiment, a tubular section was essentially sliced in half length-
wise. The complete assembly, which was described éarlier, included‘a
waterprc-f guard heater and power connections.

Attempts were made to febricate this bool-boiling apparatus from the
stainless-steel tubes for which considerable boiling data had been taken.
These efforts were unsuccessful due to the relatively large bubﬁies at
incipient boiling., These bubbles would remmin dt%ached 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, dats were
taken over a wide range of flows with & 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 ty the dashed line. The
pool-boiling line exhibits the usual characteristics: a region at low
wall superheat where natural conveection plays a part, a -developed
portion with constant 8lope, and a region of decreasing slope where the
bubbles begin to pack the surface. The Burnout at q/A = 371,000 Btu/hr £t2
compares favorably'with data of other investigators for saturated pool
boiling of water at one atmnsphere.6 The concave heat-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-convectioa 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 Rohsenowhs

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

It 1s 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 'Bpeclﬂa-
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 as well as the fully-developed porticn bave often been
considered in drawing a straight line through the data.'?

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 frcm 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 pesition of the curve would not otherwise be signifi-
cantly dltered.

| 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 extrapolstion
of the fully-developed portion of the pool-boiling curve. The coingi-
dence of the fully-developed portions of the boiling curves clearly
does not occur, as the forced-convection-boiling curve has g smsller
slope than the pool-boiling curve. It would appear 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 preséures near atmospheric
are not entirely representative of the bubble-motion effect, As the
heat flux was incressed, & large volume of vepor was noted to depart
from the surface. The bubbles grew rapidly until they were at least
1/2 in. in diemeter when they resched the surface of the pool.

The na#ural convection 1nduced'by the large volume flow of vapor
can be considered to augment the hest transfer and produce a steeper
boiling curve. The data of Addom953 indicate a decreasing qupé with
increasing pressure for pool boiling. Bubble sipe decreases with
increasing pressure so it seems reasondblelthat the induced natural
convection would be reduced at higher Pressure. The higher preassure
data are then more representative of the bubble-motion effect in pool
boiling. |

It can be seen that the flux attributed to boiling ag obtained
by superposition can also be considered the extrapolation of the pool-
- boiling curve. The velocity shift at high wall superheat is not espe-
qitlly noticeable due to the relatively small range of velocities con-
sidered. Thére is sume scatter at the inception of beoiling. However,
& single line can be passed through the data points heving s slope
similar to that of the assumed fully-developed-boiling line.
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It 18 noted that the intercept of the fully-developed-boiling curve
at Y = 1.0 is approximately X = 0,009, The approximate intercept of
the points obtained by superposition is X = 0.01 which compzres favora-
bly with the value obtained by Walshsh using identically-drawn A nickel
tubing.

Attention 18 called %o an apparent diecrepancy in data presented
from & previous boiling project. Inspection of Fig. 9 of Clerk and
Rohsenow"? indicates that the datae,when correlated for pressure, fall
into two distinct groups. There appears to be an asymptote with an
intercept at X = 0,006 1n addition to the ane indicated at X = 0.009.
Only the deta in the left-hend grouping were reduced according to super-
position as shown in Fig, 10, with the result that the intercept falls
&t X = 0.006. It is quite possible that the date from the right-hand
grouping were taken with A nickel test sections instead éf the' L nickel
tubes supposedly used throughout the study., This would explain lack of
agreement between the two groups of data as well es 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 dats were taken from Fig. 28 and fouled-
tube data were taken from preliminary runs where no ion exchanger was
used. A heavy ﬁlack deposit of carbonates Precipitated at the heat-
transfer surface when the water was not treated. The incressed resist-
ance to heat transfer is evident at all regions of the boiling curve. .
b. Anmilar Geometry

.An annulir test section was also constructed to investigate the
same problem. The anmlar 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 ccitld be covered. In additiom,it was hoped that a visual
indication of incipient bciling eould be cbtained., |

As described previously,the annular test section consisted essen-
tially of 16 ga needle tubing placed inside & 5 mm Pyrex tube. A pressure
tap and thermocouple were located as far as possible from the inlet in
order to avoid entrance effects., Seversl testi 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 diemeter veried
considerably. A simple pool-boiling test section was constructed from
the same length of tdbing used in the anmiler runs,

The forced-convection and pool-boiling date are indiecgted in Fig,
32, It is seen that the fully-developed portion of the forced-convec-
tion-boiling curve indicates no effect of veloaity or subeooling 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
mamufacturer indicated that the outside surfece of the tﬁbing was
polished whereas the inside surface was laft as dnvn.9 The difference
in slope is probably ceused by the different surfhceﬂchnracteriutice
produced by the manmufacturing operatioms.

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

Considerable difficulty was experienced in cbtaining pool-boiling
data for the wire-like gecmetry. The two curves shown are remresentative




of the data obteined snd indicate the sensitivity of the experiment to
gsurface 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 clwé to saturation as
possible by means of an immersion heater. The surface was also degassed
by surface boiling for some time before data were taken.

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

It is noted that these data lie ajproximately 10 °F to the right of
the first boiling curve. This can be explained, at least partially, by
the cleanliness of the surface. The prolonged ~soald.ng 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 previ.ous boiling.
This effect is discussed by Jakob.”’’ It is probeble 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 d;rectim at
higher heat fluxes. It appears that this effect is due to the large
vapor volume departing from the surface in neerly-saturated pool boil=-
ing at low pressures. The net effect of this bubble motion was to
violently stir thbe entire pool. The test section PB 1 was located
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substantially farther from the bottom of the pocl than wes PB 3. In all
probebility, the convection currerts 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 FB 1l.

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 probeble effect of bubble-

induced convection were presented by Rallis, et 0.1956

These date indicate
that the boiling curves for subcocled pool boiling lie to the r:l.gl_rb of
| the curves obtained with saturated pool boiling., Ordinarily the opposite
would be expected as natural convection increases wita mibcool:lng. 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 investigetor. Unpublished data of Lotngs’r gshow this effect for a

boiling system using variously finished surfaces with dichlorotetrafluorcethane.

Inasmich as no satisfactory explanation has been given for the phenomenon
observed by Long, the above-menticned ides of bubble-induced comvection
probably explains his observaticns.

Forced-convection data for the anmilar geometry are correlated in
Fig. 31 according to the equation proposed ﬁy Carpenter, et a.:l..58 The
correlation is only one of many proposed for annuli; the main difference
appears 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 a8 given in Eq. (8) although the
constant is changed scmevhat. The majority of the data fall close to the

P BT OGE
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original correlation. Data for the shorter tube are higher, perhaps due
to entrance effects.

Thé forced=convection-boiling data and pool-boiling date were corrected
for pressure in Fig. 33. The data given in Fig. 31 were extrapolated and
used to obtailn 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=bolling curves
and the fully-developed-boiling curve.

Pool-boiling data were not corrected for natural conwection. The
lower portions of the pool-boiling curves would he mich steeper if this

corraction were applied; however, the cther regions of the curves would

not be significantly altered.



DESIGN-PROCEDURE SUMMAKY

AS & result of this study, a more accurate prediction-of ihe forced-

convection-boiling curves for a particular system is possible. Boiling

curves constructed for several values of velocity and subcooling are
shown in Fig. 3%. These curves vere cbtained from the assumed line for
saturated pool boiling by the two basic design methods: direct extrapola-
ticn and superposition of forced convection.

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

tion
(@/A)gg = Blt, = &) = B[ (8, = t,) + (t; - &)] (21) l

where h was obtained from Eq. (9). The additional vaxiables 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 Eqs.
(15) to (17), and is seen to be a straight line at constant p;"essure.

' The comstruction according to Engelberg-Forster and Greif consists
simply of locating by Eq. (5) the point on the extraspolation of the pool-
boiling line where forced convecticn 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 veiocity and subcooling. In oxrder to
avoid the considerable discontimuity at incipient boiling, the original
formlation of superposition has been modified to the following:

(2/A) = (a/A)pg+(a/A)y - (a/n); (22)

vhere (q/A)l 18 the pool-boiling heat flux at incipient beiling.
The boiling curves censtructed by both design procedures are sub-
stantially in agreement, especially at low velocities. It is emphusized
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that the independent variable in most boiling systems 1s the heat flux.
The wall superhest predicted by either methed 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 ncainal date for fully-developed forced-
convection surface boiling are available. These data are used o infer
the saturated pool-boiling line, and the desired boiling curves are then
constructed as indicated above.

In lieu of actual data far the particular boiling system, it is
possible to base the design cn aveilable date for a simllar system. It
is emphasized that use of such data is not desirsble due to the influence
of minor variables om 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
which are presented only in terms of fluid properties must likewise be

considered as only approximate.
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SUMMARY OF HEAT-TRANSFER STUDIES

The beiling curve under conditions of subcooling and forced convec=
tion is cheracterized by three regione: (a) & regiom of low wall super-
heat where foreed convection applies, (b) a trensition region where
forced convection and surfece boiling are important, and (c) a fully-
developed-boiling region where the effects of forced convection are
unimportant,

Availsble 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 comservative 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 mmbers. It is shown that flow comditions in the transition
range of Reynolds numbers can be strongly influenced by the inception
of surface boliling. Date for a small-diameter tube indicate that the
bubvles formed at incipient boiling trip the laminar or transitiom
boundary layer to a fully-developed turbulent boundary layer.

The experimental results for comparison of forced~convection boil-
ing and pool boiling are inconclusive. The fully-developed region of
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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 thie region. This region of vigorous boiling ccincides approxi-
mately with the extrapolation of the pool-boiling curve in one set of
experiments. In other experiments, pool-boiling data were sirongly
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 ie 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 %o 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 extrapola-

tion or superposition of forced convection.

| mEFP



Primary Variables

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

In all probability, the first burnout investigation was carried
out by Mosciki and Broder™® in subcooled pool boiling. Burmout date

for forced-convection surface boiling were presented by McAdams, et a.l.,l 8

Kreith and Su:r:rmerfie:ld,13 Gunther, o1 and Jens and Lottes.20 Burnout wes
visualized by these investigators as a local phencmenon; at this condi-
tion the bubbles become numerous enough to coalesce and form a vapor-
blanketing leyer. Accordingly, the dats were correlated in terms of
local properties: mixed-mean temperature, pressure, end velocity. The
channel dimensions were considered to have no effect on burnout. These
same properties have been considered the only variables effecting burn-
out by more recent investigators as Mirshak, et a.l.59 and Zenkevich.so
Data for constant pressure have often been presented on s plot of
(q,/A)Bo versus (t - 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 dats of Gtmthe'r5 1 were correlated by:

(Q/A)BO = const G%-" (t5 - £ )50 (3)
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The same form has been used by most investigetors, although s term which
corrects for pressure is frequently edded.

Berns.th6l has presented a method of correlating subcooled burnout
which essumes that the driving force for heat transfer at burnout ie
(tw - tb)BO‘ This assumption permits the evaluation of a burnout heat-
transfer coefficient frem burncut date where the wall texperature was
recorded., Bernath used Columbia data to obtain un expression for hBO
in terms of the velocity and the hydraulic and heated diameters of the
annular test sections. Date from several burnout Programs were then
analyzed to arrive at an equation for the wall temperature at burnout
as a funetion 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 reasonable Physically and is at variance
with data of most investigators. It is also evident that the wall
temperature should be a function of f£Iuid and surface condition. In
general i% would appear to be rather difficult to correlate burnout
in terms of the variables ﬁich Bernath has chosen..

An effect of channel length wes found by Jens and Lottes.,2P When
attempting to correlate data of UCLA and Purdﬁe, they found thet the
buracut flux was lower for longer L/D tubes, all other conditions remain-
ing the same. The same effect was menticned by Green, et 31.62 It 18
noted, however, that neither of these studies included the length as a
variable in final correlatioms.

The generalized burnout correlaticn of Grifﬁth63 contains hydraulic
diameter in the Reynol(is number. The effect of diemeter was not specifi-
cally investigated, however, and Griffith memtions that the correlstion
is probably not velid for dismeters smsller than 0,18 in.
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Recent Russian studies by Chirken and Iukin& 2nd Kafenhsus and
Bocharov"? have indicated & strong dependence of the bumout heat £lwe
on channel height. In both studies the burnout heat £lux ves found %o
decrease when the channel height was reduced below 2 mm.

In contrast to these results, Aladiev, et a.1.66 mentioned that
(q/A)B0 for tubes of 3 mm diameter was mich higher than for tubes of
8.2 mn demeter. It is presumed that otker variables were held cone-
stant in this comparisom; however, the data are not presented.

At the start of the present investigatiom, then, the effect of
primary varigbles in subcooled burncut appeared, at least to some
extent, tc have been investigated. Five dependent variables 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, and L. The effect of channel height, how-
ever, has not been systemstically investigated, and there is disagree~
ment among investigators regarding its effect. Inasmich a8 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 Variebles

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

Burnout tests were run by Jacket, et 1.7 with upflow in channels
inclined L5 degrees from vertical and with vertical downflow., It was



concluded that flow direction had no s:ll.gnificant effect on burnout. The
experimesntal results of Zenkevich and Su'bbotin,68 obtained with verticsl

upflow or downflow, support these comnclusions,

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 S1:|.bbcfl;:l.n68 &nd DeBortoli and mBnor\r:‘.s9 with dissolved-gas concentra- ﬂ
tions up to approximately 140 cc/liter support this conclusion. Gunther” T -
found no effect of dissolved-air content on the burnout limit in hie low-
pressure studies. It mst 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 0.1.70 indicated

no signifieant effect of surface finish. Jacket, et al.’T 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 9.1.66 also indicated no effect of roughness of the
heated surface. However, Mirshak, et al.’” did find some incresse in
burnout flux when the surface wes roughened.

Leppert, et 1.7 found that with smell smounts of volatile organic

additives, there was a slight increase in pesk heat flux. This was

B

epparently due to the decresse in bubble size coused by the sdditives.

In these experiments the largest amount of organic fluid added was 2.65

percent by weight. This amount did not materially change the properties

of the mixture fram 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 hnvé little effect on the peak heat flux. It mst be emphasized,
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however, that these variables will shift the boiling curve and thereby
‘influence the eritical (tw - ts)' The loeation of the burnout point is
important; however, this 1nfoz;mtion is mmpli.éd from hegt«transfer
measurements for the particular fluidesurface 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. Alsdiev, et al.66 found similar lLurnout points with tubes
of wall thickness of 0.016 and 0.079 in. Gunther,>* however, found
that his data obtained with heating strips of 0.0oll- in. thickness were
below results obtained with thick-walled tubes. Thin-walled heaters
are unsble to st@nd hot spots caused by temporary insulation of the sur-
face by vapor petches. Data obtained with thin-walled heaters should be
considered as premature burnout datas.

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
hester. The peak flux being abscrbed is higher than the rms velues of
voltege and current would indicate, In the limit, the ratio of peak
heat flux using DC to that using AC approachee the ratio of maximm
m to rms power, which i3 2 for a single-phase power source.

The only known experimentel study of this phenomenon has beea per-
formed by Szeteh.n It was found that in pool boiling with & 10 mil
nichrome wire, the IC peak flux was twice as high as AC et 10 °F sub-
cooling and 1.3 times at 35 °F subcooling. The magnitude of the differ-
ence in burnout flux between the two forms of heating is probably a
complicated function of the thermal coﬁdnct:l.vity, specific heat, and
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dimensions of the heater, as well as the frequency of the pcwer 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 prema-
ture burnout can occur if power to the test section 18 increased too
rapidly or too unevenly. The method of approaching burnout has also
been found to influence burnout. Krelith and Swmerfield’3 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 egquilibrium

surface-boiling conditions were sttained..

Axial-conduction errors can be expected to cause high experimental

burnout hest 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 E
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 nuecleate to film boiling, but rather

the point where the departure from nucleate boiling occurs (INB). This

method of defining burnout is slightly conservative as INB will be below

the maximm heet flux by several percent. The distinction is felt to

be an unnecessary refinement as the actual design would provide for opero.-}

tion well below either point.



Silvestri' mentions thet tube rupture is an operstionsl definition
of burnout which can be misleading. His objections axre made in reference
to slow burnout; which occursat high quality, and burnout due to flow
oscillation. These conditions were avoided ir obtaining the present data.

Burnout protection devices heve been used in various boiling proJectB.l9’ 13
A detection circuit and a circuit breaker are the major aeomponents of
such systems. The detector relies om the fact that burmout; in all sub-
cooled systems at least, occurs at the test-section exit and is charsc-
terized by a large temperature rise of the heater. 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 & bridge circuit and ultimately interrupts power to the test
section. A properly-functioning burnout detector gives an accurate indice-
tion of the maxdimum heat flux.

Although burnout protection devices are considered unreliable by some, 61
it was decided not to use one in the preeent study for other ressoms. A
burnout detecter and explosive switch were available from a.‘ previous proj-
ect; however, comsiderable modification would have 'been necessary to use
it with the present system. The various sizes of test ;ectims would
have required substantial adjustment of the bridge circuit for each series
of runs., There is also cons:l.derab],e danger involved in activitating the
switch with dynamite caps. In addition, time and material costs were
less for fabrication ard replacement of a new teet section then they
would have been for activitation and setting of the control eircuit.
F\irthemre, there is no doubt that a genuine burnout has occurred when
the tube ruptures.

Rl B
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Flow Stabilitx in Boiling g@tems

a. Flow Excursion

Recent studies have indicated that system stebility must be con-

B
sidered when taking burnout data. Two types of instability are recog- B
nized as causing premsture burnout: flow excursion and flow oscillation.
Th -

Instability due to flow excursion was first considered by Ledinegg.
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 sieeper negative slope than exists any-
where along the tube curve, the system is stable. With a nearly-hori-

zontal system characteristic, for example, operation &t point (b) is

unstable. A slight decrease in flow causes the operating pcint to move
rapidly to point (a). Very often the percentage of vapor at (a) is too
great and burnout occurs. Instrumentation camnot follow the rapid change
in flow and apparent burnout is at (b).

As noted by Clark and Rohsencow25 and Jens ,75 the instability may be
removed by increasing aveilable pressure drop and i‘nst.a.l].ing a throttle
valve near the test section to effectively steepen the system characteris-

tic. For all runs in the present siudy, the pressure at the inlet to the

test-section line wes 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 tubé
did not exceed 20 psi; therefore, it can be sald that the effective sys-
tem characteristic was sufficiently steep to avoid burhmt due to flow
excurs:lon.A 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 cf the tubes, whereas the
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fracture in quality burnout was large and Jagged. No unususl subeooled
burnouts were found.
b. Flow Oscillations

The problem of oscillations in two-phase-flow systems hes becoxe
of great interest to enginesrs in recent years. The problem can dbe
briefly summarized. The generation of steam in either subcooled or bulk
boiling can give rise to periodic perturbatiocns, followed by correspond-
ing changes in the hydraulic resistance of the heated channel., The magni-
tude of these fluctuations depends on characteristics of the system pre-
ceding the heated section. A compressible volume, cou}sisting of a bou;dcm
gage, Tlexible hose, air pocket, etc., can exist in this preced’ng sec-
tion. The resistance fluctuations in the heated channel cguse periodic
éompressioms of the medium in the preceding section and vemporary 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 tﬁe Laboratory with a stain-
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 receded, and a mix-
ture of steam and water was discharged from the tube. This sequence of
events proceeded at an almost constant pericd of 5 sec. until the tube
failed after 20 min. from the thermal fatigue. The necessary compressi<
ble volume was believed to have been supplied by en air pocket, or per-

haps merely the mass of water between the test section a&nd 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 providsd by an expander
f£11led with superheated steam, water heated to the saturation temperature,
or nitrogen. The same results were obtained vhen a two-phase mixture
entered the test section. The data cbtained under the latter cendition

are similar to those presented by !.’,:leest:r.’u72 for burnout in a steam-

water system,

Lowdermilk, et a.l.'n determined the effect of a flow restrictiom
preceding the heated section on burnout heat flux. It was found that
& definite preasure drop across the throttle valve was necessary to
achieve non-oscillating conditions, and thereby stable burncut. In
this case, the valve served to isolate the test section from the remain-
der of the system, which due to its large mass was compreseible 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 & certain critical value for the
burnout to be steble. It is noted that instability due to hoth flow
excursion and flow oscillation can be eliminated by installation of a
throttle valve near the test section. For this reason the two phenomensa
are often confused.,

It is important to mention that data obtained under conditiomns of
flow oscillation are reproducible 'for a given systen., This accounts for
the fact that data are often not questioned for possi'hle error due to
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system oscillations. The fact remains, however, that the highest burmout

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

Experinental Procedures

The procedures followed in this study with respsct to the secondary
variebles are nov summarized:

1. All experiments were run with the test sectioms in the hoarizontal
position. |

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

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

b, KNo additives were introduced into the system.

5. The tube wall thickness varied frem 0.00625 in. for 23 ga stainless
tubing tc 0.015 in. for nickel tubing.

6. Direct-current heating was used for sll rums.

T. The power wvas increased as graduslly as the caatrol circuit would
allow.

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

9. Burncut occwrred in virtually all cases at the tube exit; accordingly,
exit comditions were comsidered buracut conditioms.

Inlet and outlet temperatures were memitored with the uswal therme-
couple arrangements. At low flow rates there was ccnsiderable heat loss
from the water between the thermoseuples and the tube. A ealibrationm
prmhnmdmlqodhcmeetmwmmtom
values at the tube imlet and exit.
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A pressure tap was located in the piping somewhat docwnstream of the
tube exit, It was assumed that the rapid 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-dismeter fitiing,
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 comnecticn.
However, the pressure drop in this unheated sectior wes not considered
to have caused significant error in the evaluation of the exit pressure.

A milti-channel recorder would have been necessary to record all
pertinent variables directly at burnout. Without this equipment, it
wes necessary to estimmte 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 periodiecally as the power
wvas increased. At burnout, however, only the voltmeter reading and e

recorder indication of one temperature or shunt veltage could be cbtained.
Sufficiently small increments of pover were teksn so that missing informe-

tion could be readily infexred from previcus data.
Experimentel Results

An experimentsl program was undertaken to investigate thc effect of
velocity, lub.cooling, length, and dismeter on burnout in tubes under
conditions of forced comvection. As the system is limited to relatively
low pressures, no attempt wvas made to ascertain the effect of pressure
variation, and the ocutlet pressure was maintained at approximately 15.5
psi for all runs.

The effect of quality was investigated es shown in the raw-data

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

o
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monatonically as the subcooling is decressed. The data ere then seen to o=
pase 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
%o be extremsly complicated.’C 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 fiur <. 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

apprecieble. 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 quaiity, and the burnout limit comtinues to
increase. The increased velocity epparently 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; 60

G h - h
(q/A)Bo = by dlj:° [2.5 + 184 (_55?0)} x 107 (25)

The primary variables are seen to be mass velocity and subcooling. The

other variables are included mainly to form dimensiomless groups .,

Zenkevich checked the existing data and concluded that the burnout flux

vas essentially independent of pressure between 1 and 20 atm. - According :—
to Zenkevich the effects of changes in the physical parameters heys Q.
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and Ub mituslly 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 correlatiom are indica.ted/
in Fig. 36. It 18 seen that the present data lie subetantially above
this prediction. It seems appropriate to look to geometrical considera-
tions to explein the devietion. A summry of the chennel dimensicns

included in the Zenkevich correlation follows:

McAdans, et al,)3 Anpulus, D = 0.52 in.

Gunther” " Rectangular Channel, D_ = 0,189

Chirkin - Iunna* Ammulus, D = 0.158 - 0.k

Kutateladze - Borishanskii’®  Pipe with heater inserts, D, = 0.45 - 0.65

It is seen that the channel sizes considered are reletively large
campared to the 0,09% in. ID tube used in this study.

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

m Zenkevich prediction is shown as a possible asymptote at each of the
velocities. It appears that if the present study were extended to larger
tube sizes, the burncut data wculd agree with the predictioms of Zenkevich.

Several points are also indicated showing the effect of system com-
pressibility on burnout. For D = 0,023 in., the burnout flux wes rela-
tively low vhen the upstream flow-control valve was used. When the
throttle valve was located near the test mection, the peak fluxes were
mich higher. Apparently the mass of water between the valve and teet

section in the first. case was sufficient to cause flow oscillstion and

I a8 MO il SER SN T B0 I m MR Tmowsn @ Irws e w
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premature burnout. The volume of these smallest tubes wae 80 small that

only a very little compreseible volume was needed to cause a large tempo-
rary decrease in flovw 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 diemeter effect on steble burnout does not agree with the results
of Chirkin and Tain®* and Kafenhsus end Bocharov.’’ The only explanstion
for this seems to be that these investigators hed premsture burncut due
to flow oscillations. Valve locatious are not clearly indicated in these
papers; however, manometers were installed near the entrance to the test
sections. The pressure instrumentation alone could have provided enocugh
compressible volume to cause flow oscillatiams. The cbserved decrease in
burnout flux with decreasing channel height is quite reasonable in a soft
system. As the channel volume is decreased, a given coapressible volume
will exert a greater influence on the flow. The g;,rea.ter the amplitude
of flow oscillation, the lower the burnout flux will be.

The increase of burnout hest flux with decreasing dismeter suggests
that the void fraction also increases with decreasing diameter. It is
probable that the burnout heat flux can be directly related to the vold
fraction. However, the void fraction itself is a coaplex function of
the same vaa:iabl.ea vhich determine burnmt.ao Due to the camplexity of
the boiling process, the approach to the prediction of void fractions
mist be almost completely empirical. Limited research has been carried
out in this area, and no data are available for low pressures. Even if
such date were available, it would seem rather superfluous to include
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void fraction smong the variebles influencing burncut. The sane informa-~
tion is already contained in the major burnout variebles discussed esrlier.

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 irversely dependent —
on the L/D ratio. This result concurs with cbservations of other investiga-
tors noted previcusly. The debavior is very similar to that observed with
non=boiling forced-convection systeams, suggesting that the bubble boundary
layeralsoreqaireeaeermnlengbhtobem fully developed. No change
in burnout heat flux wes noted when the calming length was changed from

0.16 to 1.6 in.

]
| Burncut data obtained in this study are presented in Appendix E. —
No attempt was made to carrelate the burnout data obtained in this study. =

A more complete systematic variation of the pertinemnt .varigbles will be
=

required before a gemeral correlation can be attempted. It has been
shown that such a correlation must include ter=s accounting for the

influence of tube diameter and length on the burnout heat flux,

E o - N ]
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Summry of Burnout Studies

The burncut heat flux under conditicns of forced convection and
subcooling is shown to be a compliocated functiom of subcooling at low
values of subcooling. This appears to be due to the velooity increase -
ceused by the relatively large volume fraction of wepor.

It 18 necessary 40 include geometry in the description of burnout
for small channels. Burnout flux 1s shown to incresmse with decreasing
tube diameter. This effect can be attributed to an incresse in void
fraction with decressing tube dismeter. Entrance effects are signifi-
cent in forced-convection surface boiling &s shown by the decrease of
burnout flux with increesing length.

Flow oscillations caused by syztem compressibility can greatly
reduce the burnout heat flux in the subcooled region. This instability
is particularly difﬁeult to avoid with tubes of very small dismeter.
Previously-reported studies of subcocled burnout in small chennels indi-
cated that the burnout flux decreases with decreasing chemnel height.,
However, it is believed that these data were obtained under unstable
conditions. The data of the present study oan be considered to indicate
the actual dependence of burnout flux on diameter. |
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AFPERDIX B
TEMPERATURE DROP THROUGH TUBE WALL

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

{
t

and Sumerﬁeld3 is given below:
Y= tow - Atw

2 543

m(Do - Di) m(Do - Di)

T TR T O Ty T R TROLR, G Ty

[ma(sock + MO0, o L) o
- - § 3 + T X
6(1 +(Xpt°w) (1 +C’(.k te) D (1 +%tw)(1 + Oy ty,)

L
(D_Ol.,g]ﬁ. (B1)
vwhere
m = 3.413 (ae/ax)2/2 o' & (B2)
e .

As shown by reference 1, Eq. (B2) can be expressed in terms of current as
follows:
=22 , , 2 2 22
m=28x 3.43 0 1/pk7T(Do-ni) (B3)
e e .
where the mean resistivity is evaluated at the average wall temperature.

The average wall temperature is given to sufficient accuracy by

To= (b, + t)/2 (BY)
If heat is transferred instead through the outside surface of the tube,

1t can be shown that Eq. (Bl) 1s valid if t, 18 Teplaced by t,,, 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, wes 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 cortact with
eir should have been removed by this procedure,

The folliowing reagents were used in the analysis:

1. 480 gnm MoBO), in ome liter water.

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

3. Coacentrated H2 SO,_L diluted 1:) witk distilled water.

4. 5 gm starch in 100 cc water.

5. 0.01 normal solution Na2 32 03
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 bottam of the sample through
egraduated pipettes. It was assumed that the dissolved air ir the water
displaced by the reagents was the same order of magnitude as the air which
dissolved at th~ water surface. After the 112 soh addition, any oxygen
going into soluticn had no effect on the titration. More consistant results
were cbtained by running 1n.a fixed amount of Na2 82 03, sheking the sclu-
tion, and slowly titrating to a colorless end point, rather than slowly

titrating throughout.
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The following equatiocn relates the amcunt of oxygen to sample size
end cc and normality of the thiosulfate solutiom:
ce 02/1iter = 5600 (N thio) (cc thio)/(cc sample) (c1)

From Henry's Law,

ce air/liter = 2,9(cc oa/liter) (c2)
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