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Symbol

- NOMENCLATURE.

Definition

-Area

Boiling Number q/hfg T

~Specific Heat

Inside Diameter

Voltage Drop

Blasiug Friction Factor

Acceleration of Gravity

Converglion Factor

vMass Plux

Specif&c‘Enthalpy or
Heat-Transfer Coefficient'
Joule's Conatant

Thermal Conductivity

Distance from Entrance of
Heated Section

Total Length of Heated Section

Mass Flow Rate
Nusselt Number
Pressuré
Electrical Power
Prandtl Number
Heat Fluxf

Total Heat Input
fadius

Electrical Resistance

v

dimenzionleg

BTU/1b. °F

S i A
volis
dimensionless

£t /sec”

’ Ve 870
ft - lbnl/uc-c 11,&'?

lb-/ﬂeaqftz
BTU/1b
BTU/hp fu?@

£t 1b /BTU
BTU/hr £t °F

£e.
e

1b. /sec

dimensionless
pala

kilowatts

dlmensionless

BTU/ hr rt @

BTU/hr

£t

ohms
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‘dimensionless

'Qggg r
é\#
dimenslonless 4
_OF
ep
£6°/1b
£t /sec ;fﬁ%

dimensionless

“dimenslonless

1b /rt°
centipoise

1b /1t

Symbol Definition
Re Reynolds Number |
Rﬂ : Liquideoldup
T Temperature
AT Temperature Difference = (T1~Tb)
v Specific Volume
v Veloci‘ty or Velume ,
% Quality (nass Iraction of vapor)
XQt A Martinelld Parameter wr
| (pi‘/pg)O.lv(lvf/vg)O.o(l_x/x)O.9
a Linear TemperaturevCoefficient
of Thermal Conductivity
Y Linear Temperature Coefflclent
of Electrilcal Reslstance
Density |
w Viscosity
Surface Tension
Subacripts
b 'Evaluated at bulk flulid properties
B “Bolling |
£ Propefties of saturated liquid
fg Difference in property between satﬁrated liquid
and vapor
& Properties of éaturated Vapof
Inner wall
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NOIMENCIATURE {Continued)

Sukserints _
| I -Propérty e§aluated on bésis of local liquid flbw'rate
o | Outer wall or property evaluated on basisréf total

) mass flow rate. '
T total . |
v | Property evaluated ét'inner wall témperature
”m Mean value - - -
1 Property precewding flashing valve |
Superseripts |
0 Fifat'approximation

Second approximation



DOWNFLOW BOILING AND NONBOILING HEAT TRANSTER
IN A UNIFORMLY HEATED TUBE

Robcrt LnRoy Sani

Lawrence Radiation Laboratory and DOpartment of Chemistry
University of California, Berkeley, California

January 4, 1960

Y. ABSTRACT

- Local heatrtrahsfer coefficients in forced'cohvection,

'déwnfldw,boiling,and nonboiling have been measured by use of
. an‘éleéﬁrically heated type-304% stailnless steel tube (0.719#
»ip.‘i.d;-£_0;7502 in. o.d. x 68.0 1in. iohg). Average forced-
 convéct1on heatatrénsfefféoefficiénﬁs ih.turbuleﬁt'bne;phase ‘
'flOWpand,ldéal tdtal preséure‘gradients in twb-phase_fiow wevé

also dotermined.

- Data ‘have been obtained for the boiling of diatilled vater
2 ;

with mass fluxes of 51 to 165 1b /sec. ft.<, heat fluhes from.

13. 8:107 to 49.8+10% BIU/hr £t 2

, pressures from 15.8 to 0.9
pcia and qualities up to 14,

The boiling heat transfer data were conpared to the core

relations proposed by Mumm, Dengler, Rohsenow, and Grosoman

and Schrock. Ho ﬂtt@mpt was made to formulate a new correlatiun
because of the limited range of conditiona inveatlgated. The
aonboilinu heat tvunﬁfcr data were compa”ed to the Dittuc=
Doelter and Sledevr-Tate corrmlations. The local total presgure

gradlents in two=phase flow were correlated by the Martinellil

- parameter, X ., for turbulent two-phase fldw.



11, INTRonucmionif,

A, General | | L
Recently attention has been focused on the problem of

removing tremendous quantities of heat from small spaces. Con-
Vvventional heat-transfer methods do not even approach ‘the solution
to this problem. A aolution to the problenzseems to 1ie in tho
realm of forced-convection boiling heat transfer. Heat- transfer
processes which 1nvolve a change in phase can aecommodate very |
large heat fluxes. Until recently little attention had boen
' directed to boiling of saturated liquids (net bolling) in foroed
'-oonvection. This 13 a very oomplex problem.. Even the flow
;meohanism enoountered in 1sothermal two»phase flow 1sn't undere
stood._ In the two-phase flow of a liquid and its vapor an
additional dogree of freedom, the quality of the mixturap 18.
enoountered._ When heat transfer which effects a8 phuso ohange
_1s superimposed on this complex flow mechaniamp the analytioal
oomplexity of the problem becomes 1ntractable.

| | Downflow systems operated at moderate pressures are impor- '
tant 1n the food 1ndustry and in one of the proposed processes
for the conversion of sea water to fresh water. The food
industry uses downflow evaporators in the concentration of juicea.
Prolonged retention of the juices at high tenperatures is 1nJur-
1ous to their flavor. The short retention time in downflow
evaporators causes minimum flavorp damage. For desalting of sea
water to be economically feasible, multiple effect evaporation
units must be used, and effective use must bo made of the surface :

availablo for heat tnunsfer. Thu staginf of units means that

‘a'/
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emall temperature driving forces will be cncountered. In ap

upflow systenm 1néf£icient usé"of heaet-transcfer surface is caused

by the throatatic hcud,whlch prevente boiling in the lower
sgctiona of the cvaporatoce Thiﬂ has led to the use of downflow
systcms. ' |

Previous work 1n thie field has mainly been directed to
upflow oyutoms which were opcratod at elevated pressures and
large heat. fluxos. This work was undertalten to extend this to
a dounflou ajatem opev¢ted ovcr a re nge of low heat fluxes and

low presaures. ‘

B, Fowced-ﬂonvec%ionfBoilinﬂ of Saturated Liculds

”he thrce not able works publlished in the fleld of forced-
convectlon bolling of water were due o Dcnvlur (l), Mg (11);
and Schroek and Grovsman (13). |

2. Dengler

Dengler's uvpflow system consisted of a 1-in. 1.4., 20-C%.
vertical copper tube. Five stean jackcta were spaced. along the
tube and twenby-one thernocounlea vere embedded in the tube

wall. Local static pressures were ob@ain@a by a manometer

system, and local heat fluxes weve determined by collecting conw

densate. Saturated feed was introduced %o the test cection and

the mase Tflow rate was varled from 2.4+10° to 5.5 °10” 1b /hv.

 The outlet prescure varied from Te2 to 29 paimo The mass fraction

of vapor (quality) was varied from O %o 1007, The local wole
umetric fraction of liguid was deternined by & radicactive tragcer
fechnlque. It was postulated that the local heab-transfer

coelfficlents at low flow rates and qualities were govevned by

L



the combined influence of boiling and forced éonvection.. As

the linear velocity of the vapor-liquld mixture increased, the

nucleate boiling mechanism was suppressed and the forced cone

vection heat tranéfer‘mechanism was the dominant factor. The

correlation in the reglon of suppressed nucleaté boiling was
g-’é 3.5 X795

ho ié‘the noaniling heat-transfer coefficient célcul&ﬁed from

the Dittus-Boelter velationship,

k
- . L .08 5 0.4
ho had 0‘023 "is" n@m g P'ﬁ‘z °

The physilcal properties were those_of the liguid state evaluated
" at the local oaturaéion temperature, and the Reynolds number,
DGT/pzs was based on the total mass flow rate.

: Xtt is the Lockharte 1awt1nelli parameter defined by

” i, (X£)0.5(££ 0. 1{1“K 0.9

-Thls was originally developed for the correlation of pressure
dropvin two-phase, twoecomponent flow. Its poséibility ag a
cofrelating parameter for heat ¢transfer in tvo«pﬁase flow was

- suggested by Lockhart and Martinelli (8).

In the entrance regions of the test section Dengler obeepved
| hB/ho values which wefevlarger than those predicted by the core

" relation. Dengler pbstuléted that this was the region in which
the nucleate boiling mechanism was predominant. The boiling

was suppressed as the linear velocity of the liguid increased.

- A temperature difference to initiate nucleate boiling, ATi’ wa.s

defined by



ﬁranae of pressures from 45 %o 200 psia, heat fluxes from 5 ° 10%

5

GTVZ 0.3 .
A_Li =lo<~ﬁ;—~ .,

\,This was applied as a criterion for nucleate boiling Dengler
obtained no'COrrelétion between the liquid Veiocity_and é@i

when a fog f{low model was uqed.' Aﬁi was then nondimensionalized

1n an arbitrar manner, and the data were correlated by dividing
[

.,.nB/h by the fautor

| o 0.1
' 57 S T d &
: O‘G?S[(TW L )<ﬂg)sat. ]4.

whenuﬁhi” gfoup’wae‘greater than one. The form ci'the factor

~ .seems inappropriate and itu significance vague. Iﬁ did succeed

- in re&ucing the scatter of the data,

b,  Fumm

JMumm's system consisted of an electrically heated, hori=

antals'type-347 stainleés steel tube which was 0,465 in. i;@.

‘and T £t ‘long. ILocal heat-transfer coefficlents were measured

for exit qualities up to 8C%. The investigatioﬁ covered a

b

to 2.5 + 10° BIt/nr. £6%,and mass Clow rates from 70 to 280 1b per

sec ft?v The data for qualitles less than 40% werevcorrelaﬁeg

J
by \ . _
, V. o084 o - 0.484
R aa-d Ie g. .. 0,808
) Nup = [4.3 + 510 (Vf x}<?;ﬁ;~ Re ",

¥

with a standard deviation of f10%.



¢. Schrock and Grossman

The upflow system of Schrock‘and Grcssmanveons ated of

an electrically heated l/8~in‘,'1.d° typﬁ-uéf stainless steel |
tube which was 20 .in. long. Loecal heat-tranﬁicr_coefﬁicients
were measured for qualities from O to 50% at heat fluxes of

6 lO to 6+10° BTU/hr ftzs pressures from ao to 200 peia,and
mass {luxes of 255 to‘SOﬁ lb./sec.ft?  The data were cc&r@lak&d
in two flow regimes. For very low vapor qualltles wher fmcl@ate

boiling was considered produmin&ﬂT the d ta were correlat@d by

F . . . L4

h

B e
_H-Zmlls 1077 g

valldity of this correlation seems dubﬁoaﬁ. At higher cqualitlies

the high values of the heat-1 »ansicr co%fflaion@a were abtributed

to forced coavectlon due to aigh vapor ve lgc&tie“ and mass
tranzfer from the annular liquid layer to the vapor core. The

- data were coywﬂlat@d by

"Qa '(5
£t

h ‘ ?
B = 2,5 X

hg

whére.hg is the local nonboiling heat-transfer coefficient col-
caluﬁod‘from the Dittus-Boelter correlation. The physical
p?onefties were aﬁsumed,tc be those of the liquid state at
pr@vaiiing Satuzatien tcmpcfdtuvea The Rej

evaluatad at the local liguid mzss flow

mass Flow fctﬂ as used by Denglery “X_.

g
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fluxes of l°10

wcbrocc and Grossman (14) have recéntly extended their_
reported experimentalAdata. The new data lndicated. the impor«
tance of the boiling number which was defined by Murm {(11).
At very high boilihg nﬂmberS“th’ heat-tranafer coalficient
proved to be nearly 1ndependent of the Martinslli )<bﬁ1 eter As
the boiling number was decreased the heat-tranafer co@fficients
became more dependnnt upon the hartinelli deuWCtCPo' A1l their
experixental aatu were correlated by

Nu
1/3
PrE

B ' 21 (_ ¢ 2/
w2 1.7 lO ._) + 1.5¢ 10 -
Re;ﬁ) ) , (rafg.% t ’

with.a-standard deviation‘of *a5%.

C. Iocal Pressure Gradients in Foraeﬁ-Conwect&an Vanorization

The most extensive lnvestigation in his fleld is due to

Grossman and Schrock (6). They obtained data for /& %o 1/2- ﬁﬂ.

igd. elect ricully heated stalnlesz steel tubes - 15 and 20 in. .

in length. The system was the same onéldi&a ssed in Section B.

They investigated mass fluxes of 200 to 700 1b /sec. r£Z, n

S

O

2ot

to 8 10° BTG U/t £6%, exit cualities up to 50,:;.

and pressures from 50 to 400 psia. A correlstion was obbained

3
c?
H

between the lecal tatal presgure gradient and the Leckha

lMartinelll parameter. Their data were correlated to T15%. By

L.

1ing a slip-flow model awd using Dengler's halﬁup data, the

'Loaklarﬁ~martinelli correlation for fricticnal Jrou:auo drop in

tuwo~-phase flow was verifled. A better correlation wa& cbtained

a

for the local total pressure gradient than for the lozal

.
"
o

3
Ta-

tional pressure gradlent. This was Que In part to the



8
inapplicabllity of the slip-flqw mode;; . The advantage of this

. type of correlation over previously suggested ones (10) is that

it greatly Bimplifiea'deaign_calculaﬁionsr_ .

#



III. EXPERIMENTAL EQUIPMENT

AA; Fiow System | | IR
" The flow systenm consisted of a;semi»closed loop. Two
‘iehted 50-gallon stainless steei-barrels were used for sforing‘
the distilled‘watér;"One‘was’placed.on a Toledo’diai seale to
7faeilitate the measurement of a mass flow rate. By an'auxiis
lary piping and ‘valve arrangement either one of the barPLlw could
be used as a source for the feed pump. A filter constructed |
'ffom smal1-mésh'stainlésa steel screen was inserted in the
.syetem'bGEWeen the feed barrels and the feed p&mp, The féed

. pump was a Waukéshaw.lo'Do stainless steel gear‘pﬁmp with a

- rating of 4000 1b /hr at 60 psig dischargc pressure and ?00
',rpm. Th@vspeed'of'tne pump was cqnbrolled by & Reeves Vari-
"épéed Métodrives' A surge_tank was installed neay thé'pump’8 
fdiécharge end to emooth out any pressure fluctuations induced

in the fééd by the pump.'.

Two steam preheaters connected in series were used to pre-

~ heat the feed to the desired tuuperature,: Bach pvehea@er con=-
tained a bundle of four 1/4-in. o.d. copper ﬁunem which W”P“ 10
Tt long. The steam pressure in the first prehﬁater was mauu~
ally controlled by means of a Qpence presuure rggulaﬁar, The
steam pressure in the second preheater was eqnﬁrolled‘by a
"Taylor diaphragm valve model 4v0255, The diaphragm valve was
aétuated by a Taylor indicating pregsure controller mddel
162RIM123, which had pﬁdporﬁionai and reset modes0 The seﬂaing
element of the céntrollera an Accuratus'temperaﬁure-compenéafed

stainless steel thermometer, was Inserted in the flow circult
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at the outlet of the second preheater. :

The flashing valve consisted of a globe valve-whioh was
controlled ffom the main‘control panel. On the downstre |
slde oi the flashing valve a high-pressure Pyrex gight glass
was ingtalled so that a viaual inspection of the two~ph~sv flow
pattern could be made, The distilled water was degasued béfcre
each run by causing hot, high-pressure w&ter to flash when
pasgsed through the flashihg valve, - |

The vapor¥11quid mixture'was_ﬁeparated'by means of an
_1nsulated ceyelone separétqr;' ﬁegligjble enﬁraihment of the
liquid in the vébor stream was encountered, as proven by teats.
‘Soluﬁble salts were dissolved in the 11qu1d nhaue, and then an
analyais for the salts was performed on the. vapor-phaae corn=-
denaate, uuch_te_sts showed that undep the vapor-11Qu¢d ;oads
;ekperienced in this wbrk there was h@gligible entfainménﬁ; Aé 
| twb-paas condensér‘ih'which cooling water waé'run‘éhvaugh‘aix
1-in. o.d. copper tubes was attached to the vapor ouﬁlet of fhe
condenser, On the liquid outlet an interééoler.had to be
installed to'stbp cavitation from occuring‘ih‘the‘iiq&id return
pump. | | |

Through a solenoid wvalve arrangement the vapor cond@nuate
and ‘llquid flows to the feed barrel could be diverted 1nto
separate 50-gallon stalnless steel barrela/located on beam
- balances. This was done té obtain the mass flow rates of the
vapor éondensate andlliquid streams, | _

o interconnecting piping was of 304 stainless steel.

The test sectién and all 1nterconnécﬁ1ng piping from the flashing



1l

-valve to the test section was;heavily 1ﬁsulated. Figure |

is a- flow diagram and Figures 2 to 5 are photographs of the

installed equipment. The insviahon was ? 7-IN l'aycr o'F %\zss wool. [

' B. Test Section

The test sectlion was constructed of 304 stalnless steel
tubing which had a 0,7502-1n. o.d. and a 0.0154-in. wall
thickneas.' Two copper. sleeves were silverasoldered on the test

section to provide adequate electrical connection. These

. gleeves 1nsured a uniformly distributed‘current,density at the

_entranve and exit. of ﬁhe test section. -

'Nine pressure taps were distributed along the test aection.

They were constructed by silver-soldering 1l-in. x-S/lb-in.

~stain1ess steel tUb@o to thm test section, and then drilling

a 0.040-1n. (No. 60 drill size) hole through the teést section

-wall.__These were electrically isolated from the rest of the

.pressure~measuring,circuit by 3-1n, sectionsiof l/4-in. 4.4.

Fisher-Porter glags pipe.
Sixtecn copper-constantan thermocouplee were spaﬁed approx-

1nately every 6 in. along the test section. They were_fabri-; -

. cated by soldering the junctlons direttly to the outer tube

wall. ' The thermocouple wires were wrapped around the tube
three times before leading fhe wirés.to the meas uring éircuit.
Thils was done to eliminate the effect of long 1tudinal heat con-.
duction along the thermocouple wires. . T The thermocouple.wires

were then taped to the test sectlon with pressure~seheitive-

“high-temperature glass tape.
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Fig. 1. Schematic diagram of flow system.
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Fig. 2.
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Fig. 4. Storage tanks and power supply.
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Tne test sectlon was connected to the aux iliarJ flow
system by stainless steel . conical fi%tings. These littings
were éilver-soldered on the ends of the test SQCtibn; Teflon
roskets were used to eiéotriéaiiy isolate the test section.

1hcrmal insulation was effected by Iirst wrapﬂinw the

' tcst section with a 3/4-in, layer of Johns-hqnwille asbestos .

woven tape and then wilth a2 7~in. layer of'glasa wocl insulation.

The bottom of the test seetion was securely anchored, end

a hook was atﬁacheé to the top so that a vertical force could

be applied to prevent buckling.

See 1gurea 6 and 7 for complete detalls of the con-

structlon of the test aecﬁion, T%gwes 8 and 9 for phuf0¢faphs.

C. me&r Supmlyv

An air-cooled stepdown transform ier was uged to supply pOWQ
to the test section. It “ould deliver a maxismum of 25 kvah ?

With 250 v, 150 amp on 1ts primary the transformer would

‘deliver 40 vy 875 amp: 'at its sec ondarye The woltage to the
. primary of the step-down transformer was regulated by a Gcmeral
”‘;Electric 1nduction,regulatorg The voltage regulator_operated

at 60-cycle, single-phase, 25-KYa continuous duty "wiﬁh a aéz»o-;v‘,

primary voltage. The output voltage of the regulator was varied
continuously'over its output_k@nqe by means of an eléétric

motor.

D. Instrumentation

2. Temperature lMeasurement

Iron-congtantan thernocouples vere placed in insulated



Teflon gasket

Fig. 6. Detail of test section.
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Fig. 7. Test section.
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stainless steel wells at major polnts in the flow system. The
thermocouple wells protruded into the fluild stream for at least
3 in. in the direction of flow. These were used to kecp a
check on the thermal conditions throughout the system. The
thermocouple wlres were led to an insulated Junction box. The
box had a thick copper cover and ‘back to eliminate tcmp“rature
gradients across the thermocouple terminal utrip. F o the
terminal strip the thermocouple wires were- led to- an ls'pnint
Minneapolis Honeywell-Brown model 156 x - 62P18 tenuerature
indicator. The indicator had a range of 0~400°F and an accuracy
of 1/5 of 1% of span. Leeds and Northrup 11- point thermocouple
swltches were attached to two.of,the_eighteen points,_ This
enabled the instrument to accomodate all the theymocouples. 4
six-point PMinneapolis Honeywell-Brown model 153X-G2-PG-X-23
temperature'recorder was attached to certain key thermocouples.
It was used in the determination of steady-state conditions.

All the copper-constantan thermocouples were fabricated
from matched Leeds and Northrup thermocouple wire., The thermo-
couples which were soldered to the test-section and those =
in the insulated thermocouple wells before and alter the flash-
ing Valve vere led- directly to a heavilily insulated cbpper boX..
This box also held a ‘bucking voltage and span-adjust ocircuit.

The thermocouple emf . could be reduced by a bucking voltage

and displayed on a O-l-mv Leeds and Northrup Speedomax-G

" recorder' or read directly on a precision Rubicon laboratory Npe ®
potentiometer. The bucking voltage circuit was designed so that
the bucking voltage could be read on the 0~l-mv recorder. 5See
Figure \O0 for details of the circuitb.

A direct electrical circuilt between ground and the test
section resulted when & thermocouple was switched into the
recorder circuit. This impeded the operation of the recorders
Thils was remedied by Operatiné the recorder with a floating
ground. A 60-cycle pickup problem was also encountered until
- one side of the main transformer was tied to ground.
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The‘Speedomax~G recorder was used to observe temperature
and preésuré fluctuations, All quantitative temperature .

measurements wére made on the precision Rubicon potentiometer.

Since the‘thermocouples were in electrlcal contact wilth

"

the test section; thelr cold Jundtions had to be electrically
isolated from one another. This was accomplished by individ- .
ually seaiing'the cold Junctions in small glass capilllary tubes,
The ice bath wag located 1n a large Dewar flask.

The thermocoupies'were calibfated in place by £illing the
test section with steam. Condenséte and inerts were bled Sut
vthe bottom of the test sectiond The bleed valve was adjusted
until it.performed the above Aﬂuties while causing a negli-
gible pressure drép acrbsé the test seectlon. After a few
hours the thermocouple and pressure readings were recorded.
Over the range of temperatures encountered in this work, thé
measured -and thermodynamically determined (aésumiﬁg Saturated{
steam) temperatures aéreed to less than 0.2°F. No cdrrectioné
were applied to the Leeds and Northrup table. This aléof veri-

fied the adequacy of the test-sectlon insulation.

b. . Pressure Measurement

A pressure manifold was connected to the 3-in. sections of
glass pipe by 1/4-in. o.d. copper tubing; A needle valve was .
| installed in each line immediately prece™ding its attachment |
" to the manifold. The manifold was constructed from a 30-in. v
length of i-in..i,d. brass tublng which was closed at both ends
and mountéd vertically. It waé provided wifh a vent valve at

the top and a conhection with the maln flow circuit{ With this
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arrannementvall'the alr cduld be flushed out of the system
before maxinw pressure measurementu. A Consolicatcu Elcctﬂo-
dynamics mouel 4-313,trangducer was attached to the cenuef of
the manifold. The traneducér was callbrated by a deadfweight-
gages The tranéducer was excited with.a stable three-volt
battery source, Its output was run through a bucking vclt"wv
circult and diaplayed on a O-l-nv Leeds and Northrup Sp@eQVMux»G'
recorder; The bﬁckinu'voltage was also read oh the recorder
- after first being run through a voltage divider network. This
gystem was used in the calibration of the transducor g0 that
the small oltage drop 1ncurrea in the voltage diviuer network
was incorporated in the calibration curve. ”he calibration
‘curve was linear. | - )
‘ | Since the most stable exciting voltagé will eventually
dfiﬁt,-é'procedure_was developed to eliminate this effect.
Beforé‘each run‘thé barometric préssqre was 1ndependantiy deter-
,min@d.-‘The\transducer was then opened to atmosphére and the
exciﬁing voltage was adjusted untlil the transduceﬁ'a output
_corre spon&ed to the voltage determined from the calibration
.curve. In this manner the pressure could be meaaured to less
Aithanv+ool paia. |

Tenperﬁture gradients acroasg the transducer's case caused
erratic operation. This was corrected by two syatem moGifi--
cations. The transducer and pressuré manifold were insulated,
'andia head tank of room-temperature distilled water was used

to £111 the manifold.
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E The root-mean-square {rms) value and the frequency
spectrum of the pressure fluctuations were measured in certain
runs. The transducer's output'was bucked, énd'the remaining
slgnal was amplified by a'Leeds and Northrup'type 9835~-A amp-
lifier. The amplified signal could be visually observed on a
Tektronix type 511-A oscilloscope, or i1ts rms value could be
fead from a Ballantine,model-szo true root-mean-scuare volt-
meter. For the frequenay-abectfum analysis the voltage ampli-
fier output w&s fed directly to a HewlettfPackard mode1_300~A‘
harmonic wave analyzer. Only qualitative resulta}were obtained
frqm the wave_analyzer. The main frequeheies ereAlowg ahd
the sensitivity of the instrument was poor in this range.
(Figure 14 1s 2 plot of the pressure fluctuatiéna encountered

in some typical runs,)

¢. Power Measurenent

Four equally spﬁced voltage taps were Boidered to the
test section. Calibrated Veston voltnetorsa modela 341 and
155, with a lcuat count of 0,05 volt and 0.5 volt; respectively,
were attached to theue‘voltage taps by snort lengths of low-
resistance copper wire, | | |

~ Before being connected to the test section,the main
power»inputs were run through a Weston model 327 current trans-
former. This transformer had the following amﬁeré fén@es: '
‘120Q/60Q/ﬂOQ/aOQ/ZOQ/lOQ/SQ/ZQ/lO primary to 5 sccondary. At
60 ¢cycles the charactcrxstica of this transformer were such
;hat the ratio-correction factor, 0.9998,vand the phase-angle-

correction factor, leading 0°l';, were negligible. The secon dary
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of the current transformer was conﬁeeted to a calibrated

Weston model 155 ammeter which had a least count of 0.05 ampere.

‘With this load the maximum error in the secondary of the cur- K

r@ht transformer was 0.0035 amperes., In actual amperage
through the test sectlon this amounted to 0.28% of the total
current., :

The voltmeters could be switched out of,the'voltageﬁ_

- measuring circuit and a calibrated Weston model 432 wattmeter

ecould be used to measure the power dissipated between taps.  The -

 average power factor as well as the pqwer_diasipated per unit

‘length were obtained, See Figure || for detalls of the circuit.

d. Flow Rate Measurement

| The flow rate was metered by a calibrated Fisher-Porter
rotameﬁer and by weight measurement, Through avsoieﬁoid'vaive
arrangemenﬁ the flow could be-%Qkkij' switched from the feed-
tank ecircuit to the weighing-tank elrcult. A weight.rate of
liquid and vapor condensate was obtained in this manner. The
mass flow rate could also be determined by a direct measurement
on the feed bérbel; The maximum difference 1h'flow rates |
obtained by these independent measurements waa.l%, Seé Flgure

| for details of the flow eircult.
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IV. EXPERIMENTAL PROCEDURE

Prior to making an experimental run a11~th¢'air wés driven
out of the pressure manifoid and 1its auxiliary iinés, ‘The féed
was then degassed for‘about 30 minutes. This cohsisted-df
rlproneatins the distilled water enough so that it 1lauhed vnén
pQSqu through the flashing valve.

The quality of the mixxure entering the test section WGS'
controlled by the amount which was allowed to flash. The approx-
imate amount of preheating for the desired quallty éntering
the test sectlon was calculated before a run. By these calcu-
iations the experimentél conditions could be apbﬁdxiﬁately 
set. The flashing valve waS‘élosed to'faiae the preasure 15' 
the second. preheater 10 puia above the saturation pressure of :
| the preheated liquid. .The_closing of the ilashing valve was
done.ooncurreﬁfly with the advancement of-the'pump speed 1n'
oxder fo}maintain the desired mass flow rate. Then the tenp-
erature controller was set to maintain the chired preheat
 temperature of the liquid streanm 1ssuing from the aecond
‘preheater. | |

The test-section power was then turned on énd adjuétedvﬁo‘.
tﬁe desired level. The increased quality in the test section
raised the back pressﬁre so0 that a slight adjustment of the feed
rate was necessary; TheAflow was Very stéble and reproducible
except at‘Very low.vapor fractians and power inputs,where

" ocecurred.

"slugging
Forty-five minutes after startup a quasi-steady state was

reached. At this time experimental data were recorded. Cutslde
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tubo wall temperatures and allvother fluid'temperatures which’
were necessary in later calculétiqné were measured on a Rublcon
precision potentiometer. All pressures of interest were
measured by means of a»pressﬁre’transducer and recorded-on'a
Leeds and Northrup recorder. Aftér each run the iiquid‘legs of
the auxiliary piping from the test sectlon to the pressure
manifold were rccorded. In this manner compensation for the
density of the 1iquid in these 11nes waé effectéd.‘AThat the
‘lines were always completely filled with 1liquid was established
by visuai 1nspec£ion throughAthe‘amall,sections of glass_pipe.
,Atmosphér;c-presauré was read on a barometer ahd recorded.

At frequent intervals the flow.aystem_was q1eaned with a
solution ofitri”sodium phosphate. The test section wascéleaned
by a soft bfiatled test tube brush‘dipped'in a shsp@nﬁimn of
Bon Ami., After these operations the system was thoroughly
rinsed with distilled water. The flow storage system was then
feqharged with f{resh distilled_water.



20

V. CALCUILATION PROCEDURES

A, Calculation Prbcedures :

Since the 1nner wall temperature of- the tube could not |
be neaaured directly without disturbing the flow, the euter
tube wall temperature was. measured. | With a heat-transfer
process - occurrinﬂ thefe 1s 2 temperaoure drop through the wall
which is a function of the amount of heat transferred.- The
pertinent hcat conduction equation was solved 1n ‘order to'
determine the temperature drop through the tube wall. The
_ba ic aasumptions made weres . N . o

| 1. Linear dependence of thermal ccnductivity and
_eleckrical conductivity upon temperature.
:  2. Circular-aymmetry. I
3. Negligible longitudinal heat conduction.
4, ,Adiabatic outer tube wall. _ |
S; Negligible electrical capacitance and inductance

effects.

The derivatlon of the equation and the'jﬁstifidaﬁionvof‘

~the assumptions are given in App@ndix B. The chutiOn obtained

Tr,,0,7) = *("»"ﬂ . E{T +‘I‘2(ri wﬁwﬁ Torr )

pept r Azrzr o p 5epe . ‘
- 0 ot 1n ~9 + 2 (rd rz)
16 ri 8. i 16 o 1

A 4 4
“"CTZ(TO-P:!-)'&' oot.)'
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where" .
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“ﬂ"‘" -t - arem—
T 4 <?o Ty ) 2 In ry + To ’
A

Vkoﬂo

The maxinum tube wall temperature drop was 3°F. The lowest
f1lm temperature drop, T,-T,» which was encountered concur-
rently with the maﬁimum tube wall temperature drop,was 10°F.

Ir the‘correctiqn due to the-temperatufe drop through the tube
wall'weré négléctedy.a maximum error of 23% would'have’resulted
in the heat transfer coefficient, |

The temperature drop through the tube wall'was aﬁbse—

quently evaluated for this particular test; section ('émd' plotted
1in Eigure ié)to facilitate = the rcduction of déﬁai";~"“—*m —

B‘ Nonboidling Heat¥Transfer Caleulations

The inner wall temperature of the tube was cbtained(from
Figure m&_after having experimentallyvdetermined the outer
tube wall temperature. A plot of inner wall temperature versus
diatanaé from th@»entranee of.the heated section was made.
After an initlal thermél entrance region Whigh lasted for
approximately 16 diametera, the slope of'this.line.was nearly
c0nstaht, In the constant-slope region thé‘thermal boundary
layer was assumed to be completely establiéhed. In Ref. 12
it was shown that in the rangs of Peclet numbers involved in
this study axial conductlon in the fluid wae negligible. With
this conditibn and the conditilon of uniform axial generation

of heat (which was Justified by Filgure V3), the bulk temperature
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of the fluild is a linear runction of the distance from the
entrance of the heated section. The bulk fluid temperature
was obtained by plotting the inlet and outlet bulk fluid temp-_
erétures at their'reapective_tube positioné and then connecting
bhese~twd points by a straight line. In this manner ibcai  .
values of'the bulk fluia temperature were'deternined, In-thé B
} region oi‘ the plot where the slope of- the inner wall temperature N
of the tube wag constant the temperature difference between the :
1nner wall and the bulk fluid also wes constant., This 1s thej |
region where the heat-transfer coefficient-was‘calculated, It

was calculated from the defining equation:

The experimentally‘determined heat~tranéfer_coefficients )

w”ere compared to the Dittus-Boelter borrelaﬁion,'

| %? - o.oz¢ Reo &

b4

Pr0 iy

‘end the Sleder-Tate correlation,

B, \0-14
Pb)

hD
a

= 0,027 Re®" BPrO 33(

In these relationships all the fluid propartiea were evaluated
at the bulk fluid temperature except p,, in the Sleder-Tate |
relationéﬁip,which was evaluated at the inner. wall temperature.
@he results are plotted in Fiﬂurcsls ‘and 16 )

| Iocal heat-transfer coeffioients were algso calculﬂted for
“one run and compared to those theoretically predlcted by

R. Siegel and E. M; Sparrow (15). The éomparison ia,8h6wn in
Tigure V7., | -
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C. Bolllingz Heat Transfer Calculations

The temperature of the inner wall was obtained in the
same manner as in the nonboiling runs, _The local axialvstatic
pressure was assumed to be independent of radial‘positidn, ahd
the two-phase mixture was’assuﬁed to be in thermodynamic equi-
librium. To support this assumption the temperature and prese
sure of the bulk fluid stream were measured independently-at
a point near the entrance of th@‘test'sectianw The measured
_temperature’and'the temperature abtaihed from the statie~preasuré
measurement by aaauming thermodynamic equllibrium were always
vin agreem@nt within the experimental accuracy of the meauure~'
mentg, This supports the validity of the previous asaumptions
1f one further assumeé that the bolling heat transfer proeesa.
does hdt-maééiiaiiyAaffécémtﬁé_ééfablishment of thermodynamic
. equ.ilﬁ.briumo These assumptions were also made in references
19'6, 9, 10, and 12, The bulk fluld temperatures were then
obtained from the préssure measurements with thevhelp_of the
reenan and Keyea steam tables (7). For each fun ldéal heat
tranafer coefficienﬁs at five different tube 1ocations vera

calculated from the defining equation,

by = Ti-frb :
_ The first location waa one foot from che entrance of the heated

section and succeeding looations were at one-foot 1ntervals.
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D. ILocal Fluid Propertiles

The 1oc$1 fluid properties in the two-phase flow regime
were calculated by writing an enérgy balance over the‘fégidnr
boﬁnded by a point immediately prece™ding the flashing valve
and the position of interest in the test section, The veloéitiesv'
of the two phaseé were agsumed to be equal (fog flow model), and
the spatial generation of heat was assumed uniform. Using

Linning's slip-flow model (8) as a basis, calculations were made '
anhich indicated that in the reglon of vapor qualities encountered
in this study, ,3& even with an appreciable amount of slip (the
C_vapor velocity was assumed to be nine times that of the liquid)
o between the two phases, the error in the vapor quality was small.

-:fW1th these assumptions the energy balance was

vyl

,»_.h?hl = "'2'@3}""(%1‘)% - l(z Zl) = ho + :chfg hy . v_.
Since the velocity depends on the vapor quallty;which is an
  unknown, an iterative procedure was employed. As a first
approximation the kinetic energy term was neglected, and the
" quality x. was calculaued. Then the kinetic ‘energy term was
_ evaluated,using this quality. A second approximation té the
'QQuélity'was generated by placing this kinetic ehergy term. into
thé originmlbenergy balance; Since the qualitiles of interest

"~ in this study were small,one iteratibn‘was,all that was necessary.

E. Iocal Total Pressure Gradients

The local two-phase-flow pressure gradients were détermined

-~ graphically. The experimental static pressure was plotted and
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then a plastic straight’edge was vieualiy adjusted untll'thé
tangent to the curve was obtained, The local pressure grad-
dents for each run were then plottedvversue length 4in oxrder to
checlk their conslstency. 'In every instancé a smodth cuéve could
' be‘plaéed through these'pointa;whioh indlcated the brqcédure'
- was reliable. (The plot of static pressure ahd pressufe gradlent
versus length for run 57 is shown in Figures 28 and &9 .) ”
Theciocal two-phage pressure gradients were nondimension-
allzed by dividing thém by the lccal liquld frictional pressure
- gradient,which was ¢élcu1ated f#om the fbllqwing relationship:

(), -
4

al egd

The ffiction‘faetor,'f; was ¢alculated from the relatlionship

fap ~1/4
£ om 0,35164( —tm
Ly

»

which 1s the Blasius formula for a smooth tube.
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VI, DISCUSSION

A. Nonboiling Heat Transfer

 The average heat transfer coefficlents for turbulent
Ohe-phése flqﬁ were corrélateduby the Dittus—Bothr and 
Sieder~Tate correlations to *8,7%'and +3,7% respéctivély. The
Sieder;Tate'coréeiation was superior.because of its ability
to correlate runs with large (Ti“Tb)‘ Thia was due to the -
f\vlscosity term which was added to compensate for temperature
. effects in the thermal boundary layer. In this range of
Grashof and Reynolds numbers, Eckert, Diaguila, and'Curren (s)
’Ahavé shown that the supérposition of natural convaqtidh effacta
 on foroed c¢nvect1on is negligible. As was expeétéd; the data
N cénparéé.févorably © to these}correlationa. - }7
j ~ Under conditions where the axial and radial variations
) of fluid properties with temnerature were negligible, the _
local nonboiling heat trdnsfer coefficlents compared favorably
with those theoretically predicted by Siegel and Sparrow (16),
'The condition of éonstant fluld properties was'mét by running’
at high mass fluxes, low heat inputs,and bulk fluid temperatures
._'greater than 150°F. At these temperatures the temperature
'gradient of the viscogity of water is much smaller than it is
at room temperature. QFigure 17 shows the comparidon bctwccn
' the meauured and thcoretically prcdicted entrapce region for
. a run at Pr = 1.86 and Re = 9,8 * 10 ) In runs where the
condition of constant fluid prOperties was not met, the tharmal'
entrance region‘ghowed more_Reynoldsfnumber dependence than pre-

dicted by Siegel_and'Sparfow (16). :Iﬁithis case the entrance-
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reglon compared more favorably to the theoretically predicted
one of Dlessler (2); The main 1htereét'in,the entrance region
1h turbulent one-phase flow was'to aid-in understanding the
-one encountered in two-phase flow, A thorough anest;gétion

of this reglon was beyond the scope of this work.

B;'VBailing_Heat Transfer'

Vidual inspection was made of tha two~phase flow pattern ’
entering the teut seation. At large qualities the flow was,
mist-annular with wavy fluctuations riding on the vapor~11quid
1ntepface. Aa the quallty was lowered there was a gradual
change in flow pattern¢ A train- of vapor bubbles withvliquid
Aentrained bctwben them was visible at qvalitiea near 1%

In Figure \8 the net boiling data are plotted in terma of
(0’/p£-=p ) and (CAT/h )Pr

: Thé'correlation is uhuatisfaCtory ' In tha derivacion of the

7

the Rohsenow parameters, (qBApzhfg)

_'Rohuenow correlation the characteristic conatant in ﬁhe equation
depends on the fluid and curface properties. The prescnt teﬁt
'section was conutructod of 304 stainless stecl. "he data 1lie ;‘
'in the rebion of the curve obtalned from Rohswnow'u data for

a 0,18~ in. 1. d. nickel tube, ‘The applicability of the corre- |
lation to this inveg igauion ccemu duoious. In Rohscnow 8
1nveutigation and 1n the preucnt study the surface was yept ;
clean, and thevdlstilleq water was degasséd. It,doesn't seem
probablevthat'thg deviationé can be attributed.to'théae factora.,
The data for'an-individual run tend 'to spraad horizonﬁally

1.7

because of changes in the para meter (CAE/hPF)Pr ~which are

not reflected in the slowly changing parameter_.
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(qaﬂpzhfg) V(6/p£ Py This horizontal spread can be charac-
terized by the Martinelli parameter._ As the Martinelli param-~

eter of a data point increases the deviation from the Rohaenow
‘correlation becomes greater. The parameters used in the
h Rohsenow correlation seem to be necessary but inoufficient to
characterize forced -gonvection net boiling.
‘ | The data are compared to Mumm 8 correlation (11) in
 Pi@ure 19+ The spread in the data 1s 1arge. There is a definite'
trend in the data for each separate run. Thls indicates that
 aithough the parameters used by Pumm are important in charac-
terizinm the heat tranufer, the groupingsof variables and their
exponenta seem.to be inappropriate. v'

B Figure 20 ghows that the present data lie below tho Dengler
) correlation (l) This miwht be attributed to the 1naccuracy
'of Dengler's local heat fluﬁuc,which were determined by
measurement of condensate. A aefinitc correlation of the present
data is visible in Figure 20, which indlcates the MartinellL
parameter is an important parameter in characterlzing the heat-
transfer process.

The comparison of tha‘data to the Schrock and Grossﬁan
correlation No. 1 (B) was good. The comparison is shown in
Pigure 21 . The parameters hﬁ/hz and Xtt‘ gqrr@late the data
to ¥20%4. The data smoothly join the Schrock and Grossman
correlation at higher values of Xtt because the Schrock and
Grossman correlation was pazed on thelr data at low Xtt‘

By assuming a simplified model 1t can be shown that a

certain_value‘of hB/hz is approached as X ., gets large. The
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veloéities of the llquid and»vabor phaaes.beoqme:equél when_ '
slugging occurs.. Thevvapor slug pushes the upstpéam iiéuid
out the end of,the tube° The "boiling heat transfer coeffi-
elent," hy, will appro#imately equal one calculated’:rpmﬁthe
Dittus-Boelter equation in which the Reynolds number is based
on the,increasedAVGIOcity which exists due to #appr formation.
Slugging is an uﬁéteady ahd,c¢mp;i¢ated phenomenon. This sim-
ggified,@odel gives a qualitative bound on hﬁ/hz aijtt gets
garge. ACalculationa based on this simplified’model yielded
"hB/hzfz 1.6 ay;an Xy of 15, The data tend in this direction.
This model wouldn't apply at Véry large heat fluxes..

iwnen Grossman and Schrock (14) analyzed their.recenﬁ data
a definite trend was found in theihigh Xﬁt range., There was
a’éyatematic deviation from the correlation., A seﬁ'of curves
reseﬁbling a friction-factor plot was obtained. Boiling number
appeared'as a parameter analogous to the rélative rou@hnesé ﬁn,
a frictilon-factor plot. As the boillng number became larger
the heat-transfer coefficient bécamé less dép@ndentAoﬁ;Xtﬁ. The
| Grosaman-séhrock'cdrfelation No. 2 was developed In an effo#t
to comblne iheae effects, See Section II?C; It correlated .
their data to ¥35%. The form of this equation implies that ithe
‘bolling effect a@d the forcéd-convection effect are additive,

The bolling-number range df.this study was in the region
where the heat~transférvcoeffieient waskdébendent ﬁpon Xego
This was verified in'th_is study. Although the parameters
correlated 98% of the present data to *15%, the comparison

between this correlation and the data wasﬁ't too,favorable.
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Figure 2> shows that the present data lie approximately ZQQ%
above the Schrock and Grdssman correlation. 1In this figure
the corrélation obtained from the data of Morgan et al, for a
downflow sgystem is shown. It lies between the present data and
the Schrock~ahd GroSsmaﬁ correlation. This indicates that
the deviation fré@ the correlation is not solely due to a basic
differénce in upflow and downflow if the data 6f Morgan et als
are reliable. | ' | '
The most pronounced difference in conditions investigated
by this authoﬁ_and by Schréck and Grossman was the pressure
range. Schrock and Grosgman operated at pressures f{rom twice'
to thirteen times those ensountered in this study. AL ldw
preﬁsﬁres-the specific volume change on vaporizaticn_is'from'
two to four times that at high pressures. The.difference'
between the data and correlatlion might be attributed to a need
'fér more pressure dependence in the correlation.
o ‘The bolling numbers q/hngT, can be conaidéwed as the ratlio
- of the perpendlcular mass flux to the total mass flux. It
seens to the author that q/hfg is not the importent perpendic-
ular mass flux. A quantlty with more physical slignificance

would be qvﬁ/h A boiling number based on this mass flux

eelre
would be qvg/hfgvfGT. The term qvg/hfgvf is the mass flux of

liquid which is cauced by vapor generatian; This term does not
allow for the mass fluxz of liquid due to flaghing. The signif=-
icance of the bolling number does not depend on the presence of

nucleate boiling at the inner wall. I{ can oharactérize the

disturbances causéd at the vepor-licquid interface due to
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vaporization.. It is interesting to note that a boiling number
formed on thls basis was fundamental in characterizing the
preésure fiuctuations. Not enough“experimental.déﬁa*haYebeen
obtaihed in thils study to 1nvéstigate the significancé of this
Croup. |

A sacrifice 1n_accuracy‘was made when Schrock and Grossman |
incofporatedvthe.boiling and forced convectlon effecta in
their correlation No, 2. Their "friction factqf" type corre-
lation, vhich is a pldt'resembling a familiaf friction-factor
plot, is the best available correlation for forced-convectlon

" net boiling of water. The boiling number defined by Mumm
doeﬁnft have as much physical significance dg the proposed
modified boiiing-nnﬁb@r; A more generéi correlation might be

‘dbtained by using the modified boiling number. =+

C. Entrance Effect

A large, reproducible entrance effect was observed in

forced-convection net boiling. The effect was more pronounced
‘than the one'encguntered in one~phase flow, Figure 3 shows |
data obtained for a series of runs in which the inlet quallty
was deereased {increased inlet value of the Martineili parameter)
wnile the total mass flux énd heat flux were h31d constant.
The entrance effect always resulted in bqiliﬁg heat transfer
coefficlients wnich.were higher‘than those predicted from a
Schrock-Grosgman-type correlatién of the remaining data.

The effect was not caused‘by axial conduction. An experi-

ment was performed with adiabatic two-phase flow. Tube wall
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and bulk fluild temperatures were measured. ?hese-measurementa
‘proved that axial conduction in tho tube'wall‘was negligible.

- The entrance effect'vafied at a constant heat flux. This -
,1ndicates that the effect was not due to nonuniform heat gen-
' eration. This wasg alao substantiated by other measurements
which are mentioned in Appendix A, ,

. The entrance effect'had two characteristic regions. The
‘two regions were characterized by thelr position with respect
~ to the'observed maximumﬁin the inner wall température. The
initial éntrénco reglon prece ded the maximum and the terminal
entrance regicn immediately foilowed the maximum. The initilal
entranco effect had the followlng behavior. |

‘1. slight lncrease in magnitude and no effeet on thermal
'anﬁrance length as the heat flux was increased,

"~ 2e ‘deorease in magnitude and no effect on thermal.entrance

length as total mass flux was increased,

3¢ large Iincrease in nagnitudo and thermal entrance
length ag inlet value of Martinelll parameter wags dccreascd.v
vFigure 23 oclearly illustrates the behavior deseribed in 3 and
the.initial and terminal entrance regions., The:main'effect
observed in the terminal entrance regioﬁ was that its length
~of Influence decreased as the heat flux was inoreésed. In the
initial entrance reglon thé length or influenoe refers to the
tube position at which the maximum inner wall témperature was
reachéd and in the terminal entrance region i1t refers to tbe'
length of tube over which high boiling heat transfer coeffici-

ents were obtalned.
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Dengler obaerved’héat-transfer coefficients in the entrance
reglion ﬁhich were too high and attribuﬁed them to the présenqe of
nucleate boiling. He reagoned that increased liquid'veiocity'
suppressed the bolling mechanism. See Section II~A; In the
range 6f.conditions‘studied the data indicate that this'ia
erroncous., If a nﬁcleate'bailingveffect'was predominaﬁt.in the
entiance region of the tube bne would expeet that at a:constant,
high value of the Martinélli parameter (1ndicating a low licuid
veloeity) the length of the‘entrance effect woﬁld inerease as
‘the heat flux was increased. An increaée in heat [lux increases
the degreec éf‘gupgrheatg Ty~T,s Which should incresse the
nucleate‘boiling effect, In this study the Martinalli'param@ter
ecould be varied by adjusting the quality of the mixture entering
th@'teat section. The Mﬁrtinellivparameter was variea iﬁ rung
at three different heat fluxea. The total'length of the
entrance effeét, initial plus terminal, decreased as. the heat
£iux was inereased while the Martinelll parameter was held
conatant. Thig indicates that nucleate bolling is not the
mechanlsn which Inereases the heat-transfer coefficients in the
entrance regioﬁ. éalculationm based on Dengler's holdup data-
indlcated thaé the difference in the veloecity of the 1iquid
entering and 1eavin@ thé test section was small., It seems
unlikely that if nucieate boiling occurred in thé-entrance region,
it could beisupprGSﬁed at gorie later axial poaitién,as Dengler
proﬁased. | | _ |

The propertiecs of thé entrance effect observed in this

study scem to iIndlcate that 1t oridginates from an interaction
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between the increaaed turbulence in the l1iquid annulus due

to nﬂmfamal ‘shear and the development of the thermal boundary
layer. More experimental work is needed to verify this_
1nteraction. As the magnitude of the entrance effect can have
an appreoiable 1nfluence on design caleulations, a more

thorough study of this reglon is warranted.

VD. -Incal Total Presgure Gradieﬁts

The local total pressureAgradients ﬁere correlated by
means of the Martinelli parameter. The correlation is plotted
1n,Eigures 24 and 25.  Filgure 25 is a»good test of'the exper-
1nenta1 data,aince the ordinate and abselissa of the conventional
Lockharb-Martin@lli type correlatlen are squared. °ince 5%
of the data are correlated to 1203, the validity of this
correlation is substantiated. The conventional lockharte
Martinelli—ﬁype correlation shown in Figure 24 correlated the
data to *G%g lost of the scatter in data oceurred at Xt values
greatéf than one.  lartinelll and Loekhart (9) observed the
.'same effect. This could possibly be»attributed to a transition
gegiqn'in the hydrodynamical character of éhe flow. .In'rigure
24 the presantAdata are compared with the curve that Schrock
and Grossman (6) obtained in an upflow system. The present
data lle 10% higher. |

A gravity field‘accelérates the liquid annulus in a down=
flow systemu It has the opposite effect on an upflow system.
Due to this effect the 1iquid holdup in a ddwnflow system
could be expected to be smaller. This would account for the

difference between the two systems. There is also a difference
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due to fhé sign of the atatic-pﬁeasur@—drop term, VThé differ-
-ence oppogeaythe'trend.séen'in.FigureZA ; ‘The éffeétive,density
of the mixture is small, Thé‘gravity head'is small éoﬁpared _
to the total pressure drop. The gravity hecad exerts a small
influence on théstotal until the_Martlnelli paraneter becomes
large. o | o ‘

~ Schrock and Grossman (6) investigated l/eoin. to L/2*1n.
diameter test sections over a wide range of oonditions.; All
their data were correlated to ¥15%. On the basis of their
results the validity of the present pressure»dbép correlation

over a wider range of conditions seems justifiable.

E, Amplitude and Frequency of IbcaltPreaauge Fluctuations

The preséure-fluctuations for a series of runs‘ére'showhr
,1n’?igure1ﬁ . 'Thé shape of*the curvéa_is'thé pame at a total
mass flux of 110 1b /sec £t° The hump in the curves becomes

more'pédnounced-and the inltial value of the fluctuatioﬁs
become largéf as the inlet quality is deercased. In'eéch run
tha fluctuations become larger as the quallty 1ncreased;f'Tha,‘
“trend séems reasonable as an increase in these variabiéa causes
an increase in the specific volume change on vaporization..:

. At a constant total mass flux a relatﬁoﬁshib éxieﬁs between
the fluctuations, Martinelll paraneter,and the modificd boiling
number, ovg/hrgvfGT. This substanti&tes the significance of
the modified bolling nwmber 1n characterizing the flashing or
vaporization process. A thorough 1nvest1 gation of pressure-'
fluctuations shduld be undertéken. This wculd 1cad to a better

understanding of the heat - transier proceas.’
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Qualitative neasurements of the frequency spectrum of the
| pressure fluctuatlonu were made with a harmonlc wave analyzer.
*The observed wave form was very random. Its main conponents
'were at frequencies legs than 30 cycles/seco Fréquencies'of
P! cyele/sec. were observed in the slugging region. This
inéicated that the simplified slugging model 18 auwlitatively
~gorrect. The components at 60 and 120 cycle»/sec_ were small
"compared to the main components, This indicates that the use
of alternatlng»current does nowv Bffect the vapor'generationo
"; Prequencica observed 1n pool bolling are approximately
V;lOOO‘qyclea/sec. No high frequencies were obscrved. This
 indie&tea that'either there}was no poe;—tjpe boiling or that
 f0rned‘eonveétion éffeats were predominahf~ The séme conw
clusion wuuld be obtained from the "friation factor" type heat

vtransfer correlation prOposed by Schrock and Grossman (14)



37

1. The best oorrelation of the boiling heat transfer
data was obtained by the following Sohrook-Grossman type of

correlation:
My s “1o 1.5 + 107%
B v Al r*‘*' ' °)

This correlated 95% of the data to *15%. There was 2 2007
deviation between this oorrelation and the ono obtainod by
rSchroor and Groseman for upflow.v The doviation.might be
attributed to a need for more pressure dependence 1in the
correlation. To 1ntroduoe this pressure depondence a modifiod

boiling mimber, qvg/hfgvfGT, was proposed.

2; The local total pressure gradients 1n forood vapor«
,1zation were correlated by the Martinelli pnramoter. The

-following correlation representod the' data to *2@%

(dp/d“tpt -1.39
(@yany, - %0 %t

3. Nonboiling‘heat-transfer coefficients were correlated
by the Dittus-Boelter and Sleder-Tate correlations to ¥8.7% and

*5 % respoetively.

&. Main frequencies of pressuro fluotuabions observed
in forced vaporization were below 30 oyoles/seo. It was |
concluded that either nucleate boiling didn't oceur or that

forced-convection effects were predominant .
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5;, A large thermal entrance region was observed in_

forced'vaporization. Its origin was not due to nucleate

| *vboiling It was postulated that it was due to an interactionl

between the increased. turbulence in the liquid annulus due to

, 1nterfac1a1 shear and the thermal boundary layer.‘
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IX, APPENDICES

Apoondiw A - Deternination of Inner Wall T@mpmrature

v The followlng assumpbions were made in deriving the per-
‘tinent heat-conductlon equation:
1. Llarar dependence of thermal conductivity‘an& eloec-
trical resiétiviﬁy upon temperature.
2. Circular aymnetry. T }
3. Negligxble longitudinal heat conduetion,
4; Adiabatic outer tube wall.
5. Negligtble electrical capacitance and 1nductqnse

effects.

Undaf experimehtal conditions the température drop through
the tube wall was small. The first asaumption wag Jjustified
because over a limited tempefature bange these physical prop-
erties may be fitted with linear relationships. Assumption
two was checked by 1nspection;of random samples of the tube
with a calibrated netallurglical microscope. The standard
deviation of the wall thickness was less than 3%. The maximnum
error in the temperature of the inner wall arising from these
' vabiations was less than 0.1°F. Assumptions three and four
~were Jjustified by measurements and Qaleulatioﬁs which indicated
that the maximum axial heat»coﬁduction_wéa less than 0,001% of
the total heat input and fhe maximum rédial heat_léss to the
surroundings was less than 1% of the total heat input. The
ninimum value of the measuéed péwer factor was O.é?,which gub~

stantiates assumpt16n 5.' With these assumptions the-following
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differential_equation’résults:-

ar) . _ . E Y
dar VkoRo(l+7T) 1Ty

R T
r ar\[r(l+qT)

with the'boundary conditions

fo)
3

]

T “'To and = 0 at r o= ro ’

=

1p
The tempefature dependence of the electricai resistanée and |

thermal conductivity were assumed to be
R = R_(149T) and k = i, (1+aT)

|  Under'experimental conditions the temperature drop through
the tube wall was small, not greater than 3°F. Therefore, the
. temperaturé'may'be\expanded in a pertubation series in o and

v, and second-order terms may be neglected:

Te= T{rsc,v) m.g(r) + aé(r) + vg(r) + e .
‘This velationshlp was substituted into the differential equation
and‘boundary_conditions. The céeff;cients of the_firaﬁ-ord@r
termé in o énd ¥ on both sides df the equations were equated.
Thé~followipg’1inear_differential equations and boundary v
conditions result:

0 o

01 0
41, 4t - a7 _ ‘
r de|¥ dr] = ~A er = 0 T=T,atr = o
(0.0 1 - 1
. .3m @  dTflf d7 . Mo -
dr[lgT a dr}]' F} i O3 Te=Q at: r,
‘ 2 2
' 0 2
B« S DR <\ I AT 6 7 o=
T dr[? dr_] ,ATl qr © 0 T=0 at r= To
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These differential'eQuations~wéfe solved and substituted into
the original pertubation series. The following relationship

was obtained for the inner wall temperature!

9 af 2%, 1. (2.9
T(ri,a,v) = T(ri) + 5|Tg-T (ri) + Y T0~TOT(ri)
A2r4 r Azrzfz r Azrz
- > ln =2 - ~—§9—£ in =2 + ——2 (rf-p?)
16 ry ry 16 o "1
2 .
A 4 4
+ (ro~ro)} +
with
O ..z 2 Aoy
T=glrgwry) -z g+ T,

Substituting the dimensions and physical properties of the
stainless steel tube into the relationship, the final result
was

‘To"Ti

= 8,250 + 1077 A - 4,389 + 10720 1 2
41,810 + 10710 A% 4 7{8.250 . 1077 AT,
+ 0,016 * 10’1°‘A2} + oo

The second-order terms were obtained and provéd to be 104 of
the first-order terms. Sihce the first-ofder terms contributed
a maximum of 0.3°F to ﬁﬁe temperature, the Justification of
neglecting second?order terms was proven. The term whigh
resulted from the dependence of the electrical‘resistance‘upon
température was also negligible under these test cénditions.
The final result for the temperature drop through the tube wall

wa3



57
_ - g . =T . . "-l>O o -
To~Ty = 84250 ¢ 10 ° A - 4,389 + 10 “" T,A
. #1810 ¢ 10738 A%,
Figuvref "_2?6 is a plot of this equat:.oh which was made to facil~

itate the reduction of the experimental data.

~
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Fig. 26. Temperature drop through tube wall.
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Appendix C - Sample Calculations

. The experiméntal datg were partially reduced by'taking the
thermocouple emf and trandﬁeer emf'v and'converting these
»A;into temperatures and préasures'respeotively. These were theh
.u‘ plotted versus length from the entrance of the heated section,
and a smooth curve was piaced through these poiﬁts. The bulk
fluid temperature was then determined from the saturation
pressure, and 1t was also plotted. Flve heat4transfeé coeffi-
clents ﬁe?e determined per run., Starting one foot from the
entrance of the heat sectlon, heat-transfer coefficlents were
‘determined at one-foot intervals., Figures %1 aﬁd 28 are plots
- of ekperimentél,data'from run 57._ A sample caleulation will
be made for run 57 at a point which is five feet fronm the

entrance of the heated section.

a. Vepor Mass Fraction

The vapor mass fracﬁion, X, WAS detefmined by'assuming a |
homogenzous model and writing a tbtal energy Balance on»ﬁhe
fluid from before the flashlng valve to the position of interest
inlthe test section. Ag a first approximation, the kinetic

energy terms were assumed negligible. This resulted'in the

following: ,
T 1
0 hl‘“f‘*’(ﬁ?ﬂ) 2- §lz-z4)
X = -,
bfg
where

h, = enthalpy of liquid before flashing valve, BTU/1b,
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by
m = meas flow rate, lb /sec,

= local enthalpy of liquid,BTU/1b,

I = total length of heated section, f't,
(g~z) = yertical distance from flashiﬁg valve to -
“1 .
point of interest, £'t,

'hfg = heat of vaporization,BTU/lb.

Thils vapor mass fraction was th@n used to calculate the kinetie
energy change, The kinetic energy of tna liquid prec eding
the flashing valve was considered negligxble." '

GEv* Gz 0,
A(KCE.) =53 72‘2,:‘:):‘"’ d@J (Vf o K Vfg)
~1This kinetic energy term was aubat;tuted inﬁo the eomplete

o ener y equation to obtain a second approximation of Xp -

; _ hfgx - A(Knm.)
, hfg

© Thie con?erg@d very.rapidiy. Since all the experimental runs
of interest 1n.this sﬁudy‘wéré made aﬁ low‘qualities, one.
iterat clon was all that was requirede |

The following valuea were obtained from the reduced- data

sheet for run 57 and the Keenanland Keyes steam tablaa (7):

T = 298.0°F m = 0.464 1b/sec Oy = 164.5 lb/aec £t
T, = 233.9°F 4 =5 ft P = 9.84 KVA

Ve = 0.01687 rt?/lb (z-2z4) =-7 £6  h; = 267.5 BIU/1b

Vv, = 18.12 ft“/lb L = 5,67 ft. ~ hy = 202,1 BIU/1b
Vg™ 18.10 £t /lb o | hg, = 956.3 BTU/1b

Therefore:
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9.84)(3422)(8) . . T
0 267.5-202.1 , 1L—1~T .o o
9B 5. ggé. 867136001 * TT8 _ o, ogs,

A(K.E. ) ﬂfrﬁj%%%%i%%r77g7 [0.01687 + (18.10)(0.0869) ] = 1.37,

gsse 3)(0 08692 = 1.37 o, 0855 .

b Nartinelli Parameﬁer

The Martinelli parameter, xtt, was calculated from the

'defining equation

p 005 . 0.1 . 0‘9
G e
t g’ ug | X
From the reduced-data sheet and from quantitieé previ0uaiy'

caleulated, the followlng results:

|  fo0.01687\ %5/ 0. 249 \O° 1 1~0, 0855
Xeg = ot

0.9
1817 0, 01301 o.ua&a) = 0,347,

¢. Poiling Heat Transfér Coefficients

The heat transfer coefficient was caleulated from_the'

"5 = T

~ vhere , , ‘

q = local heat flux at inner wall, ETU/hﬁ ft?

Ti = inner wall temperature as computed from the

measured outside wall tenperatur To’ and,

figure 28,



o

Ty, = bulk fluld temperature,which was assumed to
‘be the temperature of saturated liquid at the

preaaure,which was obtained from Figure 27 .

~ For this particular run and tuba position the following quanti-
ties were obtained from Tigures 27 and 28 ¢

T, = 241,2°F, T, = 253.9°F , Q= 51,400 BTU/hr £t

From Tigure %6 the-drop‘tbrough the wall for this partlculsr

"~ heat input and outer wall témperature 18 1.9°F, Therefore,
Ti = Ty = 1;9 e 241,2 « 1.9 = 239,3°F
and

ng%%ﬁﬁgg5 = 5820 BIU/hr £t2°F ,

d. Nonboiling Heaﬁ Transfer Coefficient (B&ﬁngﬂ»ng)

The nonboiling heat transfer coefficients were calculated
from the Dittus-Bodter correlation, |
0.4

8 o. '
AR

The Reynolds number and Prandtl number were calculated on the
basis of local liquid flow and not on total mass flow. All
fluid properties were assumed to be these}of'the fluid state
evaluated at the local saturation temperature. From the

reduced-data sheet we have:

Re

p = 58,800, Pry = 1.54, X, = 0.395 BIU/hr ft °F.
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Therefore | - |
Re, = Rep(l-x) = (58,800)(0.9131) = 53,690

and

: V ‘ Oo 023 0. 595 (1-54)0.4(53)690)0.8 - 1110 Y

3’- 5,996 + 1072

The nondimensional ratio of heat transfer coerficients

may now be calculated.»

Do  coon
B 5820

Nug | h

_ 523735;573 w H; (0.023) -I73'= 0.124 .

e, Boiling Number

The boiiing nunber was calculated from the defining

‘ quuation

M”(Ha—)

| From the reduced data sheet and the Keenan and Keyes tablea

(6) we have

. | q = 31,400 BTU/hr £t%
- Gy ﬁ'164;5v1b/sachft§
-~ . ‘hfs avsse;s;
The#efore

B, = 31,400 |
® (956.3)(164, 57(3600)

= 55.5 + 10
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