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Locs, heat transfer coefficients in the stable film boiling and dis-
persed flow regimes were studied for the upward flow of low pressure water
1n & heated vertical tube. ¥all temperatures we.e maintained conetar with st R
time and along the tube so that both axial and time temperatuie gradients iy
spproached sero. Heet flut along the Cube was mot constant but was aprlied - PRE
90 a8 to maintain » steady state temperature profile. A preher’er was : R
used to bring the 1iquid to saturation before it entered the main portion 7o G e
of the test section and in some cases the equilibrium quality was greater i1y
then zero at the entrance to the main test seccion.

The test sscticn was made of stainless steel, and the lower portionm,
t.w preheater, wes heated directly by DC current. Copper block heat spikes
we¢e clasped to the upper test section and were used to apply the heat flux
to maintain the wall temperature constant with time,

The range of systes parameters was very extensive, Pressure vas
varied from 20 to 67 psia. Coolart mass fluxes were varied from 18,720
to 112,320 Xb./ttz-hr. represerting flooding rates from 1 t< 6 inches/sec.
Inlet coolant temperature vas between 75 and 188°F, The mu imum wall
temperature along the test section was between 1260 and 1905°F, and the g
heat tranafer coefficient at locations other than the ends of the tube wal
s saxizmum of 207 ard a minimum of 3BTU/ft2-hr*-  Net heat fluxes at the
he~t spikes were between 7,800 and 160,000 BTU/ft2=hr.

B e < B B A S o . Wl T i I e

Seversl theories for the different possible zypes of flow (laminar
or tusbulent, tube or film) were compared with the experimental data. The )
carryover point for low «looding rates (1 irch/sec or less) was iuferred
from these comparisons and gave good agreement with the Plummer crftical

mass criterion for llquid carry over.

Thesis Supervisor: Peter Griffith
Title: Professor of Mechanical Engincering
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1. DermcoocTION

The cancers for the safe operation of nuclear resciors has ilncreased
vith the growth of the nuclear power induatry over the past seveial years. -
. Receiviag considersble sitestiom im the field of resctor safety is the LOCA :
(Loss of Coolant Accidest), & hypothetical loss of reactor coolsnt causing
excesst ‘e temperature gradients in the haater fuel rods. A detailed des-
cription of the LOCA will not be presanted here bul a3y be found in &
topical report prepared for the Zlectrical Power Research Iastitute (.”
However, the present exparizental program did investigate some heat trans~ : ,
fsr effects of Loe post-LOCA reflood phase, ®d & brief summary of the ; ‘
accidont wil) be helpfol ia understanding tbis report. Following this o
surmary, there will be a cursory reviev of the Westinghouse FLECHT (Full ' i
Length Lmergevcy Cooling Best Trensfer) tests with a sbort discussion of
their contridution to the study of 1iquid carry-over. The last gsecti~n of
this {atroductiocn will highlight a previous exparimental program that pro-

vided guidance for the des 2n of the apparatus foatured ‘o this report,

1.1 The loas of Coolapt Accident (LOCA).

——
.
e Bt el bt s A A =

Concerning resctor safety, the policy of the NRC (Muclear Regulatory
Comsission) has been to dire:t that ia arcas of uncertainty the most con-
servativy approach, that providing the greacest margl. of safety, must be
the coe taken. Tharefore, as ixprobable as it 18, the LOCA is assumed to i

be the result of an instantaneous éouble-ended guillotine break of the larg-

est primary coolant system pipe. This rupture of the coolant system is

followed by a decompression or blowdown phase, at the end of whiich the

o kL -

"
Huzbers io brackets designate references.
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amount of coolant in the core is negligible. The core is filled with stag-
nant vapor vhose heat transfer capabilities ave ineffectual. At this time
the system precsure is usually less than 60 psia. Although the reactor
is wutomatically shut down as soon as possible after the accident is de~
tected, decay heat from the fiseionable materials eracerbates the problem,
Given this poor heat transfer environment, the fuel rod temperature trans-

ients could become critical.

However, there is an Emergency Core Coolant System (2cCS) which 1is
designed to cool the core to preveat decradation of reactor heater rods
caused by extreme temperatures and claddiag oxidat ‘on. In the PWR (Pressur-
{zed Water Reactor) the ECCS s employed thriugh bottom flooding. The
coolant £1113 the lover plenun and the water l-vel rises until it reaches
the bottom of the core. The fuel rods are too hot to allow conract with
the wvater and boiling takes place. Eveatually the quench frent (defined
as the locstion below which the rods ha e rewvet and above vhich they can
pot) risas and the heater rods are cooled to a safe temperature. In the
{nterim batveen the water level reaching the bottom of the core and the
quenching of the top of the heater rods, a series of complex heat trans-
fer pimnmnl occur, the study of one of which 18 the subject of this ex~

perimental program.
1.2 FLECET

Beginping in the late 1960's, Westinghouse began & program of research
called FLECHT (Pull Length Emergency Cooling Heat Transfer) whose ohjective
vas tc obtaio experimental reflooding heat trapafer data under s'mulated
LOCA counditions for use in evaluating the heat transfer capabilities of

PWR BCCS's [2]. The scope of these tests is vast and the procedures, data
==
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and results are contained in several volumes. Obviously, a comprehensive
reiew of TLECHT cannot be given here and the reader is referred to refer-
ence 2 for aa outline of the FLECHT reports and their relation to the over-~
all program. hovever, ou & smsller scale the work detailed in this report
is ap extension of FLECIHT and an attewpt to sumarize FLECHT will be made

to better introduce the material presented nerein.

1.2.1 Test Program

The FLECHT test program investigated the effects of initial clad
temperature, flooding rate, power, inlet coolant subcooling, and prassure
on transient heat transfer coefficients. Westinghouse, with a glmulated
Weore" of & 10 x 10 or 7 x 7 rod bundle, atudied the above parameters aad
also collected data on ‘ntrained 1iquid. The "fuel rods" were either stain-
less steal clad or Zircaloy-é clad heater rods vith either NHichrome or
Kanthal heating elewwnts Axirl and radial power distributiouns were typi-
cal of those in actual FWR assemblies, as were all other parameters. The
heater rods were vell {nstrumented with thermocouples to provide tempera-

ture iaformatiou at several elevations along the 12 ft. heated length,

«. Test Procedure

The temperature of the hoater rods was taised by applving pover t2
the Niclirowe or Kanthal heating «.cments. Waen the rods were st the de=
sired init‘al clad rewperature, the coolart wes sutomatically in;. .tca inlo
the "core.” Power to the heater rods was derressed exponentially to simu-
late the reactor decay heat. Heater rod th.ruwocoules vere read and re~
corded as a function of time, and the local coolant temperature and
pressura trarsducer readir  Jere continuously monitored. Once the upper

elevation toarmocouples quanched, the test was terminated.

-9 e
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b. Zost Busults

1ts PLEQUT resmults illustrated the effects of the system parameters
on post-LOCA reflooding hest trimsfer., The moet useful form of presenting
the data is graphically, showing clad tomperature and heat transfer coeffi~
cients versus time as functions of initial clad temperature, flooding rate,
inlet coolant subrooling, pressure, and pesk power. The conclurions of this
program are too extensive to enumerate here, bui the demoustrated effective-
ness of liquid entrainment as a heat transfer mechanism will be discussed

in detail below because of its direct bearing to the subtject of the pre~

denc report.

1.2.2 FLECIT Movie Observations

High speed movies were mede of the phenomena occuring within the rod
bundle, and the authozs had the opportunity to view the films of several
tuné. A rather detailed rnalysis of the auther's ubservations of entrain-
men” as {llustrated by the movies will be presented becausa of the movies'
re’ation to his own experim ntal program. There are, however, two generzl

inferences which will be discusaed first.

The movies confirmed tuat a cpecrrum of flow reyimes exists, although
all of them are rot usually present simultsmeously (See Fig. 1. The
quench front 1s defined as the boundary between the film boiling and transi-
tion boiling regimes [2) ). FVLECHT was a transient experiment, and these
regimes were observed moving up :the bundle. However, the emphasis on the
present experiment i{s steady state in the stable film boiling regime where
appropriate heat transfer data way be taken. Thus, all regimes were quanti-
tatively experienced, and Pig. 1 ie also representative of what occured in

&30 =

SRS P —

v i il 4 Wi it el



this prograa's test section, with all regimes often occuring simultapeously.

The regime between film boiling and dispersed flow, the flow pattern

transition regime, was seen tO be highly turbulert, with either owvirls of
1iquid or entrained water droplets intermixed with vapor generated at the
heated rod surlaces. This observaticu has led to a ™furbulent Thin Film
Theory™ ia the theoretical portion of this report to try to explain some
of the experimental results. The analysis of tie novies vill now be pre~

sented.
a. Procedurs

Several of the Westinghcuse FLECHT movies (Runs #0085, 0487, 0538,
0690, 3440, .ud 9983) nf. viewved using a orojector with eingle~framing
and stop-ection capabtliiiu. Most movies showed a ~lock in the lower left
corner which gave the :u!- after inception of flooding. The particular
interest of this aulyuii vas the liquid droplets entrained by the vapor
and carried up the bundle. The window through which the movies were £1lmed
vas at the 6 ft. elevation and the time on the clock indicated that the
quench front (inferred from temperature~time plots for each run [2]) was
several fee: below this height. Thus the observed droplets had {ndeed
peen "carried over" aund were 230t near the continuous liquid. (See Figs. 2

and 3 for photographs of entrained droplets for low pressure-low flooding

rate and for high pr: ssure~high flooding rate runs, respectively).

As the movies were shrwm, several individual droplets were observed
for each run. The diameters of these droplets and their velocities were
measured (the single-frame feature of the projector established the time
{nterval, and the distances were physically measured on a screen and re-

lated to actual dimensions by the known haater pitch of 0.563 inches) .
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ALl reported rung vers sade at 500 frames per second,
1000 *riams per second,

except Run #3440 ar

TABLE 1
Bo # P(psta)  PR(1n/sec) VEE/Be) %Y (fe/eee)
0083 15 2.0 1.1 43 5.7
0487 18 0.8 5.7 3 2.3
0588 15 0.6 7.0 40 2.5
0690 15 0.6 7.2 “0 2.3
3440 5 5.9 .3 29 2.6
9983 19 1.0 6.6 38 3.4

As mentioned above, the liquid drople: velocities, V » and droplet

dicmeters, b‘. wery inferred from real time and distance Beasurements, Ag

can be seen {n Appendiz A, they did not show much variznce for any one
especially considering the crudeness of the procedure,

Tun,
The vapor veloci-
ties vere computed from » force balance in the following vey. The drope
vere assumed to be ®oving at constant veloeity so that their acceleration
Va8 zero. Then Newton's second Law 71Acld.

t" * droplet mass x droplet acceleration = 0 (1-1)

This 1s equivalent to seying that the drag force equals the force of

gravity,

'dug - r. (1-2)
2 2 3
p(V -v) 0 D P8
r vy 't di o d £ =
or 2‘0 cd [ A ] [-—-—-6 ] . (1-3)

——
These are average quantities.
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vhere cd. the drag coefficient s taken to be 0.45 [3].. Then after re-

arrraging, &n exprescisn for the vepor velocity is

'v"t' [—,’—adp" ] (1-4)
Weber Nusbers (We) were then computed for each drop, based ou the relative
velocity of wapor to Tiquid,

2
p.(V-V) D
Ve vy f d il
- o, (1-5)
p. Conclusions

Several inferences were drava from the movies that either subst/ .o

e b g

P ST L

tisted previous theories of generated new ideas or assumptions for this

program. The aversge vajor velocities usually showed the effect of pressure
one would expect, and as predicted by PlLumer {3]. As pressure is increased,
the vapor velocity required for carry over 18 dscreased, However, at the
elevation at which the drop measurements were takeo (several feet above
the carry-over point, the drops were aspumed to be at zero acceleration.
The vapor velocity at the earry-over point {tself may have been less than
calculated by equ. (1=4) above, 4f the drops actuelly were accelerating.

Is any case, wost of the vapor velocities (nferred by thie procedure are
lower then predicted by reference 3, snd this may {mp); that Zhe minimum

s;or velocity necessary for carry-over {g in fact less than previously
thought (see Fig. 4).

Another factor that was considered in questioning the predicted

carry-over velocity 19 the effect of Weber Mugber. Reference 3 predicts

the mass flux necessary for carry-over, the "G-Critical Criterion':

-13 -
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PPy bVe, .. olp~0 )8
e 28 ] [HEE] e
v
and | UBCE W R (1-7)

The sbove refe-ence assumed a critical We of 7.5, vhereas the We's calcu-
lated from the FLECHT movies were generally much lower. The effect of
pressure and flooding rate om droplet We is not clear, but it is reasonable
to infer that the previous assumption for the critical We is too great.

0f course, the carry-over velocity is only a function of (‘.)1/6. and

this mitigstes the effect of We on the prediction. However, reducing the
critical ¥o by belf still decrezses the predicted carry-over velocity by

almost 10%.

The movies also aseisted in generating or limiting assumptions to
help explain the data from the present experimental program. The thin
St'm assunptions of the next chapter sre consisten with the thin vapor
annuli surrounding easch heater rod observed in the movies. Another
snsumption made in the analytical section of this report is that the vapor=-
1iquid interfecial siiear stress is approximately equal to that at the wall,
sllowing the further assumption of a parabolic velocity profile for the
vapor in the thin film, symmetrical about the centerline. Tne veiocity of
the continuous ligquid within the vapor annulus is expected to be only
slightly greater "han Lhe flooding rate, only & few inches per second.
This is indeed negligible when compared to the estimated vapor velocities
of 20 to 40 ft/sec. So, it is reasonable to sssume the vapor velocity

at the vapor-iiquid {oterface is approximately zero, snd that the twe
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sl-2aT stresies are equs’. Purther assumptions of a smooth vapor~liquid
interface are not in cousonance with the movies, au they show the liquid
vave motion typicil of fila boiling. Hesever, the wave velocity was 5 to
10 times the flroding rate (2] and this would tend to dampen the effects
of wave moticn on the swooth interface sssumptiocn. The final section of
this int.oduct.cn will briefly describe the procedure and results of a
somvhat siullar program that inspired the method used by the experimenter
to maintain steady stato stable film boiling.

1.3 Pievious Experinentation

At Caneda's Chalk River Nuclear Laboratories in 1973, D.C. Croeneveld
[4] lovestigated stable film boiling heat transfer using Preon-12 coclant.
His program will be briefly outlined because of its influence on the auth-
or's expoeriment discussed later in this reporr. Groeneveld used 2n
Inconel test section, uniformly heated by a DC power supply, except at a
“hot patch" clamp where the tube was short circuited. This hot patch
clanp was & copper cylinder with cartridge heaters powered by a variable
trapsformer. Dryout at the hot patch was achieved by raising its tempera-
ture, and thus the tube temperature, so the tube wall was too hot to
support liquid contact. Groemeveld found that if he first achieved dryout
&t the hot patch, he could promulgate dryout in the downstream direction

simply by increasing the DC power to the rest of the test section.

There were several intercsting results that are worth mentioning.
Croeneveld found that the hot patch surface heat flux at which dryout
oceurred was 2 to & times the critical CHF with uniform heating, although
the het patch power was much less than the test section power. Also, after

dryout had been first achieved at the hot patch, dryout started to spread

-ls-
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downstream from the hot patch at power levels well below the power required

to achieve dryout with uniform heating.

The procedure d‘ncrtbcd lhﬂ'; and inferences derived from ’tccncv;ld'n
obsvrvations Qen at first applied to the author's own experimeatal appsratus.
Subsequent problems demanded revision of the original approach and redesign
of the test section, but Groeneveld's basic ides was épplied throughout

this program: use & heat spike to produce a heat flux gr--le than that

required for CHF to prevert 11quid contact with the heated surface. The

autlior wishes to acknowledge that Croeneveld's techuique (although orig- 1
inally spplied elsewhere, but not for the same purpose) and ohservitions

{ ;
were the initisl guidelines for his own experimental program. i 3 E ?
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2. THEOREYICAL PROGRAM
2.1 Geeral

Thers are mapy reliable correlations in the literature to predict heat
transfer cosfficients as a function of system parameters. Ongoing re~
peerch programe are aleo attempting to refine traditional methods or to
{nnovate new techniques to hetter estimate heat transfer behavior. How-
ever, all existing correlations (and wost certainly any future develop~
ments) are dependent upon vell~defined flow conditions, i.e., laminar or
turbuleat, film or tube flow, It atands to resson that a specific correla-
tioo may not be utilized unless the flov ie defined, and 50 a criterion

is necessary for deciding wvhich correlation is appropriate.

The objective of this research project has been to establish such a
criterion for selecting the sppropriate correlation to predicc heat trans-
fer behavior during the poet-LOCA reflood phase of a PWR. The carry over
point, the location at which liquid droplets are literally carried up the
rod bundle by the vapor, is & logical criterion for deciding which heat
trapsfer correlatica to use. Before defending this assertion, it would

be heipful to f{irst descrioce the two principal flow regimes of interest.

Inverted annular flow, or stable fi1m boiling, is the inverse of
traditioual sanular flow. An aanulus of superheated vapor surrounds the
heater rods, and the channels of the core are filled with saturated liquid.
The dispersed flow regime censists of liguid droplets dispersed through=~
out & vapor mis:t. PFig. 1 shows how these two and other regimes might
oceur simultanesusly in the YLECHT test section, or in a PWR. In this
present program, &n {nterior channel of a PYR was modeled by a standard
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stainless steel tube whose inner dismeter was approximately equal to t.bo
hydraulic diameter of a FWR interior channel. The wall of the tube simu—
Lated the heated svrfaces of the fuel rods, and the tube flow area the
{aterior channel 1o the test section, inverted svuvlar film boiling con-
sisted of an annulus of superheated vapor surrounding a central core of
satu-ated 1iquid, and in dispersed tube flow 1iquid dropiets were dis~

perscd in vapor.

Heat transfer behavior ia the different regimes has been examined by
a considerable number of investigators, and the general trend inferred
from their reports may be found in any standard reference. In tho aucleate
boiling regime, the liquid wets the wall and heat transfer coefficients
are very high. Ia the ioverted annular regime a film of vapor separates
the Iiquid froo the wall and offers resistance to transfer of heat from the
wvall to the 1iguid. Heat trsnsfer coefficients in this regime sre expected
to be very low. However, in the dispersed flow regime the heat transfer
{mproves becsuse of the increased velocity of the vapor and the preZ..ce
of liquid droplets near the heated surface. The carry cv.i point is also the
location at which heat tranefer improves with quality because it is where
the vapor velocity is high enough to entrain the liquid droplets. The
carry over point is thus the best criterion for deciding which heat trans-
fer correlation to use because it is where the flow regimes change from

film to tube and where the hest transfer coefficient reaches its minimum,

The remainder of this chapter describes the development of several
theories vhich try to explain the experimental data from the test section.
The purpose of these theories is not the development of an empiiical
correlation for predicting hest transfer, but rather it is to show how

-1 =
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clos:ly the data fits the possible types of flow found daring the post~

10CA reflood phase, e.g., laminsr film or turbulent tube. When the data
can be s categorized, the carry over point ms be t_.nhrrel base’ on its
previous definition. ﬁut is to say, the behavior of the heat transfer
coefficient and the type of flow may be used to experimentally determine

the carvy over point.

2.2 Development of Theories

The FLECHT wovies indicated thit the flow pattern around the heater
rods may be laminar or turbulent, and i: {8 to be expected that the heat
trannfer coefficient 1s influenced by the Reynolds Number (Re). Also, a
vapor filam around the heater rods was occasionally obrrrved, and this
vas described as the film hoiling or {overted amnular regime (2]. Any
explanation of heat transfer behavior should then consider the Re and the

¢{1m thickness (io the inverted annular reg'me).

2.2.1 #ilm Tuckness

Pils thickness is of great imporcance below the carry over pofut, in
the film boiling regime. It is the vapor film that offers vesistance to
the ransfer of heat from the heater rods to the satureted 1liquld in the
channels. Unfortvzately there is noi much materizl in the literatwe om
{nverted annular flow, but tnere is a wealth of informatiom oa traditional
amnular flow and on fila condensaticr on vertical valls. PFilms condensation
theories may be applied to vapor as well as if appropriate force, mass, and
somentun belances are used. There is an excellent method {5] for calcula-
ting filn thicknesses as a function of Re, but the particuiar problem at
hand does not resdily lend itself to such 2 solution., Different methods
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for detemmining film thickness must be used for laminar and for turbulent

flow, but no clear transition Re is available for deciding whick to uce.

lostead of decid’ng if the fiow vas laminar or turbulent, the film
theories presented in this chapter are applied throughout the test section,
regardless of Re. Film thickness will then be inferred from the film

theories and utilized as explained later in this chapter.

2.2.2 Reysolds Wuber

One wouid naturally assume that in the inverted annular fila boiling
regime & Re based on film thickness must be used, and in the dispersed
flow regime the Re soould be a function of the tube diameter. Thie pre~
seuts another dilemms because the .arry over poiot would also be the cri=-
terion for selecting the appropriate form of Re, but the carry ‘ver point
is not ksown a priori. Fortumately, this issue may be couveniently side~
stepped because iu this case thc tube Re and film Re are equal, as ex~
plained below,

s. Fils Re

1f the curvature of the tube is negligible (l.e., the film thickness
is small compared with the tube diameter), the tube may be approximated by
@ vertical flar plate. The vapor film Re may then be found from analogous

film condensation theories,

Re =® - (2-1)

T (2-2)
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p—



b, Tube Re

If the regime is dispermed flow, the vapor is no longer a thin fila

but instosd 1t £411s the entire tube. The Re must then be based on tube
diameter, and aseumir a zero ahesr interface,

6D ""'.'i — e
3 B &t . - —Y (2-3)

. u' ll' uV

From Bqe. .2=1) to (2-3) it can be seen that the tube v2d film Re are equal

and a decision as to which to use 18 fortuitously unnscessary.

-

c. Film Properties

All fils properties are to be evaluated at system pressure and film

temperature, assumed to be the average of wall and saturaticn temperatures,

- i
T, * FOL 4T (2-4)

2.3 Tube Theories

The tube theories are based on the premise that the vapor fills the
entire tube, and it discesnts the contribution of the liquid droplets to
the hrat transfer mechanisms. These theories were developed aé a limit
to the experimental dats in the higher quality range, generally at the
upper elevations of the test section. There the regime wight be expected

to be dispersed flow and tube theories would be more appropriate.
2.3.1 Laminar Tube

With variatione of approximstely 100°F from a mean tube temperature,
the tempersiure profile is not constant along t's experimental test secvion.
But, considering the high temperaturcs at which it was operated, an assuan-
tion of & corstant axial tempersture profile would not be too unreasonabdle.

T
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For such an ascumption, Rohsersw and Choi [6] have derived an asymptotic
value for the Musselr Number (Nu) for laminar flow in circular tubes with
& parabolic wvalotity profile,

Ny = 3,66 (2-5)
Prow this erustiocn, with the vapor thermal conductivity and tube dismeter,
the heat transfer coefficient may Le found for laminar flow of wvapur in
the dirpersed flow regine.

2.3.2 Turbulent Tube

For turbulent flow, tlere are several correlations which predict Nu
as function of other dimensionless parameters. One of these, the McAdams

Equation, gives
Nu = 0.023(Re)* (pr)** (2-6)

The heat transfer coefficient may aga.. “e found, knowing the vapor con-
ductivity and the tube ¢ ameter. As discussed before, t'2 Re for tube
flow is the same as that for film flow, with the vapor was~ flix rate based
on the equilibrium qualicy,

-' - n (2"'1)

2.3.3 Modified Turbulent Tube

If the Re is based on the total mass flow rate rath ' than on the
vapor flow rate, an upper limit for the heat trensfer ccefficient, indepen-
dent of quality, for turbulent flow in tubes may be established. Because of

its independence of quality, the Re may be calculated by

% * %' (2-8)
v
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Since film properties are relatively ccustart aloug the tube, given the
slight axial temperatuce gradient, the heat transfer coeffirfent muy be
derived from the McAdams Equation (2-6) as a function of the {looding rate

g

only. The purpose of this theory is to place an upper limit oo the heat

= e

transfer ds.a much as the turbulent tube theory of sec. 2.3.2 is a lower
142a . That is, heat transfer coef.iclents above this theory are definite~
ly turbulest film ané *hose beiow the turbulent tube theory are definitely

leminar film. Howew:.:, this modified theory is applicable only for higher

flooding rates, those 4 in/sec or greater. At flooding rates of 3 in/sec,
this modified theory approximates the data well, but its results are mear-
ingless because the experimental heat transfer coefficients indicate the

data was taken in the film boiling regime and not in tube flow. But, at 1
the higher flooding rates it does reliably present an upper limit to the

data for tube flow.

e . A R e . i B i "

2.4 Pils Theories

1o the ioverted amnular film boiling regime, below the carry over

PRI

point, heat transfer is greatly influenced by the film thickness. It ie
this vapor film that resists the transfer of heat from the tube wall to

the 1iquid. The following two theorfes investigated the effect of laminar

SRR N—— ST

and turbulent filme on heat transfer coefficlents.

.

2.4.1 Lamivar Pila

Heat transfer through filas is a rather complex phenomenon and sev~
eral eimplifying assumptions must first be made to arrive at a solution,

) Thess appumptions are:

s. Axial heat conduction is negligible. This is reasonable
except at the ends of the heated section.

-2 -




P | "1W'—'W"w"~-- ey
v . ” s B

T B e e - e L g ——— - —

b. All the hest passes from the wall to the liquid through
the film. This 1s not quite correct because of super-
heatins of the vapor, but it should wot induce too great
an error,

A s A

e. Curvature of the tube may be neglected and the film may
te considered thin, This allows us to consider the film a0l
as flow between a verticsl flat plate and a parallel ; :
liquid-vapor interface, ;

d. The velocitr distribution in the film is the universal e
velocity Zistribution, This will be discussed in more | I
detail later in this section. it  :, o

w

il s s i

e. Momentum terms sre negligible compared to viscous and »
pressure forces. This assumption is within reason. ! :

At fig. 5 is representation of the thin vapor film in the experimental

test section, showing the universal velocity distribution and a control

volume. A force balance on rthe control volume yields:

- %';' - 3(9‘-9') (2-9)
Substituting into Eqn. (2-9) the definition of the shear stress, '
av
Te U - -3;‘ (2-10) 1
gives
:.zvz
- U, —;’7 - !-'(Dz - Dv) (2-11) 4

We further assume that the shear stress at the wall and the shear stress

at the vapor-liquid interface are equal, This is tantamount to assuming

the universal velocity distributiom, with the vapor velocity at the wall

and vapor-liquid interface equal to zero. These assumptions establish 4
the boundary conditions for the differential equation above,

3Vz
1) aty=0, 3’— = 0

(2-12)
2) atyesx 8/2,V, =0 !
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Integrating eq. (2-11) with »q. (2-12) yielde the vapor velocity profile i

as a function of film thickness,

- 2
. I(P' 9.') (5/2) -_ﬁ (2-13)

z ¥y 2 2 |

r'. {s then calculated as follows:

The vapor flow rate per unit width,

§/2 gp (p, = P) 3 )
v 'L v $ ]
!" = Py v: & * “v 3 (3-14) ]
-8/2 ’
|
From the definition of the vapor film Reynolds Nusber, eq. (2-1), the film 3‘
thickness may be found as & function of Re, i j
| i
|
go_(p, = P.) 3 | i
Re, * v !.2 v __g__ (2-15) 1 :
My ; -

For s thin lasinar £11m, the film thickness is equal to the ratio of vapor

therma. conductivity to the heat transfer coefficient. Eq. (2-16) is the

expression for heat transfer coefficients in a thio lamiuar vapor film,

b o4 -
& (2-16)

2.4.2 Turbulent Filo . 1’
1

This is agsin & very complex situation, and several sssumptiony

sust be made to simplify the mathematics required, These assumptions,

the seme As in Sec. 2.4, and this particular problem are very gimilar

to that solved by Dougall [7), and his solution will be adopted as the

turbulent f£ilm theory. The specific details of his method will not ba

repeated here, but the general procedure will be presented for a better

understanding of how this nxpcrhcnt‘o theoretical turbulent film heat

transfer coefficients were derived.
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Given the fila Re, Dougall integrated the wiversal velocity dis-

tribution to obtain & dimensionless film thicknens:

5' 6. * L
for 5 < 3530, ta, = 1004 - b4 + w0 1a ()

8" 8" "V
for 30 <7~ » Ra, * ~512 + 24(-5) + ZO(T)IB(T)
(2-17)

For the problem at hand, fils Re were calculated as in section 2.2.2 and
used in the above equation. Then, with the further assumption that the
shear stresses at the 1iqudd vapor {interface and at the vall were equal,

and with the deiinition of the dimensionless film thickne: ®,

T8
g S .2 (2-17a)

Dougall was able to telate the film thickness to the dimensionless film

thickness a8 & functiov of film properties rather than of shear stress,

3

.
p_(p, = P )8ED y:
b T (2) - 28" (218

2
vt

The assumption of equal sheay stress at the wall and at tbe vapor~liquid

i

{nterface in essence vaans that the vapor velocity at the wall and at the

vapor-liquid {oterface are both zero, and the velocity Aistribution is

parabolic, symmetric about the vapor film centerline. This is the assump-
tion of the universal velocity distribution presented earlier, and it

sppears to be quite reasonable, The vapor velocity, on the average, is

such greater than that of the 1iquid, which is only slightly greater than

the flo¢iing rate, {.e., & fes inches per second. The Vapor velocity at

the vapor=-liquid {nterface is the same a& the liquid, a few {nches per

secoad, which indeed i megligible compsred to the average vapor velocity.
- 36 =
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Dougall divided the vapor film into several regioms in order to
determine their individual thermal resistances. He them utilized eqn.

(2-18) above to express the Nu as

2 2 1/3

(] - p_)gb

0.79 v R zv (6.)1,3

')
Nu, = Y (2-19)
fc. &y’
o 1+ h' c7vv
*
6
where J d >

o T+Pre %, is defined as the thermal resistance of the vapor

fiia (see Reference 7 for evaluation of these thermal tesistances).
Once the Nu and the film thickness have been calculated by Egs. (2-19)
and (2-18) respectively, the theoretical turbulent film heat transfer

coefficient may be found froe
Nu = hé/k (2~20)

This turbulent film theory as well as the otber four theories will
be presented in Chapter & with the experimenta. data. The forw of pre-
sentation will be graphical, with h/kv plotted on the ordinate and equili-
brium quality on the abscissa. h/kv will be plotted instead of just
the heat transfer coefiicient because the former dz.resses the influence

of temperature on the experimental data.

The next chapter describes the test apparatus, {rocedure, and

method of arriving at the experimental heat transfer coefficients.

= 3% »
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3.1 Description of Apparstus

b ¢ B experimental appuratus pasically consisced of a test section and
control and {nstrumentation devices. A ditlerent configuration and proce=
dure were used for the first two data points, and this is briefly discussed
in Appendix B. The objective of all experiments was to obtain steady state
heat transfer data in the stable film boiling regime. At Fig. 6 1is a sche~
satic drawing of the apparatus and at Fig. 7 is a photograph of the test
gection and asscciated equipment. Reference to both figures will assist
{n understandlog the apparatus and the concept of operation. For all but

the first two data poiats, the remainder of this section 1is applicable.

9.1.1 Control and Instrumentation

System parameters such as pressure, coolant floodiug rate, coolant
subcooling, and tube wall temperature were representative of the post-LOCA
reflood phase. Systeo pressurizing was achieved by nitrogen gas and read
st a calibrated pressure gauge, 0 to 100 psig. The accuracy of the press
sure readings Was within 3 psi. Coolant circulation was provided b 2
commercially procured centrifugal pump. 10 GPM capacity (a »ypass line
decressed this flow to approxtnately 2 GPM), and flow €0 the test section
vas wonitored by & rotoweter and controlled by a standard globe valve.
The rotometer had been calibrated and subsequent checks of flow iate in-
dicated ite accuracy vas within 4. Coolant inlet temperature was varied
by using & shell and tube water~steam heat exchanger awd was monitored by
tvo thermocouples, oné in the fluld streadw and one on the tube wall just
upstrean of the test section. All thermocouples (except the one in the

- 28 =
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fluid) were chromel-slumel duplex wire with glass~on~glass insulation,

The temperatures were read in millivolts on a digital DC voltmeter accurate

to 0.02mv. Calibration tables supplied by the aasufacturer were used to
convert thermocouple millivolts to *F, The .emperature readings were as-

cumed accurate to at least 5°F, Th~ thermocouples were placed on the out~-

side wall of che test section, but because the tube wall vas thin (0.091 in),

the temperature gradient was negligible, and the inside wall temperature

wvas assumed to .o the same as the outside.

Heat to the test section was supplied by two different means. The
lower 4 fr. of the tube, called the preheat r, were heated uwiformly by
resistance heat induction. The current through the preheater wus controlled
at the DC generator console and could be varied as high as 3000 llpl; The
voltage drop across the preheater was read with the digital DC voitmeter
and used with the calculated tube rusistance [8) to cotpute the heat flux.
A separate ohmmeter with adequate accuracy was not available to read tube
resistance, but Mantell reliably prediccs resistance as a function of
temperature. The voltage drop across the preheater was considerved accur-
ate Lo 0.003 volte. The main portion of the test section was heated by
heat spikes powered by Variacs (variable transformers). The variacs were
calibrated, but as there were six (6) individual cartridge heaters powered
by each variac, and the voltage across each neater was critical in deter~
mining the heat provided by each heat spike, the voltage across each
heater was also checked, This voltage was founa to be 1 volt (on the

average) less than the calibiated variac reading.

1.2 Test Section

The test section itself was a type 304 stainlese steel tube, 0.493 {(n

-39 -

el i i e



TTYNT W IR WL

o g—

?
ID, 0.675 in, 2D, B ft. loag. The lower & ft. of the tuue, the preleater,

vas heated separately end was used to raise thz coolsut temperatvre as rlos

to saturation as possible so that tube wall d»,out could be achieved at the

first heat spike. Alsc, the effect of total heat added was to be considered,

aud this could be essily varied with the preheater. Thermucouples were

placed at several locations along the preheater to monitor temperature.

The remainder of the test section was heated by the heat gpikes, small
concentrations of very high heat flux (the maximum flux for each spike was
approximately 2 x 10s l!'U/hr—f:z). These heat spikes were copper blocks
with six (6) each Chromalox cartridge heaters, 250 watts each. These
blocks were cut inic sections snd clamped tightly to the tube. (Ar, Fig. 8
is a schemstic crawving of “he copper biock heat spikes and thelr arrange-
meat on the test sectiom. At Pig. 9 is a photocraph of several copper
blocks without “‘nsulation). There were ten (10) blocks total, 2.5 in.
long, 2.5 in. in diameter, spaced 1/8 in apart. At this iaterval, the
tube wall between che hlocks did not quench because of axial conduction

bosween the blacks. One thermocouple was placed between each block and the

tube wa)l to momitor tube temperature. Contact resistance between the copper

block and the tu*e wall was neglected and it was assumad that the wall and
the copper were at the sami temperature. (This assumption was reasonable
since, in some places, the tube wall could be vieved through the insula-
tion, and its color was approximately that of the copper). The entire test

section was insulated with commerciallv procured tubes of magnesium oxide.

3.1.3 Additional Components

The apparatus had a recirculation line whose purpode was to allow the

coolant "o reach the Jesired inlet temperaturc while the tube was beinz

30 -
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heated. A condenscr was used to condense the vagor to 1i;aid before it

reentered the reservoir (30 Gal. supply of distilled water), There was
also a bleeder valve to make coarse adjustrents to system pressure and a
drain at the bottom of the test section to wrge the system, On several
occasions during the experimental program, =11 coolant was drained and

the system replenished with fresh distilled wvater to eliminate impurities.

3.2 Procedure of Operation

The system was first pressurized to approximately 5 psi below desired
opurating pressure (the subsequent generation of steam would increase the
pressure and the bleeder valve would then be used to lower the pressure
as close as possible to the desired level). The variac voltage (for all
ten heat spikes) was increased wnd the tube temperature allowed to rise
to at least 1000°F above saturation temperature (the test section had pre-
viously been drained of water aad the tube wall was dry before heat was
applied). While the tube temperature was increasing, tne coolant was cir-
culating through the heat exchanger and the recirculation line and was
raised to the desired inlet temperature. As the tubs temperature approached

T-at 4+ 1000*F, the main generator DC current was applied to the pre-heater.

When T'. Ti' and G all were approximately at desired levels, the
coolant was diverted from the recirculation line into the test section,
As necessary or desired, the following refinements were made: T' was
raised or lowered by adjusting variac voltage; pressure was lowered by
the bleeder valve; coolant flow wes monitored and held constarl; 11 was
controlled by the heat exchanger; and heat flux to the preheater was

veried at the main generator console.
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3.3 Becording the Data

Since this was a series of steady state exper.sents, emphasis vas on
insuring that all parsmeters were relativily constant over time (e corre -
tion for heat lossss due to cheuges in wall temperature was applied- see
paragravh 3.4 below). The pertinent quantities measured and recorded were
as follows: 2'. ‘t‘. P, G, ¥, and e. All parameters except '!' could be held
relatively constart for the durstion of any duta poiut. T, “es recorded
over a couvenient, arbitrary time interval (dt) of 12 minutes. However,
recording of dats did not begin until Tv appeared to settle to & reason-
ably constant level, (Although & data point required oanly 12 minutes to
record, it acwetimes required over & hours of adjustments to hold the sys~
tem at steady state for sny oue data point). Once recording began, how~
ever, no adjustmants wers made, other than insuring the flow rate and in-

let temperature remamincd constant.

3.4 Data Reduction

The objective of this experiment was stesady staie heat transfer data.

The heat tranefer coefficients were computed from

q..
h = - (3-1)

Arr Ty Toae!

vherw 'l" vas the average wall tempersture over 12 minutes, and Uper a8

the net amount of heat added to an incremental section of the tube by one

copper block heat spike. Then

L *8 4y » a4 (3=2)

vhere g 2
q= (i—z-a) % 6OV (3~3)
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Bach individual cartridge heater war nominaliy rated by the manufacturer

at 250 Matts ot 120 volts. However, the resistance of each heater varied,
and the sctual wattage per hcater was used in the cowputations. (The heat-
ers contained hir/s resistance wire vhich, when current was spplied, trans-
ferred b’ * £ the stainless steel clad. The varisnce of each hester's re-
sistance with tempersture wss uegligible and was not considered). LA the
hest losses through the insulation to the ambient, were taken from heat loes
curves ae % function of 1" prepared by the author for these experiments.

L the heat losses due to raising the wall temperature over time (or heat
gains if L decreased) were calculated by

dar
- sk,
e [("v)u + (ve’) o B (3-4)
Also, eguilidbrium quality (X) for each heat spike was calculated by first
computing the enthalpy, H(z), of the coolant as a function of length from

a heat balance

o | 2
f q"thdz = J = dd (3~5)

vhere g - 0, the bottoa of the test sectiom, L) is the height at any

level (e.g., the carry-over point) and Hl and I!2 are the enthalgice at

these locations. WNext, calculate the quality,

B(z) - B,
X(z) = 0 (3-6)
fg
Then relate quality to vapor flow rate by
C
v
V, & wip (3-7)
v




e ———

whers Gv - XC

(3-9)

t

Ia order to verify the validity of the above procedure, @ heat balance

check was pcr!orud. At & lov system pressure and flooding rate, coolant

vas circulated through the test section. Thermocoup. &8 wers sounted on the

outside vall of the test section {smedistely upstresw and cownstress of

the bottom and top copper block heat opikes, respectively, to monitor the

temperature of the liquid. The bulk temperaturz of the liquid was assumed

to be the same #¢ the outside temperature of the wall (the following pro~

cedure would validats this sssumption, vithin reason). Heat was applied

to the main test section by the copper block heat spikes. The system was

then a)lowed to achieve steady state at wall temperatures below saturation.

Given the hea' ~aput, the coolant flow rate, and the inlet tewperature

(and enthalpy), eds. (3-5) was usad to calculate the outlet temperature

(enthalpy) - The results agreed with the measured out let temperature vithin

7%2. The sbove test was repeated for just the preheater and for both the

preheater and the main test section with ginilar percent error. It is be~

1ieved the above check validates the experimental procedure described in

this chapter.

The results of the experimental program, ceepared with the theories

derived in Chapter 2, are pnnnud in Chapter &. The experimental heat

transfer coefficients calculated by eqn. (3-1) will be plotted versus the

equilibrium quality calculated by eqn.

appropriate, will be calculated by eqn. (3=-7),

(3-6). Carryover velocities, when o
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4., RESULTS

Experimental heat transfer coefficients, calculated as showa in
Chapter 3, wers corrected for the ianfluence of temperature by dividing
by the thermal conductivity of the vapor film, k v The theoretical heat
transfer coefficients derived in Chapter 2 also were divided by kv to
compare all heat transfer coefficimts on the same scale. Both experi-
mental and theoretical results, except the laminar tube theory, are tab-
ulated in Appendix C. The laminar tube theory was not calculated for
each point because it {n constant for all system parameters [see eqn.

(2-1)1,
(h/k') laminar tube = 89.1 (6-1)

This theory, as well as the others, are compared with several data points
to determine how well the dats agree with the various theories. The pur-~
pose of this type of presentatiou 15 pot toO derive a nev espirical
correlation. Instead, by plotting the theories with the data, & better
appreciation pt the type of flow represented by the data miy be gained,

and the criteriou for fiquid carry over may be inferred from heat trans-
fer behavior.

1n addition to the tabulstion of data fv Appendix C, the agrecaent of
the data with the theories will be described and shown graphically. Next,

several data points vill be presented to show the effect of pressute,

flooding rate, and wall temperature on hest transfer and carry over.

Then all runs with carry over discernible (flooding rates of 1 in/sec or

less), will be plotted separately, vith the carry over points indicated

for each., Finally, the carry over velocities deduced from these data
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points w11l be comparsd with Plusmer's Critical Xase Criterios which pre-
dicts cerry over velocities as a functioca of pressure.

Fafore the data {s presented, s few general comments would be helpful.
The fivarLeat transfer coefficient for each run, at the axial point corres-

ponding to the bottom of the main test section, is no* plotted. Axial
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conduction effects are too great i this location and the wall tomperature

and heat transfer coefficients are not "epresentacive of the film boiling

P

regime. Also, at this position, experimental heat trensfer coefficients

are very large (h/k' is of the order of 10‘) and a scale of axes that in-

cludes this point would distort the crend shown by the remalning points.

All individual coordinates (x.h/kv) fo' each data poin® ave connected with

straight lines to more clearly indicate the change of heat transfer co-

efficient with quality. Finally, all theories are plott:d as straight

e e ———— .

lines, approximating & slope for the individual values calculated by the

i theories of Chapter 2.

4.1 Agreement of Data with Theory

Heat transfer coeficients (h/kv) for all data points were plotted
versus equilibrium quality to shovw the agreement with the theories de-
rived in Chapter 2. Wher the plots for all data points were compared, some
general trends were eviden®, These comparisons of data with theory will
be discuseed in this secilon, and several deta points will be presented

as {llustration.

4.1,1 Low Pressure, low Flood.ng Rate

When the pressure and flooding rate are low, the hesri transfer co-

efficient arteadily decreases with quality. At low qualities, the heat
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transfer coalficients are very high, indicating the data falls in the

aucleate boiling regime, In the higher qualiry range the heat transfer
coefficlents are lower and spyroach the values expected of tr.asitiocn to
Adopersed flow, Most of the dats fails in the avea of decreaaing heat
transfer coefficients and indicatss the flov regime is turbulent fils
boiling. As the vapor film trickens, the tube wall encounters mote re-

sistance to transferring hest to the 1iquid cora, and the heat :ransfer

decreases.

At Pig. 10 is a plot of the heat transfer coefi’cient of Data Point 3
(20 psia, 1 in/sec) versus equilibrium quality. The data points indicate
that most of the lower quality region corrasponds to the turbulent film

prediction, but at higher qualities, the turbulent tube theory is

approached. On Fig. 10, as on all figures comparing theory with data,
‘r.hc full range of the theory over quality is shown. Although DP 3 may
not have quiie reached carry over, its carry over velocity will be computed
based on its maximum qualiry attained. This will be compared later in

this chapter with the carrty over velocity prediction.

4.1.2 Low Precsure, High Flooding Rate

When the flooding rate is increased at low pressure, the heat trans-
fer coefficients remain relatively constant with quality. Data Puint 13
(25 peia, 6 in/sec) is plotted at Fig. 11 to compare data with theory.
As can be seen in the figure, the heat trans'er coefficients correspond
~i1y closely tc the turbulent tube theory a'd are rewote from the otner
theories. This means that the entire test section is in stable film

boiling ax “at the f{lm resisting heat transfer is turbulenz. The
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implications of this are obvious: at low pressure and high flooding
rates, with the quulity range sxsmined, carry over does not occur. The
heat .ransfer as not deteriorated (o that of the dispersed flov regime
and the vapor film does not offer much resistance to heat transfer be-
cause of the increcsed vapor velocity. High flooding rates result in

inverted annular flow and carry over is not an import.at consideration.

Data Point 4 (not plotted bere but listed in Appendix C) indicctes
that this phenomenon occurs at flooding rates as low es 2 in/sec. This
would mean that given the range of parameters specified in the report ~
(pressure, quality, wall temperature, heat flux, etc.) carry over will
not occur at flooding rates of 2 in/eec of greater. The influence of

flooding rate on carry over will be further examined later in this re-

port.

4.1.3 High Pressure, Lov Flooding Rate

There is basically no difference between the respactive agreement
of high pressure, low flooding rate data and low presesure, low flooding
rate data with the theories. The heat transfer coefficient decr-uses
through film boiling to turbulent tube dispersed flow. However, am
shown in Pig. 12, for DP 32 (67 pesia, 1 in/sec), there are ¢i. erences
at the higher cuality range. The heat transfer coefficients of DP 32
decrease through the film boiling regime to a minimum that is definitely
turbuleat tube flov, but approaching laminar filam. The change of heat
transfer coefficient with quality ard che change of regime definitely

indicete carry over hav occurred. Looking back at Section 4.1.1, it is

o 98 «
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reasonable to speculate that as the higher qualities are approached,
DP 3 might have shown the same {ncrease of heat transfer coefficient
with quality, and possibly the same incursion into the laminar film

theory.

Yor both low flooding rate cases shown (29 peia and 67 psia) the
theories give a good {ndication of what the data represent, The heat
crensfsr behavior of low flooding rates shov & progiession with quality
through & deteriorating heat trensfer environment to & minimus heat
transfer coefficienc. At this point, the flow becomes dispersed 2ad
CATTY OVer OCccurs, and the heat transfer again improves because of the

increased vapcr velocity and the presence of entrained liquid droplets

{n the vapor.

4,1.4 High Pressure, High Flooding Rate

pP 37 (67 peia, 6 in/eec) at Fig. 13 indicate that the theories
sgain bound the data. The heat transfer coefficients lie between the
turbulest fils and turbulent tube predictions, and although ne clear
decision may be made as to which regime the data belong, it appears
that the data tend more to turbulent film. The heat transfer coeffl-

cients are representative of values expected in the film boiling regime.

Recause the heat transfer data are definicely not tuzbulent tube,

and becsuse the heat vransfer coefficlients have not decreased to a low
enough minimum for us to define the carry over point, we must assude
that carry over has not occurred. From the trend astablished by the
dats shown, it might be inferred that a J2l1-defined carry over point

e 39




T T e e T

cannot be observed ard the tube vill remain in turbulest fils boiling.
Comparing DP 37 with [P 13, no siznificant difference as relates to
heat transfer behavior or carry over can be seen. Therefore it is rea-
sonsble to assume that at higher flsoding rates, within ' ' ge of !

paranscters given, a distinct carry over point will not be 1.4 and the

sest section (or flow chammel) will remain ‘~ inverted annular film

boiling. g%

4,2 System Effects on Carxy Quear

Por those points for which carry over ls possible, the effect of
presaure and wall temperature vill now be shown. Also, the effecrs of

flooding rate on carry over will be presented in this section.

4.2.1 Effect of Pressure

Yor a low flooding rate tue effect of pressure on carry over wag
exanined by comparing the plots of hlkv vernus quality for several datw
point, all at 1 in/sec. (see Pig. 14). As was stated in Sec. “.1.1 and
4.1.3, at low flooding rates the heut trancfer coefficieit decreases
through the film S‘o.‘.unz regime to a minimum at the transition to dis~ ’ ’
persed flow. .ll soints but DP 3 then increase, but it is not known if
this is an effect .  pressure or due to inadequate quality range for DP 3.
How#ver, the former should not be accepted because only one data point
was taken at that pressure (20 psia). As the pressure increrses, the
cerry over points occur at decreasing qualities, which is to be expected.

Also, the effect of pressure on heat +cunefer can be seen. At - constant

quality, as the pressure increases, the heat transfer coeffici- .t de-
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crerser in the !ih boiling reglme.

4.2.2 Effect of Nall Temperyture

Thres date points, et the came pressure and flooding rate (67 psia

sod ! in/sec) were compsred to sbeerve the efiect of wall temperature

(or heat aéded) on carry over (see Fig. 15). The three points chosen

(DP 30, 31, and 32) had an fncressing amount of hest added to both the

prehsater and to all copper block heat spikes, and thus the temperature

of esch point along the tube was grester. That is ‘!"(DP 30) < T'(D? 31)

T'(D! 32). As T increases, the carry over quality, and thus the carry

over velocity, incressas. [he implications o this are that, for the

same quality at higher wall temperasture:. the vapot film velocity is

the same but the heet transfer coelficient is highsr. This would further

imply that since vaper film veloeity and | "essure are the same, the film

thickness decreases at higher vall temperatures.

%.2.3 Effect of Flooding fate

Three data points st the same pressure 67 psia) and approximately

the same wall temperatures were compared (see Fig. 16 :. observe the

effects of flooding rate on carry over. The three poimts, DP 31, 35,

and 37, had flooding rates of 1, 3, and 6 in/sec respectively. The

effects is obvious® it low flooding rates o1 1 ../sec a distinct carry

o % point cau pe vbwerved while at flooding rates of greater than
1 % 'sec a carry over point cannot be defined and the regime appeais

remain Zaverted annular film boiling. The heat transfe” for higher

to

floodiug rates remains good in the film boiling regime becsuse the vapor
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film velocity 1s sufficiently high to compensate for the thickening vapor
film as the quality increases. ‘

MWQ_L_A____r Velocities with Plummer's
1u1 Mass

In Pig. 17 through 24 are plotted the data points for which carry
OV#. can be defined (DP 3, 20, 21, 22, 23, 30, 31, and 32). The carry
over poin: is indicated along the auscisea by ea asterisk (*) and vas
inf rred 1o the following way. The carry over r.iint, as explained ear-
lier, 1s tne location at which the flow regime changes from a fils con-
figurat'on to a diapersed flow ture configuration. Ideally, it would
indicate the transition from turbulent or lsminar inverted annular film
flow to turbuleat (or laminar, perhaps) tube flow. As ¢ uch, it should
also be the location where the heat transfer coefficient reaches a mini-
wum. The heat transfer coefficient decreases with increasing quality
through the inverted amnular film boiling regie, until the vapor vel-
ocity increases ~u"ficiently to carry over 1iquid droplets, The heat
transfer coefficient then increases vith quality primarily because of
the increased vapor velocity. The carry over point should correspond
to a turlulent tube theory because of the definition of diapersed flow
and the high vapor velocity (a laminar tube i.ow theory makes little
sense in this context because the low vapor veloci.y at the wall would
let the liquid droplets fall back). Therefore, the carry over point is
the location at whicl, the heat transfer coefficient reach a minisum low
enough =5 that transition from inverted annular fila boiling to turbu-

lent tube flow an be defined.




These experimental carry over velocities are compared 1a Pig. 25 with
the Plummer Critical Mass Velocity Criterion [3]. The curve represents
the predicted  urry over weloci:ies as a functic. of pressure, and the
experimental curry over velocities are plotted as points as show:

{9P 3 4s plotted with an arrov to indicate that the actual carry over
velocity is probably greater than indicated because of the iradequate
quality rangs as explained in fec. 4.1.1). (.. le I below iists the ex~
parimental covrry ¢ar valocitiee for each data point and the predicted
carry over velocity. As can be see¢n, the prediction agrees quite well

with the experimental data.

TABLE X
DP Fressure V__(Predicted) V__(Experimental)
(peia) €97 (ft/sec) €° (ft/sec)
3 20 38.5 60
20 31 30.1 9
21 36 28.2 23
21 33 29.0 36
23 n 29.5 32
30 66 21.2 14
3l 67 21.0 18
32 67 21.0 25
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5. COMCLUSIONS

Extensive data were taien for upward flow of water inm a vertical

heated tube, with the range of ‘nterest from 20 tc 67 pesia, and flooding

rates of from 1 to 6 in/sec. Heat was appiind to t)s test section and
heat transl«r vnefficlents and quality as functions of :clal position
were calculated. These experimental heat truusfer coefficients were
compared with several theories and the resrlts presented in Chapter 4.
Se'eral conclusions may be inferced from the accumulation of data and

the compar:ison with the theories. These are the following:

&, Vithin the range of inte est, a liquid ci.ry over point can be
observed at flooding rates of 1 in/sec or less. At higher flocding

rates a distinct carry over point cann t be seen.

b. The heat tranifer coefficient of the range of parameters in-
vestigated generally fall betwesn ihe thuories for turbulent tube flow.

c. lIncreased pressure decresses the wrlocity required to carry
over the liquid droplets.

d. An increase in wall temperature (or in neat flux) increases
the apparent vapor velocity at the carry over point. This is probably
due to the higher vapor reveleration and greater slip of the droplets
with increased heat flux.

e. At flooding rates of 1 in/eec, the data indicate: the possi~
bility of luminar tube flow (see Fig. 26) near the carry over point.

A reasomablu conclusion is that at low flooding rates a transition
from turbuleat film to laminar tube flow ie possible before the transi-
T'on to turbulent tube flow anl dispersed flow film boiling.
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f. The results of Secec. 4.3 and Fig. 25 indicate that the carry over
velocities predicted by refereuce 3 are ressonable when compared with the
duta. However, the sc.tter in ebuirvnd carry over velocities suggests
that more research needs to be ‘< e in this area. Until then, it is
recomsended that Plumser’s Critical Mass Velocity Criterion be adopted

for pradicting carry over velority as a function of pris ure.

-

Mg
%
‘j
."t
.

IR e

PRGN ¥ BT s

b




-

WCTE =

L SRS St - T

X TELUTRET D

L J

Nu

Pr

NOMENCLATURE

area for haat transfer of et~h copper block heat spike
(0.0282 £t2) (based on insiie dismeter of test secticn).

drag coefficlent

specific heat at constant pressore
insi.~ ;lameter of test section
dismeter of FLECHT droplets

data point

time interval selected for duras”ion of data soint
(12 minutes)

voltage potentis’ across each cartridge heater
volte:» potential across preheater
force

flooding rate

mens flux (lb.I!iz-hr)

gallons per minut-

gravitational acceleration
conversion factor

enthalpy

heat tranafer coefficiemt

thermal conductivity

mase flow rote (lby/hr)

Nusselt Number

pressure

Prandtl Numbder

gross heat spplied by each copper block heat spike

o &6




hect lost to the smmbient

heat iost (or gained) 1f wall temperature increased B e
(decreased) over dt ; s RBEFL ase
net heat appliad to test section by each copper block : _ Y. ?:fif
heat spike A ?"ﬂ»r
heat flux (q/A.) Fal
Reynolds Number E'm
temperature PR
time ' 3 .",.*. ‘4
velocity 557
power rating of each cartridge heater (nominally rated : “_u
at 250 watts) S i ¢

mass (of copper or of stainless stex. In test section)

PR e

Weber - uber
equilibrium quality

distance from wall of test section into vapor film
‘wes © in Turbulent Film Theory)

1.8 ;
dimensionless distanve, - .2 3

Vv 07 S aled ?
r=ial distance from downstream end of preheater
mass §lov rate per unit width

vapor film thickness ;
dimensicnless vapor film thickness
eddy diffusivity

absolute viscosity

kinematic visccsity (u/p)

.

Jensity E
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Subacripts

co
erit

cu

fg

sat

surface tensica

shear stress

carey over

critical

copper

refers to liculd droplet properties
refers to latent heat

¢ fers to gravity

at the inlet to the preheat:r
refers to saturated liquid (except for qz)
saturation

stainlese steel

refers to tube wall

refers to vapor film

refers to the axial direction
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APPENDIX A

FLECHT Droplet Data

Run # P(peia) FR(in/scc)
0085 25 2.3
0487 18 0.8
0588 15 0.6
0690 15 0.6
3440 S5 5.9
9983 19 0

Droplet # Dd(in) Vt(tt/uc)
Runf# - Dropf

0085~1 0.126 1n.4

-2 .146 3.1
-3 .097 10.8
b . 146 12.5
-5 .116 12.0
-6 +152 1.2
-7 ,097 12.8
-8 136 11.2
-9 .165 7.9
=10 146 8.9
0487 0.087 4.6
-2 097 S.u
-3 .078 5.2
-4 107 5.7
-5 .068 6.5
-6 .087 6.7
=¥ 087 5.8
-8 077 5.4
-9 197 4.7
~10 468 7.5
- 3h »

vv(ftlucc)

42
47
38
&6
42
46
40
S
b4
42

35
3/
34
39

N
37
36
34
37

34

5.0
6.7
3.0
6.7
o3
7.4
3.0
5.9
8.7
6.7

2,4
2.9
1.9
3.5
1.4
2.4
2.4
1.9
2.9
1.4
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Droplet #

Runf = Drop #

0588-1
-2
-3
-4
-5
-6
-7
-8
-9
-10

-10

ooy =

——— —_— -

Dy(4n)

0.072
.080
.080
.1“
080
088
104
.080
072
.21

0.072
.“o
.104
.0€4

072
113

0.072
.naa
. 096
.088

0.096
.030
072
.104
00“
.080
.096

.080
.080

0.0%5
078
107
.087
126
097
.078
087
.078
136
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APPENDIX B: ORIGINAL LXPERIMENTAL DESIGN

The wost important of this sxperiment's original objectives was to
determine the carry over point, the location at which water droplets are
entriined by the vapor and literally carried up the bundle. An accurate
determinarion of this point is critical because it will be used as the

criterion in determining which kuct transfer corre’ation to use, the in-

verted annular film boiling theory or the dispersed flow theory.

The experimental apparatus itself. except for the probe (explained
below) differed from the first version only in the method of applying heat

to the test eection. For a general description of the original test sec~

tion, the reader is referred to Annex 1 to this Appendix.

As previously mentioned in Chapter 1, the test section was modeled
after Groeneveld [4]), who boiled Freon in a wiformly heated tubs, achiev-
ing steady stable film boiling with a heat spike. However it was found
that for wvater, using only one huit ¢pike, film boiling could be maintained
only at that heat spike. Unlegs the DC generator current were increased,
increasing the heat flux to the rest of the test u2ction, the tube both
upsicxa and downstream of tho heat spike would quench. However, raising
the current caused the tube temperature dowmstream of the heat spike to
dangerously increscse. No combination of heat fluxes in the heat spike and
the rest of the test section was found that maintained stable film boilsng

(wall temperature at least BCO®F above saturation) without overheating the

downstreanm portion of the test section.

e
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Several approaches were taken to try to solve this probles. A work-
sble solution for maintaining steady state stable film boiiing was found when
six (6) :opper block heat spikes were placed at intervals of gseversl inches
along the tube. This approsch was rather unsophisticated in that the ex~
perimenter added an extra block where the test section seemed to prefer~
entially quench, and npui:od this trisl and « -ror procedure until the test
section had six (6) beat spikes placed at scmewhat random intervals alocs
the tube. It should be remembered that unlike the final version, the entire
test section was heated otmically by DC curremt, to include the intervale
between the heat spikes. Ounce the problem of maintainics steady state
stable film boiling was solved, an "electricsl resistance probe" was used
to try to determine the carry over point. The remainder of this appendix
discusses the probe, experimental results, and reasons- for abandoning this
approach in favor of using hest transfer coefficients derived from heat

flux and wall temperature mess Tements.

B.1 The "Electrical Resistance Probe" Concept

It wae originally determived that 1f sptable film boiling could be
asin:ined a: steady state in some portion of the test gection, all the
regimes of boiling could be expe! /®aced at the same time at diffevent lo-
cations of the tube (see Fig.1l ). We know by many experiments such as
rit &7 [ 2 ], that there is indeed a region of continuous liquid and oie
of liquid évopliets dispersed in vapor for certain flow rates and pressure”.
1f the carry-over peint is in fact the point at which the 1liquid is no
longe: ~ontinuous, it wvas *hougnt that {inding this continuous liquid-va-
por boundary would be squivalent to determining the carry-over point. Thus,
the ioitial concept of this experizent was to use & “probe" to determine

L




rhe height of the liquid coluan, which wvas assumed to be stationary given

that the coolant flow and wall tesperature were steady.

The basic theory behind this probe was as follows: the electrical
resigtonce of distilled water is very great, but such less than the resis-
tance of steam. In & eron circuit (see Fig. 27) consisting of a battery,
voltmeter, zhe probe, tube wall, and water of the liquid column, no current
can flov across the vapor gap and the meter reads zero voiu. But, if the
probe 1is puah“ downwerd into the liqu'’. the circuit is closed, current
{lows, and the meter reads the battery's electric potential. The position
of the probe's tip rould Le inferred and this iocation defined as the carry~
over point. This simple theory vas tested in & visual test section and
appeared to give relisble results, even vhen air was forced into the sectfon

to i+.erate :'uge and bubbles tc simulate boiling.

Several problems with the probe d¢'ayed experimentation. Two of these
will be briefly mentioned in this report because they contributed to the
ultimate iissatisfa-tion with this procedure. The entire probe, except for
the tip, hcd to be electrically insulated because the tube could quench
downat .zam of the heated secticn and the electric circuit completed through
any part of the wall to the probe. Also, spacers had to be mounted on
the probe near the tip to prevent contact with the tube wall. Extremely
high temperatures inside the test section and requirements that the spacers
and insulation be non-electrically conducting limited the cholce of mater~
1als and design. The probe was insulated for the first two feet with
flexible ¥riex glass tubing and the rest, where the temperatures were not
as gr:a%, with Teflon tubing. Non~electrically conducting spacers, which

wet the demand of high temperature, could not b . 411y procured. So,

£
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v
petal spacers were used and electrically {nsulated from the probe. The
problems that developed were ecracking of the Pyrex due toO thermal stresses,
selcing of the Teflon, melting of the brass probe, and loss of the spacers.
1t vas felt these problems could not be completely solved in a reasonable

amount of time snd this contributed to the decision to sbandon this approach.

B.2 lIpitial Data

Although there were questions as to the reliability of the probe ur=
der operating conditions, on at least two occasions it worked well enough
to ensble the experimenter to record two data points. 1t was the results
of these two points mOT® than doubts of probe reliability that demanded
the apparatus be redesigned and a new approsch taken. The particulars of

these two data points ure reported in Table 11 at the end of this appendix.

As indicated earlier in this report, the method of deternining the

carry-over velocity as & function of length was the following: calculate

enthalpy, B(2) from an energy balance

2 )

Q" "dz * = dH (3-1)

) o | “1

-

vhers =, « 0, the cottom of the test section, z, {s tne height at any level

(e.g.s the carry-over point) and 81 and “2 are the enthalpies at these

locations. Next, calculate the quality,

a(z) o af
X . —
3

\D'z‘

Then relate quality to vapor flow rate by

- %5 =

- St

:
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The FLECH® movie summsry in Chapter 1 indicated that a eritical Ug of lecs

than 7.5 should probably be used in determining the cricical mass flow

rate, thus leading to & lower critical vapor velocity for carry-ovec. In

Plusaser's Critical mase Criterion [ 3 ], however, critical vapor flow rite

1s a function of (\h)l“. but even & We as low a8 2 could mot by itself

account for Vo of data point 1 being so lov compared to the prediction.

The method ioT calculating the “oxpcri-nul" vapor velocities was

seen to depend solely on hovw wuch of the tesd gection the energy balance

{ncluded, 1.e., OO where the carry-over point was determined to be. Rep~

resentations of the boiling regimes sucy as Pig. 1l were again studied and

e — 1 —————. —————

it was 8P sulated that .cntrun.ut could take place at the top of the li-

quid colum, at the top of the slug flow, OF at any place in between (see

Sin 2 the determination of the carry-over point was dependent on
{t was again decided to use

Fig. 1).
the probe's comyletion of che electric circuit,

the probe to take enother data point, but to be more aware of the probe

{ndications while «rying to find the continuous 1iquid.

For data point 2, two sets of figures are presented for each quantity.

These represent the high and low readings of the height of the 1iquid col-

usn. As the probe wvas pushed into the tube, slugs of wat.v. which prob-

ably filled such of the {nside area hit the probe tip causing slight de~

flections of the voltmeter needle. Howcver, & max imum deflection of the

needle {indicatin® the full potential of the battery) did not occur until

the probe reachad & particular depth. As the probe was pushed further dnwn=

- 56 =
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werd, the needle fluctuated between the muximum and lower readings. Thesn
the woltzeter needle peggsd at maximm and did not return to lower values,
The prodbe was vithdrawn and reinserted several times and the L. :ations of
the "Piret maximm deflection” and the "continuous marimm deflection” were
relatively constant.

B.3 Conclusions from Probe Bxperiments

These resuits have led the experimsnter to infer that Fig.28 is rep-
resentative of what the probe encount :red. "he "first ssximus deflection”
indicates the top of the slug flow. The fluctuations betwein maximem and
lower values occur as the probe 1s pushed downward, the tip passing through
large slugs causing maximum deflection .f the necdle, .en large gaps of
vapor whrze t.c lower value:s are read. Finally, as the probe is pushed
into the liquid column, the voltmeter continuwously reads the full poten=

tial of lhe dattery.

Data Zoint I has been riluced using both tie top of the .ug flow and
the top of the liquid coluzn as the carry-over point, hence the double
entries for vco‘ xco’ Uy and zco. vco for Data Point 2 was compared with
predicted carry-over velocity [3 ] (see Fig. 29 ). For the lower carry-over
point, the carry-over velocity again falls below that predicted, while the
higher carry-over point, the top of the slug flow, yields a carry-over vel-
ocity greater than that predicted. It 1w felt that the resulcs of this
method bracketed the ares of interest, but the error and uncertainty were
such too great and could not be accepted. S!t.e the objective ot the
experimental program, the definition of the carry-over point, could not
reliabl> be sccomplished, it weau decided to abandon this approach and to
try to ‘nfer the carry-over yoint by experisental heat transfer data.
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TABLE 11

Data Point

Pressure (Psia)
Flooding Rate (in/sec)
Inlet Temperature (°T)

He ght of Liquid to Carry-cver
Point, Z“(M)

Necr heat added to Carry-over
Point, q“(ltulhr)

Carry-over Quality, xc °(1)

Carry-over Velocity, V °(ft/ sec)

“
Dval anty igs £°7 Data Point 2 reflect the effects of the high and low
carry-over lengths (1c°) inferred

¢ —————
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18

32

6400

18

2
18
1
172

51 and 60

7500 and 10,5€0"
22 and 22"

36 acd 54"

from probe measuresents.
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Amex 1: Ceneral Lescription of Origi-al Experimental Aoparatus *

The original experimental apparatus differed from the final version
only in the manuer in which the test section was heated. The reader is
referzod t» Fig. 6, the achematic of the apparatus, vhich is also applica-

ble to the orizinal design.

Thets #»8 no preles:sr .sed io the initial version. However, the main
generators rzva wee' T hiat the teat sectiom., The water-jacketed power
cables were clasy:1 <2 the test section at a distance of 6R inchee apart,
and the en.ire test seccion was heated by resistance induction. In addi-
tion to the neat provided "y the main generators, six (6) copper block
heat spikes vere clamped to the test section wvall to provide aignific:acly

greater local heat fluxes.

The final vers’‘cn differed from the initial design in that the test
section of the latter had a uniform heat flux applied, with local heat
spikes superimposed at random locations (vherever the tube wall seemed
to preferentially quench). The upstream ends of these copper block heat
spikes were placed 36, 47, 5.5, 56.5, 60.5, and 65 inches, respectively,
from the upstresm power clamr, The heat flux applied by these heat spikes
vas vhatever vus necessary to maintain the local wall temperatures constant

with time,

o &P -
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AFPIMDIX C EXPERIMENTAL DATA

This appendix coatains all oxperimental data for Data Points 3
througis 39, inclusive (DP? 1 and 2 are suamarized in Table I1, Appendix
B). The enclosed computer printout of the data is complete axcept for
the heat flux to the 4 ft. preheater and the inle. cuvolant temperature.
These, as well as 2 general summary of Data Point parameters, are provided
in Sec. C.2 beiuw. Sec, C.1 contains the dsilritions for the column

headings used in the data printouts.

«»1 Column Heading Definitions

a. Z - tha axial location of the downstream end (top) of each copper
block heat spile, i.e., the distance in feet from the down-
stream end of the preheater.

b. TW- the averagr vall temperature (°F) of each copper block heat
epike.

¢. ONET-the net amount of heat (BTU/hr) applied to the tube by each
copper block heat spike as computed by eqn. (3-2).
2

d. HEX~-the experimental heat transfer coefficient (BTU/hr-ft“-°F)
as compuced by eg». (3~1).

e. REX-the exprrimental equilibrium qua.iry (dimensionless) as
computed by eqn. (3=6).

f. REX-the experimeutal vapor film or tuwve Reynolds Number (le,
dimensionless) as computed by eqn. (2-1) or eqn. (2-3).

g.H/K-EX~-the experimental heat transfer coefficient divided by
the vapor film ‘hermal conductivity (£e~1), Pilm properties
eva'uated as in Sec. 2.2.2.c.
h.H/K-MT-the Modified Turbuleut Tube Theory predictiuvn of Sec. 2.3.3
(ft=1). Does not apply to Data Points with low flooding
rates (1 in/sec or less).
i. H/R=TT-the Turbulent T:.le Theory prediction of Seec. 2.3.2.
4. H/Y-LF-the Laminar Film Theory Prediction of Sec. 2.4.1,

« B0 =




k.B/k-TP-the Turbulent Pilm Thecry Prediction of Sec. 2.4.2.

C.2 GCeneral Summery of Data Polats

oP

£ 0w s oW

12
13
14
15
16
17
18
19
20
21
22

23
24
25
26
27
28
28

Pressure
(psia)

20
21

22
2
21
21

22
24
23
24
25
27
26
25
28
26
26
K §
3%
33

32
29
26
26
41
42
42

Flooding Rate

(in/sec)

—
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o OO W W W -

o bl

Inlet Coolant
Temperature (°F)

140
150
172
162
140
148
155
162
158
160
164
172
176
175
176
180
188
75
80
125

120
155
164
144
130
1£7
152

Preheater Heat
Flux (BTU/hr)

3630
5690
8540
5070
7920
27,640
44,840
40,76C
7950
7940
22,820
41,730
7610
7980
28,050
51,730
52,340
4110
9280
2850

9970
10,390
610
3610
652N
6490
35,840

e




30
k) |
32

Presoure
(poia)
66
67
67
&7
67
67
67
67
67
64

Flooding Rate

(in/sec)

=

QOOUMUHFM
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Inlet Coolant
Temperature (*F)

155
160
160
160
145
145
165
172
172
172

Preheater Heat
Flux (BTU/hr)

560
1680
5690
17,690

5150
11,790
28,570
29.110
54,490

6450
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FICURE 5: CONTROL VOLUME POR VAPOR FILM FORCE DALANCE
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