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Abstract:

Interest in high heat transfer rates has brought about increased interest in boiling heat transfer — a
method of attaining high heat fluxes. This research project was designed to investigate the effect of
liquid properties on boiling heat transfer rates, keeping the heat transfer surface constant. The liquids
studied were carbon tetrachloride, chloroform, 1, 1, 1-trichloroethane, benzene, cyclohexane, ethyl
acetate, ethylene dichloride, and trichloroethylene.

The total heat flux was found to be proprotional to N*a where N was the active nucleate site population
and a had a value between one-half and one. This value of a was dependent on the liquid under study
and the population of sites.

The nucleate heat transfer rate (Qn) per bubble site varied with the liquid studied. Those liquids with
steep boiling curves tended to have a constant-heat transfer rate per site. Liquids with boiling curves
(Q/A versus Tx, where Tx equals temperature of heating surface minus temperature of saturation) of
smaller slope had higher heat transfer rates per site as the number of sites increased. Higher rates per
site occurred with liquids which started nucleate boiling at higher temperature excesses (Tx's). This
indicates the heat transfer rate per nucleate site was highly dependent on the heat transfer surface.

The theory of multiple linear regression was applied to develop a correlation for the heat flux during
nucleate boiling. The variables listed in order of decreasing importance were.; temperature excess,
liquid viscosity, heat capacity of the liquid, liquid density, temperature of heating surface, thermal
conductivity of the liquid, latent heat of vaporization, vapor density, and surface tension.
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ABSTRACT

Interest in high heat transfer rates has brought about incréeased in-
terest in boiling heat transfer —- a method of attaining high heat fluxes,
This research project was designed to investigate the effect of liquid.
properties on beiling heat transfer rates, keeping the heat transfer sur--
face constant. The ligquids studied were carbon tetrachloride, chleroform,
1, 1, 1—tr1chloroethane, benzene, cyclohexane, ethyl acetate, ethylene di-
chlorlde, and trichloreoethylene.

The .total heat flux was found to be preprotlonal to N where N was !
tHe active nucleate site population and a had g value between one-half and ?
one, This value of a was dependent on the liquid under study and the popu- R |
lation. of sifes, , : § j

The nucleate heat transfer rate (Qn) per bubble site varied with the .
liquid stuwdied. Those liquids with steep boiling curves tended to have a
‘constant heat transfer rate per site. Liguids with beiling curves (Q/A
versus T, where Ty equals temperature of heating surface minus temperature
of saturation) of smaller slope had higher heat transfer rates per site as
the number of sites increased, Higher rates per site occurred with liquids
which started nucleate beiling at higher temperature excesses (T_!s). This
indiecates the heat transfer rate per nucleate site was hlghly dependent on
the heat transfer surface.

The theory of multiple linear regression was applied to develop a
correlation for the heat flux during nucleate boiling. The variables _
listed in' order of decreasing importance were: temperature excess, liquid
viscosity, heat capacity of the liquid, liguid density, temperature of
_heating surface, -thermal coenductivity of the liquid, latent heat of vapor-

. izatlon, vapor density, and surface ten51on. :




. I. INTRODYCTION

_ The g@vent pf‘roéket engines, nuclear feactors, and ﬁénned space cap-
sules has caused iﬁcreased intérest in beoiling héat transfer. Boiling lig-
uids can transfer heat at rates much éreater than those,obtained by convec—
tion, conduction.or radiation. Industrial_heat exchangefs operate at 500
to 50,000 Btu/hreftzg boiling water in vortex flow has transferred heat at
rates up to 35,000,000 Btu/hr-ft2 (2). This approaches the 45,000,000 es- o I
timated for satellite re-entry. :

Intelligent design of»héat—transfer equipment requires a thorough
knowledge of the mode of transfgr iﬁvolved. ‘Until recenﬁly'Boiling heat
transfer theory was scarce. However, the past decade has seen.many‘attemptsl

to fill this knowledge gap (20,21,22), This research investigated one type

‘of boiling heat transfer--nucleate pool beiling, The ﬁltimate aim-was to
eliminate the effect of different‘sufféces on the boiling heat flux and
study only the effeet of liquid properties on the flux. Liquids in§e§ti—
gated Wefe carbon tetrachloride, éhiorof@rm, 1, 1,”1—trichloroethané,
benzene, cyéloﬁexane, ethyl acetate; ethylene dichloride, and trichloroeth~
ylene. The heat transfer surfaece was an electrically—héated gold or cop-.
per wire., Heat fluxes were generally held to the‘ranges in which nucleate

boiling sites could be counted visually.




II. EXPERIMENTAL CONSIDERATIONS

Eguipment _

The experiments in:this iﬁvestigatibn were carried out in a glass
system clesed to the atmosphere, The system pressure could be controlled
easily from slightly under atmospheric pressure to 760 mm of mercury by
' means of a pressure contrel bulb. The heat transfer surfaée was anlelec— '
trically—heatéd wire immersed in the'iiquid under study.- Mbasﬁfement of
the éurrent passing through.the wire, the resistance of the wire, and the
surface area of ﬂhe wire permitted thé'calculation of the heat flux (Q/A).
The average temperaturé of the wire was obtained by tﬁe use ofithe wire as
a resistance thermometer. |

Figure 1 presents a simplified schematié diagram of the experimental
setup. A Pyrex kettle, 5% inches in diameter apd.7 inches deep, served as
the boiler for this iﬁvestigation° The 1id was mounted fifmly to the sup-
port raeck by a suépension system of stainless steel tubing‘which entered
the 1id through a hole in the center and formed a circular suppert system
on the underside éf the 1id, The kettle itself was held to the 1id by a
| ¢lamp whiéh eneircled the flanges of the 1id and keftle° This setup al-
lowed the‘removal‘of the kettle to change liquids or boiling wires with-
out dlsassembllng the entire system or breaking glass seals,

Two 3-inch copper rods passed through the 1id 1nto the llquld
These rods were permanently attached te the glass 1id by ordlnary corks

sealed with Epon resin on the outside, A glass tube with a standardtaper

joint fit into a third hole in the 1id, Fisher Non-agueous Stopcock’ Grease




3
was used to help seal this greund-glass joint as Weil as thé ground-glass
flange between the 1id and the kettle: The glass tubevléd-to thé pressure-
control bulbom More glass tubingvléd from this bulb te an epen-end mercury .
manometer (See Fig. 1).

The pressure-control bulb was é modified round—béttom flask attached
at. right angles to the top of the cendenser, Two copper wires entéfed the
neck of the flask through metal—to—glass seals, These wires conducted
electrlc current to a bare wire Nlchrame 0011 1mmersed in the liguid in the
bulb. Varying the power to thg ceil controlled the pressure in the system.
This 'power wés controlled in two ways.. The current first passéd through .

a conventienal Variac. A variable resistance was thrown in and oﬁt of_the
cireuit between the Variac and heating coll by an electronie relay. In-
ereasing pressure in the system caused the mercufy in the manomeier to
rise in the open-end leg.. When this mercury touched a preset céntaétﬁin;
the leg, the completed circuit in the electronic relay operated énothér re-
lay. Current flowed through this second relay from the Varlac through a
vériable resistance to the pressure controller, Settlng the contact at
different positions in the leg of the manometer fixed the pressure in the
system. If the pressure had a tendency to surpass the set point, two
coarse controls were employed., The setting on the Variac in line with the
pressure cbntroller was lowered, and/or air was blowﬁ across the glass tub-
ing abové the boiler by means of a smallielectric.fano

The ‘pressure control bulb was insulated with glass wool cover’ed’. with

- aluminum foil. Duriné experimentai:runs, the boiler wé;-enclOSed in an

Ansulating box of Celotex fastened in a rectangular 5—gallon‘métal container.




L
gn§mal} g}ass Window in the side of this box allowed visqaluopgervgtioﬁAgf
the boiling surface, A small electric bulb in the pox-pro§ided excé}lent"
visibilifyﬂ :An electrically;heéﬁéd Nichrome wire iﬁsidé'thé b6i'furn§éhéd
éﬁbﬁgﬁ;héat ﬁo kéep the'liquid in the boiler at £he apprbpriate boilihg
temperature.,

The heat transfer surface, a 20-gauge gold or copper wirég wﬁs clamped
to the two %—inch copper rods inside the boiler, On this herizontal wire
were s{lﬁér;séldered'two BOanuge éopper wireé which éérvéd as potential
1eads? These leads were éiampéd to ZO-gauge Qoppef wires leadiﬁg ouf‘of
the boiler through a c&rk iﬁ thellid° In addition;té theée‘wiresé the two
spginlegs steel sﬁprrt rods and a 12-gauge copper wire also entered the
boiler thréﬁgh this cork. Thé cork was sealed with Ebén résin on the oﬁtQ
side,

In thé bottom of the boiler was a coil of Nichrome.wiré which served
as an auiiliary heater for degassing the liquid. This coil was féstenea‘
betweeﬁ thé iZ-ééuge ¢opper wire and one 1-inch copﬁér rod_iﬁside the boil-
er, A Variac controlled the amount of‘éurrénﬁ sent to thisfheaﬁer;

A 3-KVA motor—generatér suppiied direet current at 6-9 volts for
heating the experimeﬁtél boiling surfaéeQche 20—gaugevg61d or copper wire.
The pewer output of the generator was contrdlied bj varying’the field cur=-
rent. The direct current for this separately exciﬁed field_céme from a
rectifying bridge made from silicon rectifiers, This bridge was in turn
suﬁplied with alternating‘éurrent from a\2§®—volt Variac, For better con-
trol a resistance was placed in series with the boiling wire. This‘coﬁ-

sisted of a bare wire copper coil immerséd in a polyethylene bucket £hrough




which water_flowed continuously.

“.A_Brown poteﬁtiometer indicated the voltage drop across a precisiqn
shunf in series with the boiling wire, the wire from which boi%iﬁg-took )
place, From this the current paséing through the wire could be daléulgtédi
Tﬁg resistance of the test section of the wire (that between the poténﬁial
ieads) was measured with'a Kelvin double bridge;' Thé prééision shunt men-
ﬁioned preViously‘coﬁld be brought iﬁto the Kelvin'bfidge circuit as a
known resistance with a knife-blade double-throw switch., Two 500-ohm pre-
eision resiétanees an& two General Radio deéédé reéistance boxes éompleted
the bridge eireuit. The resistance of the wire test se¢tion could be de-
termined from the decade box readings,when‘the:Leeds and Northrup K-3
galvanometer showed that the bridge was balanced. Another déuble—throw
knife-blade switch was ﬁsed to‘reﬁerée the leads to the galvanométer;

This inc?eased the accuracy of deﬁermiﬁiﬁg the null poin%Q
Procedure

One of the importaﬁt variables in-heat transfer is tﬁe temperature
of the heat source. The temperature of the boiling wire in this study -
was found bj using the centér section as a resistance thermome;cer° Knbwiné
the resistance of this seetion.frém thé.baiancihg of the Kelvin bridée;
the a&erage temperature was obtained from a calibration curve of temperature
versus resistance. This calibration curve was obtained before the experi-
mental runs with the help of a constant temperature oil bath, An ordihary
12-volt lead storage battery supplied the small amount of direct current
used in the calibration. At each of the temperatures, resistance readiﬁgs

were taken for several different amperages. A variable resistance between
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the battery and boiling wire controlled these currenté,; A plot of yesiéﬁ;_
ancé versus the .square of the aﬁpenage was linear dnd could bé'extrapdlated
back to zero ampérés; Thése interéepts were the values used in the eali-
bration curves. |

Before éaéh run the bbiling wire was thoroughly cleaned in acetone and
clamped between the i-inch copper reds. Thé potehtidl leads were then
aﬁﬁaéhed to the QO;géuge copper wires leading out eof the géiler, The boil-
er was éleahéd wiﬁh hét‘Water‘and scoufing cleanserg‘thén rinsed with hot
tap water followed by a thorough acetone wash. The a?pfppriate‘liquid was
added to the boiler, the glass flanges were greased, aﬁ&.the boiler was
-clampea to the 1lid. The éopper rods and other equipment hanging below the
1id were finéeé in acetone before the boiler was put in piaéé;

The Nichrome coil brought the liguid to béiling; Eventually the pres-
sure-control bulb and inner lég of the manometer filled‘with-the iiquid,
Permanent gaseé were released from the system by opehing'thé Teflon stop-
cock above the inner leg of the manometer, The liquid boiled for 24 hours E
at a pressure slighfly above atmosphérié (about 640 mm, at Bozeman,-
Montana) during this degassing period. Just before the éxperimental run,
the pressure. in the system was'raised to 760 millimeters of mercury by
raising the contact in the epeh leg of the manometer to the'apprbpriate
héight, This heiéht had to be calculated from knéwledge of the ammespherié
pressure énd_the‘pressurevexerted by the liquid column in'the inner leg of
the manometer, |

The auxiliary heater was turned off and direét current from the gen—

erator was used to heat the boiling'wire, The power was.inereased slowly,
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stopping at intervals to record the resistanée of the wire and the amount;
of ecurrent passing through it. :Wﬁén boiling started on fhe wire, the power

‘was inereased unﬁil'the.wire was covered‘evenly with ﬁaéleatefboiling sites.

. The power was‘ihen.decreased in smalil inter#als. At each steppingvpoinﬁ

the resistance.of the wire, the current flewing through it, aﬁd the number

of nucleate boiling sites between the potential lead coentacts were recorded.




ITI. THEORY

' Fundamental research‘inﬁa the phegomenbﬁ of beiling heat transfer be-
gan With Nﬁkiyama's study in 1934 (17),' Heiused]an electrically-heated
horizontal wire immersed in water, a simple method still used today.
Boiling cufves,-as first described by Nukiyama, #ré similar for all
liguids (see Fig. 2). When the temperature of the heéting surface (T )
beeoﬁes greater thaﬁ the saturation temperature (Ts) of the ligquid, heat
transfers by natural convection. As the differencg betweén the tempera-
fure of the heating surface and the temperature of satgration (tempera-
ture excess, Tx) increases, boiling starts at discrete pointslon the hot
surface. This is the. region of nucleate boiling. -The curve rises %o a
maximum knewﬁ‘as the burnout peint. This ﬁame‘evolved from the faet that
a wire made from a lbwhmelting‘metal will melt at this point when it is
used as an electriéallyaheated surface for boiling experiments., A région
of strange behavior called the transition regien follows the bﬁrnou£ p@int
with increasing'temperatnré excess. Here, for an inqrease in temperature
excess, bthe heat flux decreases. ’No solid-liquid centact exists. The
heating surface is cévered with an uneven, unstéble vapor blanket. This
vapor blanket‘staﬁilizes and releases "globsﬂ of §aper in a regular ﬁanner

when beoiling reaéheé the next regien, film boiling. fnee film beiling

starts, the heét flux again increases with increasing temperaturerexeésso_

Several mechanisms have been proposed (7) to explain the high heat
fluxes obtained in boiling. The éommonly accepted theory is that the

bubble growth and release induces a form of micro-convention in the
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normaliy laminar sublayer. These bubble growth rates could cause radial
liquid veloeities in the order of 1@—2® ft/éee, The Sieder-Tate conveetive
ﬁeat transfer equation (See Ref, 13; ps 54h,47) predicts the order of mag-
nitpde of the observed heaf fiux when these veloeities are used in the
Reynelds number term:; However, this equation is @ﬁly recommended for tur-
bulent flow across the heaiing surface., The‘temperature-distribution néar
the heating surfaece is probably quite different for bubble—indﬁced randem
veloeities aﬁd steady flow condiﬁions; |

The main argument against this theory comes from‘the ex@erimental
- evidence iﬁdicating‘that the heat flux is dependent on the temperature
excess (Ty,17 - Tgat) rather than témperatﬁre difference, Ty,17 - Tliquid’J“
‘For the same Tx (TW - Ts) the heat flux remains essentially the same re-
gardless of the subcoeling of the liquid (14) .

. Perhaps the first mechanism one would think of to explain the heat
transfer in a beiling liguid would be simple latent heat:traﬁsport by the
bubbles. The heat emitted from the source is absorbed by the growing |
bubble as lafent heat of vaporization. The theofy appears intuitively |
-souna, but, experimental findings do not verify it. Forster and Greif )
have used the daﬁa of Gunther and Kreiths(lﬁ) for subcooled beiling in L
ﬁater to cast ecomsiderable doubt om the validity of this meéhanism. Their
presentation is as follows: |

observed heat flui %.;-259\ BTU/(sec)(in)2
maximum bubble radims R = 6,015 ﬁn
frequency of bubble cycle = 1000/sec

bubble population = 280/in”
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latent heat delivered to bulk 11quid per bubble B
APV, = (970 BIO/w)(2 x 1075 1b/m3)(7 x 1@“'6 n3)= 1.4 x 1o
BTU/bubble
total latent heat transpert - ' e
(Loh x 1077 BTU/bubble)(éa@)(fl@): @..,@4 BTH/'(seé)(irfi)‘g

This result is only 2% of the to‘fal' heat flux.

One factor has been igﬁbred in this meehénism;—m‘ﬁhé possibiliti of
more heat transfer through the ‘bubble by mass transfer,

Another pbssiﬁle mechanism is a vapor - liquid exchange action. When
a bubble grows and detaches or collapses (as oftem is the case in subcooled'
boiling), a quantity of hot 1iquid is pushed away from the heat source into
the bulk of the ligquid. If this were a perfeet exéhange, the ratio of heat

transferred by the actien to that transferred by the latent heat mechanism

would be expressed by

A Twei
(1.) M =-
| APy
The Tmean represents the differenece between tlie heat contemts of a sphere

of hot liquid and oné of liquid at the bulk temperature. Since there is a‘
temperature gradient in the liquid from the hot surface to the bulk liquid;
the sphere of het liquid is considered to be at sOmé temﬁerature intermedi=-

ate between T 34 and T -~ thus, the use of a mean AT.

liguid
The ratio £ /@ is large enough to offset the magnitude of the latent
heat 7& » For ﬁatér at atﬁoépheric pressure, M= 1,7 ésTmean The daka
from Gunther and Krelth gives an approximation for the ratio M In‘@ne
experiment they measured both the bubble radii and the temperature profile

in the liquid near the heat source., From their measurements lsTmeaﬁ is

approximately 95°F. The ratio M then becomes 160 which means the heat
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t?apsferred by a_pérfect exéhange of hot liguid for cbdl-is 16@ timeé that
trgpsferréd by the latenﬁ heat mechaniém;‘ Since latent heat transport aé—.
qounted for 2% of the total,héat‘flux; this exéhéﬁéé'could account fbr well
over the observed value of heat transfer, Praétiég;ly; the heat flux would
never reach the theoretical maximum since a eémplete éxehange of-equal
volumes of ho£ liguid and cool is highlj.imprebableo

Another mechanism has been recently proposed by Moore and Mesler (15)0:
They measured temperaturé drops on the heat transfer surface in a boiling
water system with a speéial thermocouplé-designed to measure the tempera- . - @
ture of a small area and to have a microsecend respomse time. The tem-
perature, as obsérﬁed‘on an oséilloseope; drépﬁed oecasionally 20-30° F

iﬁ about twe milliseconds., Moore and Mesler calculated the heat removed

-

per temperature drop by theoretical considerations., Multiplication of ‘ i
these valugs by the frequency of drops gave values which ﬁere 70-90% of
the average heat flux., From this information‘they proposed the theery
ihat the large heat fluxes in boiling came from vaporization‘of a micre-
layer,‘78-89 miéreinéhes-thiek in this investigatien? of liquid at the
base of the bubble, |

Of the four mechanisms discussed, the vaper - liquid exchange and. °

the‘vaporiZation of a micre-layer of liqﬁid at the base of thé bubbles

appear to be the best theories to explain the high heat fluxes obtained
when liquids are boiled,

y ‘
These mechanisms do not explain how the bubbles themselves form, As

its name implies, nucleate boiling is a nucleation process. Sources of

nuelei which have been postulated include: cavities and scratches on the
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.boiling surfaée; points of low adhesion along the liguid metal interface,

solid partiéles suspended in the liquid, ions formed by radiation or strong

electrie fields, microscopic spines on the solid, grain boundaries on the

surface, specks of dirt or oxide adhering to the solid. Bankoff (1,2) eon-

cluded from theoretical considerations that bubbles prébably‘ferm from pre-
existiﬁg miéréscopic vapor or gas bubbles trapped in cavities or groo&es

on the seolid surface, Microphotographs taken by €lark, Strenge, and
Westwater (4) confirm Bankoff's theory. .

Corty and Foust (5) investigated the effect of surface roughness §n
boiling heat transfer rates from nickel te n - pentane. For different
polishes, the boiling curves changed. The rouéher thé.pblish, thefhighér
thélheét-flui,was for a given temperature excess. 7The roughness as meas— o t
ured by.a profilometer ;anged from 2 to 25 root'meéﬁ(square.micro—inbhes. |
Jékqp alsq showéd thié same characteristic with water as his boiling lig-
| uid (13); Both investigations alse showed élight changes in the slopes
of the beiling curves,

In order te 5tudy'nudleation5'we have to make assumptions as to the .
nature of the surface roughness. Twe types of cavities which are amenable
to mathematical analysis are éhown in Fig. 3. The radius of curvature of
the iﬁterface betweeh the liquid and vapor can be approximated by the
Thompson relatien: | |
(2) AP = 2
where AP is the pressure difference between the inside and outside of the
bubble and s is the s'xl_rfaée tension. When the bubble is at equilibrium,

the vapor must be at the saturation temperature corresponding to the inter-
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nal pressure, and the liquid also-must be at this température. .Consedﬁent—
1y, the liquid is sﬁpérheaféd; and its température'excéss can be related -

to the pressure ekcess;.2§P§ by the Glapeyron equation. . For small ranges

the derivative can be approximated by é%% and the reéuitihg relation yiéids:
PA P: - P L . ‘
(3) {%T' =+ = = Y S (See Nomenclature for meaning
Tw - Ts T (Vﬁ ) of symbols)

Thus, we can express r in terms of T*

2s T (Vy = Vg )
A Ty

The appropriate value for T would be a mean value between Tw'ahd T s but

(). r

little error woﬁld résult by using eithér Tw‘or Tge At low pressﬁres V;A'
would be lafge compared to-Vi.so Vi could be dropped. The radius of the
initial bubble can be related to the dimensions of the idealized conieal

cavity in Fig. 3a by the followings

- - ; - d: . ;
(5) r"l.— :COS (e""' 5/2) 9 1= 091

Griffith aﬁd Wallis have made plots -of rgciproéal radius versus bﬁbﬁle
voluﬁe forlthe two tYﬁes of conical cavities, assuﬁiﬁé‘a contact aﬁgie 8, of
90° (9). ‘These are reproduééd beneath the appropriaté'éaﬁitieS'iﬁ Fig. 3.
The radius of eurvaturé@pasées through a minimum.to produéeva bubble at ﬂﬁéA
site, This oceurs whehhthé'bﬁbblé radius equais one-half:the diamétef of .
the éavity at -the sﬁrfaéei This will remain the same provided #4<© < 90,
If 6 is less than &2 , no minimm will occur. If @ is greater than 90’°‘;

the tém@erature eiéeSs required to iﬁitiate boilinéfwill be reducédk




Exﬁerimentslhaﬁe been éénducted to determine if Equation (4) ébtually
describés the situaﬁion (9. A surface on which there was a ca%ity of
known gebﬁetfy was immersed in a iiquid!  The préésure and temperatﬁre of
thé liqﬁid were adjﬁstéd until boiling from the ga#ity nearl& ceased;

The values at this point were used to calculate the sﬁpérheaﬁg T;;‘ Thk‘ei?
pefiméntal results were very close to values calculated from the EQuéﬁionl

" An attempt was then made to predict results of'boiling from a surféée
with several identical cavities of known dimensions) With seversl identi-
" cal cavities, one would expect a portion of the bbiiing_‘éﬁ:é-%re to be verti-
cal., Althdﬁgﬁ the resultiﬁg curveiﬁas steep; the line was not verticall
'Alsé,'the wall superheats were comsiderably largér than expected (20°F as
Qpposéd to 3°F); Poésible explanation f@r these results inelude: ‘the
cavities are not the nuclééﬁé sites, the mean suffaée:tempefaturé is not
that seeh_by ﬁhe ca&iﬂiés; the;nucleatiéﬁ properﬂies 6f a ca&ity are not_
determined by'thg equation. The conclusion feaéhedlﬁi Griffith and Wallis
16 that the temperature felt by an active cavity was not tﬁé mean surface |
temperaturé}

Manj investigators have proposed cérrelationé réiatiﬁg'thé vafiablés
in nuclééte bbiliﬁg_(zl,zz)J.'Some have inéluded‘parameteré to describe
the surfaée} éome have not. ‘Many of thé correlations consist of relating
groups of aimehsionleés numbers. Some of thée authors have bésedfthéir _
correlations on mbdeié and theories, while others have used just "brute-
force" correlation of variables. Westwatér has ¢oilectéd many éorrela— 

tions published since 1952 (22)}




IV. DISCUSSION

Although there has been considerable work done on the problem of pre;
dicting boiling heat transfer rates, researehers‘have‘been plagued by poor .
reproducibility of results. Probably the chief reason for this scatter of
. data has been the'varied'eonditions of-the‘heat transfer surfaces. The
purpose of this research project was to eliminafe-tﬁis effeet on the‘heat

' flux,.and to stidy the effects of liguid propertiee oh‘the boiling heat

transfer rates.

- The first approach was to use iengths of copper'wire from the same
spool prepared.in the same‘ranner‘before boiling., This.wey‘the_natﬁre and
magnitude of the surface roughness were exbected to be the same for each'
boiling ekperimentg Oxidation would affect the surface roughness, so the g |
potential leads were not silver-soldered to the boiling wire., Instead,
small slits were made on the wire approximately 2,5'inches apart@ The
ﬁotential leads.were inserted, end the burrs raised from ﬁaking the SIrts
were clamped down upon the leade. Only a negligible portion of the wire
between these‘leadS’was disturbed by this'procedure,

The copper wires were degreaSed with an aeetone wash, etched with a
one;minute.Wash in a 25 volume~per‘cenﬁ aQueous eolutiqn of nitric'acid,
washed with tap water, aﬁd rinsed.in carbon tetrachldride before being in-
serted into the boiler., As the power wes increased'in incremente, the heat
flur followed the natural convection curve (see Fig. 8) until boiling started.

Until the nucleate sites were evenly distributed along the w1re, the
data points fell somewhere betwéen the - convectlon curve and the "normal“

~

; b0111ng curve, This is an example of the hysteres1s observed by previous
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inveétigatéré° 'Hystéresis is probably‘caused{by‘the_uﬁeven distribution. of
ﬁucleaté sites which develops during increaéing flﬁx,‘_A portion of fﬁe
héat is transferred by conveetion; another, b& boiling, In‘a_well-degassed
sysﬁem data poirts jump iﬁmediately from high superheats on the natural
convection curve to the "normal" boiling‘heab flux curve at considerably
lower superheats (16).-'In such systems boiling spreads quickly and uni-
fbrmly over the entire heat transfer surface.v

Ahglanée at thé boilﬁng curves for the copperééarbén tetrachldridé
system (see Figb 8) reveals a aiffefent tYpe of hySteresis; ‘Thé path of : | i

' Qecreasing flux is at slightly higher superheaté than the corfesponding

¥

path of increasing flux, This aging effect has been noted beforé (16), -
In this case it is likely that the roughness and chemical nature of ‘the
surface was chanééd by the formaﬁion of copper chlofide_bn the wire, as

a definite tarnishing occurred during the boiling rans Curves 1, é, 3,
and L came from the same wire, but the wire was given a 3—minute.acid waéh
beforé thé data for curwve L were taken., The shifting of the curve to the
left. appears.to confirm the theor& that the éging-effeét was dué to-the
formation of a different type of surfacé.which‘céﬁld be at least partially
reVértedﬁtowards the origiﬁgl form by a‘chémical trééfment; Whethef'this.

térniéhéd surface éhangéd the heat flux :curves because the'roughﬁess

chénged*er the chemicél nature changed was not established.

Curﬁes 5 and 6 éf Fig. 8 come fremAthe‘data obtained from two new
lengthé of copper wire which had poténtial léads silver-soldered tb them.-
The écalé from oxidation of the copper near the conhecﬁion waé‘removed by

the acid waéh, but the surface was left roughéned by_the treatment. Note
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the odd point near curve 1 uhich_éhcuid be on curve 5, This was the'first
point of nicleaté boilirg. At this time the run had to be delayed while'
the heater ih the insulatiné box was repairedk- Apparenti& the delay was
enough to cause the wire to age before the remainder of the datalwae‘takeh}

The close proxlmlty of curve 6 the 1ncrea51ng flux portlon of curve ,'
1, and the aforementioned.odd p01nt of curve 5 1nd1cate the idea. behlnd
this attempt to eliminate the effect of the surface on b01l;ng heattflux .'
was goch Houerer, the aging effect proved to be a major.probiem} To
nullify this effect, all further runs used a chemicallr inertcsurface; a
20—gauge gold wire, | | |

'.The‘naturai convection curves are ehown in Figureefha7; Gcmpariscn

of natural convectlon curves for the gold and copper wires- indicates Sur-
”‘face has no effect on this methed of heat transfer. Thls‘1S~expected,-as
no‘correlatlons for hatural convectlon lnclude.any terms'taking‘the‘kind
or nature of surface into account, Two characterietics of'these curues.
are gquite’ ev1dent-—the scatter of data about each curve is very mlnlmal,
and the curves for all liguids are 31m11ar, nearly coin01dent in some casesoi '

The nucleate pool boiling data us1ng the geld wire as the heat. trans—
fer surface are glven in Table 1. The Heat flux-versus temperature excess
curves for the eight liguids with the gold heat transfer surface are pre-
sented in Figures 9-16, Included on these figures are. the. nucleate site
population versue temperature excess curves”whlch ccrrespond to the heat
flux curves, Good reproducibilitj, partiCularIy fer.the heat flux:curuea;f
is evident for carbon tetrachloride5 chloroform, trichlcroethane; ahd.'

cyclohexane, A drift similar to that caused by agihg aﬁpears in the
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benzene and ethylene dichloride curves. The curves for ethyl acetate and
trichloroethyléne are extrgme examples of drift. The phéﬁomenon of in-.
creésing temperature excess with dedreaéing heat flux in the nucleate
bdiling regibn has never been,reported’éreviously; Tﬁe causé.of this
qﬁeer behavior was not evident until the boilef was disassembled following
the runs with trichlorosthylene. Spots of a light ash-like material cov-
ered the gold wire._'This'led to thé hypoihesis that these liquidé‘were such\
excellent solvents that the Epon résin aﬁd-possibly‘the stopcock grease
were dissélved in the cpndénsing vapors; returned tb the liquid ﬁobl, and
deposited on the wire when the liquid;at fhe hot surface evaporated inﬁo
vapor bubbles. | | |

The differencé in thé'boiling cﬁrves for the differenf liquids studied"
in this investigaﬁion can be restricted to tﬁo features—-the_teﬁperature
excess at which the nucleate bbiling regioh stérfs, and.thé magnitude Qf
the slope of the curve in the nudleaté region; if the temperature excess
at which boiling begins is related to the size of cavities on fhe boiliné
surface, the relationship of Equatioﬁr(h)-should be a reasonable starting
point for the analysié of this féatufe; A plot of nucleate populatiéﬁ
_ %ersus the r caleulated from this eqﬁation.is preséﬁtedfin Figure 17;  In
order to simplify the calculations, the physical properties of the liquids
at their boiling points (T.S-'") were used, In a.ddi’c'-,iroh T was used in place

of T

mean: These simplifications appear to be reasonable since the Txls

only réﬁgéd 10-30°F. The error in measuréﬁeht of the liquid properties,
parti@ularly at temperatures near the boiling poiht; probably contribute

more to the variation of r than these simplications., Since the data pointé
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for the boilingvcufves'bf the‘éeéqnd and following runs with ethji acetafé;
ethylene dichloridg, and tribhlqroéthylehé; were shifted éonsideréblj;:eﬁly
the data ffom the firsﬁ_rﬁhs fér these liéuidSIWére‘used for Figﬁre.l7}'
| g Eaéh iiquid exhibiﬁé the eipe¢ted characteristiéé cf‘moré nuéleate
sites aﬂ‘lower value§ éf.ri- This figufe could be_£hought Qf aS‘a'poftioh :
of a distribution curve;t Eﬁbblé colums start aﬁpearing at the sites larger
in diameter first. Then the Smaller.siteé‘start Qéntribﬁfing bubble columns
as the.temberature of the gurface‘increaéeé; %he distribﬁtioﬁ of caﬁity
sizes could only be determined over fhe_réﬁgé in which it was péssible to’
obtain jisual counts of the aetive'nuC1éate sites."From'Figure 17 we can
conclude that the majofity-of sites active at the tempefatures‘étudied
COrresﬁbnd‘to éavities with equivalent radii of 2—h-x'l©-6 ft.,

If the size distribﬁtiOn;‘dr equi&alent siie distributipn; of poten-
tial sites on a surféée could be'determinéd, it_appearé.théorétiqall&
possible to predict thé number of siteé‘Which‘would be:active'at a given
temperatﬁre,excesé through use éf'Equatioh (4). This size distribufiph

could possibly be determinedAby béiliﬁg‘ohe‘iiqﬁid whose physibal‘préper;

ties are well known and plotting the results on a figure similar to Figure

17, We ceuld then assume this"cur#é also held for;other.li@uids, ‘Thus we
céuld calculate N versus Ti'curves'fer ahj liqﬁid whése physical properﬁies
aréiknown. This‘méﬁhod 1ik¢ns beiliﬁé'heaﬁ tranéfér wofk fé.kinetiés;
laboratory work must be done before désign work;

If we are at the point-wheré we have an N versus Tx curve? we woﬁld
still need to know how heat flix is dependent on Ni Jakob (13) reported

thaf the heat flux in béiling water was directly proportional to Ni TLater
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work (20) has.ihdicaﬁed the relationbhip should be
(6 - FecdT = x*
Nickelson (16) substantiated Jakob's relatién;
(7) = v
with a system of.cafBén.tetraéhloride on fresh.goldg silver, and éoppéi
surfaces. However, his_k!s ﬁere'différént for each type of surface and
-each pressure he sﬁudied. Héjaiso ecorrected his heat flux data by suba
tracting the COntributien:dué to natﬁfal conﬁéctiéﬁ;at'the given T, he was
considering.

Figure 18 is g log—log plot-ef ﬁéét flux veréus N for the runs with
the gold wire in this investiéétion; On sﬁch a plot the slope of the curve
would give the exponent- in the relation |
) e
No corrections for naﬁﬁral-cénﬁection'wefe takeén., Notiee that the curves
are different fér‘eaéh‘liéuid, F@f'referenCeg straight'lineS‘withlslepes
of Qne—half'aﬁd_oné‘aré iﬁcludéd on the figurel It is feadily di5cerﬁiblé
that the slopes lievin this range; but it'is‘not possiﬁie to state defi—
‘nitely thaﬁ the héat flux for all liqﬁids~is propertiénal to eiﬁher-N or
Wlﬁ:- Whereas the curve for chloroform appéérS'to havé-a siope ﬁearly equal
to one, the curves for triéhloroethaﬁé; ethyl acetate; and trichloroethylene
have slopes cleser to one-half. . Some of the curves do noﬁ_have constéﬁt
slopes over ﬁhe range studied; ;InSteédb the siopes increase as.the'sité
population increases, but they éfill remain_iﬁ the raﬁgé_of one-half to one.

In order to examine this relation bétween heat flux and nucleaté site




‘21
population in greater detail, the heat ééﬁtribution pér nﬁdleate site was
determined for all data points where thé number of éités was greater than
10 (N=38.9). Below this value aééurétexsite counts were impossiﬁie %;
ggt bgqaﬁsé the sités would dieléut, ré-activate, éhd die out égéih% This
byéling was too erratic to obtaip‘evén a'gbpd averagé-valué for,the‘number
of sites which weré active. | |

At low Ty's the contribution of natural éonvection to the total heat

flux is significant. Therefore, the value of the heat flux on the convec-

tien curve éorrespondihg to the_Tx"of the ﬁoint.being étudied was sub-
tracted from the overall heat flux at this Tx; The fesulting‘difference;
Qn/A, was then divided.by the nucleate population; N=£Z&; to get the heat
contribution per micleate boiliﬁg'site,‘thh; If the heat flux contribu-
tion due fo theﬂnuéleate'béiling was directly préportional to the number
of sités, the valués for Qn/h would be constant for any éné ;iquid. Fig—--
ures 19-22 indicate this conclusion canﬁoﬁ be drawn for all liquids, "These

plots of Qn/h versus N reveal tha£ the data points for some ligquids, nota--

bly trichloroethane, carbon tetrachloride, and ethyl acetate; tend to group .

fhemselves about a herizontal line, but the points for the other liquids
begin to rise‘wiﬁh inpreasing N,.parﬁicular beyond N=200. “This "cufling"'
upward might be due to low counts of N at theée-higher heat fluxes. Many
of the individual sites coulduhave been missed during the coﬁnting because
they were obscured by other bubble columns.pr their bubbles coalesced With‘
those from other sites. This does not explain the very.definite:continu—
ously upward_trend’of‘ﬁhe,data points for chloroform,

From the data presented in Figures~18A22, we can conclude that néither
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"the totdl heat flux nor'the nneleate boiling contribution to the total
flux is alwaYe directly prdpertional to;the populatidn of nucleate bei}ingt | : |
sites, Nor is either'of.these values always proportional to the square |
tOOt of the site pdpuletion;‘ The heat flux for each b0111ng llquld has its
own functlonal relationship to the active b0111ng sites. From thendata

in this investigation, the foIlewing general conclnsiOns about Qh/n can
be'dfawn: the . steeper the‘heat flux versus T rcurﬁe is dﬁring the nucle-
ate b0111ng reglon, the more clesely Qn/n versus N approaches a horlzontal '

lines the greater tne T 1s at whlch nucleatlon beglns, the hlgher the

:values for Qn/n will be.. Ev1dently Qn/n, as well as Q/A is hlghly de-
pendent on Tye |

If we can use the heat transfer mechanism phoposed by Forster and
Grlef (7), the ratio M of Equatien (l) should be an indicator of the change
in magnitude due to the change-ln T . Assumlng the temperature of the .
llquld is nearly T and the temperature gradient in the llquld is linear

over the radlal dlstance from the heat source, the ZXTmean wouldlrange

roughly from 7-15 in this study° If we'compare‘trlchloroethylene to

trlchloroethane, we can see . Qn/n for trichloroethylene is about twice as

great as that for tI':Lchleroetha.ne° The ratio of M!s is approx1mate1y

M, _ %2 P2 Pyl N1 ATmean2 - - R
Ml ) - .Ci.l PLl -.€v2 7\2 -ATmean- 1 . ' ‘

(0.34) (82) (031) o) (A7) = 1.7
(0,27) (78) (0,29) (103) (14) -

Of course, we do not know the ratio of latent heat transport with trichloro-

ethylene to that nith trichloroethane, since we have no‘infofnation on
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bubble size or frequency, If the latent heat transport ratie were unity
or slighﬁly more, this ratie of M's could explain the dif ference iﬁ'Qh/hls

]

for these two liquids.




V. MULTIPLE REGRESSION'

" The objeci of inVestigating ph&sical or chemical bhenogena is té ob-
tain information which can ultimately be put to practical use. If a mathe-
matical model can Be found to describe the ph&sical sitﬁaﬁion, the rela-
’tiohship among the'%ariables can be examined in detéil and results obﬁaip—"
able from cohditions yet untested cén be_predicted; |

Until recenfiy; the t;ol used most extensively for correiaiion of':'
 variables iﬁ chemical engineering research has been dimensional analysis.’
This method éénsists of assﬁming a model of the form |
9 M= oo, @ )° m)° ...
where Ny s NZ; etc, are dimensionless numbers such as;ﬁeyﬁolds‘nuﬁber;
Prandtiinﬁﬁber-and ﬁusselt number, Thé consténts co; a, by é, ces AT
. usually determiﬁea ffom appropriaté cross plots én logérithmié graph
paper. o . | o

Lately; stéfistiéél methods have been épplied'to chemicélveﬁginéering .
pro‘blem.s° The methgd of'multipie linear regressioﬁ‘is partiéuiarl& suited
to studying functional relations among variableé. In general we consider

a mathematical model of the following type:

(10) Ty = Byt BiXy 4+ By 4 oo + BE, + €

where 1 = 1, 2, eee s n and ei are random Variabies which are normally.
and indepéndentiy distributed about a mean of zereo with a variance of o
( E:if“J NP (o, 0~ 2 ). In matrix notation the above relationship is

written as
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(11) Y =X8 + €

where

i

°
.
L
Y
n
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Thg prqblem ié to find estimators for the unknown‘paramétéré Bl’ B2, coo 5

Byo The matrix of estimators is

This problem cari be handled through the prineiple of maximum likelihood,
If the‘probability funetion of a random vector X is f (Xi 5 69, 895 000
ek ) where the G'S are some-tinknown parameters and the X3 !'s are:independ—
ent, then the likelihood function is
B \ -n ‘ I- .
(12) L =‘ ' ‘ f (X_'l ;- 61,- 62, ©00 9 ek)

. =| ‘ ~ . .' .
The maximﬁm‘likelihoed_estimatorS'of‘el, eoe 5 O are those numbers which
maximize L for a given set Xy, Xy, eee 5 X .

The likeliheod function fer the mﬁltiple regression model is

_ -\ 5 1 1 | ,
(13) L= (-ﬁ?% 2 exp - -2-:_2 (Yl - Bb - lel’1 ~ ees
| | e f kaki .?., .
or in matrix notation ' o B
: = ! % | ' a1 - ! )
W) L= Grer)? e |- =5 €€

(15) = <21Tla"2)% _ -exp.. F- 51:5 (Y —XB)’ (Y - XB)
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Yv}}er_'g .‘c_,hé_pri'n_ieé iﬁdiéaté the trahspése‘ c;f the ma.trik’i _Tpg valugs ofthe
parjal_netc;;rs which maximize L are féﬁnd in thé classical mapneﬂ-—by takmg
t.hg ﬁgrtial defix}ativéé of L w_ith respeéfz to the unlmovm parametei's;
equé.ting ﬁhém to_éero", and solving "the re.sulting' equatioh-s; In this case

it is easier to differéntiaté the funétioﬁ

(16) lnL::e—glncr-—lz‘Z. (,Y;l—_B‘-Ble—..oBk o
: =1 o _

- Let b:j (3=10, 1, 2, +es , k) be the maximum likelihood estimators of Bc.g):,
Bl’ oo s Bk 3 and ’5‘2, that of 0‘2:." The eqﬁat;‘,pné resulting from equating

" the partial derivatives to zero are

" 2 1 ; - N ; )
(17) g ’— E Z . (Y-.l - b@ - bl '.L}(l " 00 = bk in )

i

o

L : & 2 S >
19 ini%* oty T 7. B T 2 T

In matrix rotation the equations of estimation for B are
' LA '
(21) X XB =X Y

Let S=X X If S 1s non—smgular (has an mverse), then

. | Ne gl
(22) - B= X Y
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In this investigation the mathematical model assumed was |
PR ‘Bt €3 B B B, " B, B, B,

S a0 N 1 2 .3 4 5 6
(23)<9> = 10 T t A P ..

. A‘i . X4 Wi 1 - '—:1 6-1 1
B B, B
a7 g 8 9

G . : .

. L.'l. HLl. L‘L

where | = 1, 25 000 3 225°

The method of linear regression was applied'to'the mgdél

Q . v S - IR
(214)' - log 3 >i= BO‘+ Bl ( log Tx),l + BZ( log_tW)i + “., + B9 (1og kL)'.L

In this equation log % corresponds to Y of equation (10), log Ti‘td X, etca

‘ Mény of the physical propertiés.pf theSé;liquids'héd to be deter-
mined by extrapolation and estimation} Beéause Qflthé_inherent error from
these calculations it was felt ver& little édditional error would fésult
from using the values of these properties at the boiling poiﬁt régther than )
aﬁ a mean temperatufe‘betwéen‘the'satﬁration_temperatqre (boiling point)
and the heating surface temperature. Tﬁe values ﬁéed for the regressibn
analysis are listed in Table'iI; In'ordér‘te obtain a realistic correla-
tion, the data ffom'tﬁe éthy1 acetate runs were riot included; Also, only
the iﬁitial rﬁﬁé with eth&lene~dichloride and trichloroethylene were used
in the analysis. These were the runs wﬁich had'extnemé drift due-ﬁo dépoéq‘
iﬁs‘on ;he surface., In this way iﬁ is reaSonably certain that thd regfe57
sion applies only to a constant'surfabe;-'rhérg may‘bersomé guestion as

-to the advisability of usiné the data. from the second and third benzene
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runs, put they werelincluded bécauselthe drift towards higher temperature
excésses was not as noticesble as that for.the previously noted liquidsf
.Only‘data‘taken during nucleate boilihg were incluaed in this regréssidn
“anaiysiso A1l calculations, including.the>transformatiéh of Equafiqh 23
£o Equafion 24, were done on an iBM‘162O déta processing méchine,-
The estimaﬁéé Qf the st'fOUnd from thé regreséibn énalysi55 together

with their variances; are as follows:

exponent of 10, by = 10,382
f' | T, bl = g.zzu_ U (by) : 0,0162
" . tw; b, = -;-2.463 .V (bz) - = 0.469L
A, by = -2.676 V(b)) = 41910
U PL?’ by, 1,831 V(b)) = 0.2505
" Py by = ~3.087 V'(b,).-) = 7°119_6
n 5,b, = o.846’f. \j (__bé)\ = 0.9201
" Cs b, = L.057 v (b7) = 0,484
" M b, = 6;85? g ' V(b)) = 0.2362
" kp, by = 'O-.3'88 T (bg) = 0,0403

The unﬁiased estimate of the vﬁriance is 0.00Sélh.' The éqeffiéient of
muitiple correlation, R?, is 05861.' Since a perfect correlation would
give.an R? equal to ohé,_this correlation is gquite good. |

An iaea of the‘importance of eéch variable in the correlation can
be obtained by examining the loss in sumé;of'squares by deleting each

variable. The greater this value, the more impertant the variable is .in

the correlation. The variables are 1istéd below in decreasing importance
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by this criterion:

Variable ° Loss in Suine of Squares F Test
. o . 5.332 h els
Mo 1.656 ' 199,2
o 0.2843 . 3ha19
P 0,1113- 13.38
£ 0,1075 : 12,92
| K  0.03103 3733
“‘7\. 00,0121 1709
e, 0,01113 - 1.338
s 0,006465. . - 0, 7775

The crltlcal F for testlng the hypothe51s that By= O w1th a Type I error
of 5% is 3.89; Thus, we must conolude that any one of the exponents on-
ki;?\ ' f)v, or é ie not significantiy different from zero'whennbeébed‘
albné, Tn order to go any . further, the analy51s would have to be cor- .
* rected for the deletlon of the one chosen variable, This can be done by
methods descrlbed in books on statistical methods (6, 18).

In the comparison of this correlation to others which have been pro~
posed, the confidencé limits on the bs s ‘are of importance, - These are

caleulated from the relations

S . - ’ _I\
Iy = by = St (nek-1) b

i

=

By = 2T Yo %

where o is the probability of Type I error, n-k-1 represenbé the degrees
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of freedom, and ‘&~ is the estimate of the standard deviation of b.i (the - -

b‘t
p031t1ve square root of the estlmated variance of by ) Thé 95%-ééﬁ%iaéﬁéé
11m1ts for the b 's found in this mvestlga_tlon are as féliowsr‘

2.973 < exponent of T, < " 3475

5.901 < exponent of M & 7.817
2.690- < exponent of € < 5.42h
0.844 <. exponent of P < 2:818
3,815 < exgonen£ of T <-1.113
-0,008 < exponent of k‘L < 0,784
6,716 < exponent of A < 1.36hL

-8.347 < exbenenﬁ of Pv: < 2,173

-1:044 < exponent of s < 2.736
The bi ts and their conf:.dence limits permlt us to compere thls correla-
tion with thosel presented by others". Table ITT presents a summary of
exponents frbn other correlatlons as presented in Westwater{_,s ,art_lcle (22)
toge‘bher with the results of th:Ls studyo | | |

This correlatlon for nucleate boﬂ.mg should not. be used: mdlscrun:L;

nfc."el;fi° Because surfaee. rOughness and nature'have majer effe.c‘tns on the
heat transfer, this eerrelat'ien would be_.used best to’ prediet the ehanée
' in heat transfer by a change in Ty and t or b a change in liquids by -

éomputing the ratio
; - Q/A

: proposed

Q/A known

from the terms 1n the correlation, This means, heat Jt:vransfer data for some

‘liquid in the sy'stem‘under stndy should *b'e known before pred‘icting heat

flu;ﬁes from this eorrelat ionfo




VI. SUMMARY

This investigation of boiling heat transfer studied the effech of the
prbpgrtiéé of several liquids on the heat flui,.keépihg a constant sur-
face, The résults showed that the heat flux was not alwa&s préporﬂibﬁal
to the nucleafe site populaﬁioh:nor-to the'squaré root of the pobﬁiaﬁioﬁ,
but fell somewhere within these limits depending on the lidﬁid béiﬁg
boiled., The nucleate heat traﬁsfér rate (Qﬁ) per bubble site vafiéd with
the 1iquid studied, Those liquids which had steep bdiiihg‘éaQGes tended
to have a constant heat tréﬁéfér rafé per site.’ The liguids with bdiling:
curves of smaller'slopé héd.highen heat transfer ratéé per site as the
number of sites increased, Higher rates per site occurred with liquids
which started nucleate boiling ét higher temperature excesses, This
ihdicafés tha£ the heét transfer raté'pér nucleate. site was hiéﬁiy depénd—‘.
'ent on thé'temperature of thg‘héaﬁ transfer surface, - -

The théory_of multiple linear regréssién was'aﬁblied to deéelopra
correlation for the heat fluX'ddriné nuéleate‘beel boiliﬁgﬁv Thevresuitiné‘
equaﬂien‘was: | | o
1.831 o ~3.087

1O.T 3,244 . _2,4§3f
L v

— ol 2,676
=20l x 100 T, o A e

=i O

0.846 4,057 6.859 0,388
S -GL. M k'L

The variables listed in order of decreasing importance by the criterion

of loss in sums of squares by deletion of the variabié were:

T My Ops @po b ¥ Mo P8
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APPENDIX
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NOMENCLATURE

a A Numerical constant
A | Area perpendicular to flow of heat U o _g
By ‘GSeffiéient in regression model | t
Btu British thermal unit
c, | "Heat capacity of liquid, Btu/lb- F
E. _Charaéteristié.leﬁgfh'in\some béiiihg.héat'tranéfér correlaﬁions ?
op S Begrees.Fahrenheif | é
. _i’f:?éét'
g ' ‘Acéélération;-ff/hrz i
hr - Hour | |
x Propérti@ﬁélify.éoﬁsténé
ko _A:Thérmzil conductivity of Lliquid, Btu/hr'-.ft.:— F |
KVA =~ Kilovolt - amperes | '
b . Pounds |
1n. " Logarithm to base e : o o - y
loé Logarithm to base 10 | | F
mm Eﬁllimeters 1%

: 1
M ~ Ratioe 6f heat transferred b& liquid-vapor exchanéé to that - f

transferred by latent heat .

n Number of nucleate boiling‘éites_
N} Nﬁcleate site population, n/A, in—2
Ng .Diméhsionléss number .
P Pressure, 1b/f'b2




Q/A

sec

59

‘Bubble volume, ft

. .35
Critical pressure, 1b/ft°
Tnternal pressure of'BubEle} 1b7ft2
Préssufe difference éorresponding-td>Tx;'1b/ft2.
Vapor pressure corresponding to Tgj Ib/ft
Heat flux, Bbu/hreft-

" Total heat transfer rate minus heat transfer rate dué to natural

convection

‘Raaius of bubble

' Radius of ideal -conical éite;,ft-

Surface tensién, 1b/ft

Sécénds

Squére

Temperature,’ R .

Temperatﬁre of saturation

Temperature of heat'transfer surface, F

Temﬁerature of heat transfer surféée; R

Temperature excess, TWFTS

3

Volume of liquid, ftB

Volume of vapor, ft

Iﬁdepehden£ variable in régression model

zpéﬁendent variable in regression model

Latent heat of vaporization, Btu/lb

Density of liquid, 1b/ft>
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Density of véﬁor; lb/ftB'
"Is proportionél to"
Random variablé"in régressién‘mbdei
Contact anéle liquid ﬁakesywith héétihg surféée
Parameter in probability distribution
Apex angle of conical cavity
Variance

Viscosity of liquid, 1b/ft-hr
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TABLE I. NUCLEATE POOL BOILING DATA WITH GOLD WIRE AS HEAT TRANSFER SURFACE

25,6

25.2
214—08
25,0
2.4
23.9
23.4
22,9
21.4
20,7
19.8
19.4
19.7
18,0
16.4
11{-02

2L.1
23,8

234

22,8
2263
21.9
1.5

2069

20,6
2063
20,1

19.0
18,0 -

2342
22,3
23,6

22,9
© 21,6

‘Q/Asl

Ny
Btu/hp-rt Sites/in>
Carbon Tetrachloride -~ Run 1.
11,820 -
10,520 -
9,730 -
10,180 -
8,460 249 -
7,760 233
6,660 222,
© 5,790 175
4,800 140
3,940 109
3,450. 77.9
3,110 81,6
© 3,490 89.5.
2,610 5Le5
2,110 311
1,640 19.4

Carboﬁ Tetrachloride - Run 2

- 9,210
8,300

7,560'

6,690
5,730
5,190
L1730
hszo
3,920
3559
3,380
2,660
2,290

272
253

. 206
182,8
3.9
136,2
112.8
101,.2

73.9 -

66,1
2742
233

Carbon Tetrachloride - Run 3°

75190

5,980
75950 -

6,510
5,710

_590h0‘

21/,
215
175
163.3
132,2

CQn/n
_Btu[hr—site

0.158
150
0126
128
121
. 106
o116
085

. 105
089
909,4'
o429

o143
«135
.138
.123
-ed33
.119
.124
o11k
.129
2126
2158
081

149

0150
' 5156
- +138
2139




38
TABLE I (Continued)

- T, Q/A, N, o 1%/11- |
op" - op¥ Btughr-ftz ']Sites(inz Btu/hr-site -
Carbon Tetrachloride - Run 3 (Continued)
191.1 . 21,2 . L4650 S 120.7 C 0.133
190.7 20,8 4,310 105 ' o134
190.4 20,5 3,730 . ' 66,1 T .158
189,6 19.7 3,260 58,4 0133
188,5 - 18,6 2,750 , ' 31.1 o172
Carbon Tetrachloride - Run 4

196,6 _ 26,6 14,120 ' -

19505 2505 11,880‘ - o ;
194.8 24,8 10,480 ©327 : 0163
193.9 23.9 9,090 ' 288 : o154
192,8 22,8 ' 7,780 241 o151
192,1 22,1 6,660 ' 237 ' S 123
191.5 21,5 - . 5,910 o 2027 121
191.0 21,0 - 5,130 3 179.0 : 0109
189,9 19.9 : L4140 140,2 . .098
188.5 18.5 ' 3,330 o 101.2 .093
186,8 16,8 2,720 66,1 0103
183.7 13.7 1,638 ' 234 . 089 .

Chloroform - Run 1
168,2 _ 26,1 T 8,740 ' 249 , C.162
168.8 26,17 8,330 233.5 .158
168.6 26,5 75570 190.8 167
168,2 26,1 7,030 : 182,9 o - 0156
167.3 2502 6,040 : 155.7 _ o145
166.1 24,0 - 55340 132.3 - CW1k2
165,.8 o 23,7 - L, 960 S 12804 2128
164,.1 , 22,0 45390 ‘ 169,0 - - .128
16207 . 2006 : 3,920. lOSpl . 911h
16009 18.8 39h@o . ‘93°h ) ) 9109
157.8 15.7 - 2,230 66,1 2072
156.4 14.3 1,928 L6,7 .081
Chloroform — Rua 2

172.8 30,5 ‘ . 12,270 -

1734 31,1 13,170 -

174.1 31.8 14,010 -

-l7h05 3202 1&,9@@




o

175.7
172.8
172.4
171.0

170.8

170.4
169.4
168,2
167.2
165,.7
165,0
1644
163,3
163,0
162.0
161.3
160.6
159.5
15805
157.3
156:2
154.0

152.3

193.9
193.9
193.8
193.7
193,6

193.5

193.3
193.0
192,2
192.2
19105
190.7
190.2
188.6

ng’ .

33.4

30.5

30,1

28,7
28,5
28,1
27.1

- 25,9

24,9
23 oy
22.7

22,1

21,0
20,7
19.7
19.0
18,3
17.2
16,2
15.0
13.9
11.7
10,0

28,5
28.5
28,1,
28.3

- 28,2

28,1
27.9

27,6

26,8
26,8

26,1

25.3

2[{.,9 8

‘23.2
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TABLE I (Continued)

Q/As 2 . . N, 2
Btu/hr-ft - Sites/in
Chloroform - Run 2 (Continued)

17,320 -

11,730 315

10,880 28,

95490 26k.5
8,790 233.5-
7,390 . 237.5
6,530 ‘ 210,0

5,950 186.8

- 5,100 163.4

l-l—,él.l.@ 15108
k4,500 14450
4,160 124,.6
3,880 120,7
3,600 109.0
3,330 97y
2,930 934
2,680 7749
2,360 66,1
2,090 5804
1,782 54o5
1,410 38.9 .
1,034 230h'

. “1,1,1 - Trichlorosthane - Run 1

13,130
11,920
10, 500
9,500
8,870
8,000
7,320
6,670
5,560
5,250
4,380
3,500

350
304
280
245

182,9
108,9
85.6
66,1

38.9

190,7

- Qu/n
Btu/hr-site

0,181
.182
o163
o165
148
0126
2120

o119

107 -
099
2102
2107
+096
098
2097
078
.08l
0678
0073
. 2056
T 059
046

©,118
2116
110
2108
102
2095
.110
107
.150




194.0

- 193.8

193.5
193.3
192.9
192.8
192,6
192,0

191.8

191.1
190,.7
190,.2
190.0
188.5
187.3

203,6
20304
203,2

203,1

203.0
202,8
202,7
202,7
202,5
202,3
202,1
202,0
201.9
201,6
201.2

204 oy
2041
204,0
20349
203,.8
203,7

s

28.6

2804

28,1

27.9
2705
27 oby
27‘02
26,6

2644 -

25,7
25,3

21.9

L0
TABLE I (Continued)

Q/h, o
Btu/hr-ft

Trichloroethane -

9,550
8,660
7,350 -
6,300
5,860
5,450
5,130
L5590
45320
3,900
3,680
3,370
2,860
2,440
2,140

Bénéene_— Run 1

12,210
11,780
11,090
10,230
9,310

. 8,860
8,310
7,980

7 3460
6,950
6,560
6,240
53 910
5,540
" 5,120

Benzene - Ruh 2

13,820
12,100
11,130
110,620
9,760
8,890

N, 5

Sites(in

Run 2 .

366
296
- 241
202
194.7
182,9
124..6
9703 ’
C 779
77.9
62.3
42,8
27;2
15,6

300
253
234
. 226
202
202
175.2
163 ol+'
147.8
112.8
112.8
105,1
93.4
70,1
70,1

257
245
241
202
182,8

Qp/n
Btu/hr-site

0.108
. olllr
098
;103
.093
.088
104
o116
.119
.102
0@99
2066
048
.022

.185
208
«206
.186
o177
2162
,168
.166
160
180
+159
151
<147
o164
«129

210
193
.182
.188
176
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| | TABLE I (Continued)
T T , Q/A,. . 2
op"” opX” Btu/hr-ft
'Benzene - Run 2 (Gontinued) )
203.6 27.4 8,270 | 167.3 | 0,167
203,.6 - 274 ‘ 7,800 155.7 0159
203.2 27.0 7,040 . - 144, ,0 : 133
203,1 2649 - 6,500 10551 155
202,8 26,6 ' 5,930 . 779 166 . |
202,5 26,3 5,420 66,2 W14k |
202q,1 25_09 11—3960 : 11.6.7 - 0111'7 o i
201,2 25,0, L b,270 38,1 082
. Beﬁiene - Run 3

204.6 28.4 12,780 . 28l 0204
20443 28,1 11,080 _ 253 S £
204 .4 28,2 10,630 226 192
204..3 28,1 9,610 186.8 . 195
20k,1 27.9 . 8,710 171.2 » 178 .
204.0 27.8 8,290 o 159.6 o171 |
203.9 27,7 ~ 7,760 - 136,2 _ 177 i
203.7 - 27.5 7,020 . 124,6 154
203.8 27.6 _- 6,710 97,3 TS _ |
203,5 27.3 6,390 81,7 184 |
203,0 26.8 5,850 - 62,3 186 o J
202,5 - 26,3 5,110 h2.8 174 |

Ethyl Aeetate- - Run 1 ’
1948 24,0 13,170 - . 315 222 |
19504 2L.6 11,820 288 ' 208
195.7 24 o9 11,300 . 245 , 0228 . “
196,0 25,2 10,880 o245 o L215
1964 25.6 10,220 230 L L.207

| Ethyl Acetate - Rm 2 . .

196.8 26,0 14,780 ' 292 270
199.3 28,5 o 14,1306 - 296 _ o242
199.9 - 291 . 12, 640 ; 253 : .239
200,06 29,2 . 12,220 230 250
200,1 29,3 - 11,570 218 : o242
200,42 29,4 10,760 182,9 256
200.3 29.5 : 10,120 o 182.9 L .232
200.2 . = 29k . 9,090 ‘ im.2 +206




TABLE I (Continued)

Ty T, © Q/A,

) 2 N, .

oFWw OpX . Btughr-ft Siteéginz
Ethyl Acetate — Bun 2 (Continued)

200,2 29,4 8,470 136.2° . 0,228
200,2 29,4 8,340 : 116,.8 ‘ .258
200,2 = 29,4 75560 116,.8 _ L 212
200,2 29,4 : T 6,810 89.5 .218
200,0 29,2 - 5,610 62,3 ' o J18L
199.8 29,0 : 5,160 _ © 35,0 INA
19898 289@ . 14-‘, 18 ) 708 03711'

Ethyl Acetate -~ Run 3

201,0 © 30,2 - - 13,780 249 C e269

201,3 " 3045 : 12,920 o249 . . o246
201.4 30.6 - 11,820 216 . 2252
201.4 - 30:6 10,870 ' 194.6 . . ,238
201.4 30.6 10,760 179.0- S W254
2014 30.6 9,620 136,2 _ 0276
201 .4 30,6 . 9,290 1284 - o217,
2014 30,6 . 8,540 . 109,0 276
2014 30.6 8,010 105,1 ‘ 0251
201.2 30.4 - ' 6,860 5804 320
201,1 . 30,3 5,910 38,9 314
200,65 29,7 5,310 19.5 oh5h

19908 29 @ 1-!-9196 708 ’ 01232
Ethyl Acetate — Run 4 r

202,0 31,2 . 13,420 | 257 26

202,2 314 12,280 234 o 236
202,3 31.5 . : 11,720 206 ‘ 248
2024 31.6 . 11,020 . 175.2 226,
202,1, 31,6 " 10,370 179.0 - +233
202,4 . 3l.6 - 9,200 132,2 o250,
202,4  3l.6 . 8,700 - 1109.0 276
202,3 © 315 8,140 - 934 o281
2@2 2 - .31014— 7,30 . 73.9 0278
202,1 31.3 - . 6;5% . 58,4 ' 270

201.6 30,8 .- 5,750 42.8 217
Ethylené Dichloride - Run 1

207,8 25,5 14,770 311 NPT
207, 7 - 25,0 o 14,020 ., 288 ’ . . o257
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TABLE I (Continued)

Q./ﬁ

S T T , _ QA; o . Qn/m
°F - °F% . Btu/hir-fi Btu/hr-site
Ethylene Dichloride - Run 1 (Continued) -
2075 25,2 - 13,410 - 284 00246
2070 2L 12,230 .253 o247
206,.8 2L.5 11,580 253 ‘ «230
206,6 24.3 10,820 253 2210
20604 24,1 : -10,230 237 207 !
205,9 23,6 - .9,880 210 : : 225 _ o
205.8 23,5 9,430 . 21, 0207 I
2054 23.1 : 8,860 190.7. ' 21 o
205,1 22.8 - 8,270 ©159.6 0232
2047 | 22,4 - 7,620 163.3 . 2202
2043 22,0 \ 7,010 144.0 0202
204.1 21.8 . 6,640 136.2 »196
202,9 20,6 . 5,860 . 112.8 «200
202,6 20,3 : 5,520 101.2 2205
202,1 19,8 v Ly 960 9304 ; .185
2014 19,1 - he380 : 7h .0 C L189 B
199.9 - 1706 . v 3,709‘ ‘ ) 6203 : . o175 R
198,3 16,0 - 3,000 ' 46,7 ‘ <167 .

198,0 - 15.7 2,690 27,2 ' 2220

Ethylene Dichloride - Run 2-

21092 2709' 17gh6© ' - * . .

209,5 27.2 15,280 296 O .273

208.9 26,6 . 13,530 280 . o247

2084 26,1 11,980 245 0232

207.8 25.5 10,320 234 0206

206,9 24,6 . 8,640 194.6 - .193

206,.5 2402 7,770 186.8 171

206,1 23,8 - 7,210 C132.2 216

205.,8 23.5 | 7,030 140,2 197

205.4 23,1 - 6,260 109,0 2208

2@h05 22,2 5,@20 ’ . 7399’ . ozeh

203.3 21,0 Ly410 ‘ 6243 «19%4 |
~202,2 19.9 3,640 42,8 .188 !

198.9 16.6 ' 2,685 - 19,5 0252 o

Ethylene Dichloride - Run 3

209.4 27,1 © . 1,,180 28l 0258
208,.7 2604 12,020 261 0226
208,3 26,0 . 10,180 198.3 »235




a%“W’

2074
207.0
206.9
20601-}
204 .8
205,5
203.5

202.0

200,6
'198.8
198.0
1974
196.8
196.5
195.7
195.2
19k oL
193.6
192.5
191.4

189,8

200,06
1994
198.8
198.3
197.6
197.4
196.9
196.5
196.0
195.5
1946
193.9
193.5
192,7
192,2
191.0

-25,1

b7
214»'0 6
241
22.5
23,2
21.2
19 @ 7

22,1
203

19o5‘.

18,9
18.3
18.0

. 17.2

16.7
15,9
15,1
14.0
12.9

11.3

21,5

2009
20,3
19.8
19,1
18.9
18.4
18.0
17.5

17,0
© 16,1

1504

15.0 .

14.2
13,7
12.5

TABLE I (Continued)

Q/As 2 Ny .2
Btu/hr-ft Sites/in
Ethylene Dichloride - Run 3 (Continued)
8,660 179.0
7,980 1,7.8
75580 147.8
6,090 101.2
4,870 . 62,3 -
- 5,020 62,3
3,940 35.0
3,220 230k
Cyclohexane — Run 1
14,180 -
10,640 323
© 9,140 284
8,030 280
7,140 241
6,720 245
5,760 202
5,090 198.4
4,380 155.7
3,670 128.4
2,910 89,5
2,320 58.4
1,690 234
Cyclehexane - Run 2
12,830 -
11,320 339
10,180 323
9,240 311
8,190 284
7,840 272
7,180 272
65270 234
5,840 202
5,360 206
L4760 175.2
4,190 14L.0
3,750 105.2
- 2,970 85.6
2,500 " 58,4
- 2,100.

4h

38.9

Qp/n
Btu/hr-site

0,207
0223

T e 20['—
2201 -
0222
o 228

. 0250
226

0175
0160
o147
0138
136
0122
.116
»123
«107
. 107
«109
0125
olOO
099
o111




2224
223,.0
223.0
222.7
222,2
222,0
221.5
2214

221,0
22098‘

220,83
21906
219,0
218,14

223.8
2243
22l oky

224.2 -

22442
223,.9
223.8
2233
222.4
222,0
221,0

2247
225,0
22106
24,5
2243
223,8
2233
222.8
222,1
2206

+3

X9

=,

LWWLWWWWWW
WW W
]
HONBW oNoNO

30,0

35.7.

36,2
3603
36,1
36,1
35,8
35,7
35.2

343

33.9
32.9

36.6
36,9
3645
364k
36,2
35.7
3542
347
34,0
32.5

Q/A,

tughr—ft :

L5
TABLE I (Continued)

N,

Sites:-in‘2

Trlchloroethylene - RBun 1

19,780
16,980

14,920

12,300
10,920
10,090
9,050
8, 600
7,840
7,210
6, 4,80
6,050
5,370
Ly 340

343

308
272

226
- 182.9
163.4
136.2
116.8
101.2
779
5844
3849
27.2

Trichloroethylene — Run 2

16,390
15,000

13,630

12,000
11,370
10,330
8,880
8,620
7860
7,100
5,770

335
327
272
214

198.4

159.6
128.4
105.1

Trichloroethylene - Run 3

1k, 570
13,440
11,980
11,120
9,960
9,080

8,440

75,970
7,150
6,310

Qp/n
Btu[hr-site

0,252
o234
+199
+200
0217
0202
0221
0216
0209
02,114-
o214
273
153

0242
0215
,22!&
0233
0229
o242
0222 -
° 261
0285
297
o245

0221
2209
214
o21h
o246
+266
0225
0252
0300
0316




TABLE II. PHYSICAL PROPERTIES OF LIQUIDS AT THEIR NORMAL BOILING POINTS

| Liquid 1A\ y Btu/lﬁ PL, lb/ft3 .Pv, 1b/ft3 s, ‘lt_a/ftv C;» Btu/1b°F )1; 1b/ft hr -k_I;', Btu/h;' ft"F
Carbc.'m Tetrachloride 7' 83.6 73.0 | 0.346 0.001362 0,219 1177 0,0852
Chloroforn 106.2 87.4 " 0.285 0.001482 0.243 0.968 | 0.1000

' 1,1,1—Trichloroe1.',hane 103.7 77.8 6.368 0.001308 0.267 1.017 o.oﬁs
Benzene 169.7 505 0.1743 | 0.00L45k |  0.463 . 04767 0.1187
Ethylene Dichloride 139,2 69,3 0.222 0.001640 | 0.327 0.992 0.077 -~
Cyclohexane 168.8" 43.8 0.1872 | 0.001253 0.489 0.980 0;07665 '
Trichloroethylene 103.2 82.4 0.290 0,001304 | 0.342 0.839 76.065-8;

9%




TABLE III.

COMPARISON OF NUCLEATE BOILING EQUATIONS

uthor " 5 A 2 fx 8 % - mll}“!f K P F Pe g D PL- 8
_ °F °F_ Btu/lb /e 1b/i‘t3 1b/fh Btu/1b°F 1b/ft hr Btu/he £t°F wiee? | w/s? 11;/1‘1-,2 o /e st | w/ed
Hughmark 1.618 | -1.15 -1.385 0.945 -1.630 1.867 | -0.202 0.202 2,27
HeNelly 3.22 -2.2? ~1.06 -1 2,22 1 1 1,06‘
Forster - Zuber 0.2l -0.24 0.49 0.2 0,5 0.45 ~0.29 0.79 0.75 ]
Gﬂ;;:aq: ' 3.33 -2.33 0.917 -2.33 -1.417 1.333 -1 2 2.83 ”_3,33 '
Forster - Greif . 1.25 15 0.5 -1.5 -0.5 0.46 -0.29 0.79 2
Levy 3 -1 X 2 -1 1 1 a1
| chang - Snyder | 1 0.4 -0.8 -0.8 4 0.k 1 Lk 0.4
Rohsenow 3 -2 -0.5 -2.1 bl 50 o;ﬁ 6.5
Nishikawa 3 -1 2 1 -1 1 2 1 7
Migauohs - Ta gf | 3.85 ‘ -2.85 2.85 -0.19 - 2.43 o2 -2.43
This study | 3.22| <246 | -2.68 1.83 3,09 0.846 4,06 6.86 0.8

Al
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FIGURE 4. NATURAL CONVECTION CURVES, CARBON TETRACHLORIDE AND BENZENE
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