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ABSTRACT

Title of Thesis: Critical Heat Flux in Countercurrent Flow,
Name of Author: Charles Thomas Avedisian

Submitted to the Department of Mechanical
Engineering on January 25, 1974 in partial
fulfillment of the requirements for the degree
of Master of Science,

The results of an experimental program are presented Whose
purpose Wwas to determine a correlation for Critical Heat Flux
{CHF) in countercurrent flow. The principle geometry examined
was that of a vertical internally heated anmmulus With a variable
outer shroud diameter, Some data was also taken for flow inside
a vertical round tube, Using saturated Freon 113 at atmospheric
pressure as the Working fluid, the results showed that counter-
flow CHF could be uniquely determined by the void fraction, the
void being determined from the total measured pressure drop across
the test section. The effects of geometry (varying outer shroud
diameter) and flow direction (upflow and counterflow) on CHF
Were found to be insignificant as long as CHF was correlated
With the void fraction. Also, it was found that for voids less
than approximately L0%, counterflow CHF was nearly independent
of void and could be approximated by pool boiling from a verti-
cal surface.

In the high void region (greater than around 80%) CHF cor-
responded to flooding, While for voids less than 80% burnout
occured as a result of a hydrodynamic instability and was ac-
companied by the onset of film boiling. In the high void region,
significant pressure and flow oscillations Were observed indi-
cating that void measurements were somewhat fortuitous there.

The effects of liquid velocity and flow direction on CHF

are separately noted, and the limits of the counterflow region
defined,

Thesis Supervisor: Peter Griffith

Title: Professor of Mechanical Engineering



ACKNOWLEDGEMENTS

The author is sincerely grateful to Professor Peter Griffith,
for whom it was a privilege to work, for his consistent encouragement
and advice given throughout the course of this investigation.

He also thanks Mr. J.A. Calogerro of the Engineering Projects

Laboratory for advice and help given in all phases of the construction
of the apparatus.

The helpful suggestions made by Richard Smith regarding the presentation
of the results, and the advice given by David Plummer at wvarious stages
of the apparatus construction, are acknowledged.

Finally, the financial support provided by the Yankee Atomic Electric

Company is gratefully acknowledged.



Table of Contents

Abstract.....................‘...ooo.ooocoo.ocoooo.ooooc. o

2
Acknowledgement 8. .o..veeeeerevecccescecossacsosacsesoasoocss o
List OFf FlgUI'@S..ceecceocovrocescvecssesscscerososescssseseh
NOMONC LAt U@, o0 v e ves coveeesoocscceoesesessosccosococacescnsssd
CHAPTER I: InbtroductioN.e.icecececoscccecesacccscscacccacensl
1.1 Background of the Problem..c...coecccvescoeccoecacsecl
1.2 Countercurrent FloW...,,.cceececesceccecsccsossonsl
1.3 Floodingee.c.eveseccoeasssecsssocooccsssssasesesl
1.4 Critical Heat FluX, ...eeveeecovecoecccscessesessll
1.5 Work of ObhersS....ceeeceeeescecosocoenceecennssasld
1.6 Scope of ReSEErCh....e0eeersoecsscscssscssesnssscld
CHAPTER II: Experimental Programl....ccccccecceoccecsscesel?
2,1 Test Section GeOMEtr Y. ceeeeeesocssccosocescssesesl?
2,2 Choice of Working FlulG.eeeececesecesesecececsessl
2,3 Description of Apparatus and F1oW LOODP..eecss. .2l
2,3.1 Test Section and Test Tank,.eeeeeeveoees .27
2,3.2 InstrumentatioN....eeeeeeecececesscccocesaa’0
2., Experimental ProCedures,,.....ceeceececceeecoeessll
2,5 CHF DetectioN.eeeeccocccecocsecesonscacacssonnsssldll
2.6 Reproducibility OF Daba....eeeeeeseeeonconseeses3dS
CHAFTER IIT: ReSUIUS..eeeccvcevcceocovoscsescassscasoccesedl
3.1 Void Fraction and Pressure DroODP....ccecceccsececsdl
3.2 FLOOAINEZ. 40 000vevooceccocssenocsnossaccscenssenssldB
3.3 Geometric Effects on Counterflow €HF, ,...c0000..l9
3.4 Critical Heat Flux and Void Frection..eeceeeee..53
CHAPTER 1V: Conclusions and RecommendationS.....eeeeeeee 57
Jol CoOnCluSiONS...e.eeeoccovececevoceosoocsccnascescsdl
1.2 RecommendabionS.....eoeeveeeeseoceccecocece secesbd
Appendix A:; Tables III and IV..,,ececoeccceovccssscscsess Ol
Appendix B: Experimental Prograsm to Determine CHF Inside.bl
a Verticeael Round Tube

B.1 Explanation of Apparatus Design.....c.oceceecee.obll
B.2 Experimental Procedure and Brief Discussion.....67

of Errors

References....... 000060 %0 00s te0 e s ®se --..............o---?o



Figure
Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure

Figure

F w oo
1

13-

15=-
16 =

18-
19~

List of Figures

Observed TWo=Phase FLOW Patterns.....eeeeeeceseecesTl
Operat ional Regions in Two=Phase FloW,,....c.cecc00s73
Velocity Flux Plane (Zuber-Findlay graph).........74
Relative Magnitude of CHF in an Annulus and.......75
a Round Tube

Schematic of Counterf1oW LOOD..ceseececscsceeecessld
Schematic of UpfloW LoOOP.ceeeeesecocorcoceccosacseel
Schematic of Duct FLlOW LOODP.secesessosoecssaesesssl
Photograph of Test Section and Entire Apparatus,,.79
Schematic of Test Tank and Test Section...........80
Relation Between Pressure Drop and Void Fraction,.81
Relat ion between Pool Boiling in Water and Freon, .82
113 at Elevated Pressures (using eq, 21)

Comparison of Voids Predicted from Presswre Drop .83
Data to Voids Predicted from the Drift Flux Model.
Range of Data Taken in relation to Flooding.......84
Effect of Heater 5ize on CHF.....ceeeecevevecces. 85
Effect of Varying Outer Shroud Diameter on CHF,,..86
Effect of Liquid Velocity on CHF i v.veeoooccoeeoeedT
Effect of Liquid Velocity of Void Fraction....... .88
Variation of CHF with "in place" quality (eq. 42).89
Relation between Void Fraction and Counterflow....90

CHP.?



Nomenclature

A - total flow area (Aa+ As)

As - vapor flow area

At L1iquid flow area

Di - heater diameter

Do . outer shroud diameter

% - acceleration of gravity (F+/sec)

9. - conversion factor (@*’“"@ﬁ ~ 5ac)
lmco, - latent heat of vaporization

H <« characteristic heater dimension (eq., L1)

Js - superficial vapor velocity (/e

J¢ = superficial 1iquid velocity (+/Sec)
\4.) lf,_,a“‘l Kz - constants appearing in eq. 30

L - heated length

P - pressure

9 - power (Btv /uv)

g" - heat flux (Btu/hv—£4)

R - neater resistance (electrical) (ohws)

U = actual velocity (as opposed to superficial velocity) ~£/fec .

Wai = vapor drift velocity (eq, 13)

V - Volume

Greek:
o - voidufraction
0" - surface tension (tre /{4

Tw - wall shear stress
P - density
A = electrical resitivity
) - kinematic viscosity
Subscripts
9 « vapor MaxZ =« pool boiling
X = eross section pg:c.lig‘;ed from
f - 1iquid Wy = momentum
A = inlet ¥ - frietion
CHF = cbitical heat flux W - wall



CHAPTER I
INTRODUCT ION
1.1 Background of the Problem

Two phase countercurrent flow With vapor floWwing up and li-
quid flowing down is an important condition Wwhich is likely to
occur during a loss of coolant accident (LOCA), During a LOCA,
an instantaneous break of a particular size occurs in the pipe
which feeds the coolant to or from the pressure vessel, This
results in a rapid depressurization of the reactor core, typical-
ly from around 2200psia to atmospheric pressure in matter of se=-
conds, Dwring this depressurization, the flow is likely to re-
verse several times in a matter of seconds, creating in some re-
gions of the fuel bundle, areas where the 1iduid and vapor will
be flowing in opposite directions - countercurrent flow (the 1li-
quid will be flowing down and the vapor flowing up). It is this
possibility of countercurrent flow during flow reversal in a LOCA
which determines the importance of understanding the fluid mecha-
nics and heat transfer of this two phase flow condition.

There are other physical situations in Which countercurrent
floWw is of importance, Among them are flowWw in Wickless heat pipes
and film cooling of vertical fuel rods,

1.2 Countercurrent Flow

Countercurrent flow is driven by buoyancy forces due to the
density differences betWween ™' . the gas and 1liquid phases, A
very simple example of counter flow is simply boiling off a flat
plate vertically oriented in the vicinity of an unheated surface

—4{fig,lc) With the counterflow being due to the upflow of vapor dis=-



placing downward an equal weyltflawof liquid, Shown in figs. la
and 1b is countercurrent floWw in a centrally heated annulus (the
principle geometry examined here), Fig.la illustrates the ob-
served flow pattern in counterflow, while fig.lb shows the up-
flow pattern, It is seen that a 1idquid film is postulated to be
present on the heated surface (difficult to see experimentally,
hoWwever) as well as the unheated surface, and that the upflow of
vapor occurs in the region betWween, In fig.ld counterflow inside
a vertical tube is ®hoWwn With the 1iduid flowing down the tube
wall and the vapor up the center core (the annular flow regime),.
Shown also in figg.le and 1f are the phase separation and flow
directions of upflow and downfloWw respectively. It is seen in these
illustrations that the main difference in upflow, downflow, and
countercurrent flow is simply the direction in which the phases
are moving., These flow configurations are related in that at
certain 1iquid and: vapor velocities, upflow, countercurrent flow,
or downflow can occur,

In any two phase flow system Wwith heat addition, the void
fraction (volume of vapor divided by total volume) is of great
importance because it describes how much vapor (or 1iquid) is
present in the system, By definition,

= V14 1.
For corvenience in tWwo phase flow analysis, it is customary to
use what are known as "superficial" velocities (j) rather than
true velocities (u). The superficial velocities of the vapor and
1iquid respectively are found by dividing the measured volume

—floWw rate by the total flow area:



J;':: QQ/A 2,
and Je= Q¢/p 3.

Qg and Qf are the vapor and 1liduid volume floWw rates respectively
assuming only vapor or liquid is flowing in the total flow area,
The superficial velocities are related to the true velocities of
the 1iduid and vapor, u, and ug respectively, through the void
fraction as follows:

Jg= Uy b
and Je = We(1—ot) 5.
The reason for using superficial velocities is that in writing
continuity and momentum equations, the true areas of the vapor
and l1iquid (Ag and Af respectively) are unknown, Since,

Ag= &R 6,
and As = (1—a)A 7,
knowledge of the void and the total flow areas provides a con=-
venient base upon Which calculations can be made,

The -volumetric flux density, j, is defined as the vectorial

sum of jg and jf: _ N

J= Jo + J¢ 8.
The sign convention used is that the velocity is positive upward
for a vertical geometry, Hence, for both phases flowing up (up-

flow),
J= Jg + J.g 9

(note that the quantities in eq, 9 are scalars), For both phases

flowing downward,
J= —Js—Js 10

(downflow)., And for vapor flowing up and lidquid flowing down

“(countercurrent flow),
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J=Jg —Js 11.

It is clear from eq, 11 that the counterflow region can be de-
fined in pWO ways, The first is that eq, 11 as it stands defines
countercurrent flow, That is, jf < 0, Then, j can be either posi-
tive or negative and still be in the counterflow region, The se=-
cond definition, attributed to Zuber et, al. (2), is a further
restriction on the first definition., Namely that not only must

jf be less than zero (lidquid flowing down), but'jflmust be grea-
ter thanljé. Hence only those conditions which: 1) have liquid
flowing down and vapor flowing up; and 2) have ljf] > ]jglso that
j in eq, 11 is negative are condidered to be in countercurrent
flow, This can be more easily seen by considering fig, 2 which
shows the operational regions of two phase flow (reproduced from
reference 2), In region I both up and counterflow can exist since
eqs. 11 and 9 With \jg\ > |ip| give positive j (3, is positive).
In region IT Zuber's definition of counterflow applies Where

ljfl > ljgland hence j is negative (eq, 11) while jg is still posi=
tive, Finally in region III, the vapor floWw has reversed its dir-
ection and is now flowing downward in the direction of the 1li-

quid flow (jf is negative from the sign comvention), and hence both
jg as well as j, are negative, This is the region of downflow
(ea. 10). Fig. 3 shows that all the counterflow data taken fell
in region I, and that the 1iquid velocity was not high enough to
cause j to be negative (jg was always greater than j.).

1.3 Flooding

Common to all countercurrent flows is that at high vapor or

1iquid flowW rates, the surface of a liquid film becomes increas-
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ingly more wavy, The interaction of the gas stream and surface
waves of the falling film can result in a retardation of the film,
and a condition known as flooding may result, Flooding is the
point at which the pressure rises sharply in the tube (or annulus)
With the slightest increase in gas velocity and the 1liquid be-
gins to move in the direction of the gaas flow - floWw reversal (3),
Hewitt and Hall-Taylor () define flooding as the transition to

a region in Which both climbing and falling film flow are occur-
ing simultaneously, In any case flooding is determined by both
the 1liquid and gas velocities. At any given gas rate, there is

a definite 1iquid rate at which the columm wWill flood and vice-
versa, Hewitt and Hall-Taylor () have pointed out that the in-
terfacial shear stress exerted by the gas phase on the 1iduid film
is usually insufficient to cause flow reversal, and that the in-
terfacial shear does not significantly influence flooding phe-
nomenon.

Flooding can result in either a flow reversal, 1idquid hold-
up, or a flow regime change, In this study flooding corresponded
to large pressure fluctuations in the annulus geometry, and for
the limited round data taken, to a floWw regime change preceeded
by a very turbulent, jiggling, motion of the 1iquid. These large
pressure fluctuations occured only at high void fractions (usual-
1y greater than 80%).

1.4, Critical Heat Fiux

The critical heat flux (CHF) is defined as the meximum in the
heat flux (q/A) versus temperature curve (the boiling curve), This

———conditionwhpecharacterized by a vapor blanket covering the heated



surface, film dryout, flooding, or any other mechanism which will
prevent 1iquid from cooling the heated surface resulting in a
large temperature excursion, Alternatively, this condition can
also be called departure from nucleate boiling (DNB) since nu-
cleate boiling usually exists on the heated surface prior to the
vapor film formation, The term "burnout" is often applied to
the critical condition and implies a physical destruction of the
heater, Since physical burnout never actually occured in this
study, CHF is the term used to describe the limiting heat flux,
Since CHF is accompanied by a rapid wall temperature excur-
sion, information on the value of the heat flux immediately
preceeding this condition is of great importamnce, One purpose
of this study was to collect enough data to arrive at a correlation
for counterflow CHF,

1.5 Work of Others

Any paper dealing With flooding phenomenon is concerned with
countercurrent flow, In the literature there exists many studies
on flooding (e.g., Hewitt and Hall-Taylor (4) in their flooding
analysis give a good survey of the literature)., Little has been
written, however, on counterflow CHF or, for that matter, on
heat transfer in countercurrent flow, Dukler (5) numerically
solved the governing equations for a film of liquid falling down
a vertical heated surface for the velocity distribution and film
thickness, Schumann (6),and Griffith,Schumann and Neustal (7)
studied burnout in closed end vertical tubes with the flow rates

of 1iquid and vapor equal at the test section exit (continuity),

Tan@-specifically identified their system as being in countercurrent
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flow, 1In their study CHF was thought to be due to liquid hold=-up
(flooding) and an attempt was made to verify this by eomparing
vapor velocities measured in separate flooding experiments with
vapor velocities calculated from the CHF experiments assuming

equilibrium flow, i.e,,

s n, )
Jg,— a Aiﬁﬁ‘w;&ﬁ 1<,

Schuman (6) was only able to conclude that, to an order of mag-
nitude, the vapor velocity neccessary to cause flooding could be
used to calculate the burnout heat flux using eq., 12, CHF in his
experiments was due to 1idquid starvation arising from flooding at
the mouth of the tube, It is important to point out in Schumanns
study that he recognized that the motion of the two phases in op=~-
posite directions played a definite role in the burnout of ver-
tical tubes closed at the bottom, Countercurrent flow in the ex=-
periments of Schumann occured as a result of the rising vapor
at the mouth of the tube displacing dowWwnWward the same Weight floWw of
1iquid, Also, his experiments Wwere conducted inside tubes which
he recognized as producing a very turbulent counterflow motion
of 1iquid and vapor Wwhich resulted in some ambiguity in data
measurements. Similar problems Were also encountered in the CHF
experiments conducted inside a vertical tube in this program. For
the most part CHF experiments reported here occured as a result
of a critical wall flux heing exceeded and not a critical vapor
flow rate out the mouth of the tube as in Schumann's experiments,
Shires, Pickering and Blacker (8) studied CHF in film co-
oling of vertical electrically heated rods enclosed in a larger

‘”Efgﬁgter shroud (essentially an annulus) in which 1liquid hold-up
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was identified as only one of a number of mechanisms Which might
produce CHF, Film dryout, progressive evaporation, and sputtering
(the condition in Which a violent disruption occurs on the boun=-
dary of a liquid film falling onto a hot surface, essentially
stripping the 1iquid from th&rheated surface altogether) were found
to cause bﬁrnoux in their experiments, They correlated CHF with
the 1liquid flow rate at the entrance to the test section and
found that for very low flow rates (less than .el#m/sec for wa=
ter) CHF was essentially a film dryout phenomenon, While at lar-
ger rates burnout was due to 1liquid hold-up caused by flooding in
the annular gap. This at least qualitatively agrees Wwith the
findings of Schumann (6) and it should be expected that flooding
will play a part in counterflow CHF, at least in some range of
flow rates (or void fraction, etc.). Shires, Pickering and Black-
er also developed a flooding correlation for a vertical annulus
in which they found that tube length had an insignificant effect
on flooding, Flooding in their wWork was defined as the vapor
veloc ity which caused the liquid film to be stripped off the heat-
ed surface,

Recently Sakhuja (9) examined the role flooding plays in
CHF in wickless heat pipes. The geometry of the wickless heat pipe
is very similar to that of a closed end vertical tube open at
the top to a large reservoir, the geometry examined by Schumann,
Again, counterflow was eaused by the rising vapor displacing dowWwn=
ward the same weight flow of 1liquid., Using Dowtherm A as the
working fluid, Sakhuja found that the maximum heat flux wWas con-

g

strained by flooding, Specifically he expressed his flooding cor-
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relation (in the form of eq. 36) in terms of the heat flux assum-
ing equilibrium flow (eq, 12) and the fact that the Weight :flow
of 1iquid and vapor are equal. He concluded that the resulting
edquation represented tha limiting factor of the range of data
taken, and that CHF predicted by the flooding constraint agreed
with experimental results, Sakhuja also compared the film boil=-
ing constraint (hydrodynamic instability) to flooding and found
that for his data flooding was the limiting consideration (i.e,,
CHF due to flooding Would occur before a hydrodynamically induced
CHF),

Several methods exist in the literature for calculating coun-
terfloWw void, Most of the correlations are expressed in terms of
superficial velocities, Wallis (1) solved the momentum equations
for a vertical falling film, assuming laminar flow, and related
the film thickness to the void fraction, Zuber and Findlay (10)
developed the Drift Flux Model for determining void, theé results
of Wwhich could be applied to any flow regime (slug, bubbly, an=-
nular) in any flow configuration (upflow, downfloWw, or countercur-
rent floWw)., The results were expressed in terms of the volumetric
flux density (ed. 8) and the vapor drift velocity defined as,

Uy = (Ug = Ue) (1~a) = Ki K3\[gDs 13
Where Griffith has shoWn that ki*ky is approximately .35 (to be
discussed later) as shbwn in reference 11. Zuber (2) determined
expressions for ugj appropriate for the slug, bubbly, and an-
nular flow regimes, Griffith (11) determined that as long as
gravity and inertia forces domimate ugj assumes the form shown

~onmthe far right hand side of eq, 13. In any case, by observing
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appropriate signs in the Drift Flux Model expression for void
(eq. 30) the resulting expression could be used to predict coun-
terflow void fraction., This has been done and the-results will
be discussed,

1.6 Scope of Research

The void fraction as defined by ed, 1 gives a direct measure
of the amount of vapor , and hence liquid (1 - o), present in a
system, Liquid serves as the cooling agent. Reducing the amount
of liquid (i,e., the 1iguid fraction) will also reduce the cri=-
tical heat flux, The assumption is then that CHF can be correlated
with some parameter which gives a measure of the amount of cool=-
ant present, Either the flowing quality or the void fraction pro-
vides such a measure, But since in countercurrent flow the void
is well defined while the flowing duality(vapor flow rate divided
by total flow rate) is not, void fraction was thus the correlating
variable used in counterflow CHF, This heuristic argument formed
the:basis for this investigation - to determine what the relation
was between CHF and void,

Specifically the purpose of the program was to experimental-
ly determine the following:

1) a correlation for CHF and void fraction in countercurrent
flow;

2) the limits of the counterflow region in terms of 1liquid
and vapor velocities;

3) the relation between counterflow CHF and pool boiling

from a vertical surface;
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) the void range at Which counterflow CHF could be ap=-
proximated by pool boiling from a vertical surface;

5) how well void fraction could be computed from pressure
drop data, and how measured voids compare to those calculated us-
ing the Drift Flux Model appropriate to countercurrent flow;
and 6) hoW counterflow CHF compares or is related to GHF in up-
flow or downflow,

To determine the above, the following parameters were varied:

1) the outer diameter of the vertical annulus, holding the
diameter of the internally heated cylinder constant;

2) test section length (L in fig. A)
and 3) liquid velocity,

The range of operation and test section parameters were the
following:

Heated lengths = 1.0 and 2.0 inches;

Ligquid mass flux out of test section = 0 to 3.0x105#m/hr-ft2

(or O to ,50ft/sec);
OQuter shroud diameter - ,47hin. to 5.375 in.;

Heater diameter - ,L0in. (o0.d.);

System pressure - approximately latm,;

Power - direct current heating ;

Heater material - Inconel 600,
Tt is to be noted that the 1iduid velocity specified above 1is the
velocity leaving the annulus (jfl in fig. A)., This velocity is
much easier to vary and measure than the inlet velocity (jfZ in
fig. A) because at the inlet to the annulus, a tWwo phase mixture
is present while at the outlet only the single phase liquid is

present. The inlet 1iquid velocity into the test section cannot
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be measured & priori using comventional flow meters, but the

flow rate out of the test section where only single phase li=-
quid is present can be measured and kept constant while taking
data, In cocurrent upflow experiments the characteristic 1li-
quid velocity is usually the liquid entering the test section
Where single phase 1idquid is always present, In vertical counter-

flow the characteristic velocity is the velocity at the lidquid

exit,
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GHAPTER II
EXPER IMENT AL PROGRAM

2.1 Test Section Geometry

The principle geometry examined here was that of an in-
ternally heated vertical annulus., Of course both walls of the
annulus could have been heated, but the internally heated annulus
simulated adequately the geometry of an isolated fuel rod in-
side a reactor pressure vessel, More specifically, the corner
rod in a rod type fuel bundle is best modeled by a vertically
oriented annulus. The problem then was to isolate the boiling
characteristics of a single rod and determine to what extent the
void fraction could be used to predict CHF in this geometry.

Compared with all other possible fuel cell geometries,
the annulus has the highest and in fact the 1imiting ratio of
unheated to heated - - . surface area (12)., It should there-
fore giwe the lowest CHF value since burnout has been found
to be reduced in the presence of an unheated surface, Lienhard
and Keeling (13) pointed out that a flat ribbon heater in natural
convection boiling induced strong side flows and that when these
side flows Were blocked by vertical walls, C€HF was much lower
than when the side flowWws were allowed, Also, Becker and Hern-
borg (1) reported that CHF values in an internally heated ver-
tical annulus in upflow Were lower than in round tubes or in a
dual heated annulus (both internal cylinder and outer shroud
heated)., They attributed this difference to the fact that only

a fraction of the channel perimeter was heated, Thus it is seen



that any CHF correlation resulting from data taken in the ver-
tical, internal)¥y heated annulus, Will be conservative when com-
pared to other geometries, This is a desirable chatacteristic
of this geometry,

In all experiments run, countercurrent floWw was set up by
the action of rising vapor produced from boiling on a heated
surface flowing against a down current of ligquid, the doWwn cur-
rent being either forced or induced (what Tong (15) describes
as a natural circulation loop).

A program was also run to determine counterflow €HF in a
round tube, The geometry tested was actually an extension on
the Work performed by Schumann (6) in that the vertical tube was
opened at the bottom to permit a net down flow of 1liquid (when
there is no net 1liquid flow out of the test section - natural
corvection counterflow boiling - the flow picture is the same as
that reported in reference (6)).

The problem With the round tube geometry is that (as Sch-
umann verified) with smaller tube diameters (around .50inch i.d.)
flooding is the main cause of CHF, That is, low void steady-
state CHF data is difficult, if not impossible, to obtain in
small diameter tubes, In fact, in order to eliminate the ef-
fects of flooding in the round tube experiments (reported in
Appendix B), it was neccessary to have the heated lengths so
short that end effects predominated, In any case the flow pat-
tern set up in a round tube is one of an annular type flow with

a jittering rough liquid film flowing down the tube wall, This

R
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oscillatory motion results in large pressure and hence void
fluctuations and leads to a larger error in CHF detection, This
is so because a dry patch formed is quickly cooled by liquid
splashing on the heated surface, The result is that CHF as a
film boiling phenomenon never occurs, The results of the round
tube program nevertheless qualitatively agreed with the fact that
in the low void region, CHF is usually a result of a hydrodyna-
mic instability, while in the high void region (greater than
around 80%) both flooding and film dryout are possible CHF mech=-
anisms, Also, the results of the round tube program did show
that CHF in an annulus was indeed lower that GCHF in a round tube,

2,2 Choice of Working Fluid

If one desires to properly simulate the conditions in a
reactor core at the on;setof a LOCA, a full scale cluster of
electrically heated rods contained in a vessel capable of sus=-
taining pressures of around 1000psia wWould have to be built, The
size, high pressure, and power requirements of such a rig would
be costly and bulky to operate, For this reason it is desirable
to consider the design of a small scale apparatus with lower
poWwer redquirements, The criterion which determines the size
of this apparatus is governed by the working fluid. Also the
wility of the results obtained from the model apparatus depends
on the accuracy of scaling laws Which relate the model data to
water data obtained under "similar" conditions but at higher pres-
sure, Freon 113 was chosen as the Working fluid because such

laws are known, it is safe to Work with, and its latent heat of

oy T
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vaporizarion is relatively low at atmospheric pressure.

While it is not intended here to give a detailed explana=-
tion of Freon ll3-water scaling, a brief discussion follows il=
ustrating how the pertinent dimensionless numbers might be u-
tilized to design a model apparatus.

Well known dimensionless groups for scaling were developed
by Zuber (16) assuming equilibrium flow in circular tubes, The
continuity, momentum, and energy equations Were linearized and

the following dimensionless groups resulted from the analysis:

T = /Py density ratio 1l,

Z = L/D 15’

Vr = U /Ui ratio of vapor drift 16,
velocity to inlet liquid
velocity

Re = !_‘__2_ Reynolds number based on 17,

Os saturated single phase

liquid flow

Fr= $L/u? Froude nunber 18,

Sc ::(i’:‘. _.|>(b_£:_b4.) subcooling nunber 19,

S V\Gg
and Pe= q"4L phase change number 20,

_—.——-—————’-.
hes Ui D(Lr—Py)
T, the density ratio in eq, 1L, is a measure of the system pres-

sure, Pc represents the amount of vapor generated (assuming
equilibrium flow), Sc is a measure of the degree of imlet
subcooling, And Vr is a characteristic of the flow regime,
Crowley and Bergles (17) showed howWw the above groups could
be used as appropriate scaling laws for modelling an apparatus
With water as the Wworking fluid by one using Freon 113 With the

main ob jective being a reduction of the system pressure and

o
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power reduirements while still maintaining similar dynamic and
thermal behavior, In this scaling procedure, the model and pro-
totype are geometrically similar since this Would help insure
that the flow regime is similar, The procedure they used is
detailed in reference 17. Briefly the scaling was achieved by
requiring similarity of the dimensionless groups given in eds, 14
to 20 in both model and prototype., The results of their model-
ling procedure applied to a prototype Wwith water as the Working

fluid at 1000psia is given in Table I below:

Table I
Water Freon 113
N 1000psia 131psia
D 1,0in, 1.315in,
L 15ft. 19.7ft.
u, 5.0ft /sec 5.75ft/sec
(T T), 50F ) 20.5F ,
q' 29),000Btu/hr=-ft 2  500Btu/hr-ft
X, 30% 30%
Ps/py 20.7 20.7
L/D 180 180
Re 302,000 302,000
Fr 19.3 19.3
Sc 1.81 1.81
Pc 7.67 7.67

From Table I it is seen that the desired scaling has been achieved=-
a reduction in pressure and power redquirement,

For counterflow in an anmmulus it has been found that pool
boiling from a vertical surface represents an upper limit to
CHF, An examination of the relative values of the maximum heat
flux in pool boiling for water and Freon 113 can then be expected
to give an indication of the power reduirements of Freon compared

to water and help decide Whether Freon 113 would be an appropriate
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fluid to use in the model apparatus, For pool boiling from a
vertical surface in a centrally heated annulus, Zuber's well
known flat plate prediction, q ... in eq, 21 below, is used and

plotted against pressure in fig, 11.

e 1/4
%Maxz = 13l h(s (Ps [533c (‘P;—(P,)] v_-'(lq) 21,

Fig. 11 shows that for water pressures from around atmospheric
to 1000psia, Freon 113 pool boiling values are from 8 to 10
times lower than the corresponding wWater values Which compares
to a reduction by about a factor of 6 predicted from the scaling
laws of eds, 1l = 20 and shown in Table I,

A11 Freon 113 properties were taken from the literature
published by E,I. duPont & Co, . ¢~ ’ . In all
Freon calculations the property values used are those given in
Table II below,

Table II
Py = .LSTH /187
Pe= 9ly.35#_ /T8>

hea= 63.17Btu/#,
0~ = .00111#./ft

Tsat = 117.6F

Tepiy = WT.UF

Ferit = 498 .9psia
g = ,0108 centipoise
Acg =510 centipoise

latm,

2.3 Description of Apparatus and FloWw Loop

Schematic diagrams of the flow loops are shown in figs, 5,

6, and 7 (fig, 7 will be discussed in Appendix B). Fig. 5 shows

— T
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the loop plumbing for the counterflow experiments, and fig, 6
illustrates the upflow plumbing. Only slight modifications to
the counterflow loop Were neccessary to reverse the direction
of the inlet 1liquid,.

A1l piping and fittings were Yinch "poly flow" tubes and
fittings. Flow circulation was provided by an Eastern Industfies
type P-1 pump, A small Wire mesh was fitted inside the pump
inlet to collect particles of dirt, etc, The boiler condisted
of a 10inch i.d, circular steel cylinder, Fitted to the bottom
of the cylinder was a Hottwatt (Damnvers, Mass.) no. Is75l4 immersion
heater providing the heat required to bring the Freon in the
boiler up to saturation temperature, A Pyrex glass condenser
was installed on the cylinder top plate, open to the atmosphere,
and was found sufficient to condense the Freon vapor generated
by the immersion heater,

Rather than directly condense the vapor generated by the
test section, a means of simply removing or bleeding the vapor
from the liquid vapor outlet was provided (shown in figs, 5 and
6). This method neccessitated that Freon be supplied periodi-
cally to the loop to replace the quantity lost by evaporation
(strictly speaking, the loop is not closed), The supply tank
served this purpose, When the two phase mixture entered the sup-
ply tank, the vapor would rise and be condensed (or lost to the
atmosphere) by a Pyrex condenser installed at the top. The out-
1et 1line of the supply tank was located at the bottom to insure

that only single phase liquid would be pumped into the boiler

e —
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(the outlet line from the boiler to the pump was also located

at the bottom to insure that 1liduid only Would be pumped into
the test tank). The supply tank was a 7 inch diameter by 15inch
high neoprene cipcular container with 1/2inch "poly flow' fit-
tings installed on opposite sides on the bottom,

A preheater was installed at the pump outlet to provide a
fine adjustment of the Freon temperature entering the test tank.
This preheater was made from a 1.0inch i.d. by 18 inch long
copper pipe with heating tape (Cenco no.16596-2, 86watt capacity)
wrapped around the surface of the cylinder, The inclusion of
this preheater was neccessary to insure that Freon entering the
test tank Would be at or close to saturation, It was, however,
neccessary to admit to a certain amount of subcooling in order
to avoid boiling in the preheater,

Power to the test section was provided by an L.J. Land & Co.
portable d,c, generator, The generator served as a direct cur-
rent power supply, as the heater was a resistance type heater,
The current to the test section could be regulated through a
control console. The volt and current meters provided on the
console were not sufficient to provide the desired sensitivity
in current readings, however, since the maximum current drawn
from the generator was never greater than 350 amps and the meter
provided ranged from 0-3000amps, As a result a new 0-350 amp “.
Weston ammeter was installed and was sufficient to provide the
desired accuracy in current readings (% 2% maximum scale).

./.—_The entire loop Was mounted on & Dexion support frame, and
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all tests Wwere run in the MIT Heat Transfer Laboratory. A
photograph of the entire flow loop is shown in fig. 8a,

2,3,1 Test Section and Test Tank

Figs. 8b and 9 show a close-up photograph and schematic
diagram respectiively of the test tank symbolized in figs.5 and
6. (insulation has been removed for clarity in fig.8b). Some
difficulty was experienced in the test section design since it
was desired to design an annular test section With a variable
outer shroud diameter., The difficulty arose in requiring that
the test section be enclosed Within and electrically insulated
from a container and still provide a means of changing the outer
shroud, The final design consisted basically of tWo glass cyl-
inderB. sandwiched between three aluminum and brass plate via
eight connecting rods, The glass cylinders were 6.0 inch i,d.
and 5/16 inch thick. The top and bottom cylinders Were 6.0 inches
and 2.5 inches long respectively.

To provide a means of changing the outer diameter of the
test section, a number of aluminum disks, 5.0 inch o.d. with
different i.d.'s, were machined with thicknesses equal to the
heated lengths examined (1.0 and 2,0 inches), The disks Were
made to sit on an o-ring Which in turn was fitted into a groove
cut in an aluminum shelf (see fig., 8b) so that the only flow
permitted was in the annular gap. Two "J" bolts were attached
to each disk to provide a means of 1ifting the shroud out of
the test tank,

Rather than completely disassemble the entire test tank

PO
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each time a new shroud was replaced, a removable top plate (fig.
9) was desigried so that easy access to the inside of the test
tank and the shroud disk could be provided by simply removing

a few bolts rather than disconnecting all eight connecting rods
and dismantling the entire test tank, The removable top plate
was attached to the top plate by eight screws symmetrically
tapped around the circumference of the top plate (this can be
seen in the top of fig. 8b). The removable plate was a 1/l inch
thick by 6=-5/8 inch diameter aluminum disk, The top and bottom
plates were both 3/8 inch thick by 8 inches diameter brass disks
with eight 1/l inch holes drilled symmetrically around the cir=-
cumference for the 8 connecting rods, The glass cylinders were
fitted into grooves cut in the plates and sealed with Buna-n
rings,

The aluminum shelf, situated betWween the two glass cglinders,
was designed to provide a "seat" upon Which the shroud disks
could be placed, and to provide the location for the pressure
taps (the taps could not be placed in the glass cylinders)., This
shelf was 2.0 inches thick and 7 inches in diameter with a 5-3/8
inch hole machined in the center to a depth of 1.5 inches (the
shelf). A hole was machined to L4.25 inch diameter to permit
liquid flow out of the annular gap., The glass cylinders were
fitted into grooves cut in the top and bottom of the aluminum
shelf and sealed Wwith Buna-n rings.

Three 3/32inch diameter pressure tpas were drilled in the

___side of the aluminum shelf (sh®en in figs. 8b and 9). The bottom
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and middle taps were used for pressure measurements in the 1,0
inch test section (shroud disk thicknesses were 1,0 inch), and
the bottom and upper most taps were used in the 2,0 inch heated
length experiments (2.0inch shroud disk). Depending on Which
heated length was used, either the top of middle tap was connected
to the pressure gage via 1/Linch "poby flow" tube and fittings
(the tap not in use was blocked up).

The bus bar of the resistance heater was electrically in-
sulated from the top removable plate and the bottom plate by
tWwo nylon bushings attached to the plate and sealed with o-ring
seals (clearly visible in fig. 8b). Screwed into these bushings
were 1/2inch "poby flow' straight fittings drilled out to the
o.d. of the copper bus ®kar and with o-rings used as the seal in-
stead of the plastic ferrel provided, The entire test section
assembly was made to fit inside these fittings, A close eX~
aminat ion of fig.8b Wwill reveal this design,

The test section assembly consisted of two copper rods,
.50inch in diameter and 8 inches long, tapéred at each end to
.40 inches., The tapered ends Were silver soldered to each end
of an Inconel 600 cylinder (,4Oinch o.d., and .346inch i.d.).
For each heated length (1.0inch and 2.0 inch heated lengths) such
an assembly was reduired,

As shown in fig, 9, the heated section is filled with AldO3
ceramics in which is placed the thermocouple beads, The ther-
mocouple leads Were threaded through a 1/8inch hole drilled in
the top copper bus bar (showa in fig. 9). The only difficulty

[ a

Erising from this design was that each time a shroud disk was
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changed, the thermocouple leads had to be discommected from the
mitipoint switch to allow the removable top plate to be com=
pletely lifted out and away from the test tank to provide ac-
cess to the inside,.

The test section assembly was supported in the test tank
by the 1/2 inch ploy flow fittings as shown in figs. 8b and 9,

It should be noticed in fig, 9 that the actual annular
geometry is the heated section enclosed within the center hole
of the shroud disk., The only floWw permitted between the upper
and loWwer plenum of the test tank is through the annular gap.
Also, the only flow permitted to enter or .leave the: test tank is via
the liquid-vapor outlet, 1iquid inlet,-amd lidquid outlet shown
in fig. 9.

2,3,2 Instrumentation

The pressure across the test section was measured by an in-
clined manometer (Ellison draft gage, O to 1.5inches), The man=-
ometer fluid was Meriam no. 3 fluid having a 2,95 sp.gr. (18u#m/ft3),
The manometer was commected to the test tank via a 1/ inch
"poly flow" tubes and fittings, The pressure Was measured by
simply recording the height of the Freon-oil interface as meas-
ured by the attached scale on the gage body. The pressure could
be read to within },0linches, The recorded value Was subtracted
from the zero initial value With no boiling, and the difference
represented the pressure due to boiling. The Freon-oil inter-
face was steady at low voids but somewhat oscillatory in the
high void range (greater than 80%). The accuracy in pressure

“readings in this region Was therefore not as great as at lower
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voids (pressure oscillations in the high void region could re-
sult in as much as a 30% change in void fraction)., This high
void pressure oscillation was probably due to the onset of flo=-
oding,

The basic temperature measurements wWere made by copper=-
constantan thermocouples made from <l gage Leeds and Northrup
wire, The test section inlet temperature was measured by a
thermocouple placed directly in the upper plenum off the test
tank via & Qonax.pat¢kingigland. The heater temperatures were
measuwed by three thermocouples placed on the inside of the thin
walled Inconel cylinder (the heater), and the space between
the thermocouple beads and the inner wall was filled by A.lao3
ceramics to prevent electrical noise in thermocouple measurements.
All of the thermocouples wWere comected to a common junction
through a multipoint switch, The output appeared on a Triplett
model Li235-F digital volt meter, This meter greatly facilitated
temperature readings in that wall temperature rises could be
more easily and quickly detected on the digital panel than on a
conventional potentiometer, The meter was initially calibrated
to within .01 millivolts,

A Fischer-Porter flowmeter was installed at the test tank
outlet (inlet for upflow loop of fig. 6).which measwred the 1i~-
quid volume flow rate out the test section. A variety of floats
provided measurement of the test section flows up to 1.3x10-3ft3/sec,
The meter was calibrated beforehand by measuring the volume of
1iquid collected in a specified time, After installation, the re-

‘sults were periodically checked against the initial callibration.



The heat input to the test section was calculated from

measurements of the current, I, to the test section. Since,

q = TR «(3.4R) —1n Btv 229
and R = J')' L/Ax heater ZZb;

knowing the resistivity, f , and current determines q, For
Inconel 600,A” = h.OSXIO'Sohm-inch and is approximately con-
stant over the range of heater wall temperatures Wwhich were
measured in the experiment (72F to 250F). The total heat in-
put could also be computed from the voltage drop across the
test section, i.e.,

%zwﬁﬁﬁgHﬁv*ﬂ“Gh%r 2cc.

But since the instrumentation required?to obtain voltage measwre-
ment is potentially difficultte-setup(at least in design), egs,
2%.and 22bwere used to calculate the heat input from the measured
current,

For the following heater dimensions, the corresponding re-

sistances, R, are given below:

i,d.= .3hbineH i.d.= .3hbinch
0.d.= .L0inch [ -0012bohm o.d.= .4Oinch {.002560km
L L = 2.0inch

2.4 Experimental Procedure

The critical heat flux may be approached in two ways. In
the first method the surface heat flux is kept constant and the
1iquid flow rate is gradually deecreased until GHF occurs. In
the second and more common method, the desired flow conditions
are kept constant while the heat flux is increased till CHF

ocewrs. In this study the second method was used,
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First the 1iquid velocity out of the annulus (for the
counterflow tests ) or into the annulus (upflow) was set by an
appropriate~adjustment of vl (figs. 5 and 6), Then power to the
boiler immersion heater was turned on to bring the flowing
Freon temperature as close to saturation as possible, The ma-
nometer lines were checked to make sure that all air in them was
purged prior to each run., The Freon temperature was allowed
to reach steady state, taking about one howr, Once steady
state conditions had been reached, the preheater was adjusted
to bring the temperature of the Freon entering the upper ple-
num of the test tank as close as possible to Freon saturation
temperature, This usually required an additional 15 minutes,
Once the final inlet temperature had been established, the eurrent
to the test section was slowly increased in increments of 20 amps.
Between each power setting, the temperature was allowed to
reach its steady state value, requiring usually 10 minutes be=-
tWween poWwer increases, At each step in power level, the heater
and inlet temperatures and pressure Were recorded, The power
was then increased in steps until CHF occured, Once the CHF
point was reached, the power was decreased by LO amps and then
slowly increased in smaller steps to get a more accurate heat
flux value,

When burnout did eccur, the power te the test section was
quickly turned off. A new liquid flowrate was chosen and bhe
procedure repeated,

Data was taken in this way for each shroud diameter.
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2.5 CHF Detection

The principle way in Which CHF was detected was through the
use of thermocouples, At CHF a wall temperature rise was ine
dicated by the digital volt meter. This temperature rise was
very rapid, reaching nearly 300F in a matter of seconds (the
maximum heater surface temperature recorded in steady state was
around 150F), Consequently the digital volt meter was closely
‘monitored dur ing power increases to the test section,

Since the thermocouples were not actually attached to the
heater surface, there may initially be some question regarding
the time response of the thermocouples to an increase in heater
surface temperature, Cermack et, al (18), in their analysis of
burnout in rod bundles .during pressure blowdown, measured the
wall temperature of their electrically heated rods in essential-
ly the same way as in this study = by inserting thermocouples
in the center of each heater tube and then filling the tube
with A1203 ceramics, An estimate of the time response of their
thermocouples was demonstrated during their transient tests, and
they found that the time response was at most .50 seconds. Since
the wall temperature rise at CHF was very rapid, there was con=-
sequently no ambiguity in the CHF point.

Intérestingly two other ways were found to be a reliable
indication of CHF, The first was simply a visual observation of
the heater, Prior to CHF the heater was in a state of nucleate
boiling, Once film boiling was initiated, a vapor film was sta-

bilized on the heater surface which was clearly visible, The

T
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other and less obvious (and more restrictive) way of detecting
CHF was a result of a pressure increase in the direction of

the bubble motion in the nucleate boiling regime. Upon initiation
of boiling, the pressure suddenly increased, This increase was
thereafter gradual for step changes in powWer set:cvihgs, At the
onset of film boiling (CHF), however, the pressure quickly drop-
ped and returned to a vhlue very near its initial value. This
phenemenon is the result of a reduction of vapor generation at
CHF (and hence void fraction), For the larger shroud diameters
(greater than about .75inch) the pressure reduction Was as noted,
However, a rapid reduction in pressure at CHF was not observed
for the smaller shrouds (smaller than .75inch), This is so be=
cause for the smaller shrouds, the void fraction in film boiling
is nearly the same as the void in nucleate boiling With the
result being that a pressure change Will not duickly occur at
the onset of film boiling,

2.6 Reproducibility of Data

For each CHF point three runs Were made to determine data
reproduc ibility. The average of the three fluxes obtained was
taken to be the CHF value for the particular floﬁ conditions
existing. In 21l runs the meximum error in CHF was 154,

Pressure measurements shoWwed greater error for some shroud
diameters, For the larger shroud diameters (greater than .75
inch) the presswre measurements Were satisflactorily reproducible,
usually to within at least +10%. Also there were no oscillations
of the Freon-oil interface of the manometer for shrouds down to

arotnid .75 inch, and the interface movement in the manometer was
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smooth and steady,with poWwer increases to the test section,

For the ,Shbinch and .li75inch shrouds, significant oscillatary
motion of the interface was noticed very near CHF, This motion
could result in as much as a 30% change in the manometer height
for the same set of flow conditions, Consequently for these
shrouds, and especially With high 1iquid velocities down (around
.35ft/sec), the interface oscillation was the greatest, This
was probably due to the onset of flooding which is characterized
by large pressure and flow oscillations,

A1l temperature measurements Were reproducible to within
+ 5%.

The entire test tank was insulated with fiber glass wWool,
Since an effort was made to bring the entering Freon temperature
to saturation, heat losses due to cooling of the 1liquid by the
test section heater wWere considered negligible.

Axial conduction heat losses from the heater to the copper
bus bars wWwere estimated by a Worse case analysis, The results
showed that heat lost in this way was less than 7% of the total

power input, and is much less for most of the data taken,
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CHAPTER III
RESULTS

3.1 Void Fraction and Pressure Drop

While void fraction is known to be one of the most im-
portant parameters of two phase flow, it is also one of the
most difficult to measure, Boiling void data are especially
difficult to obtain and predict,

In the boiling literature there appear many technidues for
measuring void, The technidues fall into twWo categories: 1) di-
rect measurement; and 2) indirect measurement (19), The direct
methods include deducing void fraction from measuremant of other
parameters such as capacitance, electrical resistivity, thermal
conductivity, etc, of the two phase mixture, Direct void meas-
urement technidques include photographic studies of the system,
sampling probes, and separation of the phases by "trap" type
mechanisms, All of the above have certain disadvantages, if not
in accuracy then in cost, Also, due to the size and geometry
of the test section used herein, most of the above methods are
impractical (e.,g., use of the vapor trap technique wWould require
a considerable design effort to implement), The scheme finally
decided upon is potentially the simplest. It is based on the
fact that void fraction is related to all three components of the
total pressure in tWo phase flow, A discussion follows,

The total pressure drop (relative to the hydrostatic pres-
sure) in two phase flow is given by the sum of three components:

10.the.pressure due to frictional effects; 2) the pressure due
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to a momentum transfer across the test section; and 3) the
_gravity pressuwe drop., That is,

AP = AR + AP + AR 23,
" In all two phase systems the gravity component of eq. 23

is (assuming that the void is constant along the test length),

AR = [dR + 1—DATL £ 21;.

The determination of the momentum and friction pressure
drop depends on a detailed knowledge of the tWwo phase flow con-
figuration of interest, Several techniques exist Wwith Which
approximations can be made for the friction and momentum pres-
sure drop terms used in performing a force balance on an elemental
section of the floWw geometry, Among these techniques the most
easily adaptable and applicable technique to countercurrent flow
is that of separated flow theory. This theory permits the two
phases to have differing properties and velocities, Using sep~
arated flow theory, there are tWwo Wways to carry out tha &nalysis:
1) a detailed analysis in which separate continuity and momentum
equations are written, together Wwith rate equations which des-
cribe how the phases interact With each othar and the walls of
the tube (1) and are correspondingly solved; and £) alloWwing
only & variation of the velocity between the tWwo phases While the-

appropriate eduations are written for the combined flow. In

the second methodimo: regadrd.is given to the specific flow regime
or flow details, The second and easier method was used here,
Now consider a control volume enclosing the twWwo phase fluid

of an annulus (fig. A on next page).
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Figure A
The control volume assumes nothing specific about the division
of the two phases, only that vapor and 1iduid leave the control
volume at station 2 and 1 respectively and that liquid enters
at station 2, ©Note that the wall shear stress indicated on the
heated surface and outer shroud assumes the existance of a 1li=-
quid film on both these surfaces (a 1liquid film on the heated
surface was never actually seen).

In Writing the contimuity and force balance eduations for
the control volume of fig. A, the velocities of the 1iduid and
vapor, Uup and ug respectively, are assymed to correspond to sep=-
arated flows through areas Af and Ag. Then assuming that the
pressure at any cross section is constant, a radially lumped
force balance yields (observing the sign convention of page 9):

P-P)A + T dTRL + TdTRL — (AL LA+ Acl) =

\P‘usl A9 + u-h';"'Af —_ u% yfA‘
< $o
The effect of heat addltlon is accounted for by the momentum

25,
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term appearing on the right side of eq., 25,

The wall shear stress,"l’ur, can be approximated by the wall
shear assuming 1iquid only is flowing inside the annulus if the
1iquid velocity equals the average liquid velocity over the test
length, and the friction factor is assumed to be ,005 (1). Using
this assumption and eas, lj,5,6, and 7 substituted in ed, 25
gives the force balance in terms of the known superficial ve-
locities (assuming equilibrium flow where eq, 12 applies),

P. = P, (the total measured pressure drop), and the unknowWn

1
void fraction:

APr = o+ (I=d) B[S L — OlJea L
’ [ bs ]3‘ %c(l—-—ol)z(Do—Di) 26

Jen P el e
9 (1—-o%) 9. (1-ol)

where Ja= (.ln—i'J-ﬁz)/l . The three components of eq. 23 can be

P
-+ JQ‘L 3 4

Qe A
identified as follows:

_ _.OlJa L
ol 3.(1—c)" (Do = D2) 7

z * J.Fll (,P-F
APn= &gTJ%\%' +-§3—ﬁ:';)“ — ”‘?3:‘(’(’:;6 28,

and where ed, 2l gives AR .

The continuity equation in countercurrent flow written in
terms of superficial velocities for the control volume of fig. A
is,

Jo = Jo — Jn _‘5%; 29,

Equation 26 is not meant to be a highly accurate and ana-



lytical expression for counterflow void, The success of using
eq, 26 depends in large part on the magnitude of A%,A(?r , amd
AB. . In regions where eds, 27 and 28 are significant compared
to ed, 2lj, the void will not be accurately predicted by eq, 26,
This is so because eqs, 27 and 28 depend on the assumptions made
of the detailed flow regime and the way in which 382 is measured
for boiling systems, In the actual pressure measurements it was
observed that in the high void region, greater than about 75%,
the manometer interface wWould exhibit smooth but significant
oscillations (as already noted) making readings more difficult.
It is expected that in this region the void fractions calculated
from ed, 26 are not very accurate, and APg . APe , and APM, are
of edual magnitude, PFig. 10 shows that the friction and momentum
terms can be significant compared to Apg at high voids (75% to
80%). For voids less than about 75% the friction and momentum
terms are negligible compared to the gravity pressure drop of
eq, 2., Eq, 23 WithAgr"iA%, then provides the proper expression
for estimating the void fraction,

It is important to point out that the data presented here
for pressure drop Were taken With a single set of presswure taps
immediately bounding the test section, As such the measured

values represent an overall integration of the local pressure

gradient over the entire heated length, This means that the
void fraction calculated from ed, 26 is an average value since
the data obtained really do not allow an estimate of the de-

tailed pressure gradient,

T e



An estimate of the local void can be obtained from the
generalized expression for void fraction predicted by the Drift

Flux Model, modified by Griffith (11),

Js

g J—

T (14K + KiKs|3Do 30.

The physical significance of the constants,Ki , Ki,and Kj

were explained by Griffith (11). Briefly, K is a function of
Reynolds number if surface forces are considered to be impor-
tant (otherwise it depends on geometry), K+ represents the ratio
of mean to centerline velocity in a tube, and Ks depends on the
hea£ flux (Kz= 1.6 for heated pipes and 1.0 for adiabatic sys=-
tems). The constants Ki and K, were expressed in terms of Di/Do
for annuli and the values tabulated in Table III in Appendix A,.
Using this table and eqs, 9 or 11 for up or counter flow, eq, 30
can be used to provide an estimate of either the local or average
void fraction if the superficial velocities are known at any
location along the heated length. Since film boiling Wwas initially
observed to begin at the test section exit (station 2 of fig. A),
the void at the exit can be predicted from ed, 30 if the super-
ficial velocities are knoWwn there,

In using eq., 26 to calculate the void, the assumption of
equilibrium flow, eq, 12, was used to calculate j82° At 1low
voids this is not & very good assumption, Fig, 3 shows this
(the void fraction in fig. 3 was obtained from eq, <6 and the
total measured pressure drop and hence is the average void along

P 3
the entire heated length) in which it is seen that there is a
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significant deviation betWween the modified Zuber-Findlay line (10)
and, the measured voids assuming eduilibrium flow, All points
falling above the dotted line and Which are considered to be
poorly predicted by the Drift Flux Model are voids less than

about 50%.

An estimate of the local void fraction using eq, 30 wWas
calculated by assuming a linearly varying profile for jg, in=-
tegrating eq. 30 over the heated length, and setting the result-
tin value equal to the average void predicted from eq, 26,

The value of ng found in this way was then substituted back

in eq, 30 to obtain thw local void., That is,
X
Jg = Jg T 31.

Then, substituting eqd. 31 into eq. 30 and integrating,
L
i JQ‘L ’X/L-
Qermpe = L X K Kidg Do
L O ik KiKafg D
With the result that

| + Jﬁ.L(l‘FKz\)—i—Lkn k3\|SDo J,h |+K1) + LK Kg\/;—ﬁ: .
Perge ™ 14K Jn (1+KYL SR T I LT+ )+ KiKe (Do

The only unknoWwn in edq, 33 is jgz. The values of jgz-: calm
culated from eq, 33 were, for some voids, somewhat absurd rang-
ing from ,10 ft/sec to over 100ft/sec, But as seen in Table IV
the local void is always higher than the average void fraction
calculated from eq. débibr all the data, The local void, it is
to be remenmbered, is the void at the test section exit where

ﬁfz and ng are known, Griffith (11) showed that at high vaporxvumcme%



a 1limiting void is obtained from eq. 30 of about 83%., Eq. 33
should not then be expected to provide an accurate measure of
void beyond this value, Also, as mentioned, -€d., <6 does not
predict voids accurately greater than about 80%, Within these
limits, the local and average void can be calculated from eds, 33
and 26 respectively, Eq. 30 can also be used to calculate the
average void fraction assuming equilibrium flow. This has been
done and the results shown in fig. 12, It is seen that within
the range of applicability of each method, calculated average
voids are consistently higher than measured average voids up
around 50% void, Greater than this value the data assume a
normal distribution around the ideal which is consistent with
fig. 3 where for voids less than 50%, a deviation from the Drift
Flux model (eq, 30) is significant:.

It is important to point out that the data appearing in
_fig, 3 do not account for the possible effects of vapor flashing
along the heated length. This effect can be important even in
very short heated lengths where a small pressure drop can cause
significant wapor formation (increasing local void), Therefore
the apparent deviation of the data in fig., 3 from the form pre-
dicted by the Drift Flux Model (eq. 30) is most 1likely due to
tWwo considerations; 1) the assumption of edquilibrium flow; and

2) the effect of vapor flashing Which theoretically causes
increasing local voids at the test section exit (station € in
fig. A) Zuber et. al.(¢) have shown that the data appearing

in fig. 3 are characteristic of the deviation to be expected
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from the Drift Flux Model when no account is taken of vapor
flashing along the heated lengthi

For the line drawn in fig. 3, co=i-+Kz==1.o and

Ugi=K l%@ =, 90ft /sec,
3.2 Flooding

Countercurrent flow is complicated by flooding because it
represents the transition from stable flow, to unstable flow,
and back again, This was clearly observed in the round tube
experiments when the flow changed from counterflow to upflow
(flow reversal), During the transition, large pressure and
flow oscillations were observed, After the transition was
completed, the flow stabilized with a steady upflow of liquid
film. Such flow instabilities Were also observed in the tran-
sition from one flow regime to another (typically from the slug
to annmular flow regime), Again in the round tube experiments
the transition was evidenced by large pressure instabilities,
The 1iquid film exhibited a very turbulent, jiggling motion
(much the same as Was observed by Schumann (6)) periodically
flooding the flow area and then being flushed through, Schumann
identified this action as a "perculating"” motion., Tong (15)
has identified such flow instabilities in natural circulation
loops as being the result of the elevation pressure drop being
the dominant fraction of the channel pressure drop. In any case,
once the gas velocity had reached a certain value (the flooding
velocity), the vapor completely occupied the central core of

the-tue and the 1igquid film flowed down the tube walls - coun-



46

tercurrent annular flow,

Flooding has been typically described in the literature by
use of nondimensional flooding velocities proposed by Wallis(20).
He related the 1liquid and vapor velocities to the void fraction
by & balance of buoyancy and frictional effects in the fluid.

He then assumed that turbulent stresses were related to average
momentum fluxes of liquid and vapor (i.e., the terms om:the
right hand side of eq, 28). The dimensionless groups Which
related these momentum fluxes to the hydrostatic forces were

found to be the following:

* Py ‘—\'/"

J% = Jg { (‘Pv{ "(Pg) 9 D"‘ 3’-‘-)

and ‘f VA
J: J [3 Dn (Pe —m] 35

These nondimensional velocities have special significance in

|

couwntercurrent flow as mentioned since they relate buoyanay
forces to the momentum transfer, They have also found use in
up and downflow analysis, although in these flow eonfigurations
they lose their fundamental significance,

Most flooding phenomenon correlated with eas., 3L and 35

have the general form shown below{!):

V2 * /2 __
Jo + ml = C 36.

The comstants m and ¢ depend on fluid properties and gedpmetry.
Theoretically the constant m is popportional to the density
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ratio, and C depends on the conditions under which the fluid
enters the test line (e.g., for sharp flanged entrances, C=.75
and for rounded flanges (=.8¥), Hewitt and Hall-Taylor (kL)
have pointed out that m and C fall in the following ranges for

a round tube:
A0 m ¢ L‘

Jo¢ C< 90
In the round tube experiments with Freon 113 as the wWorking
fluid, the constants m and C were determined to be ,93L and
.682 respectively so that,
g Va

*
Ja + 934 ), = .682
: 37.

Shires, Pickering, and Blacker (8) correlated flooding
velocities With egs, 3l and 35 using the hydraulic diameter based
on both the rod preimeter, and rod and tube perimetier since in
their experiments only the inner rod of an annulus was wetted
before flooding, Except for the fact that they were concerned
With film flow, counterfloWw in their experiments was basically
the same as reported here - the fluid entering the test section
flowed counter current to vapor boiled off the heated surface,.
Depending on Whether the rod perimeter alone is used in the hy-
draulic diameter in eqgs., 3l and 35 (Dh) or both rod and tube
perimeter are used (giving the cormventional hydraulic diameter
for an annulus as DO-Di), the following correlations Were arrived

at: *'/1. k‘/"-
JS 4 ) = .qg

rod perimeter only 38,

or - ¥ * |.2.0 rod and tube perimeter 140.
Jg + J.(.' -



Since in this study both the heated tube and outer shroud dia-
meter Were Wetted before the onset of flooding, DO-Di was used
as the hydraulic diameter and canseguemtly eq, LO was used to
describe flooding in an annulus,

Fig. 13 shows ed, 40 in relation to the counterflow data
taken, It is seen that nearly all the data fall below the flo-
oding line, The data which are closest to the flooding line
exhibited the characteristics of flooding mentioned above,

Also it will be seen that two points lie outside the counterflow
region, These points Were taken With the smallest shroud dia-
meter examined (,l75inch), Visual observations indicated that
for these twWo points most of the vapor generated by boiling off
the center cylinder of the annulus flowed out the bottom of the
test section - station 1 in fig. A, This seemed to indicate that
these data were very nearly in the downfloW region.

The region outside the flooding line is not neccessairly
the downflow or upflow region. It merely corresponds to the
1imit of the counterflow region, and outside this region either
up or downflow can occur,

Since all data appearing in fig, 13 represent CHF points,
it is realized that for some of the data, flooding Was the
mechanism causing CHF, For the round tube data (not shown in
fig. 13) nearly all the data corresponded to flooding.- CHF was
a result of flooding at the mouth of the tube., For the other
data shown in fig. 13, the principle mechanism of CHF appeared
to be the stabilization of a vapor film on the heated surface.

~—="ihe data closest to the flooding line in fig. 13 corresponded
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to local voids of at least 75% indicating that flooding is
basically a high void phenomenon,

3.3 Geometric Effects on CHF

The effects of geometry on CHF in upflow and some downflow
are well documented in the literature., In countercurrent flow
the data is scarce, Griffith, Schumann, and Neustal (7) re-
ported a length and heater diameter effect on CHF in closed end
vertical tubes, They found that for a given diameter, burnout
increased wWwith heated length up to a certain value and then
remained approximately constant, Also, a diameter effect was
noted in that decreasing the heated diameter for a given heated
length and material causes burnout to occur at higher fluxes,

Liehhard and Dhir (21) explained the diameter effect on
CHF in terms of hydrodynamic theory. They concluded that as
long as the characteristic length of the heater was greater than
about 6,pool boiling CHF would be wnaffected by any further in-
creases in this dimension. The characteristic length was de-

fined as,

H = Hﬁgc(&—d’s)/er' "

which is the square root of the Laplace mumber, Eq. lj1 represents
the ratio of buoyancy to capillary forces. The variable H is

the characteristic heater dimension and is equal to the heater
diameter for a cylinder, height for a vertical plate heater, etc.
However, H really depends on the heater dimensions, That is,

whatever dimension of the heater gives the smallest value of

R

H'is taken to be the characteristic dimension (e.g, heater dia=-
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meter or length for a cylinder, or length or height for a
vertical flat plate), Lienhard's results Wwere verified from
pool boiling data obtained from vertically oriented flat plate
heaters with one side insulated (essentially the geometry shown
in fig. lc with the unheated surface removed). He presented
his results as a plot of eq, U1 vs, a nondimendional heat flux

defined as pool boiling CHF divided by a from eq, 21. This

maxz
plot is shown in fig. 1l., One data point from the annulus geo-
metry is also included on this graph and represented the measured
pool boiling flux from a vertical surface, Also shown in fig, 14
is one data point from the round tube program., This point
corresponded to the smallest heated length examined (.1Qinch).
The larger deviation of this point from Lienhard's prediction
is probably due to the fact that CHF in the round tube experi-
ments was essentially a high void phenomenon (fig. L) while
fig. 1L contains very low void data (less than 10%). Since
pool boiling is essentially a low void phenomenon, it is somewhat
inappropriate to try to explain the high heat fluxes obtained
in the round tube program with a theory based on hydrodynamic
instability., The very short heated lengths of the round tube
program resulted in CHF values Which were most certainly governed
by end effects,

Also shown in fig. 1l is a data point taken from Costello
and Adams (22) for a vertical cylinder, 3 inches long and 5/16

inch in diameter., It is seen that the point falls near the line

;Egggicted by Lienhard (21).



51

The conclusion to be drawn from fig. 1L is that at large
characteristic lengths (length or diameter), qcﬂf/qmaxzv is

approximately 1.0, That is, eq. 21 can be used to provide an

estimate of pool boiling CHF from a vertical eylinder(at saturation
conditions).

For the annuli examined here, the principle geometric ef=-
fect Was that of varying the outer shroud diameter, Fig. 15
shows the variation of outer shroud diameter with CHF, It is
seen that for the largest shrouds (Di; constant), the maximum
heat 'flux is very nearly pool boiling from a vertical surface,
The line drawn through the data points shown Were taken in na-
tural corvection boiling. Which is the flow condition in pool
boiling. The region below the curve of fig, 15 represents the
region of forced convection boiling in countercurrent flow and
the data shown below the line Were taken With net liquid velo=~
cities down (ufl in fig, A).

Since vertically oriented cylinders in an infinite pool of
1iquid can be considered an amulus (infinite outer shroud),
the question Which naturally arises is at What ratio of inner
to outer diameter (Di/DG): or simply at what hydraulic diameter
(Do'Di)’ does tle pool boiiing assumption break down? ShowWn in
fig. 15 is that for D,/D = .3 to .I (Do-Di)i 1.3inch) the pool
boiling assumption is probably valid as these shr ouds correspond
to voids less than approximately 30% (see also Table IV), At
values greater than about .l, however, the presence of an unheated

-“strface moving closer and closer to the heated surface has the
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effect of simply restricting bubble motion With the result that
the bubbles tend to agglomerate more readily and form a vapor
blanket at lower heat fluxes,

Shown in fig., 16 is the variation of CHF with liquid
veloc ity from which it is seen that for increased 1iquid vel-
ocities down (for constant outer shroud diameter ), CHF decreases
in countercurrent flow and increases in upflow, One explanation
for this is provided from fig. 17 where figs, 15 and 16 have
been cross plotted, The data shown are for two selected diameter
ratios cross plotted and are meant to provide an indication of
the effect of 1iquid velocity on void, In countercurrent flow
cooling of the heated surface occurs primarily by the bubble mo-
tion throwing liquid on the heated surface, Wwhile in upflow
the through flow liquid motion is primarily responsible for
cooling, This means that for increased liquid ¥elecities down
in saturated counterflow, the resulting restriction on bubble
motion (upward bubble motion is impeeded by the downward move-
ment of liquid) will increase the void fraction (fig. 17) and
result in less liquid being thrown on the heated surface, GHF
will then decrease wWith increasing liduid velocities as shown
in fig, 16.

This effect of reduced bubble motion With increasing 1i-
quid velocities is more predominant at smaller shroud diameters
where the flow area is greatly restricted,. In fact, if the
shroud is small enough, some bubles can even be seen to reverse
their direction creating a condition of partial downflow (some

vapor Would still be seen to flow up),
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It is important to realize that these Feésults have been
verified only for flow near the saturation temperature of the
working fluid, For significant degrees of subcooling, the above
trends would not neccessairly be expected to apply since then

dhe dwo phases

thermal interactions betWweenAwould probably be significant,

3.4 Critical Heat Flux and Void Fraction

From the preceding discussion parametric effects on GHF
have been pointed out and illustrated in figs. 14 to 17. It is
now apparent that CHF in countercurrent flow can be strongly
influenced by 1liquid flow rates and varying outer shroud dia-
meters, But CHF is not suitably corrélated by these variables
because it is not a single valued function of either, It must
then be left to a perhgps more fundamental quantity to provide
the proper correlating variable., The void fraction provides
such a variable (or alternatively the "implace" quality, x,
defined as the weight ratio of vapor to vapor plus liquid in

the system (eq. 2 below)

o(dog

Xe = T v (1—oO0F h2).

apfy 4+ (1—)Pr
The fundamental result of this study is shown in fig. 19
where the void fraction has been plotted against CHF (qchf/qmaxz)'
It is seen thereon that within the range of experimental error,
CHF is a unidque function fo void, The figure plots the local
void as obtained from eq. 30 and 33, For each point plotted
a line is drawn which indicated the relative magnitude of the

local.and average (eq. 26) void., The plotted point is the local
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void while the left hand extension represents the average void
calculated from the total measuwred pressure dvop. The curve
drawn through the data (local void) was obtained by the method
of centroids,

From fig. 19 it is seen that CHF is relatively independent
of void in the range 0 to 40%. In this renge vertical surface
pool boiling provides a reasonable estimate of counterflow
CHF (i.e., approximately in the bubbly flow region ). Beyond
40% void, CHF continually decreases With increasing void, This
is entirely reasonable on physical grounds since the amount of
liquid is decreasing Wwith increasing void which would increase
the CHF,

Beyond & void fraction of approximately 80%, the accuracy
of void measuwements at CHF greatly decreases due to increased
pressuwre oscillations, This is not evident from fig, 19, and
the region beyond 80% void has thus been indicated to remind the
reader that beyond this void, the void fraction may not be accurate,

The pool boiling value Which is approached with decreasing
void fraction was experimentally obtained, GCosktello and Adams (22)
measuwed pool boiling values from a variety of vertical cylinders
immersed in a pool of distilled water, They found that pool
boiling off vertical cylinders was nearly the same as the value
medicted by eq, 21 for a horizontal flat plate (i.e.,%m.;/zw‘:—!l.o).
The graph from Which this was concluded was, however, of such a
scale that it was difficult to deduce the ratio as being exactly
1.0, or.90, or 1.1, etc,
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Based on the data obtained here, it was found that pool boiling
from a vertical cylinder was approximately 84% of Uoxy OF

eq, 21, and that this value provided a loWw void upper limit

to CHF in countercurrent flow in an annulus.

There are a number of points to note regardingi fig. 19,
The first is that the form of the void-CHF relation may be
different for different geometries, orientations, pressures,
and fluids., And While it is true that the data of fig. 19 in-
clude heated lengths of 1.0 and 2,0 inches as Well as a variety
of outer annuli diameters and flow directions, more work would
have to be done to determine if the form of the relation would
be altered if the heated lengths were, say, 5ft, or 10ft,

It has already been shown that geometry does effect the
form of fig, 19 as evidenced by fig, li where for the round tube
data, heated lengths as low as .10 inch were studied, But as
the heated length is increased to 1.5 inches (and hopefully
beyond) the data fall more nearly in line with the annuli data,
Thus while there is every evidence to believe that the curve
(or form) of fig. 19 corresponds to heater sizes considered to
be outside the range of significant geometric effects on CHF
(for instance as determined by fig. 1l), more work Would have
to be done to ascertain this altogether,

Finally the idea that counterflow, or even upfloWw or down-
flow (since some upflow data is also included in fig. 19&2§$n
uniquely be determined by the void, regardless of geometry,

flow rates, or flow directions would greatly simplify heat flux



predictions in nuclear reactors since only a reliable method

of determining the void fraction would have to be known.
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CHAPTER IV
CONCLUSIONS AND REC OMMENDAT TONS

4.1 Conclusions

An experimental investigation has been carried out to de-
termine the critical heat flux in countercurrent fiow in a
vertical internally heated annulus using Freon 113 as the working
fluid., The primary variable used in correlating counterflow
CHF was the void fraction. A separate investigation was also
performed to obtain CHF data inside a vertical round tube, For
the low liquid flows and tast section sizes examined, the
following comclusions Wwere drawn:

1) Counterfliow CHF in a vertical internally heated annulus
can be wniquely determined by the void fraction (or alternatively
by the "inplace" quwality as shown in fig. 18), and CHF increases
with decreasing vold. This conclusion is believed to apply
to geometries beyond the range at which heater size significantly
effects CHF (e.g., as determined from fig. 1L);

2) For void fractions up to around 40%, pool boiling
from a vertical suface provides a reasonable estimate of coun=-
terflow CHF, Beyond 0% void, CHF b#gins to drop off contin-
ously with increasing void;

3) The observed location of CHF - the location at which
film boiling was first observed to begin - was always at the
top of the heated length (station 2 in fig, A). At CHF a va-

por blanket was seen to quickly spread over the heated length
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I}y The void fraction can be predicted from the total
measured pressure drop as long as the gravity component domi-
nates and the momentum and friction contributions are negligible.
The resulting void will be an average void fraction over the
region which the pressure is measured, In regions where the
moméentum and friction components are equal to the gravity term,
the void will not be accurately predicted from pressure drop
data, This region corresponded %o voids greater than around
80% where eqs, 27 and 28 are nearly equal to eq. 2L

5) PFor liquid close to saturation temperature, counterflow
CHF decreases Wwith increasing liquid velocity down, The effect
is just the opposite for upflow - CHF increases with increasing
liquid veloc ity up;

6) For voids greater than 50%, the Drift Flux Model
exmression for void fraction can be used to predict counter-
flow void in boiling systems. For voids less than 50% there is
a significant d&fference between void fraction calculated from
the total pressure drop and the Drift Flux Model;

7) The 1imits of the counterflow region in terms of liquid
and vapor velocities can be determined by the generalized flooding
correlation of eq. 36, Both the round tube and annuli flooding
data had the form of eq, 36 with eq, 4O providing the correlation
for the annuli,

8) The region below the flooding line is the counterfilow
region while outséde this line, either upflow or downflow is
possible (fig. 12 shows two points outside the flooding line

which were in partial downflow),
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9) CGounterflow CHF in an ammulus is lower than in a
vertical round tube, but for increasing heated I} ngths €HF
for the two geometries showed evidence of falling on the same
voidLHF cwve (fig, L).

10) It is not possible to obtain steady state CHPF at low
local voids inside small diameter tubes (less than 1.0inch) at
saturation conditions @nless the heated lengths are so short
that the resulting vapor generated in boiling off the heated
surface Will not cause flooding at the mouth of the tube,

11) Flooding was found to be & high void phenomenon,
occuring only at voids greater than from 75% to 80%.

12) For voids less tham around 80% CHF is due to the on-
set of film boiling, While at voids greaterthan this value, flo-
oding and film dryout are the main cause of counterflow burnout.

4.2 Recommendations for Purther Study

The form of the void-CHF relation in counterflow needs
more experimental verification if the results are to be applied
to heater sizes, flow rates, and fluids other than those tested
here, Specifically the following are recommended for further
study:

1) A program to obtain void-CHF data in an annulus using
a variety of fluids and degrees of inlet subcooling;

2) A program to determine the local void and CHF}Gsing
& more sophisticated means of obtaining void data;

3) A model to analytically predict counterflow CHF in

terms of void fraction;
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I4) A similar study as reported here to determine the form
of the void-C HF relation at high pressures (around 200psia);

5) Designing an experiment to obtain low void counterflow
CHF inside a vertical round tube for steady state heat input at
saturation temperatures,

6) A program to determine in greater detail the relation

between CHF in up, dowWwn, and counterflows,
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Appendix A

Table III
(Constants appearing in Eq. 30)

Pﬁi?&. (Do in inches) k, k,

.07l (5.375) 348 .197
.315 (1.27) .355 .187
.337 (1.186) .358 .186
400 (1.0) .378 .182
409 (.o17) 379 .182
.530 (.751) .384 ATk
.732 (.546) .390 .156

843 (.475) .39 L1



62

Table IV
(Counterflow CHF in an Annulus)

1 3
2o L %nt’Ymaxz  Zaverage O(loc al Iy APt_{ Ea(“’{/ﬂ)

(in.) (in.) (eq.Z%) (eqs.30 (ft/sec) (relative

Gmaxz = and 33) to eleva-

64,925 84, 4> tion pres-

sure drop)
5.375 1.0 .815 .0151 - .00185 ~9l;.35
5.375 1.0 .815 - - . 00351 ~9L..35
5.375 2.0 8l .0218 ol .0157 90. 35
1.27 2,0 .821 .257 420 0.0 70.5
1.27 2.0 .752 291 .Luel .063 67.3
1'27 200 071)4- 03314' c513 c:-‘-()2 63022
1.186 1.0 .815 .0527 - 0.00 ~92,0
1,186 1.0 LT17 .068 .132 .ol 88.6
1.186 1.0 .795 .075 L3 149 88.0
1.0 2,0 .667 .389 .572 0.0 58.31
1.0 2.0 L667 423 .606 .0305 55.1
l'o 2’0 '623 o,"-32 .61“- 005% 5’4‘.2
1.0 2,0 .563 . 517 686 .109 46.1
977 1.0 .815 .175 .307 0.0 78.7
L 1.0 767 .160 .283 .0322 80.1
09‘77 1.0 v757 0189 0328 00%9 77o£5
.751 1.0 Q22 .616 .756 .322 36.2
'751 1.0 0392 0572 '727 0367 h‘o'h‘
.751 1.0 <341 6140 .770 J1417 33.h4
.751 1.0 683 .352 534 0.0 62 .1
.751 1.0 .367 .680 TN .231 30.5
.751 1.0 96 .623 .760 .113 36.2
0751 lool 0527 0518 0689 00631-'- L'-é.l
.751 1,0 473 .503 OTT .116 47.5
.751 1.0 .610 31 .61l .0226 5h.6
.751 2,0 .558 .650 775 0.0 34.6
.751 2.0 374 .811 843 .11l 18.2
.751 2,0 o2 .762 827 L0626 23,2
.751 2,0 .328 794 .838 .223 19.1
';E% 2,0 3323 . 750 gfé 362 §§3
. 1.0 . .790 . 0.00 .0
.56 1.0 .297 .829 .857 .183 14.9
. 546 1.0 274 827 .856 .183 14.8
.56 1.0 .39 .696 .807 0.0 30.5
. 5L6 1.0 . 327 8ol .850 L1158 19.22
CIIT 1.0 .335 .751 .832 .oL71 2h.9
475 1.0 .227 .806 .857 377 3.4
475 1.0 .225 .880 3 .135 7.7h
Key: - negligible or not calculated

# no convergence of eq, 33
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Table IV (contd.)

(Upfiow €HF in an Annulus)

Do L qchf/qmaxz A average o('loc al jfl
(in,) (in.) (ft/sec)
1.27 2,0 .831 .16l .288 .0631
1.27 2.0 873 .123 .226 .102
1.27 2.0 .840 .198 .342 .0316
751 2.0 .61l . 502 .676 .0625
.751 2,0 .616 410 .595 .11l
546 2.0 .537 . 568 .730 .329
T 2.0 75 LTL7 .817 .184



Appendix B

Description of Experimental Program to Determine

CHF Inside a Vertical Round Tube

B.1 EXPLANATION OF APPARATUS DESIGN

A schematic diagram of the flow loop for this program is shown in
fig. 7. All piping and fittings were 1/2 inch "Poly-flo" (lines 1, 2, 5,

6, 7, and 8 in fig.f) except for lines 3 and 4 which were glass (.394 inch
inside diameter) to facilitate visual observation of flow conditions at CHF.
The air bleed line shown in fig. 7 served the purpose of removing the Freon
vapor generated by the test section and preheated (PH2 in fig. 7). To re-
place the Freon lost by vapor generation, a small tank, open to the atmosphere
and situated above the entire apparatus was included in the loop (fig. 7).
This tank served as a kind of pressure equalizer to ensure that the loop
pressure would stay at or near atmospheric. If the pressure in the loop
becomes great enough, Freon will flow out the loop and into the tank (and

vice versa).

It was necessary to include a preheater (PHl1) in line 6 to insure that
Freon entering the test section would be at or close to saturation (since
care was taken to insure that the Freon entering the plenum was pure liquid,
it was necessary to admit to a certain degree of subcooling in order to
prevent boiling in PH1). This preheater consisted of a one inch inside
diameter by 1.5 ft. long copper tube wrapped with heating tape capable of
delivering 90 watts. This was found to be sufficient to keep the Freon
entering the plenum from line 1 to within 5 degrees of saturation temperature
(117).

The test section and PH2 were of similar design. They consisted basically
of a circular copper disk, 1/2 inch thick by 3.5 inch diameter with a .394
inch hole drilled in the center and with three "Hotwatt' cartridge heaters
placed in a symmetrical position (120 degrees apart) within the block. The
blocks were sandwiched between two brass adapters, to which the glass tubing
of lines 3 and 4 was connected via O-ring seals. The brass adapters were
sealed and thermally insulated from the copper disks by teflon seals. The
most important feature of the test section to point out is the length of the

heated section, which for the .10 inch test section consisted of the block of
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basic dimensions given above but with two 1.0 inch diameter by .167 inch
deep holes cut into the top and bottom of the disk concentric with the
.394 inch center hole, leaving only .10 inch of copper available as the
heat transfer area, hereafter referred to as the .10 inch test section.
The requirement for using such a small test length arises from the fact
that as heat is added to the Freon in counter-current flow, vapor is
generated in the test section in addition to the incoming vapor. This
means that while the appropriate velocities of the incoming Freon liquid
and vapor are chosen to be within the flooding limit of fig. 13, the addi-
tional vapor generated by the test section in approaching CHF causes, in
some cases, the values of the incoming superficial vapor velocity to be
increased by an amount sufficient to cause flooding at the test section
outlet. Since equilibrium flow is assumed (equ. 12), reducing the heated
length (a reduction to as low as .10 inch will increase the range of liquid
flow rates which could be examined without flooding) is necessary to give
some relatively low void data - data not obscured by flooding phenomena.
Of course the validity of the results must be questioned since with such a
small heated lenght, end effects predominate, and any conclusions drawn
regarding CHF mechanisms or void-VHF correlations must be questioned.

The plenum (fig. 7) comsisted of a 1.5 inch long by 3.5 inch diameter
glass cylinder sandwiched between two brass plates by using five connecting
bolts and sealed with O-rings. To the bottom of the plenum was connected
line three (fig. 7) and again the connection made via O-ring seals.

In vertical tubes open at the top to a closed free volume, the possibility
of geysering, or what Tong (15) describes as natural loop oscillatioms,
occuring in the line exists if appropriate liquid or vapor flow rates are
reached. It was shown by Griffith (23) that the condition for geysering to

occur in a vertical tube is that
dP < 0

where dP is the pressure change of the column of liquid due to bubble formation. .
A relation between the pressure and the free volume above the column was devel-
oped by Griffith (23) and shown to be the criterion by which to predict whether

geysering would occur. The conclusion was that if there is no free volume



(i.e. plenum filled completely with liquid) then geysering would not be

likely to occur. This was observed to be true in this investigation, and

the loop was designed to 'keep the plenum filled with liquid during each
experimental run. When power was added to the test section and PH2, the
subsequent vapor formed would rise in the colummn (lines 3 and 4) and enter

the plenum, escaping via line 2 and into the air bleed and consenser. The
liquid entering the plenum from line 1 was sufficient to keep the plenum
completely filled with liquid (actually near CHF there was some vapor collection
in the plenum, but the corresponding free volume was not great enough to cause
geysering). It is important to point out that geysering did not occur in

the annular test program because the annular gap (fig. 9) was open to a large
upper plenum, and that the pressure release upon boiling was only a small
fraction of the hydrostatic head.

The pressure drop across the test section was measured by using an
inverted U-tube manometer. The manometer was connected to the pressure taps
located on the brass adapters by epoxy cement. An inverted U-tube manometer
was used because it was observed that some of the vapor entering the manometer
(which was initially filled with liquid) condensed thus preventing any readings
until a sufficient amount of vapor entered the line to cause a permanent (for
that run) liquid vapor interface to appear. This would result in a pressure
drop reading smaller than the true value. Inversion of the manometer insured
a liquid vapor interface being present. A plastic bulb (see fig. 7) was
attached to the top of the inverted U and a bubble could be forced in the line
prior to each test run. The actual pressure drop was measured by recording
the relative height of the liquid in the two columes.

Power was supplied to the test section, PHl1l, and PH2 by three 220 volt
variacs. The power could be regulated from zero to maximum power as desired.
The inner wall temperature in the test section were measured by two
thermocouples located 1/16 inch from the .394 inch center hole. Temperatures

were measured by a Triplett digital voltmeter. A thermocouple was also in-
serted in PH2 for purposes of observing when steady state conditions had been
reached at a particular power input. All thermocouples were copper-constant

and connected to a common ice bath.



67

B.2 EXPERIMENTAL PROCEDURE AND BRIEF DISCUSSION OF ERRORS

A liquid flow rate was first set and the power to PH2 turned on to a
low enough value to just create slug flow bubbles. PHl1 was then turned on
to adjust the inlet liquid temperature to the plenumb and the system was
allowed to come to steady state conditions ( usually taking about 15 minutes).
The subcooling discussed previously did not effect the test results because
once steady state conditions had been reached the amount of vapor entering
the plenum from line 3 was sufficient to insure that the liquid flowing into
the test section was at the saturation temperature of Freon (i.e., the
saturated vapor moving upwards heated the falling liquid in line 3 so that
by the time it arrived at the test section it was at the saturation temperature).
Hence saturated liquid existed primarily in lines 3 and 4.

Power to the test section was increased in steps until a point was reached
at which it appeared that no steady state temperature wxisted for that power
setting. Such a point was taken to be the CHF point for the particular flow
rates existing at that time. It immediately became apparent that CHF was a
rather indeterminate quantity since there was no well defined power input to
the test section at which the wall temperature suddenly began to rise. This
can be seen to be a consequence of the size of the copper block. When dry
patches are formed heat is conducted away from these hot patches essentially
cooling the potential CHF location by conduction. The result is that a much
slewer wall temperature rise at CHF is noted. Then the CHF point becomes
indeterminate and a condition known as "slow burnout" results. This appeared
to have been the case here since at no time was the wall temperature rise
sudden at CHF. This has the effect of increasing the width of the scatter
bands for the CHF value. This accounts for the greatest error in recording
data. However, upon repeating the procedure three times for identical flow
conditions it was found that the CHF values were within 5 to 10 percent of
each other, and this was taken to be the error in the recorded CHF values
(neglecting instrumentation reading errors).

Once CHF had been reached and recorded for the initial inlet conditions,

the power to the test section was reduced by 10% and the voltage to PH2



increased by 10 volts to provide a new inlet superficial vapor velocity

to the test section. The liquid flow rate out PH2 (measured by FM2) was
kept constant and the ehove procedure repeated until the inlet conditions to
the test section were such as to cause flooding in line 4 (i.e., a set of
runs were made with different inlet vapor velocities to the test section).
Once this limit had been reached for a given liquid rate out PH2, a new
superficial liquid velocity out PH2 was chosen and the above mentioned
procedure repeated.

Since void fraction was determined from the pressure drop across the
test section (using equ. 26), it was necessary to record the height difference,
h, at CHF. This at first presented somewhat of a problem because large oscil-

oC the manometer
lations of the liquid in the two columnsAmade visual recording of height dif-
ferences impossible. A number of photographs were taken of the liquid in the
column at CHF to record an instantaneous h. The result showed that while
the 1liquid exhibited significant ogeillations, the relative height of the
liquid in the two columns remained nearly constant (for each set of initial
conditions), never deviating by more than 10%. By simply taking the average
of the relative heights recorded for a number of photographs, an error of no
more than 10% from the average measured values resulted in any single reading
(the error was, in most cases lower).

In addition to errors in detecting CHF and recording pressure drop,
heat losses from the test section and PH2 were estimated at being no more
than 10%. This was shown by removing all liquid from the loop and then
turning on the power to the test section to achieve the same temperature
that had been recorded at CHF. Also FMl1 and FM2 were capable of readings
to within 1%. A small amount of throttling of V4 was sufficient to dampe~
out flow oscillationms.

Once nucleate boiling began in PH2 and the test section, the natural
tendency of the liquid entering the plenum from line 1 was to flow out through
line 2 because of the pressure tmcrease of the plenum relative to lines 3 and
4. Hence a certain amount of throttling of VI was necessary in order to force
the required amount of liquid out of PH2. If the pump is turned off

there still exists a natural circulation of liquid in lines

3 and 4 such that the mass flow rate of vapor ejected into the plenum equals
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the 1iquid flow rate entering line 3,

Fig. B below shows a close-up drawing of the test section
and preheater srrangement in which it is seen that there is
an initial inlet vapor flow rate, jgz, to the test section,
A force balance was performed on the control volume of the test
section to arrive at equations simitar to egs, 25 through 28

for the average void fraction.
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The major results of the data taken in this program have

been mentioned in the body of this report, notably fig. L.
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