GEAP-3766

CRITICAL HEAT FLUX AND FLOW PATTERN
CHARACTERISTICS OF HIGH PRESSURE
BOILING WATER IN FORCED CONVECTION

By
Frank E. Tippets

April 1962

Atomic Power Equipment Department
General Electric Company
San Josc, California




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United
States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu-
racy, completeness, or usefulness of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, ar far damages resulting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, ‘‘person acting on behalf of the Commission’’ includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.

This report has been reproduced directly from the best
available copy.

Printed in USA. Price $3.00. Available from the Office of
Technical Services, Department of Commerce, Washington
25, D. C.

USAEC Division of Technical Information Extension, Oak Ridge, Tennessee



GEAP-3766

REACTOR TECHNOLOGY

CRITICAL HEAT FLUX AND FLOW PATTERN 'CHARACTERISIiCS
OF HIGH PRESSURE BOILING WATER IN FORCED CONVECTION

Ry
Frank E. Tippets
General Electric Company

Atomic Power Equipment Department
San Jose, California

April 1962

Prepared for the
U. S. ATOMIC ENERGY COMMISSION

under

Fuel Cycle Development Program
(Contract No. AT(O4-3)-189, P.A. 11)

sprovea 7: KT 3 Aod  moproved 2y: ) L sl

D. H. Imhoff, Managér C. L. Howard, .
Engineering Development Project Engineer
) Fuel Cycle Development
Program

Atomic Power Equipment Department
General Electric Company
San Jose, California



Prints of the motion picture films referenced in this report are
available, on loan, from either of the following organizations:
(1) U. S. Atomic Energy Commission, Washington 25, D. C., Atten-
tion: Chief, Engineering Development Branch, Division of Reactor
Development, or (2) U. S. Atomic Enérgy Commission, San Fran-
cisco Operations Office, 211 Bancroft Way, Berkeley 4, California,
Attention: Director, Reactor Division. Inquiries concerning pur-
chase of prints of the films should be directed to: General Electric
Co., Atomic Power Division, P. O. Box 254, 2151 S, First Street,
San Jose, California, Attention: Roger Baird, Specialist, Govern-
ment Research and Development Sales.

-ji~



ACKNOWLEDGMENT

The work réported here was done under the U. S. Atomic Energy
Commission Fuel Cycle Development Program at General Electric Company,
Atomic Power Equipment Department (Contract Number AT(OL-3)-189, P.A.11).
This repbrt is submitted to the Atomic Energy Commission and, with the
Commission's permission, to Stanford University, Department of Mechanical
Engineering as a dissertation under the Stanford University Honors
Cooperative Program. A

Professor A. L. London ;ras the author's Maculty Research Supervisor
at Stanford University during the course of this work. The work was done
in connection with the author's assignment under Dr. S. levy at General
Electric Company. The author gratefully thanks these two gentlemen for
" the substantial encouragement, opportunity and help they gave him.

The assistance of the several people at General Electric Company who
applied ﬁheir special skills and efforts to various aspects of the project
is acknowledged with the author's gratitude. Finally, the author 1s-

grateh:l to Mrs. Annalee Wright for her careful typing of the report. -

~-iii-



ABSTRACT

High speed motion pictures of boiling water flow patterns in con-
ditions of forced flow at 1000 psia pressure in a vertical heafed rec-
tangular channel were taken over the range of mass velocities from.SO to
400 1bs/sec-£t2, fluid states from 170 Btu/lb bulk enthalpy of sub-
cooling to 0.66 bulk steam quality, and heat fluxes up to and including
the critical heat flux level. Thirty-three sequences from the motidn
pictures, éovering this range of variébles, have been made up in suitable
form for further study.

‘The motion pictures show.substantial, but not indisputable, evidence:
that the general arrangement of the fldw, in conditions of bulk boiling,
at heat fluxes near and including the critical heat flux level, is
characteristically a wavy turbulent liquid film, in which there is vapor
formation, flowing along the channel walls with the balance of tﬁe liquid
being carried as either dispersed droplets or as an emulsion with the
vapor in an adjacent more rapidly and steadily moving core.

Eighty valid critical heat flux determinations were made in the
course of the experiment at conditions‘of bulk boiling ;ith forced flow

in the rectangular channel over the range of variables:

Maeo Veloecity 50 to 400 lbs/seg-ft?
Bulk Stewin Quallly 0.08%% Lu 0.T5
Pressure ‘ . 1000 psia
Heated.Léngth . 37 inches

Hydraulic Diameter 0.46 in. and 0.81 in.

Theoretical analysis based on a representation of the flow pattern
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thich is generally consistent with the evidence observed in the motion
pictures resulted with a useful Vorking equation which relates the
critical heat flux t6'the significant local fluid properties and flow
parameters in conditions;of bulk boiling with forced flow. This working
equation was used to correlate4and study the criticel heat flux dﬁta '
dbtainéd in the present work together with a selection,‘ihtended to be -
representative, of T2 additional data points from the major available
sources. The equation includes three empirical consténts which were
determined by application to a limited portion of the dasta. Critical
heat fluxes calculated by this expression Are in good general agreement

vith measured values over the following rangé of variables considered:

Duct Geometry - | Rectangular, Circular, Annular
Mass Velocity 27 to 1096 lbs/sec-ft°

Steam Quality - 0.00 to 0.75

Pressure 585 to 2500 psia

Hydraulic Diameter 0.095 to 0.875 in.

Heated Length - 6.0 to 108 inches

An objective of the work was that-the results might be found useful
in continued experimental and theoretical 1nvestigation of the critical
heat flux phenomenon in forced flow bulk boiling systems. The results
are intended to be applicable to design and development of nuclear power

reactors employing high pressure boiling water as a working fluid.
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K]_: K?’ K3:

NOMENCLATURE ¥

flow area, ft.2

hydraulic radius A, for rectangular channels and
annuli; radius D,/2 for circular tubes, ft.

constants (equations (49),(52), Sec. VII), dimensionless
hydraulic diameter, hAf/Pf, ft.

anning friction factor, dimensionless

gravitational acceleration, ft./sec?

total flow rate per flow area (mass velocity), 1b/sec-fte
net diffusion flux of liquid, 1b/sec-ft°

mean mixed specific enthalpy, Btu/lb. .
specific enthalpy of the liquid at.saturation, Btu/1b. -

specific enthalpy of vaporization, Btu/lb.

" mean mixed specific enthalpy of sub-coolihg, he-h, Btu/1b.

wave number, 2 T/ , ft.”1

Prandtl mixing length constant (equation (30), Sec. VII),
dimensionless

constants (equations (31),(32), (36), (40), (45),Sec. VII),
dimensionless

- Prandtl mixing length, ft.

mixing length for turbulent diffusion, ft.

half-width of the zone of influence adjacent to the
interface, ft.

heated duct length, f%.

constant (equations(hs),(sé), Sec. VII), dimensionless

The analysis in Section VII is constructed to employ without change

any consistent unit system using the three fundamental wnits of length,

mass and time.

For convenience the corresponding English units foot (ft.),

pound-mass (1b.) and second (sec.) are listed in the Nomenclature. The
British Thermal Unit (Btu) is used for the unit of thermal energy.
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ct

AT

ATgy

pressure, 1b/ft- sec?

wetted wall area per unit duct length, ft.
heat flux, Btu/sec-ft2

critical heat flux, Btu/sec-ft

hydraulic radius, Ap/Pe, ft.

Reynolds numbe;, GDeéﬂL ) dimensionléés
time, sec; '

temperature difference,\oF'

liquid superheat, °F

local velocity in the Z-directiom, ft/sec.

root-mean-square turbulent fluctuating velocity component
in the Z-direction, ft/sec.

tu;bulent fluctuating velocity compohent in the Z-direction,
ft/sec.

mean velocity in the Z-direction near the interface, ft/sec.’

relative velocity between the gaseous core and the liquid
film, ft./sec.

local velocity in the y-direction, ft/sec.

root-mean-square turbulent fluctuating velocity component
in the y-direction, ft/sec

turbulent flﬁctuating velocity component in the z-direction,

.ft/sec.

friction velocity, VZ%/€ . ft/sec.

steam quality, (h-hf)/hfg, dimensionless
coordingte normal to the mean flow, ft.

coordinate parallel to the mean flow, ft.

friction pressure gradient in two-phase flow, l‘bs/fte-sec2

friction pressure-gradient for total flow of saturated
liquid, 1b/ft2-sece .
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Greek

R

Ole

1

DWW NN D 0w

6

>
3

V®URNYDT I < = >

local vapor or gas volume fraction, dimensionless

channel cross-sectional average vapor or gas volume
fraction, dimensionless :

local vapor or gas volume fraction in the gaseous core,
dimensionless

cross-sectional average vapor or gas volume fraotion in
the gaseous core, dimensionless

disturbance growth factor, sec.™L |

liquid film mean thickness, ft.

finite difference‘or increment; dimensionless
transport oroperty (Sec. VIi—B)

deflection of the interface from the mean position, ft.
amplitude of.the interfacial waves, ft.

wave length of‘interfacialswaves, ft.

critical wave length (equations (25v), (33), Sec. VII), ft.

wave-length of disturbances which grow fastest (equation
(35), Sec. VIiI), ft.

dominant wave-length of disturbance motion impressed on -

. the interface (equation (36), Sec. VII), ft

absolute viscosity, lbs/ft-sec.

kinematic viscosiﬁy,/%/? o fta/sec

dimensional group (equation (52), Sec. VII),‘fﬁe-sec/Btu
3.14..

density, lbs/ft3

surface tension at the interface, lbs/sec®

‘fluid shear stress, lbs/ft-sec®

fluid shear stress at the wall, lbs/ft-sec-

velocity potential, fte/sec
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éTPF | ziwg;gziizlzzction multiplier, (dp/dZ)TPF/ (ap/az), »
y/ A dimensionless group (equation (52), Sec. VII),

w ‘radian frequency of tﬁe intebrfacial wé.ves , sec. ™t
Subscripts

c - eritical condition

g | gé,s or vapor

L liquid

TPF two-phase flow

c=xiv-



I. INTRODUCTION

Recent developments in nuglear power reactor technology have
resulted in need for more precise determination and understanding of the
nature of the critical heat flux condition and the factors governing its
onset in high thermal performance systems using pressurized boiling
water in forced flow. ' .

The work reported here was undertaken for the particular purpose of
obtaihing photographic evidence of the general flow patterns in vertical
upward flow of high pressure boiling water in a duct at heat fluxgs near
and including the "critical heat flux" levell and to derive at least a
preliminary theory of the pheﬁomenop ﬁased on this experimental.evidence.

The work was largely exploratory in nature, and to that extent it
is preliminary, as there have been no previous experimental investiga-
tions along these same lines for high pressure flpws of water in bulk
boiling with iarge heat fluxes. It is intended that the fesults of the
work might be found useful to better define the nature of the critical
heatAflux phenomenon and thereby to help clarify the directions succeed-
ing researches would most fruitfully follow. The results are intended
to be particularly apblicable to deéign and developmgnt of nuclear
power reactors employing high pressure boiling water as a working fluid.

The main results obtained are summarized in Section IX, and the

conclusions and recommendations are listed in Sections X and XI.

1 Sometimes called "burnout" or "departure from nucleate boiling."



.ITI. BACKGROUND INFORMATION

. For some time design and operation of modern nuclear power reactors
using high preséure water, either in bulk boiling or with‘sub-cooled
surface boiling, have been governed by the limiting criterion of avoiding
the cdndition of the critical heat flux. Economic and feqhnically .
feasible nuclear fuels capable of withstanding without destruction onset
‘of the critical heat flux condition at the high heat fluxes used are
not yet available. Due to the ¢ost of nuclear reavtur cumpuneuls there
is a large economic incentive to know more precisely the cqnditions of
operétion which would cause onset of the critical heat flux condition in
reaétors'so‘that design margins can be‘reduced'to a minimum consistent
with good design practice (ref. (106)).

As a result of the large ecohomic factors involved, there has been
-en immense effort over about the last fifteen years in the United States
and, more recently, in Russia, England and Europe to investigate ‘the
critical heat flux condition, both by laboratory research and engineering
test at simulated nuclear reactor conditions. Due to the urgency of the»
need to develop bases tor design, the effourt hayg beeu‘eapended
principally on engineering test work. -

Critical heat flux data points that have been taken number in the
thousands. The'egrlier data 1s characterized by large scatter, due to
lack of precise control of the governing variébles in the process and
substantial uncertéinties of definition and measurement of the critical
heat flux condition. It is evident in the litgrature that only recently
(since about 1957 to l959)lhave even the main trends of Qariation of

the critical heat flux with system parameters in forced convection been
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generally recognized. At the time of this writing there have not been
published any general correlations that can be used with.confidence to
extrapolate frbﬁ test conditions or that, in fact, predict with reason-
able certainty the results of tests at much different conditions than
thé ones to which the cor;elations'are fitted. Progress in development
| of a sound theory to explain and reliably predict onset of fhe critical
heat flux condition in forced flow with bulk boiling has been small,
with the results largely speculative and semi-empirical at the present
time. |

Most success in theoret;cal development and laboratory investi-

gation and measuremént of the critical heat flux phenomenon haé been

~confined to small systems in pool boiliﬁg (non-flow). High speed
photography of the flow procesé haé beeﬁ a significant factor in success

- of development of a good theory describing the critical heat flux in
pool boiling systems (refs. (77) and (10)).

Absence of kndwledge oflthe general arrangement of the two-phase
flow pattern at the critical heat flux condition’in bulk boiling with
forced flow, particularly the nature of the flow process atAthe hegted
surface, has heen one of.the largest impediments to development'of
theoretica; understanding of the process, especially at the higher.
pressures of significance to nuclear reactor design (refs. (7), (2),
(3)). investigafions dealing with observations of two-phase and boiling
watef flow patterhs daté back to at least as eariy as that of Barbet in
191k (ref. (88)). ‘Witﬁ the exception of Leppert's obéervations.of two-
phase water flow at pressures ﬁp to 300 psia in a boiler sight'glassvat
the end of a horizontal heated test section'(ref. (108)), the work has'

been confined to low temperatures and pressures in the range of less than
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60 psia. Many of the studies have be;n with low pfessure air-wvater
systems. Only a very few have been done wiﬁh local heating (refs. (88),
(75), (76)).

Various definitions of the cfitical heat flux condition,]’ both
operational and theoretical, have been used on‘occasion, depending on
the application (ref. (12)). These include definitions based on:
measurement of abrupt rise or start of fluctuation of the heated surface
temperatu;e; visual observations of.the walls of the channel becomi;é
reddened as é result of high temperature; physiéal damage by melting or

2 of the heater elements; or, simply, the heat flﬁx at wvhich

rupture
heater element temperature rises cause an electronic circuit ("burnout
detector") to shut off the power supply to electrical resistance heated’
elements.3 ,
Befofe closing this Section it is desirable fo review briefly, in
cbmbination, the facts that are in.hand copcerning‘the character of
behavior of the heated surface temperature és the heat flux is raised
slowly from a condition analogous to "nucleate boiling" to the critical
heat flux condition and beyond it thfough "transition boiling" to
establishment of stable "filﬁ boiling" (or "liquid deficif" regime,

ref. (7)), for high pressure water in bulk boiling with forced flow.

1 Alternate terms that have been used are: "burnout” (ref. (101));
"departure from nucleate boiling" or "DNB" (refs. (1),(93)); and the
boiling "erisis" (refs. (10),(11)).

2 Usually due to the yield stress of the metal decreasing with the

increased temperature until it becomes less than the load stress.

3 The definition used in the present work for purposes of data taking is
a combination of the first and last definitions, discussed in detail
in Section V and Appendix B.
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Theée terms are borrowed from the terminology common in pool boiling
investigations to describe apparently analogous generél situations. The ‘
main source'ofAdafa for the description which follows is ref. (1&);
together with published results of other critical heat flux investigations
and the results of the present work.

At heat fluxes slightly less than the critical heat flux in the
"nucleate boiling" regime (Fig. II-l), the temperature difference between
the heated surface and the bulk fluid is quite uniform with time and is
relatively small, due to the large order of ﬁagnitude of the convection
heat transfer coefficient in nuéleate boiling (Brlo“ Btu/hrafte-rp), As
the heat flux is raised, with the other system variables maintained
appréximately constant, the surface temperatuié difference increaées in
considerably lesser proportion and remains uniformiwith time until the
critical heat flux condition is reached. Further increases of heat flux -
beyond the.critical level result in either:

(1) irregular oscillations of tﬁe surface temperature difference,

if the steam quality is in +the higher ranges with corres-
pondingly lower critical heat flux levels; or '

(2) abrupt rise of the temperature to a level frequently high

| enough to cause damagé to the surface (preceded sometiaeé by

slight temperature oscillations), if the steam quality is in
the lower ranges with correspondingly.higher critical heat flux
levels (Fig. II-1).

At heat fluxes slightly above the critical level, depending on the
steam quality, heat flux level and local flow tﬁrbulence, the surface
temperature characteristically oscillates in an irregulér manner between

a lover level, only a little above that for sub-critical heat fluxes, and
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a slightly higher level. The frequency of these oscillations is
characteristically in the range of 2 to 10 cycles ﬁer second. .As the
heat flux‘is raised further into the "transition boiling" regime, the
mean level of the surface temperature rises steeply and the amﬁlitude
of the temperature oscillations increases to.a maximum,Aat the higher
ranges of steam quality, as depiéted in Figure IT-1l. Finally, as the
heat flux is raiéed still further, the surface temperature oscilllation
smplitude becomes less and the mean surface‘temperature difference '
begins to stabiiize to a level which, in the cases investigéted at the
hiéher.steam qualities is about an order of magnitude higﬁér than that
corresponding to the inception of the critical heat flux condition
(ref. (14)). The point where the heat traﬁsfer again becomes steady is
sometimes called'the beginning of the "film boiling" regime (or "liquid
deficit" regime) and is apparéntly charactérized by there being almost

pure superheated steam, réther than liquid, in contact with the surféce.
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III. RELEVANT LITERATURE

The bgblished literature dealing with boiling water flow and heat
transfer is very voluminous. Since there already exist several pub-
" lished reviews of the main aspects of the field,l this Section is
confined to brief mention of some of the principal works which areb
particularly relevant to this investigation. Referénces which pertain
especially to parts of the Theoretical Analysis and are not mentioned
here are discussed briefly in footnotes in Sectiom VII.

Two-FPhase Flow Patterns

The earliest work dealing with observations of boiling water flow
patterns to which reference has béen found is that of Barbet (191L4)
described by Brooks and Badger (ref. (88)). Barbet's experiments were
repeated by B&ooks and Badger using a small vertical tube heated by a
glass-walled steam Jjacket, with éub-cooled liquid water entering the tube
at the bottom at slightly above atmospheric pressure. In substantial
agreement with Barbet's results, the following general patterns were
observed at progressively higher elevations up the tube:

(1) oOver a short length near the bottom of the channel the vapor
and liquid were almost uniformly distributed, both trans-
versely and longitudinally.

(2) Further up ihe channel the flow was composed of alternafe slugs

| of liquid and vapor.

(3) Towards the top of the chénnel the flow became arfanged as a

core of vapor with most of the liquid climbing as an irregular

tilm on the walls of the tube.

]-See: for example, refs. (6W4), (65), (66), (67); (68), (69), (1), (72);'
(73)} (7"”): (6): (l)) and (109)° ’
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ILater studies involving direct observat;on and photography of the |
boiling heat transfer process were conducted at conditions of sub-cooled
surface boiling in pools (ref. (77)) and with forced flow of sub-cooled
. liquid (refs. (78), (79)). '

More recently, observations and photography of bulk boiling water
at low pressure (p% 30 psia) with heat fluxes up to the critical level
were done with a 1l in. x 1 in. x 8 in. long glass chamnel fitted with
a four-rod heater element by Janssen (ref. (75)). Janssen's motion
plctures indicate the low.pressﬁre boiling flow to be swiriing and
eddying, with mixing across thg'channel and a tendency to surge at the
higher heat fluxes and lower flovs.

Research work has 5een in progress at Columbia University by Vohr
to observe and phoﬁograph the flow pattern regimes for boiling water at
low pressure (pZ 50 psia) with sub-critical heat fluxes in a 3-3/b in. x
3/8.1n. x 48 in. long channel heated on one side (ref. (76)).

Therbservations byADengler (ref. (80)) of‘flow patterns with
vertical upwafd flo&ing boiling water at low pressures (up to 30 psia)
4were méde with an unheated glass tube attached to the top of a steam
Jacketed heater section. The fiow pattemn observations of Kozlov were
made with a vertical glass tube with unheated air-water mixtures at about
23 psia (ref. (81), Russia). Kosterin's observations of vertical,'
incliﬁed and horizontal flow of upheated air and water were at 45 to 60
psia (ref. (84), Russia). "he work of Govier, et.al., on flow pattern
observations in vertical upwurd'flow was also with air-watgr mixtures at
about 7O F. and 36 psia (refs. (82), (83),'Canadu);

Cbservations of flow patterns in horizontal flow and attempts'to

correlate the boundaries of the various regimes in terms of fluid and
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system properties have been reported by Kosterin (ref. (8%)), Baker
(ref. (85)), Richardson (ref. (86)), Mologin (fef. .(87), Russian), and .
others (ref. (64)). 'All of these works appear to have been confined to
unheated mixtures of alr and vater or other liguids at atmospheric
temperature and pressure, or slightly above. Leppert, et.al.‘(ref.A
(108)), have reported visual obsefvatipns of two-phase water flow at
pressures up to 300 psia in an unheated sight-glass attached to the end
of a horizontal heated test section. The flow uppeared to be a fog-like
‘ mixture of steam and water dropleté, with fréqueub Lursts of apparently
higher velocity vepor passing through the mixture (ref. (108)).

While their terminology differs slightly in detail, the several
observers seem to be in generél agreement that the following flow
pattern effects occur in smooth circular vertical tubes with upward
adiabatic flow of liquid and gas (or'vapor) at low pressure, as th; flow
rate of gas or vapor is increased relative to that of the liquid. This
verbal description is based primarily on Dengler's thesis (ref. (80))
and Kozlov's paper (ref. (81)).

(1) Bubble Flow: |

The bubbles are first small and. well distributed throughout the

liquid phase. As vaporization or gas flow rate increases the

bubbles grow in size, decrease in number, and tend to occupy

the center of the tube. The bubbles grow to about one-quarter of

-the tube diameter and then Lhey start to eombine and love lhwlr

identity. |
(2) Slug Flow:

As more liquid is vaporized or, eqﬁivalently, the gao flow rate is

increased, the bubbles coalesce further and form slugs of vapor
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or gas which f£ill the cross-section of the tube and alternate with
liquid slugs along the length of the tube. The vapor or gas slv;xgs
grow in length with Increased vaporization or gas flow rate until
they tend to unite and displace the liquid from the center of the
tube.
(3) Froth Flow:

This regime appears to be a transition between the preceding "slug
flow" and the following "annular" or climbing £ilm flow. The
str\icture of the flow changes to a mixed flow of both phases in the

~ form of a very coarse .emulsion with elements which are continually
collapsing and reforming. According to Dengler, annuli of liquid
seem repeatedly to separate and are temporarily held up on the wall
by the central vapor (or gas) stream and then tumble back into the
center of the tube, thereby momentarily blocking the vapor or gas
flow. Pressure pulsations are experienced-.

(h)\_/}nnular or "Climbing Film" Flow:

With further vaporization or increased gas flow rate, the previ’ous
agltation and pressure pulsations subside and the vapor or gas, now
moving at high velocity, forces the liquid up the tube wall as
an irregular annulus in contact with }the tube walls. The gas or
vapor moves as a central core. According to Kozlov, an amount of
entrained liquid is carried along in the gas or vapor stream. At
the interface between the climbing liquid film and the gas Or vapor
_ core, there is apparently a capillary wave structure superimposed
on waves of larger léngth. In this flow regime there is, according
to Kozlov, always a continuous process of liquid droplets being torm

from the film surface and absorbed further up the tube.
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(5) Homogeneous'(Fbgi\Elow:
At very high gas or vapoftflow rates, the amount of liquid
entrainment appears to increase to a maximum and the liquid is
apparently carried.as a mist or fog. The presence of a liquid film
along the tube walls was, according to Kozlov, difficult to observe
but might exist. Dengler's observations did not extend to this
regime due to limitations of his equipment.

Liquid Film Flows and Interface Instability

A substantial amount of work has been done to investigate the
mechanics and stability characteristics of liquid film flows in tubes in
applicaticn to liquid film cooling of rocket engines (refs. (29), (34),
(30)),chemical engineering heat transfer and flow procesées (refs. (90),
(89)), and to improve bases for calculation of pressure losses and phase
distributions in nuclear reactor systems (refs. (31), (32), (91)). The
analyses in these references are based on application of single-phase
turbulent veloclty profiles to describe the liquid film flow.

Knuth observed by means of high speed motion pictures that small
disturbances, apparently associated with the stream turbulence, were
9lways present on the liquid film interface. For liquid flow rates
larger than some critical value, long wave-length disturbances appeared
on the film and liquid droplets started to be entrained by the gas
stream from the crests of the long wave-length disturbances (ref. (34)).

Sevéral recent investigations have explored the fiechanism of energy
transfer at interfaces in shear flows (refs. (20), (21), (22)), the
structure and stability characteristics of interfacial waves in relation
to the liquid film thickness and flow velocities (refs. (30), (19)), and

entrainment rates from the liquid film into the co-current gaseous core
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(ref. (31)), for air-water flows at atmospheric pressure. dharvonia
found that both the thickness of the liquid film and the maximum
interfacial wave amplitude tended to decrease as elther the gas core
velocity was increased or the liquid flow rate was decreased (ref. (30)).
According to the results of Collier and Hewitt (ref. (31)), the pro-
portion of liquid entrained in the gaseous éore increases as the liquid‘
flow rate is increased until finally the film flow rate becomes constant,
1ndepeﬁdent of total liquid flow and governed only by the gas flow rate.
At the highest gas and liquld mass flow rates, approx;mately 90 per cent
of the liquid flowing at the top of the vertical test section is carried
as entraiﬁed droplets in the gas core and the remainder is carried as a
thin film on the wall. A proven quantitative relat;onship between the
interface motion and the stream turbulence, as needed for direct applica-
tion of these results to analysis of other systems (Section VII),
apparently has not yet been found.

The studies of wave formation and mechanism of disintegration of
free-flowing liquid sheets done originally by York, Stubbs and Tek
(ref. (17)) and extended by Hagerty and Shea (ref. (18)) formed a major
part of the basis for the analysis of liquid film stability given in
Part A of Section VII. These two works established that instability
and wave formation at the interface are the major‘factors in the break
up of a free-flowing sheet of liquid into drops. The sheets were con-
sidered to be in potential fiow for analysis and the "method of small
disturbances" was employed to linearize the equations of motions. The
resulting prédictions of the growth of instabilities on the interface
and the conditions for maximum instability are supported by short-

exposure photographs of the sheets in various stages of disinte-
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gration.?

Critical Heat Flux Condition

Largely as a result of the need to define precise design limits of
heat flux and fluid enthalpy for nuclear reactor systems employing water
as a coolant there has been an extensive test and research effort all
over the world for the past 15 years or so to determine the critical
heat flux characteristics of boiling water in forced flow.3

Mach of this work, especially the earlier portions of it, was done
more from the standpoint of engineering tests at siﬁulated nuclear
reactor conditions rather than to discover énd explore systematically
the principal variasbles governing the critical heat flux condition.
Also, in several cases, neither the definition nor the measuremént‘of
the critical heat flux condition were uniform or precise and in the
reports of the work the actual character of the determinations are not

described in sufficient detail for a reliuble assessment of the validity

a'lt appears from the photographs in the paper of Hagerty and Shea that
the dominant wave lengths on the filw al Licakup arc of the same ordar
of magniinde as the sheet thickness (Figs. 8, 9, 10 in ref. (18)),
in support of the assumption made in Section VII, Part B for
derivation of equation (33).

3 The effort in the United States alone is immense, as represented by the
data included in refs. (1), (15), (93), (101) and various large test
and research programs in existence under sponsorship of the U. S.
Atomic Energy Commission (refs. (76), (99)). Apparently a comparable
effort has been underwuy in lussia (refs. (11), (74), (92), (94), (95),
(96), (97)). A substantial program of investigation is in progress in
Ttaly, with principal emphasis on the higher steam quelity regions
(refs. (6), (12), (13), (98)). A progrum of research similar to the
one in Ttaly, at the higher range of steam qualities is being done
at Harwell in mgland (ret. (8)), and another is in preparation at
Winfrith, Fngland, to perform experiments at simulated nuclear
reactor conditions (ref. (99)).
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of the data to be made.* Because of these features of the available
data, only a fraction of the thousands of critical heat flux data points
reported appear to be sufficiently well described and accurate enough
to justify their use in attempts to develop general correlations and
theoretical analysis. Often even the major trends of the data have
escaped notice or have been incorrectly ascri'bed.5

In contrast, investigation of the critical heat flux condition in
pool boiling has prégressed more rapidly and along lines of more precise
detertiination of the phenomena. It now appears the main facts of the
process are known and the theoretical representation is in goo& agree-
ment with measurements and photographic observations (refs. (9), (10)).

Earliest correlations of the critical heat flux data for forced
fléw of water in channels were principally for purposes of nuclear
reactor design.. Typically, only the fluid enthalpy (or, equivalently,
the local enthalpy of sub-cooling or steam quality, whichever was
appropriate) was employed as the independent variable (ref. (10l)). The

effect of mass velocity as an independent variable was either ignored in

b See, for example, discussions in refs. (6),(7) and (12), which note in

particular the distinction between the so-called '"burmout heat flux"

at which a self-heated element melts or is otherwise damaged by over-
heating and the true "critical heat flux condition" as characterized
by abrupt rise or fluctuation of the heater element surface temperature
with further small increases of the heat flux. Cicchetti, et.al. note
that deviations of the data from empirical 'best fit" correlations are
not infrequently as much as 100 per cent, with 15 to 20 per cent being
minimum (ref. (6)). ‘

2 Tt has been only lately recognized, for example, that the early data of
Westinghouse (Bettis), ANL and MIT (tabulated in ref. (1) and treated
further in ref. (93)) exhibit a trend of decreasing critical heat flux
with increased mass velocity in conditions of bulk boiling, X> O,

(refs. (4),(6),(100)). Reynolds' correlation (ref. (100)) was apparent-
ly the first to correctly find the trend in these data of decreasing
critical heat flux with increased pressure over the range from 500 to
2000 psia.
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these design correlations or it was incorﬁorated to predict an increase
of the critical heat flux with increasing mass velocity for both sub-
cooled enthalpies and bulk boiling (refs. (1), (92), (93)), in contrast
with the true trends in the data discovered later. The resulting
scatter of the data around these correlations was allowed for in
application to designs by constructing "limit lines" representing loci
of heat fluxes below which the critical heat flux condition (the so-
called "burnout") had not been experienced in the several tests

(refs. (1), (93), (101)).

Reynolds was apparently the first in this country to correlate the
trends in some of the data of reduction of critical heat flux with
increased mass velocity and increased pressure (500 to 2000 psia) for
X>0. The correlation'was constructed from dimensional reasoning based
on all the liquid flowing as an annulus attached to the heater tube wall,
using the early data from MIT and ANL (ref. (100)). A short time later
Bell (ref. (4)) discovered by statistical correlation the same trend of
decreasing critical heat flux with increased mass velocity in the
Westinghouse 2000 psia.data (ref. (1)) and tound that the previcusly
ascribed trend of variation with length to diameter ratio was fictitious,
due apparently to confusion with the mass velécity effect in the
previous design correlations (ref. (1), also ref. (93)). Irmediately
following, Bell's results were corroborated independently by Cicchetti,
et.al. in a further semi-empirical lreatment of thc pome dulu (ref. (6),
Ttaly). |

During about the same interval of time, the Russian investigators
were beginning to note similar trends in some of their data of decreasing

critical heat flux with increased pressure for sub-cooled average
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enthalpies over the pressure range from 585 to 3000 psia (ref. (97)),
increasing critical heat flux with increased mass velocity for sub-
cooled average enthalpies (refs. (94), (97)), and decreasing critical
heat flux with increased mass velocity in the range of bulk boiling
(ref. (96)). An apparent trend of decreasing critical heat fIux with
increased channel length to diameter ratio (over the range of ratios 11
to 50) was noted by Styrikovich and Faktorovich for their data at bulk
boiling cdnditions, but they were unable to conclu@e that this apparent
-trend was definitely not connected with the mass velocity effect over
the limited range of their experiment (ref. (96)).

The results from several of the Russian experiments are presented
together in ref. (11). In this summary presentation the trends of
decreasing critical heat flux with»increased mass velocity and inde-
pendence of the length to diameter ratio are noted together with the
trends of decreasing critical heéﬁ flux with increased channel diameter
and apparent independence of channel heated wall thickness and surface
roughness (ref. (11)). A trend of decreasing critical heat flux with
increasing pressure can be found in the Russian data given in ref. (11)
(see Section VIII).

Aladye#, et. al. (ref. (11)) distinguish between conditions of
operation vhen the flow and pressure are steady, for which the critical
heat flux decreases monotonically with increasing fluid enthalpy or
steam quaiity, and conditions when the flow and pressure are pulsating
(sometimes by intention in the experiments), for which the critical heat
flux appears to increase with increasing enthalpy or steam quality to a

maximum (magnitude less than for corresponding steady conditions) and
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then decrease monotonically with further increases in steam quality.6 ‘
It is noted in some of the earlier Russian works (e.g., ref. (96)) that
the trend of a maximum in the variation of the critical heat flux with
enthalpy is observed mainly at the lesser pressure levels (380 psia)
and disasppears at higher preésures (2650 psia).

~ Ivashkevich has presented a general correlation of much of the-
Russian data taken through 1958 (ref. (92)), which, according to
Ivashkevich, correlates the majority of the data to within about
vi 30 per cent.7 This correlation appears to have been constructed
using the data at sub-cooled enthalpies as the principel basis, althoﬁgh
it was offered_for general use in the bulk boiling range as well. Hence,
although it seems to predict correctly the general trend of decreasing
critical heat flux with increasing pressure, it represents the critical
heat flux as increasing with increased mass velocity, as is apparently
true for sub-cooled enthalpies and perhaps the lower steam quality
range but is incorrect for intermediate and higher steam qualities. The
correlation predicts ccrrectly a monotonic decrease of the critical heat
flux witﬁ increasing steam quality. It represents the critical heat flux
as decreasing with increased length to diameter ratio for L/De<1125 and

independent of length to diameter ratio for L/D > 125.

6 This same trend in some of the CISE data is discussed by Silvestri

(ref. (12)). . ’

T Using symbols from the Nomenclature, the correlation is, for X>O:
y ;
_ 1.9 x 107° re[90°(6.— €) T hay (1—X) VG, .k { Ké, K§< 50
141.8x10° Re [K3 # Ku] 3 50, K3>50

L

{ L/Dg» L/Dg<125
125, L/Dg> 125

K= La(e-e)e Tt x, -
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Silvestri has presented a modification and.extensioﬂ of the earlier
correlation scheme of Cicchetti, et.al., (ref. (6)) in his presentation
of some of the recent dISE data (ref. (12), Ttaly). The correlation
correctly predicts, for bulk boiling, the trends of decrease of the
critical heat flux with incréasing:mass veldcity and decrease of critical
heat flux with increasing steam quality (fdr conditions of stable 6pera-
tion (see footnote 6'). Silvestri's correlation of thé CISE data does
not include treatment of the trends of variation with pressure, duct
slze or other system variables. |

Aside from the unpublished work of Reynolds (réf. (100)), the
only other published attempts to improve correlation of the existing
critical heat flux dats by means of analysis using dgfinite physical
repreéentatiqns or models of the process apparently are the recent works
of Isbin and associates (réf. (2)) and Goldmann and aésociates (ref. (3)).
The two analysés are similar to each other to the extent that both
consider- that the onset of the critical heat flux condition is governed
by the nature of tﬁe furbuient diffusion of liquid droplets from a
liquid-bearing vapor core to the wall. The critical heat flux condiﬁion
is considered to occur when the diffusion rate of liquid from the core
to the wall becomes less than equal to.the liquid evaporation rate at
the wall. | |

The analysis of Isbin and co-workers (ref. (2)) proceeds on the
basis of-a definite liquid film being atfached to the wall for conditions
of heat fluxes less than the critical level and considers a material
flow balance comprised of: liquid rem§Val from the film by vaporiza-
tion together with ré-entrainment into the core; and liguid supply to

the film by means of droplets diffusing (because of the turbulence) to
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the liquid film interface, to which they attach. The critical heat flux
condition is then defined as the condition for thch liquid supply tp ,
the film becomes less than liquid removal. Droplet.diffusion is treated
in the customary manner for turbulent flow, in analogy to thé usual
treatment of turbulent convective heat transfer, by expressing the
droplet diffusion rate in texrms of a "diffusion coefficient" and the
local liquid concentration at the film 1nterface.8 The resulting
constants in the expression obtained are then determined empirically

. by comparison with méagured critical heut [lux data. Iiquid ooncen-
tration at the wall is taken as zero at theAéritical heat flux condition.
The results of the analysis are applied in ref. (2) to a seléétion of
the Westinghouse 2000 psia data (ref. (l)) and a best fit of the con-
~stants is obtainéd. Ihe‘resulting semi-empirical correlation agrees
well with the data treated and correctly predicts the trend of reducing
critical heaf flux with increased mass velocity and incfeased enthalpy
or steam quality. Since all of the data'treéted was at 2000 psia with
duct hydraulic diameters Of approximately 0.19 to 0.20 inch only, an
assessment of the correlation prediction of'the variations with duct sige
‘and pressure is not available. Although the alalYti¢a1 model includes '
the'channel diamefef as a variable it does not include the liquid-vapor
surface tension, which_appears to be a significant fluld property in

9

'detérmination-of<fhe dependence on saturation pressure.

8 Specifically, Gy = kgC, kg = bG7, vhere Gg is the mass flux of liquid
to the film, C is the concentration of liquid in the vapor core, kg is
the diffusion coefficient, G is the flow mass velocity, and b and J
are parameters to be determlned empirically.

2 See Sections VII and VIII. Also refer to Zuber's treatment for pool
boiling in either ref. (9) or (10). .
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In contrast to a basic assumption in the analysis of Isbin, et.al;,
the analysis of Goldmann and co-workers (ref. (3)) proceeds on the basis
of there being no liquid attached to the wall. The analysis is con-
sidered‘to be representative for the so-called "fog-flow" regime, for
vhich all ofithe liquid is assumed to be carfied as dispersed droplets
in the vapor. The mechanism of heat transfer is considered to be by
evaporation of liqﬁid droplets in a layer of superheated steam adjacent
to the wall. Similarly to the analytical model of Isbin, et.al.

(ref. (2)), liquid supply to the superheated steam layer at the wall is
considered to occur by meaﬁs of turbulent diffusion from the liquid-.
bearing stream and the critical heat flux condition is considered to
occur when the liquid supply_rate‘by this means be;omes less than the
vaporization rate at the wall. Also similarly to the analysis in -i-ef.'
(2), the droplet diffusion rate 1s expressed as being equal to a |
"diffusion coefficient" times the local liquid concentration gradieﬁt
(eqpivaleht to the expression in footnote 8 from ref. (2)). The,fesult
of the analysis, a non-dimensional grouping involving the critical heat
flux,'mass velocity, steam quality and enthalpy of vapqrization, is

plotted against the'gas bhase'Reynolds num'berlo

in Figure 2 of ref. (3)
using cribical heat flux data from severél sources over a pressure'range‘
-from about 500 to 1550 psia. The data does not appear to ﬁave been
correléted; as the spread with respect fo ﬁhe parameterlo Kg is as large

as a factor of ten, although the general trénd of reduced critical heat

10 '
Specifically,




flux with increasing mass velocity can be discerned. '

In both the analyses of Isbin, et.al. (ref. (2)) and Goldmann;
et.al. (ref. (3)), a main assumption is that the liquid droplet
diffusion rate is represented at the critical heat flux condition by an
expression equivaleﬁt to

6, = k0= belc, -
in which the symbols are those given in footnote 8. Im both attempts to
correlate the data it was found' that in order to achieve a "fit" the
exponent J had to be negative, in contrast with the value j ® 0.8,
expected from‘experience with turbulent diffusion. in slngle-phase
flutas.tt | | |

In a series of two papers, Culller (ref. (7)) and, most recently,
Lacéy, Hewitt and Collier (ref. (102)) huve suggestcd ceveral possible
mechanisms for the énseflof the critical héat flux condition and the |
invefse dependence on the mass velocity in the range of higher steam
qualities. In aéreement with sugéestions advanced earlier in refs. (100),
(6),‘ (2), these authors base their ideas on the concept of a liguld film
wetting fhe wall at conditions of heat flux up t¢o the critlcul level.

The critical heat fluk condition is considered fo oécur wheﬁ the film

Rno longer wets the wall. Reference (102) summarizes several of the
possible‘mechanisms which~have been suggested in the literature to explain,
in terms of a liquid film attached to the heated surface, why the critical
heat flux condition occurs, as characlerized by abrupt rlee or start of

fluctuation of the heated wall temperature.' No analyses or numerical

1 The authors of ref. (2) suggest a mechaniétic explanation for this as
" being at least in part due to the possibility of changes 1n droplet
size and, hence, effective droplet diffusion rates, depending on the

stream mass velocity.
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correlation of critical heat flux data are presented in refs. (7) and

* (L02).

Lastly, attention is called to some of the work that has been dome

to investigate the heat transfer characteristics of forced flow bolling

water systéms at heat fluxes above the critical heat ‘flux level in

transition and stable film boiling, described in refs. (14) and (103).

. In sumary, the works reported appear to be in approximate agree-

ment that the main trends of variation of the critical. flux q, for high

pressure water in forced flow appear to be:

(1)

(2)

(3)

(%)

(5)

q decreases as mass velocity is increaced, in conditions of
bulk boiling (refs. (2), (4), (6), (1), (12), (96), (100));

and increases as mass velocity is increased, in conditions of

‘sub-cooled bulk enthalpies (refs. (L), (92), (94), (97)).

X" decreases monotonically with increased steam quality or

specific enthalpy, if the flow is stable and steady (all refs.);
and may have maxima with respect to steam quality, in con-
ditions of bulk boiling if the flow is unstéady or oscil-
lating (refs. (11), (12)).

qc'decreases monotonically as pressure is increased, for the
range abovc about GOO psia (rets. (92), (97), (100)).

q, decreases as hydraulic diameter is increased, for some.of'
the data (ref. (11)). ‘

9 is viftually independent of.duct léngth to diameter ratio,
for ratios larger then about 100 (refs. (4),(6),(11),(92)); and
increases with decreased length to diameter ratios, for ratios

less than about 100 (refs. (92),(96)).

Selections, intended to be representative, from the data of
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Westinghouse (ref. (1)), Harwell (ref. (8), England), CISE (refs. (12),
(13), Italy), and the Russian data (ref. (11)), together with the data
of Janssen and Kervinen (ref. (15)) and the new data obtained in this
work (Appendix C) are treated in detail in Section VIII using the

results of the theoretical analysis in Section VII.
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IV. EXPERIMENTAL EQUIPMENT

fhé observational test section and other equipment associated with
the experiment were installed in the north loop of the large twiﬁ-loop
heat transfer test facility at Gemeral Electric Company; Atomic Power
Equipment Department. .Figure IV-1 gives a partial view of .the test
facility showing the observational test section in the left background,
installed in its safety enclosure with the high speed motion picture
camera and photographic lights mounted. In the foreground is the main
powver, flow and thermal control and recording equipment. The Sanborn
recorder used to record relative coolant flow rate, relative power level,
Criticel Heat Flux Detector output signal, and caméra operation is shown
in the right background together with the cabinet containing the Critical
Heat Flux Detector. Operation of the camera and lights was controlled
remotely by switches located on the control pahel and at the recorder.'
Test Loop

The test loop used for the experiment and the principal instru-
mentation components are diagrammed in Figure IV-5. All piping and
fittings in the loop are made of stainless steel.

Slightly sub-cooled liquid water circulates from a nine-foot
vertical steam dfum down a fonr-inch downcomcr in which mixing with sub-
cooled liquid from the bypasé sub-cooler system is done and in which a
standard flow orifice is installed to measure coolant flow rate to fhe
test section. Tﬁe flow is circulated by a packless canned rotor
centrifugal pump installed at the bottom together with the flow throttle,
pump bypass and recirculation lines and . the connections for drainiﬁg and

filling. The pipe size is reduced from four inches to two inches in the
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horizontal bottom cross-over at .1nJ;et to the test section. The flow
'discha.rges from the test section into a two-inch vertical risér at an
elevation of 5 feet 3 inches above the inlet and then fiows upward an

" additional 17 feet 1 inch to a horizontal top cross-over which returns
the fluid to the vertical steam drum. Steam is separated by gravity in
the steam drum, after which it is condensed and slightly sub-cooled

1i1 the condenser located at the top of the facility and then returned
to the downcomer at the outlet connection from the ﬁottom of the

steam drum. - .

A by-pass deMneMizer system installed in the sub-cooler loop was
used to .ma.intaih water quality in the range of 0.2 to 1.0 megchm-cm.
resistivity. No other means were employed to control water purity,
ovllier than to thoraughly flush the loop at the start of each 2U-hour
period of test operation. |

Control of the system pressure a;r;d deéree of sub-cooling at inlet
to the te‘st section 1s done either automatically or manually at the
main control panel. Precise adjustment of codlant fluw is done manually
by means of thg throttle valve and pump by-pass loop used togcther with
a manometer installed at the main flow orifice.

, Single-phase alternating current J.sA used bo generate heat in the
test sectlion heater element. The main power supply and control system
ineludog an induction typ‘e voltage regulator which ie fed by a 12,000
.volt three-phase source. The reg\ilator is adjusted to prescribed output
voltage by u remote unll in the main control panel. The regulafor
automatically compensates for variations in supply voltage. The load
terminals ofithe induction regulator are connected to the high voltage
si..de of a three-phase transformer. As ﬁsed in conJunction with the

induction regulator, the windings of this transformer are such that
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regulated constant voltage output from 30 to 360 volts can be obtained in
three overlapping steps for eaci; of the three phases, by changing-
cémectioné on a link-board between transformer winding taps. Miltiple
cable conductors( carry thg electrical current from the link-board
terminéls to the ‘bést section heater element électrodes. A main pover
circuit brea.kér, installed in the 12,000 volt supply system, is actuated
by the Critical Heat Flux Detector to shut off power at the onset. of the

critical heat flux condition in the test section.

Observational Test Section
| The test sectidn is shown in Figure IV-2, installed in its partially
' asse‘mbled fsafety enclosure together with the photographic lights a,nd ‘
mounted high speed motion picture camera. Figure IV-3 shbws the co;nplete
test section in disassembly, with one of the .50-inch spacing heater
elements. Figure IV-U4 shows a closer view of the photographic window
section. A more detailed dé'scription of the main construction features
of the test section is given in Appenda.x A | | |

The observational test section is basically a heated rectangular
flow channel 58.8 inches long, mounted vertically with sub-cooled liquid
water entering as coolant at the bottom. Width of the channel is
nominally uniform and at the photographic window section at the exit end
of the heater element it is measured to be 2,10 £ .02 inches wide.
Thickness of the éhannel is nominally wiform and is me'asure'd at the
photOgraphié window section to be either .50 in. or .25 in.. (£ .01 in )s
.depend..:lkng on the type of heater _elenierit uséd. Correaponding channel
hydraulic 'di;am’eters are .81 in. and .46 in. The channel is heated
uniformly on eiﬁher one or both of the two wide sides ’ depending on the

type of heater element installed. The heated sectlion extends 37.0 inches ’
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from the chamnel inlet to an’abyupt termination located st sbout the
middle of the photograephic window assembly. fhe channel is continued
upward: with nominally no change in geométry or cross-section for 21.8
inches of unheated length to the channel outlet.

Five types of heater elements were used, depending on heafer ribbon
thickness (.006 in. and .00 1n.'), spacing between ribbons (.50 in. and
.25 in.) and number of heated sides. As shown in Figures IV-3 and IV-4,
the heater element ribbons cover the two wide sides of the flow channel
to provide a uniform, virtually uncbstructed rectangular flow geometry.
fme heater element is held in tension by a double-spring assembly in
the inlet terminal head and the heater ribbons are pressed tightly
against their insulated backing stripé (not shown in Figures IV-3 and
IV-4) by smali leaf and wire springs located at their edges along the
heated length. |

The photographic window assembly is comprised of a mono-crystalline
sapphire filler block and holder which form the front edge of the flow
channel, a pressure-bearing pyrex window and gaskets, a steel retaining
cover or frame, and a coéted front surface mirror mountéd on the
reﬁaininé cover. The window assembly at the adjacent back side was
similar except that a pyrex filler block was used rather than the sépphire
fillerfblock, and no mirror was attached. ihe photographic window
assembly was used only at the second window section from the top adja-
cent to the end. of the heated section. The other three window sections
were fitted with stainless steel 'blanks" to form the edges of the flow
channel at those locations.

The test section and connecting piping were thoroughly insulated to

reduce heat losses from the section to a negligible level,
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Instrumentation and Measurements

The main 1n§trumentation used in the experiment is diagrammed in
Figure IV-5. ’ ”

Nbésurement of pressure for determination of fluid properties was
done by two standard Helse gauges connected in parallel to a tap in the
‘test section slightly below the'outlef end of the heated section. Cali-
bration of these gauges aﬁd comparison of thelr respective readings
indicate a maximum error less than 5 psi at 1000 psia.

Heat fluxeé end flow channel powers were calculated, based on
known heater elemeﬁt dimensions and fabrication tolerances, using system
electrical power measurements together with an estiﬁated allowance of |
2 per cent for power losses in the electrical comnections and system in
series with the heater ribbons. System electrical power was recorded
as data ﬁy a8 General Eleétric Company recording watt-meter, which was
compared by direct check at the start of each set of critical heat flgx‘
or camera runs with the steady power calculated from measurement of the
rotator speed of a standard General Electric Company watt-hour meter on
the same circuit. Comparison of these two measurements together with
previous calibrations of both instruments indicates a maximum ergof in
power measurement of less than 1-1/2 per cent. Assumiﬁg ali heater ele-
ments were fubrlcated to specified tolerances and assuming én allowance
for maximum heater ribbon resistance variation of 3 per cent in the
critical heat flux zone at the end of the heater ribbon due to observed
dimensionai changes occasionally caused by making of the'silver-
‘soldered step-Joint‘there,_the éorresponding maximum érro: in deterﬁin-

ation of the critical heat fluxes is estimated to be less than



1 Relative power was recorded simultaneously on the Sanborn

5 per cent.
record.ér in order to have a défin‘ite history of the character of thg
approach to each critical heat flux data point.

The specific enthalpy of the fluid at test section inlet was calcu-
.lated from mean fluid temperatures measured by thermocouples located in
the test section inlet terminsal head (TC-2) and in the inlet pipe about
one foot ﬁpstreaxﬁ from the inlet (TC-1) and about four feet upstream
(TC-10). The thermocouples were.Chromel-Alumel type made by Conex
Corporation. Thermocouple outputs were recorded on a Brown recorder.
The arithmetic averages of the TC-1 and TC-2 readings wefe used as the
inlet temperature and' the TC-10 readings were used as a check. The
TC-1 and TC-2 thermocouples were cdlibrated over the temperature range
of interest against a certified mercury in glass theriioieter and u culi-
brated platinum-rhodium standard thermocouple. By comparison of the
TC-1, TC-2 and TC-10 resdings, and allowing for a maximum of 1-1/2°F
variation in the Brown recorder potentiometer and referexice cold junction
system, if is estimated that the measured coolant inlet temperatures are
correct to within less than 3-1/2°F maximum error. The corresponding
maximum error in determination of the specific enthalpy of sub-cooling
at the inlet is less than 5 Btu/lb. |

Test section coolant flow was measured using e 60-inch oil-in-glass
manometer connected to flange taps of a calibrated standard orifice in

the downcomer. Flow‘ra.te was also recorded on a Bristol. flow recorder

1 As 18 discussed in Section IX, there is indication by the critical heat

flux data that some of the thinner ribbon heater elements (.006 in.)
way have been subject to a greater variation of heat flux than allowed
for ‘here. : : '



¢onnected through a diaphragm trars mitter to the orifice. Relative flow
rate was recorded contimuocusly on the .S'anbom re,cox;der‘using“the voli:a.ge
output from a Pace reluctance type transducer connected to. the orifice
taps. All data calculations are based on the average mancmeter reading
over. the time of operation at the critical heat flux condition or time of
operation of the camera. The orifice flow calculations account for local
. fluigd tempere,ture , variation of discharge coefficient with Reynolds num-
ber and thermal expansion of the orifice. Calculated flow rates are
estimated to be correct to within less than 2 per cent maximum error.

Detection of the onset of the critical heat flux condition and auto-
matic shut off of péwér to prevent destruction of the he‘é.ter element was
: acqompliéhed with the Criticel Heat Flux Detector, described in Appendix
'B. The Detector system includes a channel in the _San'born recorder to |
record <_:hanges in the degree of heater elemént voltage unbalance between
" two tapped sections at thé exit end of the heated section. The character
of these traces at the critical heat flux condition formed the main basis
. for Judgment of the .validity of each‘ critical heat flux determination
ax;d. provided information' required to Jjudge when to start the high épeed
motion picttire camera in order to synchronize ﬁm the critical heat
flux condition.

A master switch, located at the Sanborn recorder, was actuated
manually to simultaneously start the high speed motion picture camera
and switch the photographic J.'ights froni dim to full bright at onset of
the critical heat flux éondition, based on judgment of the character of
Sanborn recorder trace of the Criticé.l Heaﬁ JFlux Detector output signal.
The camera Qould then run for about 1.2 seconds to expose 100 feet of

film, after which it automaticelly shut fo. The period of camera
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operation was recorded by a marker on the Sanborn recorder, thereby
giving immediate indication of the time sequencing of the motion picture
with the critical heat flux condition. |

Several representative Sapborn recorder trsces showing the instru-
mentation readouts &t or near qriti_cal heat flux conditions are displayed
in Figures VI-2 through VI-14. Frequency response of the Sanborn
recorder appears to be adequate for the present purposes. According
to the manufacturer's specifications thé pen response at Tl ber.cent‘
of critical demping ia: (1) Step input, 90 per cent of full deflection
in 10 milliseconds; (2) Sinusoidal input, Tl per cent of full
deflection at 42 cps.’
Photography

'me'phoﬁographic setup used in coh,jtmction with the observational
test section is diagrammed in Figure IV-6 together with a tabulation of
thé main photographic data.

‘The camera was located outside thé test section enclosure om an
' adjustable mount together with two photo-spot lamps spread at an angle
of about 25° above and beiow the camera axis, as shown in Figure w-2.
The optical path from the pléne of focus tﬁrough the mirror to the £film
plane was about 29 inches. Back lighting was provided5by_two photo-
spot lamps spread at an anglc of about iO° ahove and below horizontal
in their location 6 inches from the back side of the test section in
the safety ehglosure.' ‘

- The four lamps were positioned to converge axes at the plane of
‘focus of the camera in the flow channel. Due to some flexibilities
inherent in the lamp mountings and the inaccessibility of the back,

lights during operation, alignment of the lamps with the camera axis
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and the transverse plane of the flow channel was approximate rather than
precise. Some variations in the motion picture images due to this can
be noticed.

The camera was focused sharply on the wire focusing target shown
in Figure IV-6 and was in reasonably good focus over a depth of field
from the inside face of the sapphire filler block back to a distance of
about .20 inch beyond the focusing target. The heater elements used for
the camera runs were positioned during assembly in the test section so
that the 1/8-inch long perpendicular focusing target, attached .25 in.
from the end of the heated section, was located about .15 in. inside the
channel from the filler block face. The camera position was adjusted, as
part of the focusing procedure for each run, so that it was in reason-
ably accurate alignment with the plane of the flow channel and so that
the horizontal focusing target was at approximately the middle of the
image field. The camera lens and extension tube set used resulted in an
image field, measured to be about .56 in. high, which covered approxi-
mately the last 1/2 inch of the heated section of the flow channel.
There is evidence from the heater element damages sometimes experienced
during valid critical heat flux determinations that this size and
location of the image field included the critical heat flux zone (see,
for example, Figures VI-15, VI-16 and VI-18).

Examination and measurements of the motion picture data films were
done with the Projector-Analyzer, shown in Figure IV-T, which was made
for this job. The Analyzer was used together with a Bell and Howell
Time and Motion Study Projector, Model 173. The apparatus was adjusted
to give a definite enlargement ratio for the projected image on the

glass back-projector screen (ten times actual size), thereby permitting

reasonably accurate measurements of flow pattern dimensions to be made.
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TIGURE IV-l

GENERAL VIEW OF EXPERIMENTAL EQUIPMENT SHOWING
ENCLOSEL TEST SECTION IN LEFT BACKGZROUND
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FIGURE IV-

TEST SECTION INSTALLATION

=35-



-9€ -




FIGURE IV-4

PHOTOGRAPHIC WINDOW ASSEMBLY
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DIAGRAM OF FLOW LOOP AND INSTRUMENTATION
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FIGURE IV-T

PROJECTOR-ANALYZER APPARATUS



V. EXPERIMENTAL METHOD

Use of the heat transfer test facility for the experiment was in
Joint codperation with other heat transfer tests in operation during the
period.‘ In coqsequence; the experiment typipally was run for one.or
two day intervels on a round-the-clock basis about'once a week for thé
four m§nths of the final experimental.phase, includihg installation,

1 At conclusion

warmup and stabilization of the loop at test conditions.
of eaéh test interval,.the test section and associaﬁed photographic
_equipment and special'instrumenfatioh were removed from the test léép
to be prepared for theAnext interval'of operation. |

Start-Up Procedure

After installation 6f ﬁhe assembled test section in the loop, the
following general.procedure was carried out'to bring the apparatus ts
approximate test conaitions. ‘

1. fThe loop was filled with fresh demineralized water, subjected

to hydrostatic test at 1050 psig and checked for leaks.

2. The coolant circulation pump was started and low pover was
abpiied (65 KW).

3. After one houf'(minimum) circulation at low power, during wﬁich
the»balance of the instrumentation was connectéd and checked
out, the flow and powef were shut off, the loop was drained
completely at the bottom and then again filled with fresh

demineralized water.

1 Installation of the test equipment and operation of the test loop was

done by the technician staff of the heat transfer test facility under
Mr. C. D. Endsley, Manager of Test Operations, with the author in
attendance to direct each critical heat flux determination and to do
the photography.
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The loop was agaln pressurized, the coolant circulation pump

e

was started, low power was applied, and the loop was vented at

the top to maintain pressure between 900 and 1000 psig and to
;eléase dissélvéd gases coming out of solution.

Power was slowly raised as the loop warmed. Towards the end of
the warm-up period, the flow, pressure and inlet sub-cooling
vere trimmed to approximately the values to bé used for the
fifét experimental run and the power was held.to a value vhich
caused the test section heat flux to be about oﬁe-half or less
of the expeqtéd critical heat flux level. |

After the warm-up period (about L hours ), flow, préssuré apd‘
inlet sub-cooling were adjusted to the values to be used for
thg experimental run. -Loop temperatures were allowed to

stabilize before the run was started.

v

Classification of Runs

dition.

Three general types of expefimental runs were made: camera opera-
tion only to photograph flow patterns; critical heat flux determinations.
only; combined critical heat flux determination and camers operation to

photograph flow patterns associated with the critical heat flux con-

Individual runs were further categorized according to the type

of heater element used (channel wall spacing and number of heated sides)2
and channel mass velocity.

The ﬁumbered curves in Figure V-1 are approximate plots of the
operating characteristics of the system in terms of the test section

power and heat flux as functions of steam quality X at exit from the

? Variation of heater ribbon thickness between runs (.006 in. and
.010 in. thickness) formed a sub-category.
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heated secfion forfarious test section inlet sub-coolings Abg, as
calculated from an energy balance for one-dimensional flow in,thermo-
dynamic equilibrium. The sub-coolings span appréximately<the ranges
- used for each group of runs. The arrows represent approximatel& the
_ loci of the critical heat flux conditions fownd for each group and,
hence, are approximate élots of the terminal conditions of the runs.

Critical Heat Flux Determinations

As elaborated upon further in Appendix B, determination of the
crifical heat flux condition was defined, for the purpose of taking dafa,
in terms of the Detector éetting to trip the power upon deflection of
the Detector signal recorder pen 6 mm to the right from the null.
balance position, signifying an abrupt temperature rise or fluctuation

over the last 4-1/4 inches of the heated sectian.3

As discussed in
Section II, the critical heat flux phenomenon is more correctly defiﬁed
as.the condition of incipient local temperature variation, eitherlas a
fluctuation or an abrupt rise with time. The operating definition-
used here for éhe taking of dafa,was necessary with the equipment used,
in order to be sure tﬁat the determination was not spurious, due to \
unrelated fio# or electrical tranéients. Examination of the recorder
traces shows thét fof all the valid critical hgat flux determinations .
the heat flux which c#used 6 mm deflection of the recorder pen and
power trip did not exceed the heat flux at which the fifst indicatioﬁ
of change'éf the heater element temperature could be discerned by more

than 5 to 6 per cent. In most caées, especially at the lower steam

qualities, the differences in these heat flux levels were about lor2

3 Estimates of the local heater element temperature rises corresponding
to deflections of the recorder pen are plotted in Fig. B-3.
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per cent. (See, for example, Flgures VI-3'and VI-T. through VI-14)

Each new critical heat flux determination vas approached by first
stabilizing the system at the pressuré‘(looo psia), inlet sub-cooling
and flow rate prescribed for the run, with the power adjusted to make
the test section heat flux about one-half of the expected critical '
value. The power was then slowly raised to the critical heat flux
point, with occasional pauses as required to allow the system tempera-
tures to stabilize, while the pressure, inlet sﬁb-cooling and flow rate
were maintained almost exactly constant.® At the instant of power trip
or, as was sometimes done, manual reduction of power from the critical
heat flux level (see; for example, Figure VI-8), a signal was given
and 8ll relevant data was recorded on standard data sheets immediately.
Photography

For runs during which only photography of the flow patterns was
to be done, at heat fluxes substantially less than the critical heat
flux, it was necessary only to stabilize the system at the prescribed
conditions preparatory to operating the camera.

For runs during vhich the camera was operated at heat flux levels
. near or at the critical heat flux level the same general procedure was’
followed as for the critical heat flux determinations. This type of
run was ususlly made as a nearly exact duplication of a previous
critical heat flux run. The character of the recorder trace of the
CriticalAHeat Flux Detector output signal in comparison with the trace

obtained during a previous critical heat flux run at very nearly the

b The power control regulator permits increments of steady-state power
increase of about 1/2 to 2 per cent, minimum, depending on the power
level. During the final portion of each run, an Operator was stationed -
at the flow throttle to manually adjust it as required in order to
maintain constant flow, based on the orifice manometer readings. '
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same operating conditions was-used.as the main basis for judgment of....
when to start the camera. Typically,:a.motion picture of the channel
flow pattern would be taken at the heat flux level at which the first
'indication of change of the heater element temperature.was\observed :
(see, for example, Figure VI-3). Next, the heat flux level/w§uld be
raised slightly until the fluctuations of the Detector output signal
indicated the heat flux was very negr;y at the power trip level, a
motion picture of the channel flow pattern would again be made, and
thé heat flux level would.then be reduced slightly (see, for example,.
Figures VI-2, VI-Y4, VI-6 and VI-8). Depending on the c':harat_:terA of
the Detector output signal trace for the particular run, an atfempt
would sometimes next be made to synchronize the camera with the power
trip at the critical heat flux condition (see, for example, Figures
VI-10 and VI-11).

The camera alignment and focus on the heater element focusing
target were checked through the camera eyepiece using special Fastax
focusing film, as part of the camera loading procedure for each ruh.

In order that a clear view of the focusing target could be seen, the
test section power was momentarily shut off and the photographic lights
were placed on dim for the focusing check.

A mark identifying the camera run was scribed in the emulsion at
the begimning aﬁd end of each negative exposed. The edited sequences
which have been selected as dgta for the experiment include these field

marks at their. ends.
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FIGURE V-1

GRAPH OF THE TEST SECTION OPERATING CHARACTERISTICS -
SHOWING THE APPROXTMATE RANGE OF CONDITIONS EXPLORED

Run settings are grouped according to:

Heater Element Spacing .50, .25 in. v
Number of Heated Sides 2, 1 2
Mass Velocity 50, 100, 200, 400 1bs/sec-ft

The firct onc or two digits of each run number designation . -
in Appendix C matches the number of the corresponding
run setting in Figure v-1.

The locus of critical heat fluxes for each group of run

settings was found by varying inlet sub-cooling Ahs over
the ranges indicated while holding mass velocity constant.
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VI. EXPERIMENTAL RESULTS

The expériméntal results are 89 critical heat flﬁx determinations,
of vhich 80 are selected as valid, and 33 selected high speed motion
plcture data films of boiling water flow patterns. Thé critical heat
flux data ére tabulated in Appendix C and are plotted in Figure VI-1.
Operating conditions for the selected data fllms are tabulated in
Appéndii D together with notes dgscribing observed.characteristics of
the flow patterms. ' |

Critical Heat Flux Determinations

Judgment of validity of the critical heat flux determinations was
in eaéh case based on there being evidence from the Critical Heat Flux
Detector output signal that the heater element had experienced an
abrupt rise or substantial fluctuation of its surface temperature in
the 4-1/L4 inch long section between Detector voltage taps at the outlet
end of the heated section (see Appendix C). Several representative
recorder traces are reproduced in Figures VI-2 through VI-14, which
show the nature of the variations in the Critical Heat Flux Detector
‘<output signal, the test section coolant flow, squencing of the motion
pictures, and the history of the heat flux changes during operation to
the critical heat flux condition. Appendix B includes an idealized
analysis of the corresponding heater element temperature changes
associated with the Detector output signal (Figure B-3). The codings
designating the types of runs are defined in Appendix C.

‘Determinations for which there was evidence of overheating in the
"~ upstream parts of the heater element, és indicated eithgr by heater

element damage there or by the nature. of the Detector output sighal,

vere rejected as invalid. Examples of rejected runs are given in
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Figures VI-4 and VI-5, which show Detector pen deflections to the left,
indicating temperature rises upstream from the heated section exit.
Typical zones of high temperature rise can be seen on the heater :
ribbons in Figures VI-15 through VI-18. Stains and blemishes on the
back sides of the ribbons are ffom the insulated backing strips adhering
to the ribbons during operation. The heater eléments in Figures VI-15
and VI-18 experienced almost identical severances of both heater
ribbons within 1/4 inch of the end of the heated section, at steam
qualities ot 51 per cent and 75 per cent, respectively. Two small
loéai patches of overheating canvbe seen 6n the single-ribbon element
in Figure VI-16, which occurred during critical heat flux conditions
at an exit steam quality of about 14 per.cent. Figure VI-1T shows a
photograph of the upstream section of a heater element which experienced
the critical‘heat flux condition and consequeht heater ribbon damage
about 22 inches upstream from the exit of tﬁe heated section (rejected
run 3A-2). 'The two long sections of overheated metal extending down-
stream from the point of sevefance on one of the ribﬁons in Figure
VI-17 were caused by logal flow obstructions resulting from the severed
section of the other ribbon moving across the chamnel and blocking
flow at the surface.‘-Damages to other heater élements during valid
.critical heat flux determinations were very similar to those in
Figures VI-15 and VI-18 (runs 3T-6, 3TRR-5 and TR-1l, in Appendix C).
The character of the traces of the Detector output rignal at onset
of the critical heat flux condition show a definite general similarity
thfoughout the entire range of steam qualities, mass velocities and
heater element geometries (Figures VI-3 and VI-7 through VI-1.4). |

Typically, as the heat flux was slowly raised to the critical condition,
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thg first_ipdication gf abrupt change?of tbe heaterwelemgnt temperg-/sc
ture occurred at heat fluxes about 9% to 99 per cent/of,thé heat flux
at which the Detector would trip the power or phyéicai daﬁagg to the
heater ribbons would occur. At this point the recorded Detector

output signal would commence pulsing slightly. As the heat flux was
raised further, a definite fluctuation or oscillation wouid usually
develop with a . characteristic frequency of about 2 to 5 cycles per
second and a minimum deflection about equal to or slightly above the
previous steady-state level. Further increases in heat flux would
increase the amplitude of fluctuation to the power trip.point (6 mm
deflection of the recorder pen to the right) or would cause an abrupt

~ transient rise of the output signal through the power trip point,
depending on the levels of'steam quality and heat flux. Occasionaliy
the Detector response was too slow to trip the power in time to prevent
damage to the heater element (see, for example, Figure VI-9 for rﬁn
TR-1). At the lower steam qualities and higher critical heat flux
levels the span of heat fluxes between initlal indication of onset of
critical conditions and the power trip point tended to be least and

the Detector output signal tended to rise more abruptly than at the
higher steam qualities and lesser critical heat flux levels (compare,
for example, Figure VI-10 with Figures VI-3 or VI-1hk). '

At the lower steam qualities (less than about 50 per cent) and
correspondingly higher critical heat flux levels there appears to be
little or no detectable difference between the heat flux level to
cause g power trip and thé corresponding level which would cause damagé'

- to the element at a particular critical heat flux condition (compare

repeat data points in Figure VI-1). For run 18RR-1l, the power trip
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component of the Detector wé.s shut ofannd the heat flux was raised
slovwly above the level for which the Detector output signal would
normally trip the power. Figures VI-1ll a, b, ¢ show the record of ﬁze
Tun up to near the heat flux ievel at which the heater ribbons failed.
The damaged heater element used is shown in Figure VI-18. The heat
flux level at which the element failed was about 11 per cent above
the‘norﬁal power'"trip"'lével at a corresponding steam quality of
.75L.. This run is the highest steam quality run made during the
experiment. ' Ihe change in lhe cliuiacter of lhe Dotector output mignal
during the run beyond the "trip" point appears to be pfincipally an
increase in mean level as the héat flux was raised, with only little
change in frequency and amplitude of oscillation around the mean level.
Speed-up of'the chart during the last part of the run reveals irregular
harmonics in the signal output at roughly 8 cps.

The recorder traces{indicate no qetectabie variation of coolant‘
flow, as measured at the main flow orifice, assovcluted with onact of
the critical heat flux condition.

The pattorn of the Detectar qutput siengl for a particular set 9?
condiﬁioﬁs appéars to be approximately rcproducible and it appears to:
have little hysteresls during reductions of heat flux ffoﬁ.oritical
conditions (see, for example, Figures VI-2, VI-4 and VI-8).

Examination of the plotted data in Figire VI-1 and the tabulation
in Appendix C'in.di;:a,tes very ¢lose repeatibility of the critical heat
fluxes at repeat conditions with the same heater element. Several of
the points were repeated with a deviation of less than'l per cent of
the critical heat flux. The average deviation from the means for

repeat points over the range of the éxperiment is less than 2 per cent. .
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Steam qualities at exit from the heated section were calculated
for each critical heat flux condition using the following test section
energy balance together‘with measured electrical powers, corrected

for external losses, flow ratés,_and inlet fluid temperature.

hfg W inlet
‘Where X, = exit steam quality at the critical heat flux condition.
Qe =~ test section pbwer at the critical heat flux condition
W = test sectién flow rate

- specific enthalpy of sub-coollng at the test
inlet section inlet.

h specific enthalpy of vaporization

fe

As mentioned in Section IV, the measurements are subject to the
following estimated maximum errors: Q,, less than 1-1/2 per cent; W,
less than 2 per cent; Ahg, . ., less than 5 Btu/lb. Using the method
of Kline and McClintock (ref. (107)), the corresponding maximum errors
in the critical steam quality (AXj)are estimated to be as listed in

Table VI-1l, to the same confidence level as the foregoing errors.

TABLE VI-1
6Qc, - 1G, Zth, Nh:n ;zror

Run "10Y Btu bs. inlet X ’
Yo. hr-f£te sec-1t2 Btu/1b. ¢ Q%)
1-3 .591 50.1 67.0 ' .650 .020
2-5 . .698 50.1 . 216.0 .556 .023
E-s .898 . 98.6 45.5 .511 .016

R-1 .979 99.4 161.0 .381 .OL7
6RR-1 .916 199 16.0 . 269 .011
8-2  1.089 - 199 166.4 .095 - .012
9-1 .832 397 - 19.0 .10k .008

9B-1 1.136 397 97.3 033 .009
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. Maximm error in determindtion of the critical heat fluxes is
estimated to be less than 5 per cent, based on the estimated maximum
.error in thevpower measurements, heater élement fabrication tolerances
and an assumed maximum variation in heater ribbon thickness due to
making of the silver-solder step-joint at the end of the heated
1

section.

Motion Pictures of Flow Pattemns

Operating conditions for each of the thirty-three edited high speed
motion picture sequences, together with notes describing the salient
features of the flow patterns observed in each case, are tabulated in
Appendix D. The films are made up as a set in five data reels plus a
sumnary reel. In all cases the camera was focused sharply on the 1/8-
inch long, .020-inch diameter wire focusing target attached normal to
one heater ribbon .25 inch down the end of the heated section and
located about .15 inch inside the chamnel from the window. The view
seen is approximately the last 1/2 inch of the heated section, covering
the critical heat flux zone. Nominal operating pressure was 1000 psia
and the flow was vertically upward. Enlargements ot sélected frames
from the data reels are presented in Figures VI-1l9 through VI-23. For
each of these the chamnel width is .50 inch and the apparent magni-
fication is approximately four times real size.

Since the liquid water, water vapor and window material are all

almost equally transparent and colorless us far as the ¢ye can diccern,

1 There 1s evidence that some of the thinner ribbon heater elements
(.006 in.) may have been subject to a greater varlulion of heat
flux than this allowance. (See, for examplc, the data for curves 5,
9, and 10 in Figure VI-l1. Also refer to footnote 6 in Section IX.)
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observgd ;gages ;n\;hg\motion picture f;lp§~gre mainlyropp;cg; pffects
resultingifrom different degrees of‘;ightlreflectiqn and jransndssion“n:
at the,igterfaces.“ Bgcause'qf this, observations yendvpo be subJective,
and hence, subject to error. An effort was made to minimize errors by
having other observers make independent éxaminations of the films2 and
by considefing all aspects qf the observed image to arrive at a co-
herént and uncontradictory description of the pattern seen.

Discrete small bubbles in liquid were’virtually certain of correct
interpretation because of their regular spherical shape and their
general similarity to known bubbles observed in the sub-cooled nucleate
boiling runs. With this fact in mind, the fluid immediately adjacent
to such a bubble is concluded to be liquid. Hence, any nearby inter-
'faces, as marked by either‘luminescences due- to locael reflections
from the front lamps or dark shadowé due to local interruption of the
light coming through the channel from the rear lamps, could reasonably
be interpreted as indicating a boundary of continuous vapor adjacent
to the liquid containing the observed bubble. This general line of
reasoning was followed, for example, in deducing that the arrangement
of the phéses for several of the sequences involved a wavy ligquid film
covering the inside face of the window and extending around the corners
of the channel to inclﬁde the edges of the heater ribbons and at least
a portion of their surfaces (shadow of the heater ribbon surface film
evident in profile), with irregular streamers.of vapor issuing from

the heater ribbon edges into the film, and probably continuous vapor

2 The author is grateful to Dr. S. Ievy of General Electric Company

and Professor A. L. London of Stanford University for their careful
reviews of all the selected data films.
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containing small droplets or conglomerates of liquid, or an emulsion of
.1iquid and vapor, flowing in the core of the channel.3
Distinction between bubbles flowing inside the chammel and th&ée
vhich occasionally appeared in the .03 inch thick liquid filled space
between the filler block and the outer pressure-beéring window.could
always readily be made by noting their apparent position relative to
" the heaier ribbon edges and focusingAtarget and by noting their direction
and velocity of motion relative to the channel flow. Observed irregu-
larities in the motion of tﬁe external bubbles were useful indications
of corresponding locai pressure variations.in the flow channel.
Evidence of "slugging" is-apparent in sohg of the sequences, as
indicated by almost periodic variations of the‘éqneral flow pattern and

intensity of 1ight transmitted from the rear.®

3 See, for example, the film scquences in Reel I; esequences 3S-h

through 3R-3 in Reel II; sequences 6R-1 through 8-3 in Reel III;
sequences 9R-1 through 9B-2 in Reel IV; and sequence 12-2 in Reel V.

L

See, for example, sequences 2-1, 1-1 end 2-2 in Reel I; sequenoeé
35-3, 3S-4, 3R-1 and 4-5-a in Reel II, sequnce 6R-1 in Reel III;
and sequence 185-1 in Reel v.
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DATA OF TIPPETS (G.E:)
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FIGURE VI-1
GRAPH OF CRITICAL HEAT FLUX DATA
1. Points for which the camera was operated simultaneously, points for wht h
the heater element melted, and rejected points are separately coded.
2. Variation of q, with mass velocity can be seen by comparing curves 1, 2,
: 7, and 10; curves ! and 8; curves 5 and 9; ond ourves 3, 6, and 1L.
3. Variation of q, with hydraulic diameter (.46 in. to .81 in., corresponding
to .25 in. and .50 in. spacing) can be seen by comparing curves 2 and 5;
curves 7 and 9; curves 4 and 6; and curves 8 and 11.
L. variation of q, with heater ribbon thickness (.006 in. and .0l0 in.) can be
seen by comparing curves 2 with 4 and 7 with 8, for .50 in. spacing; and
curves 5 with 6 and 9 with 11, for .25 in. spacing.
5. 'The effec£ of having one side only heated compared with the two sides
heated can be seen by comparing points number 12 (Group C) with curve L.
6. The trends of the rejected points, shown by dotted lines, aﬁpear to possess
maxima of g, with respect to X
7. Scatter of some of the data along particular operating characteristics can

be discerned, corresponding to the plots in Figure V-1 (e.g., some of the

-data for curves 7, 8, 10, 11).
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FIGURE VI-2

RECORDER CHART SHOWING OPERATING CONDITIONS FOR FILM NO. 1-2
NEAR CRITICAL HEAT FLUX "TRIP" LEVEL
Typs Ran* ¢  8sc=-0
Typs 1A Heater Element: .50 in., .006 in. -2
The trace of the Detector signal indicates little hysteresis of the

heater elem=nt termperature fluctuations with small manual reduction
of heat flux from near the critical heat flux "trip" point.

¥ Codings d=signating the types of runs are defined in Appendix C.



Wi

(N e

. FLOW ORIFICE AP -

LB/SEC-FT2 |

i i
i
ER, 1-MARK/SEC.

Sl Bl il o4

i

FIGURE VI -2



_gg -

FIGURE VI-3

RECORDER CHART SHOWING OPERATING CONDITIONS FOR CRITICAL
HEAT FLUX DETERMINATION NO. l-4 AND FIIM NO. 1-4%

Type Run ¢ BOC-T

Type 1A Heater Element: .50 in., .006 in. =2
There were slight fluctuations of the Detector signal as the
"trip" point was approached and an abrupt rise of tae signal

to the right causing the "trip," indicating heater =lement
temperature rise at the outlet end.

* Pilm No. 1-4 discardeé due to inadequate photographic
quality (not ircluded in tabulation in Appendix D).
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FIGURE VI-4

RECJRDER CHART SEOWING OPERATING CONDITIONS DURING CRITICAL
HEAT FLUY. CONDITION UPSTREAM (FEJECTED RUN NO. L4-4) AND FIIM NO. 4-5-a
Type Run : BOC-S-R
Type 1A Eeater Element: .50 in., .006 in. -2
Deflection of the Detector signal trace to the left to near the "trip"

level indicates hecter element temperature rise upstream from the
outlet end.
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FIGURE VI-5

RECORDER CHZRT SHOWING OPERATING CONDITIONS DURING CRITICAL
HEAT FLUY CONDITION UPSTREAM (REJECTED RUN NO. 5A-1)

BO-T-R

Type Run
050 in-’ 0010 ino "2

Type 1B Heater Element:

Deflection cf tae Detector signal trace to the left to the "trip"
level indicates heater element temperature rise upstreem from the

outlet end.
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FIGURE VI-€

RECORDER CHART SHOWING OPERATING CCNDITIONS FOR FILM NO. 3R-3
NEAR CRITICAL HEAT FLUX "TRIP" LEVEL

Type Run : Ssc-0

The trace of the Detector signal indicates little hysteresis of
the heater element temperature fluctuations with small manual
reduction of heat Zlux from near the critical heat flux "trip"

point.
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FIGURE VI-T

RECORDER CHART SHOWING OPERATING CONDITIONS FOR
CRITICAL HEAT FLUX DETERMINATION NO. 3RR-1

Type Run ¢ BO-T
Type 1B Heater Element: .50 in., .010 in.-2

Tkere were increasing oscillations of the Detector signal,
irdicating corresponding variations of the heater element
temperature at the oatlet end, as the critical heat flux "trip"

point was arproached.
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FIGURE VI-8

RECORDER CHART SHOWING OPERATING CONDITIONS FOE CRITICAL
HEAT FLUX DETERMINATION NO. 7-5 AND FILM NC. T=5

Type R : BOC-S
1A Heater Element: .50 in., .006 in.-2

3

The trzce of the Detector signal indicates little hysteresis
of the heater element temperature fluctuations with small
manual redaction of heat flux from near the critical heat flux
trip!' poiat.
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FIGURE VI-9

RECORDER CHART SHOWING OPERATING CONDITIONS FOR CRITICAL
HEAT FLUX DETERMINATION NO. TR-1 (HEATER ELEMENT MELTED)

Type R : BO-A

Type 1B Heater Element: .50 in., .010 in.-2

There were increasing oscillations of the Detector signal,
indicating corresponding variations of the heater element
temperature at the outlet end, as the point of melting of the
heater element was approached. Melting was apparently caused
by extrenely rapid and abrupt rise of the temperature at the
outlet end.
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FIGURE VI-10

RECORDER CHART SHOWZNG OPERATING CONDITIONS FCE CEITICAL
HEAT FLUX DETZRMINATION NO. 9A-2 AND SYNCHRONIZEL FILM NO. 9A-1

Type Run : BOC-T

Type 1A Heater Element: .50 in., .006 in.-2

There were slightly increasing oscillations of the Detector signal,
indicating correspondirg variations of the heater =lement temperature
=t the outlet erd, as the critical heat flux "trip" point was

zpproached, followed by an abrupt rise to the "triz" »oint synchronized
with the camera.
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FIGURE VI-1l

RECOEDER CHART SHOWING OPERATING CONDITIONS FOR CRITICAL
HEAT FLUX DETZRMINATION NO. 9B-2 AND SYNCHRONIZED FILM NO. 9B-2

Tyoe Fun BOC-T

Tyoe 1A Heater Element: .50 in., .00€ in.-2

There were very slight oscillations of the Detector signal, indi-
cating corresponding variations of the heater element temperature
at the outlet end, as the critical heat flux "trip" point was
approached, followed by an abrupt rise to the "trip" point
synchronized with the camera.
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FIGURE VI-12

RECORDER CHART SHOWING OPERATING CONDITIONS FOR
CRITICAL HEAT FLUX DETERMINATION NC. 20R-3

Type Run : BO-T

Type 2B Heater Element: .25 in., .0l0 in.-2
There were increasing oscillations of the Detector
signal, indicating corresponding variations cf the

heater element temperature a7 the outlet ead, as the
critical heat Zlux "trip" po.nt was approached.
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FIGURE VI-13

RECORDEE. CHART SHOWING OPERATING CONDITIONS FOR
CRITICAL HEAT FLUX DETERMINATION NO. 15R-1

Type Run :  BO-T

Type 2B Eeater Element: .25 in., .010 in.-2

There were very slight oscillations of the Detector signal, indicating
corresponding variations of the h=ater element temperature at the
outlet end, as tke critical heat flux "trip" point was approached,
followed by a relatively slow and irregular rise and then a pulse of
the signal to the critical heat flux "trip" point.

The large deflection of the Detector signal trace near start of the
run was done as rart of a routine manual check of =he Detector "trip"
setting and re-balance to null position preparatory to starting the
run.
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FIGURE VI-lla

RECORDER CHART SHOWING ONSET OF CRITICAL HEAT FLUX CONDITIONS
DUEING RUN NCO. 18RR-1 TO DELIBERATE HEATER ELEMENT DESTRUCTION

Type Eun : BC=A

Type 2B Heater Element: .25 in., .010 in.-2

There were increasing oscillations cf the Detector signal, indicating
corresponding veriations of the heater element temperature at the
outlet end, &s the critical heat flux "trip" point {gq/qg = 1.0) was
aprroached. Tke power trip component of the Detector was shut off
during the run.
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Figure VI-1ib

CONTINUED RECCRDER CHART SHOWING OPERATING CONDITIONS AT HEAT FLUXES
ABOVE THE POWER "TRIP" LEVEL FOR RUN NO. 18RR-1

The amplitude and frequenzy of oscillation of the Letector signal remained
arproximately uniform while the heat flux was held constant at the normal
critical heat flux "trip" level. The nean level of the Detector signal
irereased by a factor of about three when the heat flux was raised slightly
atove the ncrmal "trip" level, but the amplitude and frequency of oscillation
remained aprroximately uniform.
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FIGURE VI-lic

CONTINUED SECORDER CHAFT SHOWING OPERATING CONDITIONS AT HEAT FLUXES
ABOVE THE POWER "TRIP" LEVEL NEAR THE POINT OF EEATER ELEMENT DESTRUCTION

The amplitude and frequency of cscillation of tke Detector signal remained
aprroximately uniform while the heat flux was held constant at slightly
abcve the noxrmal "tzip" level. Speed-up of the recorder chart reveals
harmonics in the oscillations at about 8 cps. Further slight rise of the
heat flux resulted n deflection of the recorder pen off the chart. The
heater element melted at a heat flux 11 per cent above the normal critical
heat flux "trip" point (see Fig. VI-18). The flow remained constant
throughout the run, except for the uniform "noise"” in the f_ow orifice
recorder trace (sim_lar tc the cther rumns).
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FIGURE VI-15

PHOTOGRAPH OF AN UNUSED .50 IN. SPACING DOUBLE-RIBBON HEATER ELEMENT
COMPARED WITH A USED ELEMENT DESTROYED AT THE
CRITICAL HEAT FLUX CONDITION

e, e
Run Type 1bs. 10¥ Btu Xo
No. Run sec-ft2 hr-ft2
3-5 BO-A 98.6 .898 .511
FIGURE VI-16

PHOTOGRAPH OF A USED .50 IN. SPACING SINGLE-RIBBON HEATER
ELEMENT SHOWING PATCHES OF LOCAL HIGH TEMPERATURE RISE

G, 6%
: 1bs. 10° Btu
Run I'ype —— _—
No. Run sec-Fhe hr=ft Xc
12-3 BO-T 199 1.018 .1k0
12-4 BOC~-T 199 1.027 .140
12-5% BO-A-R 20L 1.027 .126

* Heater ribbon melted upstream near inlet end.
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FIGURE VI-17

PHOTOGRAPH OF A USED .50 IN. SPACING DOUBLE-RIBBON HEATER
ELEMENT SHOWING DAMAGES AFTER ONSET OF THE CRITICAL HEAT
FLUX CONDITION UPSTREAM TOWARDS THE INLET (DATA REJECTED)

G, de
6
Run Type lbs. 162 Btu Xc
No. Run sec-ft2 hr-f‘b2
3A-2 BO-A-R 99.4 .864 .389
FIGURE VI-18

PHOTOGRAPH OF A USED .25 IN. SPACING DOUBLE-RIBBON HEATER
ELEMENT DESTROYED AFTER DELIBERATE OPERATION 1O A HEAT FLUX
1L PER CENY ABOVE THE NORMAL TRIP LEVEL*

G, 6‘1c
Run Type 1bs. 107 ptu X
No. Run sec-Tt2 hr-ft2 o
18RR-1 BO-A 99.2 673 .751

¥ gSee recorder trace of Detector signal in Figs. VI-1lba,b,c.
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FIGURE VI-19%

ENLARGED FRAMES FROM REEL I

G = 50 1lbs/sec-ft2, both sides heated

a,
Seq. e X 106 Btu i
Fig. No. Run hr-ft2 Qe
a 2-1 SSC .258 465 << 1.0
(1) Liquid film wave structure on window surface. (2) shadow of wavy

liquid film profile on right-hand heater ribbon. (3) Focusing target
on right-hand side.

b 2-2 SSC-0 .450 .616 << 1.0

(1) shadows of focusing target and profile of wavy liquid film on
heater ribbon at right-hand side. (2) Increased back-light intensity
indicates higher vapor content in core than in No. 2-1.

c 1-2 8SC-0 .656 .588 1.0

(1) Sharply defined wave structure on liquid film on window. (2)
Distinct profile of wavy liquid film on right-hand heater ribbon.
(3) Tiny spherical bubbles carried along in liquid film on window.

d 1-2 8SC-0 .656 . 588 21.0

(1) Frame exposed .07 sec. later than Fig. c¢c. (2) Same general
pattern as Fig. c. (3) Intense back-light indicates high vapor
content in core. (4) streamers of vapor from edges of heater
ribbons into liquid film. (5) Heater element temperature
oscillating.

* Arrow numbers match the numbers of corresponding notes in
Figs. VI-19 to VI-23.
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FIGURE VI-20

ENLAEGED FRAMES FROM REEL II
G = 100 lbs/sec-ft2, both sides heated

q
Seq. Type or }((Ah ’ 108 1’3't;u gc
Fig. No. Ran Btu/1b. ) hr-£t2 ‘
a 3s-1 sC (91.4) .25 - << 1.0

(1) Sub-cooled nucleate boiling at aeater surfaces. (2) Growing bubbles slide along the surface, moving
with the stream. (3) Bubbles tend to grow in periodically spaced, irregular clumps.

b 38-2 SSsC .056 192 << 1.0

(1) General froth-like appearance, with large bubbles interlaced with continuous liquid containing a range
of smaller bubbles. (2) Iarger bubbles centrally located. (3) Frothy structure of fine bubbles in
liquid at heater surfacss.

c 35-% S5C -166 HoL << 1.0

(1) Flow is "slugging." (2) Frame =xposed curing a "light" slug, indicative of thick placid liquid layer
on window, containing small bubbles, w—th probably high vapor content in core. (3) Frothy structure of
fine bubbles in liguid against heatzr surfaces.

d 35-k SSC .166 491 << 1.0

(1) Frame exposed .02 sec. later than Fig. ¢, during "dark" slug. (2) Small spherical bubbles in foreground
in both frames are outside chamnel. (3) "Dark” slugs indicative of finely divided "froth" of vapor and
liquid in core. (L) Eeater temperature steady.

e 3R-3 55C=-0 . 465 5 [ .96

(1) Shadow of profile of highly turbulent wavy liquid film agains% heater ribbon surfaces. (2) Finely
divided structure of waves on liquid film against window. (3) Heater element temperature oscillating.
(4) Streamers of vapcr from edges of heater ribbons into liquid film.
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FIGURE VI-21

ENLARGED FRAMES FROM REEL III

G = 200 1lbs/sec-ft2, both sides heated

qd,
X
6
Seq. Type or (Ahg, 10" Btu 2
Fig. No. Run Btu/1b. hr-Tt2 e
a 6S-1 sC (2.8) .298 <<1.0

(1) Froth-like appearance, similar to Figure VI-20 b, with large
bubbles interlaced with continuous liquid containing a range of
smaller bubbles. (2) Frothy structure of fine bubbles in liquid
at heater surfaces.

b 6R-1 SsC .1e7 612 <<1.0

(1) Flow structure is finely divided and indistinct (rapidly moving)
near middle, indicative of very short wave lengths on liquid film
against windows. (2) Irregular streamers of vapor vaguely apparent
from edge of heater ribbons into liquid film.

c T=-5 BOC-S .160 .957 1.0

(1) shadow of profile of wavy liquid film vaguely apparent against
right-hand heater ribbon surface. (2) Flow structure on window more
finely divided than in Figure b. (3) Streamers of vapor from edge
of heater ribbons into liquid film. (4) Heater temperature
oscillatling.
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FIGURE VI-22
ENLARGED FRAMES FROM REEL IV
G = 400 1bs/sec-ft2, both sides heated

X C,
6 . SO
Seq. Type or (Ahg, 10° Btu
Fig. No. Run Btu/1b. ) hr-Tt2 e
a 98-1 SC (61.3) 5h5 ZT.0

(1) start of sub-cooled nucleate boiling. (2) Bubbles against left-hand keater ribbon appear to grow from
patches as flat domes, changing to long irregular vapor streamers before gisengaging or fracturing.
(3) Large, irregular conglomerates at right-hand side slide along with the stream.

. B 28-2 — o (17.6) e 93 <<I1.0
) Many discrete bubbles in the stream interlaced by almost pure liquié at channel middle. (2) Froth
structure of tiny bubbles and liquid in thick layer against both heater surfaces.

c OA-1 BOC-T .OTh .987 1.0

(1) shadow of prcfile of wavy liquid film vaguely apparent against heater ribbon surfaces. (2) Finely
divided indistinet liquid film structure on window. (3) Irregular streamers of vapor flowing in liquid
at edges of both heater ribbons. (4) Heater element temperature oscillating. (5) Frame is .0l sec.

before power "trip."

d OA-1 BOC-T .04 gtut-off 0.0
(1) Frame was exposed .06 sec. afser power "trip." (2) Flow pattern is ir the process of re-arranging

into a "frothy" structure of large bubbles interlaced with liquid, as steem is "swept" from channel.
(3) Focusing target eviden:t at le t-hand side. (4) Spherical bubbles in foregrounds of both frames are

outside channel.
e 9==2 BOC-T .037 1.1541 150

(1) Appearance similar to Fig. c. (2) Especially distinct vapor streamer from edge of left-hand heater
ribbon into liquid film. Less distinct vapor streamers at right-hand heater ribbon. (3) Heater
temperature oscillating and pulsing. (4) Spherical bubbles in foreground are outside channel. (5) Frame

is .0l sec. before power "trip."
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FIGURE VI-23

ENLARGED FRAMES FROM REEL V
G = 100 and 200 Ib/sec-fta, left side heated

a,
X 6
Seq. Type or (A hg, 10~ Btu q
Fig. No. Run Btu/1b. ) hr-ft= de
a 11s-2 SC (72.4) .612 <«1l.0

(1) G = 100 lbs,;scc-ft=.  (2) Sub-cooled nucleate hniling.  (3)
Bubbles grow in large irregular frothy clumps of tiny bubbles sliding
along the heater ribbon surface, from which occasional large bubbles
form. (4) Iittle mixing with unheated half of channel. (5) Shadow
of irregular, wavy thermal boundary layer against unheated side.

b 128-2 sC (151.2) .G12 1.0

(1) G = 200 1bs/sec-ft°.  (2) Sub-cooled nucleate boiling. (3)

Bubbles grow in irregular clumps sliding along the heater ribbon sur-
face with a frothy layer of tiny bubbles between clumps. (4) Almost
no mixing with unheated half of channel. (5) Shadow of wavy thermal

boundary layer against unheated surface.

00C-0 A3 .8LL 2~ .80

C 12-2

(1) G = 200 1bs/sec-ft2. (2) Image hazy due to fouled window
surface. (3) Hazy shadow of protile of wavy liquid film agalust
heated surface at left. (4) Much thicker (more placid) layer of
high liquid concentration against unheated surface at right. (5)
Dark curved line at right is edge of window gasket, out of position.

(6) Target partially visible at left side.
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VII. THEORETICAL ANALYSIS

Summaxry

The purpose of this Section is to derive a theoretical expression
describing the critical heat flux condition in terms of the common
properties of the flow.

Based on the visual evidence observed in the motion pictures
(Section VI , Appendix D), the following conceptual idea of the mechanism
associated with the conditions of the critical heat flux is hypoth-
esized for purposes of analysis. The representation is considered to
be applicable only to those conditions corresponding to ducted flow
of two-phase water parallel to the heated surface at mean mixture
enthalpies greater than that of the saturated liquid (X>O0).

The analysis includes, in combination and with more specific detail,
some of the ideas suggested by previous investigators (refs. (2), (3),
(5), (6), (7T), (12)). There is no evidence in the literature of pre-
vious detailed attempts along the particular line of attack taken here.

The five main hypotheses on which the analysis is based are (Fig. VII-1):

1. A liquid film exists on all heated and unheated surfaces of the

channel, traveling in the direction of the general stream
flow, under the forces of the pressure gradient and turbulent
shear stress sxerled on the interface hy the core,

2. Not all of the liquid is carried in the liquid film, some being

carried as droplets or conglomerates in the gaseous inner core.
There is a continual interchange of liquid between the liquid
film and the gaseous core at the interface. Thus, the inter-
face of the liquid film is hypothesized to be always at a
condition of instability, to the extent that adherence of any
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more liquid is matched, on the average, by removal of an equal
amount by re-entrainment and boiling in the film. This con-
dition establishes the mean thickness of the film.

3. Heat transfer from the heated surface is principally by con-
vection and conduction in the adjacent liquid (ref. (73)). A
portion of the heat goes to form steam in the liquid film and
at the core-film interface. The remainder is transferred to
the core by turbulent convection in the vapor adjacent to the
interface and by removal of superheated liquid particles from
the film. The interface and closely adjacent liquid can be
only a small amount superheated above the saturation tempera-
ture of the core. It is hypothesized therefore that, due to
the small film to core temperature differences involved, the
heat transfer to the core by convection and conduction is
negligibly small compared to the heat transferred to form
vapor directly in the film and at the interface.

4. Supply of liquid from the core to the liquid film takes place
by a process akin to turbulent diffusion. The net flow of
liquid to the film by this process is superimposed on the mean
flow of steam away from the liquid film.

5. The critical heat flux condition occurs when the liquid con-
sumption rate in the film, due to steam formation, exceeds
the net liquid supply rate from the core.

Figure VII-1A is an idealized representation of the general flow

pattern assumed according to hypothesis 1. A wavy irregular liquid film
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flows along -the heated wall, with bubbles forming at the wall surface and
steam being carrled along as irregular bubbles in the film. 'Tne faster
flowing core is represented as continuous vapor.oarrying discrete
particles or donglomerates of liquid.

Hypothesis 2 is applied in Part A to develop an approximate analysis
describing the .condition of instability of the film-core. interface. In:
order to make the problem tractable but still preserve -the essential
character of interface moﬁion at incipient instability,: it is. assumed .
for Part A that the liquid borne in the core and .the vapor formation in
the film have a negligible effect and, hence, that the core and film
have the densities Q, and €. The fluids are assumed to be in .
potential flow, with the resulting restriction that viscous shear
effects are negligible in the region of the interface.-

Results of Part A are used in Part B to relate the thickness of the
liquid film at the condition of instability to the common properties of
the flow.’'. The wave motion on the interface is assumed to be dominated
by the turbulence.  Since the essence of this part of the problem is
the local turbulent motion and momentum transfer at the interface, the.
fluid is considered to be in fully developed tulbulent flow for P°1t B,
in contrast to the assumptlon of potentldl flow to develou the’ under
lying stabllity analysis in Part A. The esseutlal-feetuxes of the.-
motion, for the purposeo of Part B, are devcloped flom the uppzonlmete.
Prandtl mixing length theory of turbulence o |

In art C a mixing lcngth rcprcscntatlon of thc pxoccss of i
turbulent diffusion is developed, using hypothesio h to relate the i
liquid supply rate from the core to the mean liquid film thlckness.

This result, together with the expression for the liquid film thickness
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obtained .in Part B, is then used in conjunction with hypotheses 3-and 5°
to fofm a simple material and energy balance .which expresses the critical
heat flux .in terms of the fluid properties and common properties of
the flow.

- The densities of the core and film are assumed to be those of the
pure vapor and the pure liquid,. respectively, for the analyses in:
Parts A and B. This idealization is justified on the basis of :the con-
siderable simplification it provides and the fact. that the relevant
features of the motion are preserved in both cases.. In contrast, for -
Part C the .essential feature of the problem is turbulent diffusion of
liquid to the. interface from the core, vhich depends. on the. local
liquid concentration. . Consequently, for Part C the core is considered
to be carrying liquid dispersed in continuous vapor, as depicted in
Figure VIi-lA.

The result of the analysis, expressed by equation (52), is-applied

in Section. VIII to a selection of all available critical heat flux data,
for the purpose of investigating the characteristics of the.data and

to test the validity of equation (52).

A. Analysis of the Liquid Film Stability

‘The two-phase flow system is reptesented by f&gure VII-lB The
liquld fllm of thickness g is adhered to the vall and has at its
interface a wave structure taken to be of glnus01dal form '7(2;{)
_ﬁ%(ﬂasOHFQt) Thls representatlon of the interfacial waves may be
assumed t0 be a 31ngle term from a possible series of such_term whlch
could be constructed from a Fburler analyeis to de scrlbe the completc

surface The coordinate system is coneldered to be mov1ng vith the

general flow S0 that the llquld fllm ve1001ty is zero and the veloc1ty
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of the gaseous core at Y= s+l i:/ts,-'the effective relative"velocit-y Use -
Strictly, the analysis is ._.‘ossed on'a disc‘ontinuity_”'of stream velocity |
from zero to Lé‘_. across the interface. Since this. is impossible. for"
real fluids B correction is made in Part B by taking the velocity change
to occur across a zone of influence extending from y 8‘-1 U(ﬂ)
to y=s+L" Uy =i

| In order to make this part oi‘ the 'ana.ly‘;sis tractable, the following
idealizations are made: the densit& of.the" co"re—is' the densi:‘tj; of the
saturated vapor eﬂ ; the density in the ﬁlm is the density of the
saturated liquid ?L H forces impressed on the f‘ilm due to vapor formation
vwithin it or at its interface are ignored, the flow is two-dimensional;
body forces are ignored; a definite interface "exists between the liquid
film and gaseous core, to the extent that there is .the’effect of.a
tangent force '‘on- the interface, corresponding to the physical property
surface tension g  , vwhich acts to stabilize small disturbances of the
liquid film surface; there is no motion at the wall.

The analysis is fornmlated using the method of small disturbances
for a perfect fluid in potential:flow (ref:- (16)). -The -analysis in this
Part is similar in general form to-the analyses of ‘free -liquid sheets
presented in refs. (17) and (18). .

{ith the assumption of potential flov the continuity equations
describing the gaseous core and 'the_ liquid film ﬁa_re, in terms of the
velocity potentials 2 and g 3 . '

— + T 0 i o<y (la)

2 2 . '
It + %H -6, s<y <&+l . ()
2zt | oy
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vherein the velocity potentials are defined as usual by

of o4 A 24,
U‘_-’:‘.‘a_;z'tlj,:—-a—; ;AL = 9_’/‘}::‘_ 9:;
The process - is. spec:Lf:.ed by. the boundary conditions on (1):
Lin 2‘3) = cos(hz—wd)+ 0o sin (k2 —irt) S
Y8~ S : .
_ S ( 8_/ Yy=c : . o . (3)
_'@f&) - [37 o7 (42)] .
L'"(ag' yos? - Lin -+ (7- i
. ‘; ‘cs(ke wt)+(w kust)y,m(,eé m,) .(i;)‘
. <62)j b*l” 4%"“.; . L . <5)

The length «/é’ isgthejhalf-width of the-zone of influence around the -
interface. :The motion of fluid beyond this zone at. 4§l "1s con-
sidered. to not:-affect the interface.
A general form for @ -vhich will satisfy (la), (2)-and (3).is,.-
assuming a product solution.for (1), .-
$= Ry [Asin(ha -t + B cos (ke-—mf‘)]

Substituting this into. (la) gives the.ordinary differential equation.

2p’ 2
j;:—k P'=o0

which has. the general solution @ . .
k
Py = ey De

Thus, the velocity potential for the liquid film has the form <« -

# = (Cet DR Asinthz-wt) + Beosha-wt)) (6

with the derivative

- ;3‘ -k(ce-pe ""ﬂAsm(ke-d)+Bcc.s(kz—wt)) (7)
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Boundary condition (3) together with (7) gives D = C. Using this
result in (7), recalling that (e"’— "")—25014'(}41)', substituting
the resulting i’orm of (7) into bounda.ry condition (2) and collecting

like terms in the equation obta.ined gives

- g
A= KTk ks)
-ﬂi

B= R G
Finally, substitution of these quantities into (6), together with C = D

and (e Ite "‘9 =2 €04‘(kg) ’ results for the velocity potential of the

liquid film with

R
Derivative;s, of ¢L which will be used later are, all e\(a.lua'l_:ed at the
interface y=§ : | . |
(3¢%y)3=§ = — Y, 5in (kzi—'w'f) -4, cos (kz-t) (9a)
(M%)z)y: g - cold ('/w‘) [«77; cos (/r& -wit) ;"7'0 sin (k 2- ‘*’?)J | (éb)

A coth (k$)

a " o £ —’ ~"‘ —.— a._." ‘ _ < .
(CO0) o = o [290 st0 (ha-)= (o =, Yees(ha-sd)] (5°)
For two-dimensional flow in the absence of body forces, density
changes and viscous effects“ the Euler momentum equations are applicable
(ref. (16), ch. 1):

oP _ U oy au . 97" _ o4
P f’[et*“ Vol ¢ 5y < e[at*“”é*”a]

U= - 9%} ] ‘4}"= - 3%3

so that | . par _ Hd
o)

. —

22 24

For potential flow with

the momentum equations can be expressed as
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2P _ p[2%¢ _ fi_,—?i’]-« 2w _ [?‘?‘ o
aa'e[ “ P 59 = Plamey T 4%y 4’?5]

otz 92  © 22
Integrating these with respect to their space coordinates gives for each
7) o
P= K+ e [—i - "'(ll f'l«"")] » K”= constant

In terms of the velocity potential ¢ this becomes

pekre[Z- {4 (] w

In order to permit"de'rivation of a linear differential equation of
motion of the interface the idealization will be assumed that the dis-
turbance amplitude /79 and its derivative "L are small so that terms
containing their products as factors may be taken as 'negiigible.. This
ideallzatlon restricts the analysis to determination of con.dltlons for
vhich an 1nf1nite51mal dlsturbance will grow A Conslderatlon of (9a,b)
together with (10) shows that the physical implication of this aséuﬁxptio‘n
is that the kinetic energy of motion —g—(u‘-f.v‘) is. small compared 'wj.th the":
quantity (’gg , which 1s proportional to the acceleration.

‘Jith this 1dea.11zation, substitution of equatlons (0) into (lO)

gives for the total pressure.of the liquid film at the interface y= s

p= K—-,f— wth (ks) [Z‘v‘-*}c sin (ka-wt) —(wby, — 7, ) cos (,Az—eaf),_] S

The pressure: oi‘ the gaseous core at the interface can be derived in a
s1mila.r fashlon as i‘ollow., .\ ‘ .
| A general form for ¢3 which will satlsfy (1b), (h) and (5) is
YOE P(y) [E,.-.. (k2-ct) + F cos(ha- wt)_] - Uy z
' Substituting this into (1b) gives ’che 01d1na1'y differential equation’
AR R
cly‘

§

—K'Fzo.
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which has the general solution '
' I
‘ Ry = Hekt 4 je |
Thus, the velocity potential for the gaseous core has the form
= [(He kY Esin( -}é = ces (ke = wi)) — U
= (/-/e +Je XE.sm(/\'é-“’ )+ Fees(ha-wé) (1K= (12).
with the derivatives

..a%- -_/((/;e"’ Je ’stm(ké-wf)-l-/:'w-‘(ké Nf))  (13a)

~ O%s = —k(hehs £ Je Y E ces (ke -ut) - Fmaz-wf)) +agL (130)

Boundary condition (5) together with equation (l3b) gives

: . . -2A S'fl" : . . B .
,:’/1 = - g k@) o (Lba)

Conbining equation.b, (13a) with boundary condition (4) and collecting -

like terms in the equation obtained gives - . -

Kk —Jet)E = ~(w-kg)y, @)
and . . . :
F %o
E 70(‘\)""({1;) ’

Combining equations (ll&a) and (lhb) s

EJs= 7(4»-/(15‘)3 /k(, -d—l'} . .‘(m)_'

Substitution of equations (llla), (1ke) and (l’+d) mto (12) gives finally

for the velocity potential of the gaseous core

-‘("f) zk(g s’- : ' = .. . ‘ :
%= ,((N—m)[’ ¢ 1[7,(?"’(%L)S"".(*e-«vﬂf%cré(ée-wf)] (15)

—Us
Derivatives of % evaluated at the interface y=§, which will be

-109-



used later are:

(8"‘%9 ,,F - [70 (v=kly)sin(ha-wt) + 4 cos (k2 - an‘)] | (168)
(8#%2)5:‘: tunk (kL") [7, (@-kl, ) cos (ka-wt) — 4, séu (ke-«ut)]_ Us.

Yank (kL") Y ' | U ) =4 ‘
G2, BCL | 2ok ) sin(heert) (oo ok ) =, emthe-s8)]

(16b)

Substituting the derivatives (16a), (16b) and (16c) into the inte-
grated momentum equation (10) and again discarding terms having as
factors the products of % end 7, gives finally for the total pressure ‘

of the gas at the interface Y=9
Bk~ 9;5 + t‘;nl(kl”)[z7',(u-ku,,,),,;,(/(e,;,g),_{,;,;_ (- %L)'}cos k- wt)] an

The interface between the liquid film and the gaseous core 1s con-
sidered to be unbroken and subject to a unit tension @ . As a
simplification if is assumed that all deflections of the interface are
two-dimensional only in the Y-Z plane. A force balance will be made
across the interface using .eq,uatiohs (11) and (17) in conjunction with
the normal forces caused by the surface tension property ¢ when the
surface is curved. | _ | |

Consider a short curved segment of the .interface of arcv length AS
subtending e correspondingiy small angle‘ AO@ at the center of curvature
(Fig. VII~2). AS and A6 are considered to be sufficiently small that
the arc mé.y be approximated as a segment of a .cyli.ndrical surface of
radius R. The gaseous cqre pressure 7; acts normal to the surface on
one side of the segment énd Mediamly opposite on the other .side the

liquid film pressure fi acts.
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. Fig. VII-2: REPRESENTATION OF INTERFACE FORCES.

For the interface segment in ‘eq_uilibrium a resolution of forces gives,
for A@ and AS small, (B—2)AS= ( lan(46)

= 0 (48)
S L0 _ L
Also  AS =R
Hence,. 7§_ 70‘: _/%’

Now, o [/+(65/a 2) J/az{

80 that for smell curvature ’ . S
e a*z_’azy -

Recalling from the initlal statement of the problem that *7 & cc.s(kz-wé)
and combining the foregoing _rela_jtions gives for the pressure difference

C -

across the interface
| @— : --a-& 7 ces (/(z wf) - (18)

Consistent with the basic assumption of the ana.lysis that s:.ngle-
valued. veloclty potentials 9{ and.g exist, 1t may be assumed that the
sma.il disturbance motion *7: and 1its a.mplitude %, have arisen from rest

- and are superimposed on the general motion described at the beginning
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by Lgl (ref. (16), ch. 2). With this consideration the initial condition

is taken as y «7'0 ,,7; =0 8O that ’ey combination of (1), (17) and

(18) the arbitrary constants K and x; can be found to be related

according to '
Kl =K —56Ua (19)

Combining equations (11), (17), (18), and (19),

29, [(9-k ) ok (h£)+ %mda 8] sin(ka-cb)+

8 . o ".}',_“;"o' :
+{(€- coth (k&) + tink (ke ’J% - [(“-klé,,)’:lldu‘ (kL )+%u. co/‘(/té) —%7’70-} cos (ka-wt) (20)
‘ co
The coefficients of the sine and cosine terms in (20) must be

identically zero. Therefore,

[(a-k Ugr) ounh (kL") + % w cedd (K«s‘)] =0 " (2la)
_ (w-kagt)‘ﬁm;(/{z"); & wrcthe)-Th/G )
o —-cc!‘ k8) -+ 'ﬁm[ (kL") ' 7‘-’.- ° : S

Since ‘7‘ is not in general zero, equation (21a) establishes a relgtion-

ship between the wave frequency & and the wave number /(=%£- as - -
' we ki S
a8 eth(hy) o (e2)
S 2k (kS)

The remainder of the analysis proceeds using equations (21b) and (22) as

the principal working equations. _
in pa.rticular, the second—order di:t:terentia..L equation (r_’lb) is seen

to be linear a.nd homogeneous w:.th the form

Ao J'ﬂ' efi@'
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vhere S 0_/‘3

M%L) el (m+ & w*cm‘l(ké)— 5
== (23a)

4 ; ?Lsa;{;{(ks') + tanh (kL") S

1f ‘@' 15 real and @' >0, then the solution of (23) can be expressed
as .. ‘

70(*):@“‘,4"{7'!' C;s:hﬂ'{»a"p'&)b .‘ (2ha)

'I:herefore, for P' 20, 7, is per:lodic but has a finite amplitude, and ‘the
interface is stable. ‘ " ’:
e @ is real a.nd @' ,' equation (23) reduces to
=0 .

it the solution 7.(*) C,’z‘+‘c: y 820 7 @)

Therefore, for @"éo , *70 either grovs or subsides linearly with time,
or it is constant, according to whether C;.:'y'r is positive, negative, or:
zero. Since ’7, is considered to be the amplitude of di_splacement of the
interface due to disturbance from a p~re,v'iously flat condition, it follows
that, ,‘70='7°(o)>0 . 'Tus, if €'z=0 the a.mplitude ?70 of a small
disturbance will grow linearly with time according to (24b) until
eventually, due to the effect of heretofore neglected &spects, the inter-
face disintegrates. . ‘ | .

Finally, if @’ 4s imaginary, corresponding to @’ <O so that;

B ‘-ZP vhere @ 1s real, then the solution of, (23) is .

. eF
J

%({) cle +C e {3/ <0 \(2%)

Therefore, according to ‘the form of (21+c), for @ < 0 the amplitude

’70 will grow exponentially with time 'until the interface disintegrates.
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.From the results expresse;i by (2ka,b,c) it is evident that a
necessary condition for sta‘oillty of the interface is (3 )O .
Therefore, using equation (23a) together with (22) obtains the corres-
ponding re].ation for the condition of stability in terms of the wave
number k= "J%. as

k> -PUS:/ A
coth (kL") + %{,,,4 k)

L Equation (.253.) defines the range of wave numbers for which the interface

(25a)

is stable, to the extent that a sma.].l disturbance of the interface will
have a peak amplitude % which does not grov 1ndefinitely wi'bh time.
'me eritical wave-length A= _kf_f ’ corresponding to @' =0 s 1s
then, from (25a), _ _ A '
2ma” ' ‘
Ac = T [cot“ ("1“9 + %- tank (k «SQ] (25v)
: - 9 Vgt A R § S

The critical wave-length ). , given by (25b), is the least wave lengthv

of simple sinusoidal disturbanceés which will grow with time to cause
instability of the interface. "Hence, )\, is .the distuija.nce wave-length
for ineipient instability. A

The growth rate ‘7,({) for disturbances of wave length greater
than ‘A, is found by differentiation of (2kc) to be

) =g [ctef-cre®]

Thus, the growth rate + (4 is proportional to ‘= =(p’. The growth
factor p is found for later use by combining equations (23a) and (22)
to obtain ' A ce 4
f= kU ; ’ / ok |

[ ot ko) duh (b4) 2 | AUl + Daikh5) - 64,

(26)
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The analysis in Part B will employ equations (25b) and (26) to
derive an estimate of the liquid film thickness corresponding to the

interface being in the unstable condition.

B. Analysis of the Liquid Film Thickness

In this Part an attempt is made to relate the gross propertiés of
the turbulence (i.e., the magnitude of the fluctuating turbulent
velocity components and the scale or size of the turbulent eddies) to
the dynamicel condition of the interface. Thereby, using equations (25b)
and (26), an estimate is made of the liquid film thickness in terms of |
the fluld properties and the properties of the mean flow. The analysis
is restricted to those cases for which the Reynolds number of the mean
flow is sufficiently large that the-turbﬁlence at the interface is fully-
developed (negligible viscous shear).

The Prandtl "mixing length" theory -15' employed to describe the
statistical properties of the turbulent motion in terms of mean
quantities. Although it is approximate, the method has the virtue of
simplicity and in several applications, such as the.generalizing of
velocity profiles for turbulent flow across surfaces, prediction of
shear stresses on surfaces and prediction of the spreﬁding of jets, it
has provided a-baéis for estimates‘which aré in father goodlagreement
with experiméntal measuréments (ref. (25)). |

In anéiogy to the ﬁheory of ﬁélecular diffusion the statistical |
'effect of the turbulence on the mean flow is represented by'the trans-
verse movement of discrete masses 6f fluid from one layer in the stream,
wheré their transport properties are the mean values of those of the

: - . /
neighboring fluid, to adjacent layers a transverse distance ,[ avay,
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vhere they mix 'with the fluid in the new neighborhood,' thereby eausing
their transport properties to bec‘ome‘ the same as the mean va.lt\es of '.
those 'of the fluid in the new neighborhood. Continuel repetitiori of this-
process along the stream causes net tra.nsferiof mass, heat or momentum
in the direction of the gradients of intensity of. the respective trans-
port properties, density or mass concentration, temperature, or velocity.
Consider the variation of a transport property § in a direction
normal to the mean flow along a wall, in the vicinity of a plane located
at Y, . The local mean value of § is considered to vary with distance
from the wall, according to T'= §(§), but is independent of Z . «’ and v~
are the square roots of the mean squares of the fluctuating turbulent

velocity components in the Z and ¥ d.irections,, respectively (Fig.VII-3).
9¢),

A N ___ /.
:t'.j 1 L(I. ,

"f///////, TIED

Fig. VII-3: MIXING ZONE AND GRADIENT OF g

Imasine a lump of fluid, loca,ted lnl,tially a.t Yo where it had the
value of § 4’ (4) to move with the time average velocity 4r/normal to
the main rlow t0 a new position at y :I, f-/ vhere it mixes with the i‘luid.
there and loses its identity At the same tlme imagine another lump of '
fluid of the same dimensions, located initia.]ly at Jb( vhere it had
the value oi’ = 5(7 +4 ,) to move simultaneously with the same time
average velocity /u-/ normal to the main flow to a new position at 9 ==:/,
vhere it mixes with the fluid there a.nd loses its 1dentity Assume that

both lumps of fluid have linea.l d.imens:.ons a.pproxima.tely equal to ,(’ a.nd
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that their time of transfer is 2" //A/‘- Consider that this sort of
exchange of fluid between jo and j¢+ / is repeated continua.].ly, therebyA
causing . net transfer of the tra.nsferable quantities associated with the
transport property £ from 3+1 to Y (assuming S4tL) > §( j,.) ) at
the time average rate per unit area normal to Y
Q, = v [5(4+4)= ()]  (2T)

Expansion of the quantity in brackets by a Taylor series for values of
. /
-4 - near Y, and assuming that A" is small so that all but the lead -

derivative term in the expa,nsion‘can be dropped gives for the net flux

Gu=-Lv(%) em

In general, £ , v/ end the gradient /ey are fuctions of Y .

' ‘Equation (27b) is a slight generalization of the theory of momentum
transfer in turbulent flow, es put forth by Prandtl. . Take the mean
local stream velocity (/ to be constant with 2 and variable ﬁith distance
from the wall according to V= U(tl) Fbllowing Prand’c.l's a.ssumption
+hat momentum is a. transferable quantity permits then the identification
of the mean 1ocal momentum per wnit volume as ¢C=0U). with this °
identification Q( is the mean flu.x of momentum per wnit volume in the
fj direction and, hence, is identified with the Reynolds stress ‘
7= -6’11_47‘ vherein #, and 4j are the local fluctuating turbulent
velocity components (ref. (25)) 'Ihus, taking .the density P .as constant
and substituting into (27b) L SR

,c/u I
PO v R 2 5 (@8)
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The basic hypothesis of Prandtl's theory is that there is a length
, _
[ , analogous to / s SO thatl
dul
. —al'vl_ ‘/5
Substitution of this into (28) gives Prandtl's equation for the turbulent

shear stress

r=04 (‘/,ju 6[3

(29)

As originally suggested by Prandtl, representing the mixing length
[ -y for regions close to the wa.J_l, byt
/_ Ky ' | A (30»)
vhere K = 0.4, gives rather good agreement between experimental data a_nd '
shear stress and velocity profile predictions by equation. (29).-
The liquid film is assumed to be always in a conditien of instabil-

ity with the maximum wave amplitude % () at any point on the interface

1 As menticned by Goldstein (ref. (24), pg. 207), the idea undeylying

this hypothesis 1s the experimental evidence that the root-mean-square
- turbulent fluctuating velocity components !’ and v/ tend to be equal.

If they were equal so that |)=}J;] , then |4 l= 4/ . Since:

the momentum is assumed transferable so that )= u’/ = (J(y+4°) — Uty)

=4 dU/‘{j for ¢’ smell, then
4 - = 4 () |
and, consequently, / =4 .

See ref. (27) for some recent experimenta.l da’ca for the fluctuatlng
velocity r'ompocnents

Schlicting (ref. (25), pg. 408) presents the results of calculations
.of- £ from Nikuradse's velocity profile measurements, .using equation
(29). The deviation of {f=0.44 from these data varies from zero at the
wall to about /lO%,at a distance from the wall of 0.10 times the pipe .
radius. ,(’/[, apparently reaches a maximum of about 0.1k at the center
-0of the pipe. According to_these data A is virtually independent of
Reynolds mmber (1.1< 10~ Re < 32) and has the same values for
smooth and rough pipe walls.
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tending to increase with time to some size for which the wave becomes
distorted by the turbulent motion of the stream, particles of 1iqy11d
may 'be torn off and carried away in the gaseous core, the wave subsides
‘ due to surface tension effects, other particles of liguid are deposited
from the core, and the process repeats indefinitely. “

- Assuming that the motion near the interface is dominantly turbulent,
1t is hypothesized that the characteristic or dominant wave length of
the interface A, is felated to the size scale of the turbulence. For
flow near the wall, the scale .of ..the turbulence appeafs to be nearly
proportional to the "mixing lengths",[ and ,€/ , which in turn are
propbftional to distance from the wall, for regions near the wall.
Therefore, in the absence of complete information as to the dependence
of the doﬁinant wave length on distance from the wall (film thickness;
S ), Ap Will be assumed to be proportional to the liquid film thick-

3

ness,> according to

The half-width of the zone of inﬂuence around the interface / v

used in equation (5) to define Lg,_ , is assumed to be identica_l with the

turbulent mlxinn length ,( , so that ' _
—17==’é’=:ﬁl}g N v A (3.)

where Ko & K = 0.k,

3 The actual structure of the interface motion in turbulent two-phase
flows has not yet been learned in detail.(See, for example, refs. (35),
(19),(21), (22),(23),) while not conclusive, the few visual observa-
tions and measurements of the liquid film wave structure that have
been reported (refs. (19), (29),(30),(34)) and the appearance of the
liquid films shown in the high speed motion pictures taken during
this investigation indicate that at least the trend expressed by
equation (31) is in gross agreement with the physical evidence. The "
motion pictures indicate characteristic film wave lengths in the range

2 N/S% 5 (Appendix D),
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The haif;-length’ci,’ the dominent waves on the interface are assumed

to be approxima.tely the same as the characteristic dimensions of the
turbulent eddies near the interface £’ . That is A, x2/% 0.88 °,

from equation (32). Hence, the order of magnitude of the dominant
wave-length Ao is as‘sunied to be the same as the"ﬁlm thickness 8‘ ‘;‘3

" With these assumptions and noting that by hypothesis 2 (@8.-78) A<,

the hyperboli¢ functions containing § and ¢ *in equations (25b) and

(26) sre nearly unity. Hence, using £ = '27f/'7‘,"equation§ (25b) and

(26) reduce to

N anad B
A %USL (/ T o33

277'41. z”a- o, .
(9 A(G+0) [e b (@H’ )] D)

-According to (2ic), the amplitude 7, of disturbances with wave
lengths greater than A, will grow exponentially with time in proportiom:
to the magnitude of e . 'Depending"on"'th"e varlation of @ with 7
is rea.sona'ble to expect that interface motion will be dominated by‘
those d.isturba.nces which grow fastest. The fastest growing disturba.nces '

are those hav‘.l.ng a wave length ),, which maxlmizes the grovth fa.ctor
@ . Thus, differentiating (34) with respect to A, setting the

result equal to zero and solving for A= 7\,, glves

_ ame N |
7\n—m(/+<’,/?.) BT

Due to the character of tu.rbulent flow there exists a spectrum of

distur‘bance wave-lengths extending from the dimens:.ons of the molecular

vy PR
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motion up to within an 'orde"r of ‘iagnitude ofthe duct dimeneions;u “In
accord with hypothesis 2, disturbances of the i'nt'erf‘a'ce having wave: |
" lengths less than A can be ignored since their amplitude will remain

small. Disturbances having wave-lengths larger’than -‘\,, can also be
ignored because their growth rates will be no faster than those of dis- -
turbances with wave-lengths slightly less than or equal to %m * Thus, «
the dominant wave length A, of the characteristic'disturbance- motion
inpressed on the interface by'the'turbxﬂ.'ence' may be assumed to be-
bounded according to - Ac < Ae < Am .

‘Hence, ‘assuming ‘A, is constant for a given flow condition,

equations (33) and (35)'can be used to express the dominant wave léngth' -

as .
No=T (/'f- /e (36)
vhere = - .
27T< k; < 377’ N
Substituting this into (31) gives for the correepond:l.ng liquid ﬁ.].m
thickness

§= )%L (1+ 4/e) (31)

According to the conceptual ideas of the a.nalysis to this point, the

actual 1iquid film thickness will tend to vary a.round a mean va.lue given

H

4 According to Dryden (ref.’ (36)), the scale of the turbulence in &

particula.r flow.may be expected to spa.n ‘the' ra.nge . from. the microscopic
sizes associated with the molecv.Lar motion up to a size scale deter- .
mined by ‘the size and’ geometry_ of the general, flow path. See also .
the paper of Fage & Townend regarding their microscope observations .
of fluid motion near the wall in turbulent flow (ref.- (63)) -
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by (37) as liquid is exchanged between the film and the gaseous core in
consequence. of the local turbulent motion. When the film is thicker
than § unstable disturbances will grow more rapidly causing a net
transfer of liquid from the film to the gaseous core with consequent
reduction of the film thickness. When the film is thinner than &

the disturbances will either becéme stable or will grow less rgpidly
thereby permitting a net transfer of liquid from the gaseous core to.
the film with consequent increase of the film thickness.

Finally, an estimate can be made of the effective relative vélocity
between the gaseous core and the liquid film, LéL,'using some of the
preceding results of Prandtl's mixing length theory. In a manner
similar to that used in the derivation of equation (27b) take the
general property ¢ to be, for @ constant, C(y) = €U) -

Consider Y =g , the location of the interface, surrounded by a
zone of influence extending from Y= *ﬂl', where AL/:L&,, the éffectiye
liquid film velocity, to Yy=g+4", vhere (= t the effective gaseous
core velocity. > Identify the half-width of the zone of. influence, ,?”,,

with the effective mlxing length L’ (Flg VII-h)

5'Ihe analysis in Part A proceeded with the implication of a discontinuity
- of velocity at. the intertace corresponding to the velocity difference
g - Actually, for turbulent flow at the interface it is more likely
that the velocity will change sharply, but not discontinuously, at

the interface over a mixing region or zone of influence extending

on both sides of the interface a distance £ . _¢” is assumed to

be proportional to and approximately the same magnitude as the :
mixing length ¢’
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Fig. VII-h MIXING ZONE AND GRADIENT OF U
The effective velocity of the gaseous core relative to the 1nterfa.ce

is then

Y, = U(s+d) = ()

Expanding this in a Taylor series and taking only the lead term, for

().,

Similarly, the effective liquid film velocity relative to the interface

!
X small y glves

is

U, = U (5-2) —U(s)

(T, p

Therefore, the effective veloci*l;y difference across the interface is

= o=t = L[ (%) + (48)]

Recall the definition of the friction velocity Ax=Y7/p and,
/
following Pra.ndtl, consistent with the assumption A= l=Ky for'

regions near the wall,s assume that the shear stress is approximately

® see schlicting, page 395 (vef. (25)).
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constant across the film at the value for the wall 7, , for thin
films.

Then,

{
,U;L ___.‘/70’/& \383)

and, for continuity of shear stress across the interface, and dis-

continuity of density from £ to € s

kg = Vife = A& \e/g (36b)

.Substitution of these relations together with Prandtl's shear stress
equation (29) into the foregoing relation for USI- and using equations
(30) and (32) for the mixing lengths A ana X’ gives for the effective

relative veloclty between the gaseous core and the liquid film

U = ()= [1+ RR, | (39)

Finally, substitution of (39) into equation (37) gives the expression

for the liquid film thickness to be used in the remainder of the

analysis

ksK-'/O'. (”; eﬁ/ﬂ)

§= 40
B AT ) ()
where the constants have been combined into
k= A () (1)
"7 K K

The friction velocity 4k, = V-';;,/p‘_ in equation (40) can be related
to the mean properties of the two-phase flow as follows.
Using a method common in the field! the pressure gradient due to

Tsee refs. (38),(39),(40) for examples of typical correlations of &, and
comgarisons th dats. Fig. VII-6 shows the Martinelli-Nelson corre-
lation of ¢, .
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wall friction alone can be ‘calculated from
(’ydz)rr’r = C/»zﬁﬁ,,

vhere A, = Ag /Rc , the hydraulic radius
ﬁg = 7;/.-6: » the Fanning friction factor8
26, - :
G mass velocity, average stream mass flow rate per unit
flow area

. grfr: (Jf/‘/e)rrf /( J%{z)o » two-phase friction nnﬂtj.pliér'?
(‘5@ , friction pressure grad.iept for all of the fluid flowing

as saturated liquid at the mass velocity G.

A force balance on a section of the cha.nnel of length 4z, cross-
secticma.l area Af and total wetted area pa.ra.].lel to the flow R dz

gives ’ for steady two-pha.se flow,

9 (a%a’z - pde

@P/ 4 "’)mr = Z;

Com‘bining the two relations for (d p/da_)ﬂ,F end expressing 1,& V7is0,
givea for the friction velocity in two-pha.se flow

L=(—£-§,,,,1£) -(,GT )

- Substituting this into ﬁqtmtion (hO) gives as a final working equat:l.on

Thus,

for the liquid ﬁlm thickness

| , z (v2)
St G (14VER)

8 gsee refs. (4l) and (42) for correlations of friction factor data.
Note that fp = £/4, using the Darcy-Weisbach form of f given by
Moody (ref. (11-2))
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This expression will be used in the analysis of the critical heat flux

condition in Part C.

C. Analysis of the Critical Heat Flux Condition

The condition associated with the critical heat flux is assumed to
occur when the rate of liquid consumption-in the film due to steam
formation exceeds the maximum liquid supply rate due to turbulent
diffusion of liquid particles from the core (hypothesis 5, page. 79).
At heat fluxes higher than the critical heat flux the liquid consump-
tion rate in the film becomes increasingly larger than the liquid
supply rate and conseqnently the film becomes increasingly thinner until
finally there is insufficient liquid adjacent to the heated wall to
provide complete "wetting' by liquid and a patch forms in vhich the
wall is in direct contact with éteam. 'As a nonsequence, due to the
‘relatively poor heat transfer properties of steam in comparison to
boiling liquid water, the temperature of the wall rises sharply to a
ievel dependent on the average‘heaflfluxblevel and the flow cnn;
ditions.9 The averagé wall neat flu%iienel at ﬁhich this condition ié
inciplent is defined ‘s the "critical heat flux" .

It is assumed for this part of the analysis that all but a negli-

gible fraction of the heat tran fer from the wall goes to form steam

9 According to the experimental results (se¢ also ref. (14)), the wall
temperature typically may start to oscillate rather randomly at the
onset of the critical condition, fluctuating between a value only
slightly above that for stable nucleate boiling and a higher value
approaching that corresponding to steady heat transfer in the liquid
deficient or film boiling regime. It is postulated that this is due-
to alternatée growth and collspse of the vapor patches caused by local
turbulent flow fluctuations at the critical condition. (See recorder
traces in Section VI)
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in the 1iquid film and at the vapor-film interface (hypothesis 3).
Forces on the £ilm due to steam formation are assumed to have a negli-
. glble effect on the film stabilitx and the effect on the local sheér
stresses and velocities due to liquid particles in the cére and vapor
in the film are ;gnored, so that the results from Parts A and B can be
used directly. Net transfer of liquid from the core to the film is
assumed to occur by a process of fﬁrbulent diffusion, described by
equations (27a, b) (hypothesis 4).

Consider the general property 4(4) in the derivation of eQuation'
(27a) in Part B to be the local time average concentration of liquid -
parti‘cleé in the gaseous core near the interface so that

| <) = Q[I-a(p] , 9>8
vhere o(;(y) is the local time average vapor volume fraction in the
gaseous core (Fig. VII-5). -

Correspondingly, identify (%f(j) in equation (27a) as the liquid
transfer rate per unit interface area between the gaseoﬁs core and the'
.liquid film due to turbulent diffus.ion , Gﬁ .

41 (l-oe(9) !
|
|

5=8+ﬁ'~*— B e |
| y=g =0 T~
U_S .‘-_f'_.‘ ‘ _l

’ _U# 7\ Z(;<;~) :

('})i‘) . !
'
2.0

o 7////?1'7//// wall If///////// (1-%(9))

~ .

Fig. VII-5: LIQUID VOLUME FRACTION DISTRIBUTION
' AT THE CRITICAL CONDITION

Thus, using equation (27a), the net liquid mass diffusion flux to

the interface due to turbulent diffusion is - _ o e
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! = € (-6 - (- se?

vhere A 1s the root-mean-square turbulent fluctuating velocity
component for two-phase flow. There 15 in the vicinity of the interface

& mean flow of steam in the 3 d.irection away from the interface at the

_r
=
T G

assuming all of the wall heat flux 7 goes to form steam in the liquid

mean veloc ity

film and at its interface (hypothesis 3). As a consequence of this
mean flow of vapor there is a component mass flux of liquid away from ‘
the interface region at the rate G = e 5 [1-o% (5+4)], essuming £ y
is small. Due to entrainment of liquid particles torn from the inter-
face there is an a.d.ditional' component mass flux of liquid leaving the
interface at the net entrainment rate v_Ggl . Summation of these éompo-
nent fluxes gives the net mass flux of liquid from the core to the |

interface, (G = GJ-G“ d , a8

Ga = 0.7 [l x5 = (=% (80)] - l( )l e +29]- G4 00

Assuming all heat transferred goes to make steam in the film and at
‘its interface, it follows from an energy and material balance, for

steady-state conditions (q < g,), that

I
g

It is postulated that when the critical heat flux condition exists,

 (43p)

due to excess of liquid cohsumption over l:l.quid supply to the film,
the film thins slightly causing the interface instabilities to cease

growing, thereby momentarily reducing the rate of entrainment of liquid
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- from the interface. At the limit as the film becomes thinner the
local entrainment rate GZ(/ reduces to zero and all liquid adjacent to
the film which comes in contact with'the interface will be absorbed
into the film due to surface tension effects.l® At this condition
turbulent diffusion of liquid from the core to the film will behave,
in the limit, as though the interface were a sink corresponding to
[1—%c(8)]= 0. is condition is associated with the onset of the
critical heat flux condition, corresponding to q = q, (Fig. VII-5).
Thus, combining (43a) and (k3b), with q = q,, Gy =0 and [/—c@]=0

glves for the critical heat flux

~<g;s)[’”“°ég'*"") 7] %’F‘ o

There are no analyses vhich predict /U,‘-,’;- a.nd the only experi-

mental meesurements of turbulent fluctuating velocity ccmponents are

for single-pha.se systems. According to the da.ta. of . I.a.ufer (ref (271 )),
the root-mea.n-squs.re turbulent fluctuating velocity component for single-
phase flow 1s a function of distance from the wall, varying from zero
gt the wall to a maximum epproxlmately equal to the friction vslocity

Vg at a distance near the wall', and reducing slightly for the regions
near tl:e center of the duct. Variation of 4~/ with Reynolds number is
small in the range of fully developed turbulence >(Fig. VII-‘7.).‘

I ‘analogy with the character of. w{(y) for single-phase flow, the

10 tme term "surface tension " O~ is taken to mean the physical property
of the exposed liquid surface (interface) behaving as though it were
in uniform tension. Provided that momentarily there are no forces on
the interface which exceed the forces arising from the surface tension
(as is assumed here), the surface will flatten and liquid particles
vhich contact the interface immediately become part of the surface
system and are pulled into the film (see ref. (43), ch. 6):
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effective turbulent fluctuating velocity component for two-phase flow
A 7’#(,‘!) is assumed for this part of the analysis to be represented

adequately near the wall by a simple power law of the formll

Ny S )

where K '-a.nd # are constants and b is the radius, for circular pipes,
and the hydraulic radius 2, =Ap/}§ , for thin rectangular ducts and
annuli.l?

Substituting equation (45) into (4k4) and evaluating at the inter-
_face, Y=8 , ylelds for the critical heat flux in terms of the '

liquid film thickness

I .
TR st Y (5) ()

llpquation (45) can be considered to be the lead term of a possible power
series describing A% exactly. This expression of VP as a function of
distance from the wall is in accord with Laufer's data for .single-
phase flow, for regions near the wall (Fig.VII-T); it is, however, at
variance with the assumption implicit in the mixing length theory, used
in preceding parts of the analysis, that 4 “=4j;. The mixing length
theory is Justified on the grounds that the single-phase veloclty dis-
tributions and shear stresses predicted with it are correct in magni-
tude and trends (ref. (25)). In contrast, for this part of the anulysis
the essential feature being examined is the variation of turbulent
liquid diffusion rate with distance from the wall, and consequently,
for the line of attack taken, it Is necessary here to consider the
corresponding variation of Wi, .

lalaufer 's results, given in Fig. VII-T for a 10-in. diameter pipe, agree

well with his ea.rlier data for a rectangular channel (ref. (26)) for
4/b > .05 , 1£ b 1is taken as the pipe radius in the first case and as
the hydraulic radius An for the rectangular channel. :

For rectangular channels of large aspect ratio A2, approaches the
channel half-width. For concentric annuli of radius ratios not far from
unity the appropriate value of 5 would be, by inference, half of the
radius difference, which is identical with 2; . These definitions of 4
are in general agreement with usual procedures for prediction of mean
velocity profiles from mixing length theory and prediction of turbulent
wall shear stresses in ducts (ref. (25), chs. 19 and 20).

-130-



vherein the friction velocity, from equation (45), is taken as that for
the core, 42;3 V_ p y assumi-ng continuity of shear stress -
and discontinuity of density from ? to Es across the. interfa.ce The
constants h and w will be evaluated in combination: with other;constents_
by comparison of the final theoreticsl relation for g With the measured
critical. heat flux data (Section VIII) . In this way._ vnriations between
(y) for two-phase flow and that for single-phase flow will be

accounted for.k3 4

No data nor reliable means of prediction are yet.available giving
the transverse steam volume fraction distribution in hea.ted channels

Lk Consequently, in order to proceed, the steam

with bulk boiling.
volume fraction distribution in the core part of the channel flow,
0(¢(3) will be assumed to be approximately uniform a.t an effective

average value for the core, o(,; 'I‘hus »
o'cc('&he") x X L)
It is usual to express the average steam volume fraction for the

overall channel cross-section in terms of an effective average phase

13 According to analysis and data given 'by Longwell and Weiss in ref.
(45), the diffusion rates for liquid droplets in a gas stream can be
substantially less than for single-phase diffusion, due to inertia
effects of the higher density droplets. In effect, for the applica-
tion here, this would tend to make A7jp(jless than Laufer's data.. .

14 Ievy has prepared an analytical prediction of the density distri-
bution for two-phase flow in unheated ducts which agrees well with
available data for air-water systems (refs.(46) and (47)). It is pos-
sible Ievy's method could be extended for application at the critical
heat flux condition. Petrick's data indicates an almost parabolic
variation of X(4) from the maximum at the channel centerline for
low pressure air-water flows (ref. (48)).
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velocity ratio 5= aa /0;_ . and the steam quality. as 1?— .
- si(&) —_'X S ‘ (W)

Since neither experimental -data nor analytical methods are yet available

to relate X, to &, the relationship is assumed to be

Ke y B
=l - s
wherc Kj 18 a constant and C’ = Kg/s . -

In effect; K_,- serves as a corrcetion factor to account for the
reduced 1iquid concentration in the core due to accumulation in the
liquid film on the wall. Hence, it is expected that /g.),’, CQr'respond.in&
to ‘(/-'&;)- < (/»—'(x")_‘. It is reasonsble to expect that K is not
actually a constant but rather will vary to some extent with the steam
quality, pressure, mass velocity and other system variables which affect
the thickness of the liquid film relative to the duct wall spacing. The
-ve].ecity ratio S 1s also subject to soaze variance with system conditions

footnote 15). Hence, the degree of variation of ¢’ and whether it -
(

15contrary to the prediction of equation (48), M(0) may be greater than
zero in heated ducts, depending on the excess of the wall surface
temperature over the saturation temperature (refs. (50), (51),(52); - -
also ref. (54)). In Figure VII-8 are plots of larson's data at 1015
psia for flow in an unheated ‘tube; data of Fbglia, et.al., at 1030 psia
with a wall heat flux of 557,000 Btu/hr-ft2; and values calculated with
equation (48) using S =1.0 and 2.0, For the heated wall data; "
R(o) 0.1. The heated and unheated data’ appear to be in- agreement for
X> .05. Calculated values for S = 1. [ are higher ‘than the data,
except at near X ¥ 0, indicating Q,,)U,_ . Calculated.values for S =
2.0 are in reasonably good agreement with the data for X> -03.The trend
of deviation of the ‘calculations from the data for S = 2.0 is to pre-
dict slightly low at the lower .range of steam qualities a.nd to cross
through the data to predict slightly high at the higher’ range of steam
qualities. This trend indicates that S tends to increase at the higher
qualities. It 1s possible that the increase of S at higher steam"
qualities is due to increased fraction of the liquld being held :Ln the
slower moving film at the wall. -
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approaches being a constant over a range of system variables ca.nnot be
concluded at this point
Introduction of o(‘,(é'tf )= Hc into (1+9) from equation (1&7 ) gives '

a.fter rearrangement

/ ,(ﬁ ) N
/o«(s'»r,eT‘H'c (’3)/ x o B - (50)

Substitution of equation (50) :I.nto equation (1&6) gives for the

critical heat flux in terms of Xei Ny *L N S‘/b and the fluid properties

ﬁm ’”;L )‘Fs [-H(, ve ")ﬁ) "ﬂ] ( ) &L

"Finally, -substitution into (51) from equation (41) for the frictiom
velocity Ak, and from equition (42) for the liquid film thickness. EY
glves after rearrangement _
vhere

cae (It eu/eg)

Ve kG (14 1) (o)
e )E -
g = T (520)

(_e; éI'I’f-‘7£F)yG l’lfs
C'= K (KsKy)" | (52¢)

The length b 1is the radius for circular ducts and the hydraulic radius
/L" = AF / & forrectangtﬂ.ar and concentric annular ducts (eee footnote
12). Other quantities are defined in ‘the Nomencla.tu.re

" ‘Equation (52) is the fina.l ‘form of the derived critica.l heat flux
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relation for.application to the experimental critical heat flux data
(Section VIII) The method of application will be to determine values.
of the constants C’/ , C” and # which cause predictions with (52) to
agree best with the critical heat flux data. Since the available data
cover a wide range.of.duct geometries and flow conditions for water,
the degree to which (52) can correlate the data will provide basis for
“an assessment ‘of the general validity of the analysis of this Section
and the usefulness of equation (52).16
A value of m = 0.75 ic found in Section VIII to result with

reasonably good agreement between calculations and experimental data,

602, ysing this value some of the trends of variation of q,

for fF ~
calculated by equation (52) over the range of steam qualities
= X, <1 are:
1) de decreases monotonically with increasing steam quality X..
;(2) qc-decreases monotonically with 1ncreasing pressure (over
} the range examined, 585 to 2500 psia)
}(3) qc decreases with increased mass velocity G.
(%) - q, decreases with increased duct size b (b’"’De){

Further discussion of these trends is given in Sections VIIT and IX.

16 Analysis is. continued in. Appendix F to derive an expression for the
velocity of the liquid at the film interface, for possible future
useAin connection with -measurements of the film interface velocity.
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horizontal tube at 1015 psia (ref. (49)).
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VIII. COMPARISON OF THEORETICAL RESULTS
WITH CRITICAL HEAT FLUX DATA

Descrigjion of the Data

The results of the ané.]ysis , expressed by equation (52) in Secticn

VII, have been applied to 822 measured critical heat flux data points for
boiling water, including the 80 valid poinfs tabulated in Appendix C
and selections from the data of others. 'lhe selection of data was con-
fined to bulk boiling conditions, in accord with the limits of'
applicebility of the analysis mentioned in Sectiem VII (X¥0).

B Wherever pqssible, the criterion for selection was tha.t.there was

" Gefinite evidence that the critical heat flux condition had actually
been éxperienced, as indicated by an abrupt increase or osciﬂ;a.ﬁon of -
' heater element temperature while the flow. sar-sfgem-; remained steady. The
Critical Heat Flux Detector outpu;b signal we'Ls used as the basis foAr:. , |
sélection of the data in Appendix C. Recordings of dboth vt.he Detector - |
signal and heater element thermocouple outputs were the baslis for selection
from the data of Janssen and Kervinen (ref. (15)). This criterion could
not be rigorously applied in selecting from the data of Westinghouse
(ref. }(1)), Harwell (ref. (8)), CISE (refs: (12),(13), Italy), and
Aladyev, et.al. (ref. (11), Russia), as there are no records in these

| references vhich substantiate in detail the character of each: crijbical e
 heat flux determination. . | . .
There is an 1ndicé.-tion that some of the CISE datama.y have been

taken vhen the system was in an unstable condition, as characterized by

the critical heat flux levels being less than for data taken with the
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same geometry, mass velocity and pressure but at higher steam q_uality.l

Part of the Russian data (ref. (ll)) vas taken with a flow system
designed to.have a tendency for flow oscillations to develop.. This data
also displays maxima in qc(X), similar to some of the CISE data Only
those portions of the CISE data and the data of Aladyev for which stable
loop operation was indicated were selected for comparison here

The westinghouse data, the data of JEnssen and Kervinen, and the'
data in Appendix C were all obtained with sub-cooled liquid water flow
into the inlet of the test sections. In contrast, the data of Harwell,
CISE, and Aladyev, et.al., were cbtained in systems using a two-phase
mixture at the test section inlet. '

The data of Janssen and Kervinen (ref. (15)) was obtained using
thermocouples attached'to the~heater element wall.together,nith'either'
the Detector used in the present work (Section V) or another detector
similar in function. The Westinghouse data (ref. (1)) was obtained
using thermocouples attached to the heater element in conjunction with
a power trip device set to shut off the test section power at a pre-
scribed thermocouple output level. The Harwell data (ref. (8)) and the
CISE data (refs. (12), (13)) were obtained using heater element voltage
differential measurements with.a detector and'power trip circuit -

apparently similar in general function to the Detector described in

1 silvestri discusses the significance of the "maxima" in qe (X) for
the CISE data and suggests they are the boundaries between stable
and unstable operation (ref. (12).
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Appendix B. 2 For the Russian data critical heat flux detection was
apparently based on observation of abrupt increase of measured heater
element wall temperature (ref. (ll)) | —

The experimental data selected for comparison with the theoretical

results are summarized in Appendix E. The particular values of the

constants C' C" and m used in each case for the corresponding calcu-
lations of qc by equation (52) and the deviations of the calculated
values from experimental values are included in the tabulation

A large range of variables for boiling water flow is covered by

the 822 selected data points, as shown in Tahle VIII-l

TABLE VIII-1l
‘Geometry - ST .Réctangular; Circular; Annular E
Mass Velocity, .G = . 27 to 1096 lbs/sec-£t2
. Steam Quality, Xé " 4 0.00 to 0.75
Pressure . S ' 585 to 2500 psisa
Hydraulic Diameter, De - 0.095 to 0.875 in.
. Heated Length,AL‘ . . 6.0 to 108 i1n.
©L/Dg - ¢+ 0 .-..20:1.t0°390:1

2 por the CISE dats simultaneous measurements of heater element tempera-
ture at exit were also made. According to Silvestri (ref. (12)),
several of the critical heat flux determinations were based on recorded
starv of oscillation of the heater element temperature alone, there

having been an insufficlent rise in temperature to cdause the detector
circuit to trip the power. Apparently the detector output signal was
not recorded, but was used solely to trip power in the Harwell and
CISE experiments.‘

Characteristic fluctuations of the detector signal sas displayed by
an oscilloscope were noted for some of the Harwell data in the stean
quality range above about 20 per cent (ref. (8)).

-140-



Application of Equation(52)

Initial determination of the constants C', C" and m in equation (52)
was made'using‘the 80 valid critical heat flux points tabulated in
Appendix C. The procedUre'followed was to first take the constant C' in
equation (52b) as'l.OO, corresponding'to nearly homogeneous flow as
expected for high heat flux conditions in ducts with a heated to total:
surface ratio of nearly unity. BEgquation (52) was-then graphed in Figure
" VIII-1 in the non-dimensional form,

E% = T (¥)
using the critical heat flux data glven in Appendix C. An approximate
best fit was obtained with the constants m and C" in equation (52) evalua-
ted as m = 0.75, C" ; 0. 53 The resulting correlation was tested‘by
using these values of the constants in equation (52) and then calculating
the corresponding critical heat flux for each of the 80 valid data points
presented in Appendix C and Figure VI-1. A comparison of the calculated'
values with the measured data 1s shown in Figure VIII-2. Agreement is
séen:to‘be reQSOnebly good (epproximetely 85_per cent of the calculated
points lie within ﬁ 30 per cent of the measured values)

Finally critical heat fluxes were calculated with equation (52)
using the constants m= 0.75, C" = 0.53 and C' adJusted as required to
provide an approximate 'best £it" of the data, for each of the 7&2
additional data points selected from the other sources (Appendix E).

It wes;found that for the thinner ducts there is apparently a dependence

of,tne critical‘heat'flux on duet spacing or hydraulic diameter which is

notgoorreotly represented by equation (52). As a consequence, the data

is fitted better for the thin ducts (b<b, = .08% in.) by varying C" in

proéortion to (b/bo)o'9.' For the thicker ducts (o> .08% in.), C" is
-



held constant3 at 0.53. Wwith these values of Cf, and taking the expoment

m constant throughout at 0.75, it was found that the data was fitted

reasonably well by equation (52) using C' = 1.0 for the rectangular

chamnel and circular tube data and C' = 6.5 for the annular test section

data. since the ratio of heated surface to tofal surface in»the_circular

tubes and rectangular chammels is from .80 to 1.0 while for the annular

channels the ratio is from .23 to .40, it is suggested that the variation

in C' required in order to have equation (52) fit the data is due primarily

to retention of a relatively larger amount of the available liquid in the

£1ilm on the unheated surfaces at the expense of the effective liquid

conceﬁtration in the channel core at the critical heat flux conditien.h
Figure VIII-3 compares calculated values using equation (52) with

measured critical heat fluxes for each of the selected 235 data points. of

Janssen and Kervinen. Except for a few points agreement of measuied

and calculated values is seen to be quite good (approximately 92 per cent

. of the calculated points lie within ﬁ 30 per cent of the measured values).

3 An exception to this was found in the Russian data for a short circular
tube (ref. (11)), for which b/by = 1.88. TFor this data, adjustment of
c" to C" = L.bh x .53 = .Th resulted in 92 per cent of the data points
being predicted to within less than £ 30 per cent deviation from measured
critical heat fluxes, reflecting either a continuation of the trend of
variation with duct size displayed by the thimner ducts; or perhaps a
dependence on length to diameter ratio, not included in equation (52),
vhich appears to become evident at small length to diameter ratios (refs.
(92),(96)). (see footnote T, Sec. III.) For this data L/Dg = 20, the
least ratio of all the data treated.

* Refer to the discussion in Section VII relevant to equation (49). As’
noted later, this hypothesis is further substantiated by the tact that
Group I of Janssen and Kervinen's annular test section data (Appendix
E),.taken with a ribbed outer wall designed to minimize attachment of

" .liquid on the unheated surface are in good agreement with calculations
using C's 1.00, in analogy to the effect of an adjacent "heated" wall.
Additional evidence of the unheated wall effect is indicated in motion
picture sequence 12-2 (Reel V,Appendix D; also Fig. VI-23c) showing a
relatively thicker, more placid layer of liquid flowing up the unheated

- wall, compared to the thinner, more agitated liquid film on the heated
*wall
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The Westinghouse 2000 psia data (ref. (1)) was calculated with
equation (52) using initially C" = .53. These results compared poorly
with the data. In order to investigate the trend of the deviation with
duct size, the graph in Figure VIII-4 was prepared, which includes for
reference mean deviations for the other data groups also. Based on the
results in Figure VIII-4, a correction factor of ‘(‘b/‘bo)o'9' was applied
to C" for the range of duct sizes b<b,, which resulted with substantial
improvement in agreement of calculated and measured values for the
Westinghouse ‘data (approximately 68 per cent of the calculated points are
within £ 30 per cent of measured values). Calculations of the Group F
data of Janssen and Kervinen (b/by = 0.536) and the Harwell data
(‘b/l:'o = 0.510) were also brought into better agreement with the measure-
ments. The requirement for the correction is probably due to the fact
that the analysis from which equation (52) resulted was constructed for'

relatively "thin" liquid films. That is, § should be small in comparison

with the duct dimension'-b " In consequence, as shown by these’ comparisons

with the data, the analysis is apparently invalid for very thin ducts
(b < 0.084 in.) and for these cases a correction has to be applied.

The trends of the experimental data with the main system parameters
and the corresponding va.lues ca.lculated with equation (52) are displayed
in Figu.res VIII-5 through VIII-13 Agreement between calculated a.nd
measured values is seen to be reasonably good for both the data from
Appendix C (Figure VIII-S) and the data of Janssen.and Kervinen (Figures
VIII-6 to VIII-9). | | | |

© ' Somevhat greater deviation of calcolated;from'measu;ed velues is A
seen for a representative selection of the Westinghouse data (Figure
VIII-10), although the main trend of the data ‘with mass velocity is
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predicted correctly by the ca;culations,,?

- Some of the calculated points for the Harwell data (Figure VIII-11)
and the CISE date (Figure VIII-12) deviate substantially from .the
messured values, although again the main trend of the data with mass
velocity appears to.be correctly predicted by the calculations. At.the
higher mass velocities the experimental critical fluxes apparently reduce
much more sharply with increased steam quality than is predicted by
equation. (52) with the constants used, for both the Harwell and the CISE .
data. The calculations agree reascnably well with. the measurements at
the lowést mass velocity for both sets of data. The trend in the Harwell
and CISE data.of a rapid drop in critical heat. flux with increasing steam
quality.at_phe higher mass velocities is not evidenced in the other data
treated. The possibility is suggested that this may be due to an inlet .
condition resulting from the m,ethod' ﬁsed in the Harwell and CISE experi-
ments. of entering the test section with a two-phase mixture.6

.. The trends of the Russian data with.mass‘velocity and pressurq{appeaf"

to be predicted reasonably well by equation (52) (Figure VIII-13).

> Part of the deviation between calculated and measured values in Figure
VIII-1O0 is due to the fact that each grouping by mass velocity actually.
covered a substantial range of experimental mass velocities whereas the
calculations were bagsed on the mean mass velocity for each group..

6 For example, 1t seems possible that in some conditions of two-phase flow
at inlet with high mass velocity, the liquid might not be able to attach
to the wall even though the heat flux may be substantially less than the
critical heat flux level which would be experienced if the fluid entered
the duct as a liquid. Corresponding oscillations of wall temperature 5.
characteristic of the behavior observed by Silvestri during "slow burnout"
(ref. (12)), caused by liquid momentarily contacting the wall but.
immedia'bely disengaging, would not be unexpected in such a situation.
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“ . EFROR PLOT SHOWING EFFECT OF DUGT SIZE ON DEVIATION
BETWEEK- HEAT FLUXES CALCULATED BY EQ. (52) AND MEASURED DATA

Plotted points are arithmetic averages of all data poinis
for each duct size indicated for each source group.
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'FIGURE VIII-5 -

GRAPH OF DATA OF APPENDIX C AND CALCULATIONS BY EQUATION (52)
SHOWING VARIATION OF CRITICAL HEAT FLUX WITH STEAM QUALITY,
MASS 'VELOCITY AND CHANNEL SPACING (EYDRAULIC DIAMETER)

1. Critical heat flux decreases with increased steam quality,

2. Critical heat flux increases with decreased mass velocity,
_ 3.. Critical heat flux increases with decreased channel
spacing (hydraulic -diameter),

Note: The point located at q = .673 x 10° Btu/mr-£t2, x = .751 Lo
is from run No. 18RR-1, operated to deliberate destruction .
of the heater element’at ’a heat flux 11 per-:cent above
normal critical heat flux "trip" point. The corres-
o pcnding normal trip point was at qg:= .606 x 10 Btu/hr-£t2, S :
’ Xe = 667, 1n agreement with the calcu.lations and other - 2
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GRAPE OF DATA OF REF. (15) AND CALCULATIONS BY EQ. (52)

S whE

SHOWING VARIATION OF CRITICAL HEAT FLUX WITH STEAM

 QUALITY AND MASS VELOCITY FOR TWO HEATED LENGTHS

Critical heat flux decreases with increased steam quality,
Critical heat flux increases with decreased mass velocity,
critical heat flux not affected by change of heated i
length, for 2104 L/Dy 4 322.
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DATA_OF JANSSEN 8 KERVINEN (G.E. PRESSURE
\ \ G = 311 Ibs/sec - ft psia

161 \ N ANNULAR DUCT, 375 IN.x 875 IN.| O | 600 _
' - 70 IN. LONG: x| 1000
INNER WALLHEATED] & | 1200
14 \ < _ -0 | 1400
& o e CALCULATED
B C' = 65
\ : c" = 53
12 |- o m= .75
o 1 2?\\\ o-
3 . \\ o .
N
< fa'g
1ol £ \\ q < : o
1 & \ \ . .
> &
2 | \\\ o
. aE x
.8 g \\ &\\ '
~{ 1000
6 ~~ 1200
R psic
4 : '
.0 02 04 06 .08 .10 12 14 16

FIGURE VIII-T

GRAPH OF DATA OF REF. (15 ) AND CALCULATIONS BY EQUATION (52)
SHOWING VARIATION OF CRITICAL HEAT FLUX WITH STEAM -
,QUALITY AND PRESSURE

-

1. Cr-itica.’l. heat flux decreases ‘with increased steam quality,
2. Criticel heat flux decreases with increased pressure over. -
" the range 600 to 1400 psia, ' 4 :
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GRAPH OF . IlATA OF REF. (15) AND CALCULATIONS BY EHUATION (52)
SIOWING VARIATION CF CRITICAL HEAT FLUX WITH STEAM - .
" QUALITY MID H!DP.AULIC -DIAMETER

1.. Critital heat flux decreases with 1ncr~=aseé. steam quality.
2. Critical heat flux increases with decrzasel hydrau.uc
Afameter. - - - a
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GRAPH OF DATA OF REF. (15) AND CALCULATIONS BY EQUATION (52)
SHOWING VARIATION OF CRITICAL HEAT FLUX WITH STEAM
QUALITY AND MASS VELOCITY FOR ANNULUS WITH ROUGHENED

' " OUTER UNHEATED WALL

1. Criticsl heat flux decreases with-increased steam- qua.lity

2. Experimental data shows slight increase of critical heat
flux with increased mass velocity, contrary to pred.iction
of Equation (52).
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FIGURE VIII-10

GRAPH OF DATM OF FEF. (1) AND C.ALCUIATIONS BEY BEQUATION (52)
snowme VARTATION OF CRITICAL HEAT FLUX WITH STEAM
QUALITY AND MASS VELOCITY

1. Critical heat flux decreages with increased steam quality.
2. Critical hest flux increases with decreased mass velocity
with the trend in the measured data tending to reverse. at.

lesser stear qualities..
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FIGURE VIII-11

GRAPH OF DATA OF REF. (8) AND CALCULATIONS BY BQUATION (52)
SHOWING VARIATION OF CRITICAL HEAT FLUX WITH STEAM
QUALITY AND MASS VELOCITY

' 1.. Critical heat flux decreases with increased steam quality,

with m=2asured values reducing more sharply than predicted
by Equation (52) at the higher mass velocities. =
2. Critical heat flux increases with decreased mass velocity.
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FIGJRE VIII-12

t GRAPH CF DATA OF REFS. (12) AND (13) AND CALCULATIONS
BY EQUATIZN (52) SHOWING VARIATION OF CRITICAL HEAT FLUX -
WITH STEAM QUALITY AND MASS VELOCITY .

1. ~Critical hea% flux dacreases with increased steam quality,

’ with measured values reducing more sharply than predicted
bty Equation {52) at the highes% mass velocity. .

2.. Critical heat flux increases with decreased mass velocity.
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FIGURE VITI-13

'GRAPH OF DATA OF REF. (11) AND CALCULATIONS BY PQUATION ( 52)

SHOWING VARIATION OF CRITICAL HEAT FLUX WITH STEAM
QUALITY, MASS VELOCITY AND PRESSURE

1. Critical heat flux decreases with increased steam quality,
with measured values reducing sl;.ghtlv less rapidly than

. predicted by Equation (52).

2. Critical heat flux increases with decreased mass ve1001ty

.3. Critical heat flux decreases with increased pressure over

the range 1180 to 2500 psia.

. Uncorrected calculations (C" = 0.53) predict critical heat

" flux levels about 70 per cent of these data (see footnote 3,
Section VIII).
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IX. DISCUSSION OF RESULTS

Surmary

The~results“of the,wdnk can be.summarized briefly as follows:

(l) -Denelopment of a new set of apparatus for direct obseryation

~ and photography of boiling water>flbw patterns at pressures,
mass velocities and steam qualities representative of modern
nuclear\reactor design, with heat fluxes up to and including;
the critical heat flux (Section IV, Appendices A and B).

(2) Eighty valid critical heat flux determinations covering the
range of varisbles: p, 1000 psia; G, 50 to 400 lbs/sec-ft2;
X,» -033 to .751; D,, .46 in. and .81 in., in a rectangular
channel (Section VI, Abpendix c). & '

(3) Thirty-three nigh speed motion picture sequences of boiling .
water flow patterns, made up in convenient form for additional
study, taken at flow and heat transfer conditians covering the
range of variables. p, 1000 psia; G, 50 to 40O lbs/sec-ft ;
fluid sta'se, gub-cooled at‘ Ahs = 170 Bbtu/1lb to bulk boiling
at x- .656; q," up to and ineluding the eritical heat flux;
Dg, -81 in. mainly, in a rectangular channel heated on both
sides and on one s1de (section VI, Appendix D).

(4) Theoretical analysis of the critical heat flux condition in
forced flow wi*bh bulk boiling (X¥»O0) leading to derivation of a

: cdnvenient working‘eqpation (equation (52)), which was used
_to correlate and study the critlcal heat flux data obtained
in the present work together with a selectlon, 1ntended to be

Arepresentative, of T42 additional data p01nts from all major
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‘ sources (Sections VII, VIII, Appendix E)

Detailed discussions of the results are given in the respective
Sections. The purpose of this Section is to synthesize the findings
from a more general' point of view and to briefly relate them'to the
results of other works. | o "

Flow Pattern Observations ‘

The main characteristics of the boiling water flow pa.ttems observed
in the course of detailed examination of the motion pictnre 'seqnences
are tabulated in Appendix D. Figures VI-19 thronghl\‘II-23 present
enlargeci frames selected from the motion .pictures together with brief
descriptions of the corresponding flow pattems' V

The following general characteristics of the boiling water flow
pa.tterns at lOOO psia are ev1dent in the motion picture sequences )
corresponding to increasing fluid enthalpy from sub-cooled nucleate
surface boiling conditions up to bulk boiling at high steam qualities,
with hea.t fluxes up to and :anluding the critical heat ﬂux Jevel.

(1) A h & 20 Btu/lb for G = 100 to uoo lbs/sec-ft2 (q«qc)

Growing (and shrinking) bubbles slide along the heated
surface, at a velocity slightly less than the mean cha.nnel
velocity, m an irregular f’rothy layer of liquid and bubbles
mixed. The bubbles are not attached to the heated surface
during their stage of principal growth.‘: 'l:here is almost
pure liqnid in the regions of the chsnnel.avay froni the

~ heated wall, indicating little: tendency for géneral mixing
(Figs. VI-20a, -22a, -23a, D). | o

(2a) 02 Ah Z 20 Btu/lb-for G = 200 to 40O lbs/sec-ft2 (q<qc)
0ZXZ°10 for G = 100 1bs/sec-ft2 (q<qc)

The arrangement is a frothy mixture of large and smallf
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(2v)

bub‘oles interleced with pure liquid as continﬁous phase ’ with
highly agitated, frothy layer of tiny bubbles and liquid
adjacent to heated surfaces. There are slight fluctuations
of the pattemrn, indicative.of a tendency for "slug." flow to
develop, apparent at the Alow mass veiocity (Figs. VI-20b,
-2la, -22b).

.10&x<.30 for G < 100 1bs/sec-£t2 (a< Q):

A definite "slug" pattem develops as the steam quglify
is raised, vwhich becomes less distinct and disappears af the
high ra.oge ot otoam tj,uo.litioo.l The slugging pattemn a.;':pea.i'e
to 'be_ composed of'a finely divided almos‘.lv'.Aho.mogeneous froth
of vapor and liquid a.ltematiog periodically (.65 ‘0 .16 sec.

period) with an arrangement vhich appears to be e. thick,

_ relatively plac:n.d la.yer of liquld agalnst the wall surfaces

With probably high vapor concentratlon in the mlddle of the

(3)

‘X ¥.10 ‘for G.

cha.rmel. This pattern is not observed at the higher mass
velorities (G = 200, LOO 1bs/sec-£t°) (Fige. VI-20e, d).
X0 for G = 400 1lbs/sec-£t2 (a= q

200 to' 400 1lbs/sec- ftg (@= qo):
50 to uoo 1bs/sec-ft2 (q= Z 9. ):

Xx¥. 30 for G
An 1rregular wavy contmuous film of liqu:.d, flowing
with the stream, is attached to the unheated surfaces and at

lcast a portion of the heated surfaces. The remaiinder of the

1

It is of interest to note that of the nine. critical heat fllux deter-
minations rejected because of evidence of the critical hegt flux
condition having occurred -substantially upstream from the exit
(Appendix C), eight were in the range of mean exit steam qualities
0.12 to 0.39 at G.= 100 lbs/sec-ft2, corresponding to the "slug"
flow regime described in 2b. Film sequence 4-5-a in Reel II
(rejected run 4-4) shows evidence of substantial "slugglng
(Appendix. D).
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liquid is apparently carried along in the core as either:
disPersed droplets in continuous vapor (at the lesser mass:
velocities and higher steam qualities (Figs. VI-19, -20e));
or a finely divided emulsion of liquid and vapor (Figs.. .
*VI-2lb, ¢, -22¢, e). Interfacial wave-lengths range from
~'about one to five times the film thickness. The. liquid. .-
- £ilm is apparently thicker and mucn less agitated at the
unheated surfaces than at the heated surfaces (e.g.,. Fig.
1VI-23¢c). Irregular, agitated streamers of vapor.(or .
irregular bubbles) can be. seen forming at thevedges.of:the
heated surfaces and isstiing into the.liquid film:(especially‘
evident in Figs. VI-2lc, -22¢).
There is no apparent abrupt’cnange_of thehfios pattern
(in the field of view) as the critical heat flux condition
.develops other than an increase of the intensity of agitation
of the film at the heated surface (e.g., Figs. VI-l9c, a, |
-20e, -2lc, -22c, e). ‘There is‘ne evidence of "slugging" or
other general irregularities in the flow at any of the valid
oritical heat flux conditions.l
Except for the considerable differences due toaiocai heating at'
moderate and high heat flux levels and the different range of flow
variables and fluid properties used, the Obser#ed;flow patterns have a
general similarity to those observed by others for low pressure systems
(sec. IIT).
Evidence'of'a~thermal-boundary-layer can be seen clearly against
the unheated wall in some of the sequences in,Reel Vt(aiso Figs; VI—é3a;
b). This optical effect results fram local density differences caused

by the temperature gradient associated with the heat transfer rate to
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the wall. (heat-loss). 'This indicates the possibility of a technique
for studying ovoundary layer phenomena in single-phase flow using
shadow=-graph or Schlieren equipment in conjunction with high speed
motion pictures.2

- As noted above under (3), there is evidence in the motion picture
sequences'.of vapor formation in the liquid film against the heated
‘wall.- - An approximate:estimate of the wall to saturated liquid tem-
perature difference ATgy (liquid superheat):which would prevail if
there were no local boiling in the liquid adjacent to the wall can
be made by using the Reynolds Analogy (ref. (4l); p. 209) in the

following form, for saturated bulk fluid,

ATgy ¢ ac 5
| Cp €L Ak
together with equatlon (1+l) of Section VII for the liquid-phase
| friction veloc:.ty ‘
2
’V*Le =3 QTPF °F %—2
Combining t.hese gives for the liquid superheat corresponding to no

boiling at the wall

Cp,é Ter 7 ©

Calculated values for several critical heat flux runs selected

from Appendix C to represent the least liquid superheats at the wall

-

over the range of the experiment are tabulated in Table IX-1.>:

QSuggestion of Dr. S. Levy, Genera:lA Electric Coinpmiy.

3Based on C, = 1.3 Bt;u/lb-F‘o (ref (55)), éTPF detenuined Irom b‘lg
VII-6 and “fp calculated as in Appendix E. ~
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TABLE TX-1

dc,
R TR -
-3 ;'50;; . sa 60 48.5
X T 25.4
Bk 99k 857 | o aes 50.5
63 19 R T S "
15-? ) 439§-> "  ) v.880 | .258 24.3
91 >'397 - 5832 - .10k %0.5

“According to the data of Mead, Romie and Guibert (ref. (54)), the
maximum liquid superheat that can be sustained at a heated stainless
steel-distilled water interface at 1000 psia, for both static and
flowlng systems, without bubble nucleation and growth is about 15°F
to 20°F. TFor all of the cases in Table IX-1, the estimated liquid
superheats which would have existed if there had been no bubble
formation at the heater element surface are substantially larger than
the maximum threshold level required for nucleation (ref. (54)). Since
the runs selected are representative of the least 1liquid superheats
which would have existed, it is therefore not surprising that evidence
of vapor formation in the liquid film adjacent to the heater element

L

surfaces can be seen in the motion pictures.

# ILarson (ref. (1O4)) presents additional theoretical discussion

related to the maximum liquid superheat that can be sustained without
nucleation. It is worth noting that the data of ref. (54) was taken
with clean surfaces in distilled water. Surface deposits on the
heater elements and impurities in the water used in the present
experiment would be expected to lower the maxinmum 1iqu1d superheat
above which bubble nucleation would start.
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Critical Heat Flux Determinations

The experimental data is tabulated in Appendix C and presented

graphically in Figure VI-l. Figures VI-2 through VI-14 show several

representative Sanborm recorder traces of the system flow rate, heat

flux changes, Critical Heat Flux Detector signal and sequencing of.

the camera, at conditions up to and including the critical heat flux

level.

Flgures VI-14 a, b, ¢ show recorder traces of these data

during deliberate operation to destruction of one element at heat fluxes

above the normal critical heat flux "trip" level (run 18RR-1). Figures

vi-1l5 threugh VI-18 are photographs of heater elements showlng various

representative types of damsges sometimes caused at the critical heat

flux condition.

The maein trends of variation of the critical heat flux can be

summarized as follows (Figure VI-1):

1)

(2)
(3)

(%)

For all of the valid data the critical heat flux decreases
monotonically with increasing steam quality. The nine data
points vhich were rejected bccouse of cvidence of over-
heating in the upstream sections of the }cha:rmel substantially
away from the exit show a general trend that appears to have
a maximum fof. d. with respect to steam quality at the exit,
and they occurred at notably lesser heat flux levels than )
did the valid data po:I.n'l;s.v5

The critical heat flux decreases with increased mass velocity.
The critical heat flux decreases with increased duct spacing
(hydraulic diameter). '

The critical heat fluxes for the thin heater ribbons (.006

in.) are of the order of 10 per cent lower than for the
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thicker‘ribbons (.00 in.). In some cases the difference is
substantially more.6

(5) Although the data taken with the single-ribbon heaters are
too few upon which to base a firm conclusion, indication is
that the reduced ratio of heated surface to total surface
resulted with lesser critical heat fluxes than for the
double-ribbon heater elements.

Not allowing for the poséible variaticns in qé due to the causes

mentioned in footnote 6, the maximum deviations in measurement of the

> This trend is similar to those noted in refs. (11) and (12) for points
taken during apparently oscillating or unstable flow conditions.
There is some evidence that the flow may have been "slugging" during
the rejected runs (see footnote 1). It is suggested that if there was
"slug" flow during these runs, the cause of the critical heat flux-
condition occurring upstream from the exit may have been due to the
fact that the higher steam quality "slugs" would have a local quality
at any point during their path along the channel which would be
higher than would exist at thé same points if the flow were not
"slugging." Therefore, depending on the heat flux level, it is not
unreasonable to expect that in such a condition a "slug" might in the
course of its travel up the channel have its steam quality reach the
critical value corresponding to the particular channel heat flux,
before the "slug" reached the exit. The critical heat flux condition
would in this instance still be due to a local situation, but would
not be capable of prediction or correlation using the usual energy
balance based on mean flow parameters. It was due largely to this
uncertainty of correlation that the nine points mentioned were rejected.

Part of the reason for this difference may be due to the lesser
thermal capacity in the thin élements coupled with the 60 tps
alternating current used for resistance heating. An estimate using
the results of Houston's analysis (ref. (105)) for a mean heat flux
of 900,000 Btu/hr-ft2 and a mean convection coefficient of: 16,000
Btu/hr-ft2-F° (allows for surface depositions) indicates the peak ,
heat flux for the thin ribbon to be about 7 per cent higher than for
the thicker ribbon. It is possible that larger differences may have
occurred due to local thin spots caused by overheating of the
ribbons at the exit end during fabrication of the silver-soldered
Joint there (see Appendix A). The thinner ribbons would be expected
to be more susceptible to such damages during fabrication.
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data arepestimated to be less than 5 per cent for the critical heat
fluxes and less than 2 per cent for the exit enthaipy at the
critical heat flux eondition.7 Repeatability of the data is good,
indicating'that.the phenomenon is a definite one not subject to
significant statistical variation and that the main varlables have been
accounted for in,the.experimen'lg8 (Section VI).

Calculated data in Figure B-3 relating the Critical Heat Flux
Detector output signal to heater element temperature rise indinates
by comparison with the recorder traces in Figures VI-2 through VI-14
that onset of the critical heat flux condition initially causes only
modest local temperature rises (probably of the order of a few tens of
degrees jshrenheit)., The photographs in Figures VI-lS, -16 indicate
that the length of tne.sone_of local temperature rise at onset of the
critical heat rlux condition is probably quite smallAkless than one
inch). | R

Theoretical Analysis and Application

The analysis in Section VII is constructed to represent the
crltical heat flux condition corresponding to flow pattern fypp nnimher
3, mentioned under "Flow Pattemn Observations," in bulk bo:.lmg (x3>0).

Figure VII-1A shows an artist's representation of the system assumed.

7 Corresponding variations of the exit steam quallty are somewhat

larger (see Table VI-1, pg. 51).

8

Since surface conditions and water purity (demineralized tap water)
were not controlled except by flushing and venting gases during the -
four-hour warm-up period, the good repeatability of -the data indicates
that these are probably not significant variables .in .the range of :
conditions investigated. Surface deposits on the heater elements
were noticeable after use.
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Elements of the derivation are:
(1) Expression of the maximum liquid film thickness for incipient
* instability, caused by dynamic forces on the inteérface becoming
larger than the stabilizing forces due to surface tension.

(2)° Expression of the net liquid flow to the film at a point as
the algebraic sum of the vaporization rate at the film, liquid
re-entrainment rate, and liquid transfer rate from the core

' to the interface by turbulent diffusion.-

(3) Association of onseét of the critical heat flux condition with
momentary thinning of the film (but not necessarily immediate -
disruption of it), due to excess of liquid consumption rate
over liquid supply rate, resulting with momentary‘stabilization
of the film and consequent reduction to zero of the re-
entrainment rate.

() Calculation of the critiéal'heat flux condition at ‘the limit
as the re-éntrainment'rate becomes zero and the local rate ‘of
turbulent'diffusiOn of liquid from the core to the interface
approaches a maximum, corresponding to all liquid ‘that comeés:
in contact with the interface being pulled into the film due
"o surface tension effects and none being removed:

The rate of turbulent diffusion of liquid to the interface is'

2 is part of the analysis has a general similarity to the ‘analyses:
by Isbin, et.al., (ref. (2)) and Goldmann, et.al., (ref. (3)) to the
extent that a 1iqu1d flow balance to the vicinity of the wall is -
considered and a principal component is turbulent. diffusion_ of
liquid. Treatment of the diffusion process here, however, is more
detailed and includes as an essential part variation of ‘the local -
diffusion rate as a function of the distance from the wall (i.e.,-
according to the thickness of the film at onset of the critical
heat flux condition).
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expressed in te;ms of the local fluctuating turbulent velocity
coﬁponent and, hence, based on the data of Laufer (refs. (26), (27)),
is taken as a function of distance from the wall. The consequence of
this assumption is far-reaching, inasmuch as it results with the liquid
diffusion rate and, consequently, the critical heat flux condition
being functions of the initial liquid film thickness at omset of
instability. ‘ } : . i

All heat transferred is assumed to result in vaporization of liquid
in the film and at the interface. The heat transferred by turbulent
convection from the interface to the core is ignored.

Tﬁe‘derivation suffers from the fact that the present experimental
data and methods of analysis relevant to ascertaining the structure of
the wall turbulence in two-phase flow, the relationships between inter-
facial wave motion ana the properties of the mean flow, and.the liquid
concentratioﬁ distribution in the core10 are far from adequate for
application in the type of analysis attempted in Section VII. Conse-
quently, rather gross assumptions had to be made regarding some of the
processes involved, which resulted in introduction of three empirical
constants.

The result of the derivation is equation (52) in Section VII,
which expresses the critical heat flux in terms of the relevant fluid
properties (liquid and vapor densities, liquid-vapor surface tension
and latent heat of vgporization), steam quality, mass velocity, and

duct size (hydraulic diameter), with three empirical constants to be

10 ILevy's analysis of the mean local density distribution in two-phase

flow (refs. (46) and (47)) holds promise of being capable of com-
bination with the liquid film model treated here to more accurately
represent the liquid concentration distribution in the core.
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determined by fitting to the critical heat flux data.

VEé_ua.tion (52) has been applied to a representative selection of
822 data poin.ts from the major available sources (Section VIII,
Appendix E). The following values of the constants in equation (52)

were found to give reasonably good agreement with the data:

m = 0.75
C' = 1.00 (fraction of channel surface heated, .80 to 1.0)

= 6.5 (fraction of channel surface heated, .23 to .LO)
"= .53 (>>by = .08k in.)

.53 (b/bg)"? (b < by = .08k m)

Detailed discussion of the basls for determination of these
constants and comparison of resultn calculated by equation (52) with
the data. are given in Section VIII.

The fact that the exponent m could be held constant for ‘l’.he entire
span of data treated _mdicates a certain universality in its character.
Examination of equation (52) shows (for fp~ G-0.2) that calculated g,
decreases with increasing mass velocity G for m> 0.5. Hence, for
m = 0.75 equation (52) predicts decreasing critical heat flux with
increasing mass velpcity in pronortiqn to G'o'l*5 , in good agreement with

the data.lt

Equation (52) predicts decreasing critical heat flux with
increasing pressure over the range examined, 585 to .2500 psia, in good
agreement with the data (Figs. VIII-7, -13). |

For the range of duct sizes b> Db, = 081l in., equation (52) pre-

dicts decreasing critical heat flux with increasing duct size b

11 pramination of the graphs in Section VIII (e.g., Fig. VIII-3) indicates
better agreement might have been obtained if m had been taken
slightly smaller, say m = 0.65, and C" correspondingly smaller (see
Fig. VIII-1).
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(hydraulic diameter) in proportion to b'o‘Z~vDe'o'7 fér é particular
geometry, in reasohabii gobd agreement w&ﬁh-the data (Figs. VifIQS,-B)).
Except for 'th.e Russian data (F:ig. VIII-13), for which a correction of
1.4 had to be aﬁplied, C" was held constant for the entire range of
data for ducts larger than b = bo = .08k in. This indicates a
tendency for C" to be universal, provided the duct thickness (or
radius} is large compared to the liquid film thickness.l?

The fact that the particular Russian date treated is uniformly
about 40 per cent higher than calculétidns by eqﬁatioﬁ (52) predict
may be due to the trend of ihcreased critical heat flux with decreased
length to diameter ratios over the range less than about 100, found in
some of the Russién déta (réfs; (9é),'(96)). The léngﬁh'to diameter
ratio for the Russian data in Fig. VIiiél3 was 20;1. This trend‘iQ
not evident in the other daﬁé‘treétéd,'fdr'which.L/Dejﬁ 33 (see
Appendlx E). | o | |

The two values for'C' uéed;.i.oo and 5.5; are empifical; The
difference between these ;aiueé'of C' reflects the effect of adjacent
unheated surfaces on the iocal‘iiqﬁid'cbnceﬁtfétion ih the‘éore;'
Iarger values of C' result in decréased predicted éfitical heat fiux,

corresponding to reduced liquid concentration in the core ‘due to

el
12 For duct sizes less than b = by = .084 in. predictions by equation

(52) deviate markedly from the data, indicative of thé fact that
the analysis in Section VII is not valid for thin ducts in which the
liquid film thickness is not small compared to the duct half-width
(or radius). Since the corresponding correction factor (b/bo)'
applied to C" brings the predictions back into fair agreement with
the data (Fig. VIII-4), the measured critical heat fluxes theaegore
tend to increase with increasing duct size in proportion to b~°<,
for thin ducts (b < b, = .084 in.)
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increased liquid attachment to the unheated‘surfaces.l3

Uses of the Results

It is hoped that the results will be found useful in the

following applications:

1) Applicafion of the experience obtained and recorded here to

(2)

(3)

(%)

further improve and extend the technique and apparatus
initiated in this work‘to more preCiseland comprehensive
research and measurement of the structure of high pressure
boiling water flows with heat fluxes up to and beyond the
critical heat flux condition into the transition and film
boiling (liquid deficit) regimes.

Incorporation of the critical heat flux data tabulaited in
Appendix C into phe body of nuclear reactor design data for
direct application. |
Use by other researchers of the high speed motion pictures
tabulated in Appendix D as a source of basic data and means
for further study of the nature of high pressure boiling
water flowénnnd the critical heat flux phenomenon.
Application ‘of the theoretical analysis in Section VII as.

a starting point for continued theoretical investigation of

13

Figure VIII-9 shows general agreement between calculated values
using C' = 1.00 and measured values in an anmmulus (heated/total
surface ratio = .30) for which the wmheated surface was roughened
to minimize attachment of liquid, in some support of this idea.
Recent data from CISE (ref. (98)) shows an increase of the critical
heat flux at one surface of an anmular chamnel as the sub-critical
heat flux at the other surface is raised, in further support of the
argument. '
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)

the critical heat flux phenomenon.

Direct applicétion of the present theoretical result, equation
(52) in Section VII, as a means for correlating and inter-
preting experimental data and as a tool for nuclear reactor

design analysis.
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X. CONCLUSIONS

1. The critical heat flux to water in conditions of bulk \
boiling (X>O0) with steady forced flow has the following trends, :
over the range of conditions investigated experimentally and ;
analytically:

(a) Q. decreases with increasing ﬁass~velocity over. the range
from 50 1bs/sec-£t> to 900 lbs/sec-£t2.

() d. decreasés with increasing pressure over the range from
600 psia to 2500 psié.

(e) ac deo;reases with increasing hydraulic diameter over the
range of duct dimensionsl "»" from .084 in. to .ah-in. and |
increases slightly with hydraulic diametér for the'range
of duct dimensions "b" less than .08k in. down to .02 in.

(@) q. decreases monotonically with increasing steam gquality over
the range from 0.00 to 0.75. i

(e) a. increases with increasing ratio of heated surface to.tota;
~surface. | |

(£) q. is approximately independent of heated length over the
range from 12 inches to 108 inches and range of length to
diameter ratios from about 100 to LOO. The Russian data ihd.i-

cates q, increases with deéreasing L/D, ratios for L/De < 100.

(g) q. appears to be calculable using local fluid properties and

local flow conditions such as mass velocity, .steanm quality

and pressure.

l'b is the radius for circular tubes and one-fourth the hydraulic

diameter for annular and rectangular ducts.
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(h) The critical heat flux condition appears to be a distinct
repeatable phenomenon rather than subject to significant
statistical variation..

There is substantial evidence in the high speed motion pie-
tures that the general arrangement of the flow, over the range of
variables investigated, at heat fluxes near and inclﬁding the
ceriticel heat flux level,'is characteristically a wavy turbulent
liquid film in which there is vapor formation, flowing along the
channel wallé with the balance of the liquid being carried as
either dispersed droplets or as an emulsion with the vapor in an
adjacent more rapidly and steadily moving core. This conclusion
is not indisputable, due to lack of corresponding precise physical
measurements of the arrangement of the flow pattern.

Theoretical analysis based on a representation of the flow
pattern which is generally consistent with conciusion 2 resulted
with a useful working equation which relates the critical heat flux
to the significant local fluid properties and flow parameters
(equation (52), Section VII).  Critical heat fluxes calculafed by
this expression are in good general agreement with measured values
over the range of variables considered. . The expression includes
three empirical constants which were determined by application to -

a limited portion of thc data treated.
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1.

XI. RECOMMENDATIONS

Althdagh‘the evidence in the present work indicates strongly
that the heated surface is covered by a liquid film through the
inception of the critical'heat flux condition, 1nc0ntrovgrtible
proof is iacking. Tt is therefore recommended that the next step

in the research be development and use of ah apparatus, sim;lar

‘in function to the observational test section but more specifically

adapted to investigation of the process at the heated surface, to
explore this aspect further.

In particular, the apparatus should include provisions for
close-up photography both normal and parallel to the surface and
should include appropriate instrumentation for simultaneous measure-
ment of the local heated surface temperature. It is recommended
that the apparatus use high pressure boiling wﬁter as the working
fluid in order that there be adequate assurance, at the present
state of development of the technology, that the results will be
applicable to nuclear bower reactor design, for wﬁ;ch the need for
early application is probably greatest.l |

Tt is suggested that equation (52) be used as a tool in
nuclear. reactor design analysis. In preparation for this, the three
empirical constants should be refined by fitting them to a limited

selection of data which is most representative of reactor design
conditions.

L professor J. W. Westwater has suggested use of: (a) smaller systems,
each designed for investigation of a specific aspect of the problem;
(b) liquids other than water to vary fluid properties over a wider
range at modest pressures; (c) heater elements made of pure metals
and used as resistance thermometers. (Professor Westwater was con-
sultant to the project during the early experimental stage. Ref. (70)
includes his report.)
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Theoretical effort should be continued, to refine the
analysis of the critical heat flux condition in forcedr flow with
bulk boiling. In particular, the representations of the liguid
concentration distribution in the core, turbulent diffusion of
liquid to the interface, and the inter-relationship between the
local turbulence, the film thickness and the dominant length of
the interfacial waves should be improved.

Consideration should be given to the practicality of com-
ducting a set of small scale experiments to make measu:pements of
the local structure of _two-phase‘flow, both with and without
heating, in conjunction with the theoretical effort. Particular
attention should be given to measuring liquid concentration
distributions, local turbulence structure and the motion of the

liquid film interface.
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APPENDIX A _ ;

DESCRIPTION OF THE OBSERVATIONAL TEST SECTION

Introduction

The observational test section was developed as part of this work
to provide a means for direct visual observation and high speed photog-
raphy of the two-phase flow, critical heat flux conditions and heat |
‘tra.nsfer' processes with boiling water at elevated pressures. The test
section was designed and built at General Electric Company Atomic Power
Equipment Department, San Jose, California, and was put into initial
operation in the Building G Heat Transfer Test Facility in July 1960.l
Further development work on the photographic window assembly, the heater
elements and the assoclated ‘instrumentat.on and general experimental
setup was then done fo improve performance of the equipment. The final
experimental phase of the program, during which most of the criticall
heat flux data and all of the selected motion pictures of boiling water
flow patterns were obtalned, was executed during the first four months
of 1961.

The fest section is shown installed in its safety enclosure in
Figure IV-2 and in disassembly in Figures IV-3 and IV-L. Figures A-1
and A-2 are reductions of the main assembly and heater element assembly
design drawings.

Test Section Body

The test section body, shown partially in Figure A-1 and in full in

Figure 1V-3, was formed by welding together, with re'inforcing ribs, two

Detail design~-drafting of the test section was done by Mr. C.E. Nessle,
Draftsman-Designer. The test section was built by Mr. R. C. Dixon,
Machinist. .
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bars of stainless steel five feet long and 3-1/2 inches square in cmés-
section, which were grooved on theilr mating faces to form a heavy-walled
rectangular channel five feet long and about 7/8 inches by 2-1/8 inches
in cross-section. To each end of this 5-inch schedule-;80 stainless
steel pipe fittings were welded to form the terminal heads for 'Ehe flow
connections and the heater element electrical power connections. The
resulting integral assembly was then broached to a;:hieve the required
tolerances on channel dimensions and machined to final size and shape
to accommodate the window assemblies and instrumentation taps. The
resul‘bing plece has provisions for seven pressure taps spaced along its
length, twelve voltage taps for critical heat flux detection, twenty
blind holes for possible later use to measure steam volume fractions

by the gamma attenuation technique, and observation windows at any of
the four window sections along its length.

The structural members of the test section are all made of stain-
less steel type-304, and all welds were made in accordance with the
ASME Boiler and Pressure Vessel Code. The pressure-bearing pyrex glass
windows, window covers, cover bolts, gasket seats and gaskets are eithér
standard parts used on the Penberthy Liquid Level Gage, model WI-16 or
were fabricated to conform to critical design specifications‘provided
as a courtesy by Penberthy Manufacturing Company, Detroit, Michigan.

Analysis of the stresses in the test section together with a
formal hydrostatic test at 2100 psig and room temperature conditions
established the maximum service rating in accordance with the ASME
Boiler and Pressure Vessel Code to be 1100 psig maximum operating pres-

sure at 600°F maximum operating temperature (refs. (60), (61),(62)).
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Photographic Window

_ Assembly of the photographic window is. shown. in Figure IV-k. The -
photbgraphic-windbw was located adjacent to the exit end of:fhe heater
element §t<the second'window section from the outlet%q The- other three
window: sections were fitted with stainless steel 'blanks™ to form a
smooth flow channel (See Figure IV-3);.

The window assembly shown in.Figure.IV-h.was installed dn‘the
front side of the test section together with a coated front-surface
mirrér?(shown»ianigure IV-3) which directed the optical image into the
camera lens. The front edge of the flow channel was formed by a .-
rectangular mono-crystalline sapphire filler block (inside face L4.320 in.
long, ..585 in. wide, .390 in. 'thick) together with a .stainless steel
filler block holder into which it ‘is fitted and'clamped; The filler .
block-holder contains several small drilled holes which serve to .
eqpalize*preggureS'and permit a small bleed of .flow channel_liquid- :
through a thin (approximately .03 in. thick) liquid filled space
'bétween the filler block and the outer pressure-bearing pyrex window
glass. . The size and'number of the bleed holes were selected by trial- .
and-error so as to provide enough bleed flow to wipe deposits fromvfhe .
pyrex window and still prevent excessive passage of.steam bubbles into
the space between the pyrex window.andzthe'filler-block. Compressed .
" asbestos ~gaskets were used as a pressure seal between the pyrex pressure-
beafing window glass and machined gasket surface on the test section
body and as a cushion to absorb differential -thermal expahsion between
the window glass and the refaining cover. The carbon steel retaining
cover or frame clamps- the window glass tightly in place by means of
stud bolls which extend through the test secetion body to the matching
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cover on the back‘side.. The window gaskets, pyrex window glass and
retaining cover are standard stock items used on the Penberthy Liquid
Ievel Gage, Model N?. WI-16. The window glass i1s Macbeth brand, Type
A, made by Corning Glass Company. The manufacturer'é serviée rating
for these is 1660 psig at 600°F. ‘The sapphire filler block is a fully
ammealed synthetic crystal made to order by Linde Company, Division of
Union Carbide and Chemicals Cofporaticn.

The arrangement at the back side of the test section was identical
with the front side, except that in place of the sapphire filler block
and holdef a full-length pyre#'fillér block was used (inside face
9.355 in. long, .610 in. wide, .385 in. thick). The pyrex filler block
was made by Braun-Knecht-Heimann Company, Belmont,.Califorﬁia, using
Corning Glass Company pyrex, code No. T740.

The or;ginal test section design used a one-piece pyrex window"
glass which, in effect, incorporated the filler block with the pressure-
bearing window as an integral piece. :This design was replaced by the
two-piece window arrangement early in the trial operation period due
to the high breakage rate of the integral wipdows, caused by their
relative stiffness and high surface stress concentratioms.

Thé two-piece window deéign vhich was next used incorporated full-
length pyrex filler blocks at both the front and back sides of the test
section. After some operation it was found that the rate of damage of
the'pyrexlsurfaCES due to erosion and dissolution caused by the adjacent
rapidly flowing two-phase stream was too large at 10CO psia saturated
conditions to be practical from the standpoint of maintaining satis-
_factory optical characteristics for the photographic window. As a
result, the filler block at the front side of the test section was
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replaced with the special sapphire crystal filler block and holdér.
Since the only reéuirement of the filler block at the back side was that
it be translucent and reasonaﬁly smooth, the full-length pyrex filler
block design was retained. there. Fz"equent repl‘l.a.cement of the outer
pressure-bearing pyrex window glasses and the pyrex filler block at

the back side was required due to surface damage and dimensional

changes caused by erosion and dissolution.2 ffhe sapphire ﬁ.]ier block
was used throughout the remainder of the experiﬁgnt, for over 200 hours
of operation at 1000 psia saturated test conditions, with negligible
deterioration of its optical qualities. '

Mirror

The optical mirror and holder are attached to the front retaining
cover of the photogmph;c window aésembly as shown in Figure IV-3. The
mirror is 10 Inches long by 2 inches wide with a.na.lum:l.num reflector .
éoé.ting on the front surface to avold parallax and a silicon oxide over-
coating to protect the refiector and to Increase mﬁectivity. The
min;or was maé.e by Spectracoat, Inc., Belmont, California. ‘

Heater Element

Detalils of the heater elemént construction are specified in Figure
A-2 and can be discerned in Figures IV-3 and IV-4 and Figures VI-15
through VI-18. - |

The heé.ted partion of the heater elements was fa;bricated from.

Material removal rates due to erosion and dissolution of the pyrex in
contact with the flowing two-phase stream at 1000 psia saturated con~
ditions were measured to be about .00l in. per hour. Damage rates to
the outer pressure-bearing pyrex window were less due to the pro- -
tection afforded by the inner filler block. A small amount of damage
to the pyrex surface could be tolerated without excessive deteriora-
tion of optical characteristics due to the relatively small refraction
at the liquid water-pyrex interface.
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stainless steel, type 302 precision shim stock,3 made by Precision
Steel  Warehouse, Inc., Downers Grove, Illinois. 'The shim steel-heater
ribbons are connected at the bottom to ‘the lower electrode assembly by
means of a silver-soldered; clamped terminal located below the inlet to
the rectangular flow channel in the inlet terminal head, leaving about
2-1/2 inches of unobstricted heater ribbon in the terminal head. The
heater ri:obons extend upward. through the flow channel to a point at
about the middlée of the second window section ‘from’the top where they are
joined by silver-soldered step-joints to nickel-plated copper connector-
' strips which continue, with no change in ,flo{f éeometry,'to a silver-
soldered joint with the hpper terminal located about 2-1/2 inches above
the outlet of the rectangular flow channel in the outlet terminal head.
The overall heated length inside the. rectangular flow channel is 37.0
inches. The unheated section of the rectangular flow: channel to the
outlet is 21.8 inches;. giving an overall length of unobstructed
rectangular flow channel of 58.8 inches.

‘lhe electrd.Cal terminals at each end of the heater element are
connected by means of a U-shaped clamp to one-inch diameter comnector -
rods which serve to make electrical connection through a flexible cable
assembly  to copper eleotrodes ‘which penetr‘ate the head' closure covers of
the two terminal heads through insulated pressure seals. The con’nec':tor
rods é.r’e'po‘sitioned by respective sets of two stainless steel spiders
which are bolted through 1nsulated holes to mating fla.nges welded on the
ins1de of each termlnal head ‘me transverse p051t10ns of the spiders

are adJustable in order to provide means for adJusting the tra.nsver'se

,,3 Measured thlckness var:.atlon of thls stock 1s less t.han 00005 in
" (Measureménts made on a Pratt and vhitney 4B8Zinch Standard External :
Length Measuring Machine.)
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and azimuthal position of the.hea;ber element in the flow channel.
Tension on' the heater element and means for adjustment of its axial . ...
i)osition are provided by a large nut on the threaded portion of -each-
connector rod. The force éausing tension on the heater element is . .
transmitted through a bushing po,,the outermost spider .at the outlet. .

. end and through a double spring assembly to both spiders at the inlet . .
énd. The double spring assembly serves to compensate ‘for differential
thermal expansion between the heater ribbons and the test section-body.
All copper parts of the heater element are nickel pl.ai_:gd.

ﬁhe heater element was insulated electricelly and thex;ma.lly from
the test section body by accurately cut laminations of rubberized .
compressed asbestos (Durabla), which also served to-accurately fix: the -
spacling between heater ;‘ibbons'and, consequently, the channel thickness.
This material had the characteristic §f ‘becoming adhered quite tightly
to the backs of the heater ribbons as the section was brought to hot
operating conditions, . as shown by the stained appearance of the heater .
ribbon back of the u:sed'heat.e_leelemenfb.in Figure VI-15. This was a
useful aid to maintain the hea;tgr .e}.emer;t :p;'opgr;].y, .p_osit;lone_d a:qdlt_o,
prevent flow. ‘éetween ‘fhe heater ribbons and the insu.‘lation All other
insulations in.the heate;_elgmenf assemply were made from Rulon-A, a
high temperature re‘sis,'l;a;qu,fluorogarbonl compound similar to__Te_flon,
manufactured by the Dixon Corporation, Providence, Rhode Island.

A combination:of stainless steel leaf springs and U-shaped wire .
springs, spot-welded periodically along.the heater element between the .
ribbons, as shown in sections B~B and D-D. of Figure A-2, was used to.press
the heater ribbons tightly against the insulation stripjs in back.in ., .
opposition to the electrical forces tending to draw the ribbons together.
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Three sets of these springs at the upper end of the heated section
served also to equalize voltages between ribbons in connection with the
Critical Heat Flux Detector circuit (Appendix B). Qné heater ribbon
of each heater element assembly had spot-welded to it a .020-inch
diameter stainless stgel wire focusing.'target, as shoim in enlarged
view E of Figure A-2, used for focusing the high speed motion picture
Camera. |

After assembly in the tcot ocction, caoh heater ribbon vas A
connected to voltage taps for the Critical ﬁeat Flux Detector circuit. 3
The foltage taps were made of short lengths of annealed 'sté,inless steel
wire, spot-welded to the backs ofﬁﬁe heater ribbons and threaded through
holes in the test section body, insulated by tubes of Rulon-A, and '
threaded through insulated packing glands (made by Conax Corporation)
screwed into the test section body.

The heater elements p.sed were of five basic types, corresponding
to the heater ribbon thicl;ness , spacing between ribbons (flow channel
thicknesé) , and number of sides of the channelv heated (single-iibbon
or double-ribbon). The heater element types are defined in Appendix C.

For heater element types 1A and 1B (.50 in. spacing), all of the
space between the backs of the heater ribbons and the inside walls of
the test section channel was filléd with the Durabla insulation. | For
types 2A and 2B (.25 in. spacing), additional space was Tilled by .125
inch thick full-length stainless steel shims on each side, laminated
between the Durabla insulation and the test section walls. Type 3
(single-ribbon) was formed by installing only one heaf.er ribbon in the
heater element assenbly. '

Fbi- type 3 ('singl‘e-ribbon:,' .50 in. spacing) the unheated wall of
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the flow channel was formed by one of the .125 inch thick full-length
shims installed with a layer of Durablas behind to properly locate it
in the flow channel. Special insulated leaf springs, not shown in
any of the Figures, were spot-welded at points along the shim to press
the opposite heater ribbon back against its insulation.

-185-



—98'[-

g r.{..
AN
=

ze ey

1

g oo oo !
B 1

oMeY ©l©l(@l0 ik
1

]

g A

" . ‘l’
5

P

TELL MBS Sanil
m-. PT7 NEATREE ELERENT ACOENNCE WD
S ST BwaE AS &

R
t. .\ A @ « -:';‘-,- NOTE S:
N .

2

ASSENOLY WINPT ATER BLENSNT I TN LY T KR T S«
ol e
)2 D S S Sae o W T S,

1
SECTION A-A"

OBSERVATIONAL TEST SECTION ASSEMBLY
(G.E. DWG. NO. I197E635)

FIGURE A-l

OBSERVATIONAL TEST SECTION ASSEMBLY

(Drawing Number 197 E 635)




Ag -3 (EASY FLOW™S)

4969
DriL LT pa, i
? 7 S > I*
¥ (2 m“)ii’ by i FLATTENOWE S1DE
s / PN A } 54 IJV FOR WELDING
3 5 H 7 sy o
3 A" ale— 251 706ND0FPT4 35T/ REE 2/ car. U ik
een (1] R orr [ 70 0, 35 1
evp acmrg (1]
VIEN AT A'Fae 6/

VEW AT A" Fae
G2e4-3

+4

"2 20
7 = L e Tk
/”‘ = ‘ 4 cer SECTION B8
SEE ENLARGED VIEW'” o
14 ) SEE PETAL. THE DWS; m;\f:;gvr/w B

(\
7/' 1006 ok .DI0 THK,

SEE ENLARGED
b s s roz i
PREPARAT 10N s" roIRE
! SEE 4, J’([ASY/IOW'J) BAg-3(casy +1ows)
et VIEW "E" FOR 2
@ BAg-3 (EASY FLOW ™3 DETAILS - :
e @ | [ l g —r l——
{OHHE
BAg-3 EASY wa# / 0 [ Tte [l S e x L)
\ 35 3 £ Idf 2 95 _<54,-3(asrﬂow ~3)
< Sm————
g ‘ 374 m (1 { QZ). 5£l!ﬂuv¢5m
J”F~
EMLARGED VIEW'C™ LEAF SPRING ALTERNATE
£x x
e ot | o =1
— i
el @@
o S % eyt Tl NOTE : 1 PT.4 TOBE BRRMNICKEL ELECTROPLATED HEATER ELEMENT ASSEMBLY
e SE L 7O A FILAT OF APPROX. DOOS THE.
> J (& Arocass £ro84) ( G.E. DWG. NO. 693C884)
e s == 2 SILVER SOLDER PTS.//#/2 TO PT 4. WITH
1 ‘ BAg- Ow #3)
Gl ﬂ”ﬂ( il o o ﬁ i J:Tt_.l 3 J&;ﬁé‘ ;:;a"z;ls ON) ONE PLATE cNLY.
¥ | :
| SECTION'DO"

FIGURE A-2

HEATER ELEMENT ASSEMBLY

(Drawing Number 693 C 884)



APPENDIX B

DESCRIPTION OF THE CRITICAL HEAT FLUX DETECTOR

General

The Criticel Heat Flux Detector system, developed in the course of
this work, was put into operation February 6, 1961.1 It replaced for
the remsinder of the experiment the original Safety Monitor system
used for some of the earlier runs (noted in the Table in Appendix C).2

By means of a resistance bridge arrangement, the Detector measures
changes in the difference between respective voltage differentials across
two longitudinal sections of the heater element. Such changes from a
reference or balanced condition cause a corresponding output voltage
from the Detector circuit which in turn is recorded on the Sanborn
recorder used in conjunction with the Detector. The circuit was pre-
cisely adjusted so that when the recorder pen deflected by a prescribed
amount in either direction (6 mm) the output voltage from the Detector
similtaneously caused the main power supply circuit breaker to trip,
thereby shutting off power generation in the heater element.

Since the heater element electrical resistivity increases with
temperature, an increase in voltage output from the Detector signifies
a rise of the local heater element temperature over a portion of the
length of one of the tapped sections, relative to the other tapped

section. Typical traces ot the Detector output signal ut critical heat

1 e Critical Heat Flux Detector was developed and built for this
project by Mr. C. H. McCubbin, Instrument Technician.

e The GEL Safety Monitor is part of the installed equipment in the

General Electric-APED heat transfer test facility. Its functional
operation is generally similar to the Critical Heat Flux Detector,
except that it has no recording provisions.
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flux conditions are'shoun in Figures VI-2 through VI-1L. The‘
distinctive character of the Detector output voltage variation with
time at establishment of the'critical'heat flux conditions, as recordedA
by the Sanborn recorder, formed the main basis for judging vhen to start
the”motidn picture cemera'in‘order-to synchronize witn onset of tne
aritical heat flux condition. Deflection of the recorder nen to the
right (towards the time marker) corresponds to increase in heater
element temperature at the outlet end.’ ‘

The particular Detector voltage output level eelected'ae the
threshold to cause the main power circuit breakere to trip was high
- enough to'avoid spurious power trips due to occasional small electrical
transients not related to the critical heat flux condition and to permit -
normal operaticnal‘addustments of the test section power; flow, pressure
and4inlet eub-cooling without causing spurious trips due to the dis- |
turbances caused by these adjustments. The selected_threshold:level
was low enough to give adequate assurance of shutting off the test
section power 'in time to avoid damage to the heater element during the
critical heat flux condition The time delay in the external ‘circuit -
for the main power circuit breaker to trip after the Detector output
voltage reached the trip threshold level is estlmated from the Sanborn
recorder traces to be about 0.1 second

During each approach to a ‘critical heat flux condition, the
Detector circuit was maintained in'epproximate null balance by manual
adjustment using the continuous recorder trace of the voltage output
as-a gulde, up to power levels within a few per:cent of tne critical
heat flux. This procedure assured adequate compensation for any initial
~'1mbaJ.a'nces in the circuit, vhich tend to be ambliﬁeq as the test
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section power and voltage differences are increased, thereby maintaining
the change in voltage output from the Detector required to trip the
main power circuit at approximately the prescribed value;

Detector Circuit

The Criticel Heat Flux Detector circuit is diagrammed in Figure B-1,
showing the cqnnection to the heater element at voltaée taps vr-1, VI-2,
 and‘VT-3, the connection tﬁrough relay K5 to the main power circuit
breaker, and the connection to the Sanbérh recordef. The heater element
voltage taps wére made by three insulated stainless steél wiée probesA
spot-welded to each heater ribbon to make one pair pf taps connected in
parallel at each of thé three voltage tap locations. The top péir was
located at the qutlet end‘of the heated section (VTLl),’the next lower '
pair was located 4-1/h4 inches upstream from the outlet end (Vr-2) and
the lowest pair was4locatedﬂh-l/8 inches further upstream (VI-3). The
heater elemenf construction included internal electrical connections
between the two heater ribbons at eaqh of these locations in order to
equalize heater ribbon voltages at these points. ‘The resistances of
the two tapped sections of Fhe heater element are designated by R; and
R, in Figure B-1. | |

Heater element resistances R) and Ry, form two legs of a resistance
bridge—circuit. The other two ;egs are R3 and Ry, togéthef with a
-variable resistance Rg used as a potentiometer for balancing of the
bridge. The primary side of transfqrmef T, is connected between VI-2

and the potentiometer_tap., Transformer T

1 provides a gain in output

voltage from the bridge of abouﬁ 36:1. ' .
. An unbalance in the bridge caused by a change in the relative
resistancg_pf’gither,_R1 or_32 from an initial balanced condition.causes
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current flow in the primary side of Ty, thereby inducing an. output
voltage from the secondary side of Ty. This output voltage}feeds as, an
alternating-currenf error signal through taps A and E to.a Sanborn
~ eervo-monitor type preamplifier (ModeiAlﬁo-lQOO),-,

~ The preamplifier is both amplitude and phase sensitive. . It
;ncludes‘twozstages of amplification, a mixer stage, demodulation and
an output amplifier. |

6utput from transformer Ta provides a‘12-v§lt alternating-current
reference voltage to the preamplifier through taps E and C. Output
voltagés from T; and T, are either in phase or 180° out of phase, -
depending on vhich of the resistances Ry and R, changes té'unbalance
the bridge. This determines the direction of déflectipn of the
recorder pen.

The‘preamplifier delivers a demodulated signsal, correspoqd;ng to
the direction and smount of bridge unbalance, to a Sanbom: driver type
amplifier (Model 150-200 B/4OO). Output from this amplifier causes.
deflection 6f the pen of.a-direcf-writing center-tapped galvanometer in a
sanborn recording oscillograph (Model 150-100 BW). - An internal direct-
. current powver supply (not shown) provides the plate, blas and heater
voltages required in both the preamplifier and‘the driver amplifier.

Tﬁe galvanometer circuit is parallel tappe§ at 1 and 2 to impress the
direct current galvanometer voltage difference across.relay K3'” _

K3 1s an Advance relay (Model SY/IC/2O,OOOFb), siﬁgle-pole, dquﬁle-

throw type of high sensitivity. K, is in the normally open position

3
and is tripped closed by the galvanometer voltage difference. Variable
resistors Rg and Ry connected in series with Kg and the galvanometer

"eircuit taps 1 and 2 provide the means for fine adjustment of the, trip
: -191- ‘



point for K; in: terms of the galvanometer voltage difference and,
hence,’ the degree of unbalance of the Detector bridge circuit and the
magnitude of the change of the relative heater element voltage difference
across elther of the two resistances Ry or Ry ‘
| when the bridge is balanced by adjustment of R €0 that its output
voltage from 'i‘l is’ zero.,' the galvancmeter pen is centered and no current
flows through the relay 1(3. K3 and the variable resistors Rg and’ B7
were set s0 that an increase of thé Lrldge ocutput voltage from null
balance by an amount sufficient to cause deflection of the galvancmeter
pen 6 mm in either direction would cause ‘relay K3 to trip.

Tripping of relay Xy
vhich causes the main power breaker switch relay Ks to trip opea,

‘energizes an auxiliary direct current circuit,

thereby shutting off the power supply to the heater element.
Calibration '

‘Electrical measurements made ‘during the coursé of the experiment
established the linearity of the galvanometer pen deflection with
bridge output voltage.’ The measured bridge output voltage to the
primary side of transformer T, was .O070 willivolts output per millimeter
deflection’ of the recorder pen (recorder set on a scale factor of unity). ‘
The following’ anal&si"s employs this information tointerpret ‘recorder °
pen deflections in terms of estimated heater element temperature
increments. = - - ‘

Analysis .of Heater Element Temperature Changes-

For the purpose of this ‘analysis, the bridge circult comnecting
the heater element ° taps VI-1, Vi-2 -and VI-3 with the amplifier,
recorder and power trip devices at taps A end E in Figure B-1 is
representéd by diagram A in Figure B-2. The ‘effects ‘of transients
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are neglected.‘

Resistances. Rl and 32 in diagra.m A are the respective resistances.
of the tapped sections of the heater element at the outlet end, as
shown in diagram B of Figure B-2. When the bridge is balanced, the
bridge output voltage e' and the output ‘voltage e from the secondary
side of transformer Ty to the preamplifier are zero, the corresponding
resistance of the outlet section of the heater element 15 Ry =R, and
the potentiometer resistance R5 18 split intd"»f{.‘);; and Ry * “ At balance

the bridge resistances are therefore related according to

NAR o BAR y. PR

Cnset of the critica.l heat flux cenditic:n is considered to be
chamcterized by an abrupt rise (or ﬂuctuationj of the local heater
element temperature in a patch in the outlet section between taps VT-l
and VI-2, with a corresponding increase in the resistance Rl to
R = Rj £ r. At this condition the bridge circuit is unbalanced causing

the voltage orutput from the secondary side of tmnsformer Tl to become

es . TR E W e e @
(Ry £ Ry) (Bl/szr)

where Nl is the voltage ratio for l » E is the heater element voltage

difference between VT-l and VT-3 a.nd the resistance increment r is
recognized to be sufficiently small that the corresponding changes in E
and in the heater element current I are negligible (less tha.n 0.1

per cent). . Since r-is small.compared to- (Ri-,{:;,Rz), .equation _(2);

I_'educes tO L I SIS AR e I Teoovn e . : R
ez  TRyEN .o . o il .
(R # R,)?
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Hence, for the test section current I = E/ (Ri y/ R,) taken as constant
the transformer output voltage to the amplifier circuit is

e rim/adnfy) e

As an ideal:l.zation consider the zone of :aneption of the critical
heat flux conditian to be represented by a recta.ngular patch cn one of
the heater ribbons of length "a", width "b" and average tempera.ture :
AT above the average temperature T of ‘the rest of the heater element,
as depicted in diagram B of Figure B-2. "Bhe heater ribbons are eon=
sidered to have an average electri_ee.l resistivity @) corresponding to
T, except for the hot patch "'a'b;' whieh‘has a higher average resistivity
e o corresponding to T 4 A T. Considering the patch "ab" to behave as
a separate resietof in simple ‘series-parallel electrical cennection

with the rest of the heater element _éives for the resistance increment
r s H— H‘,
(4)

rz= B 2 l: | ]
R 7 ?7'?'{
where L.I. is the 1ength of the heater element sect:i,cm comsponding to
Bl between taps VI-l and VI-2 and 4 is t_wice the wit_ith of each heater
element ribbon. |
For the stainless steel heater=element'mterial,'

B .E)L_ 1

C2 14 X AT/

vhere (X o is the mean temperature coefficient of resistivity over the

temperature interval T to T { A T- Using this relation in equation (&),

“substituting for r in equation (3) and noting that ‘I Rl E gives
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i Cah N R Y
2R Cfen - >
b l/(XT,AT/Q],

Calibration of the Detector cireutt in conjunction with the Sembom
ree'qrder _e_steblieneu the recorder pen deflectin §p as a function of .
the bridgeoutput .yoltege to be.__ . |
P :r.“"-:gg‘ S ® K(:NT e_' = : K'ce
-where K, = 350 mm/volt. ' _ ‘ _ ] |
Thus, substituting this into equation (5) for e and solving for the
tempeg;atu;e rise of ‘the:. Datch AT gives as a general Vquing equation
in terns of the patch dimensions "a', "

-[1/N1K0E1a/rla ]—1

Critical heat ﬂuxes found in the experiment range from about

2 Taking 800, ooo Btu/hr-ft2

550, ooo Btu/hr-ft2 to 1,115,000 Btu/hr-ft
as representa.tive with the coolant 4in bulk boiling at lOOO psia, the
voltage difference El and mean :Lnternal heater ribbon temperatures ‘1‘

for the two double ribbon hea.ter element types, .006 in. and .010 1n.’

’ ribbon thickness » are ca.lcula.ted to be as follows.

 Heater Ribbon E} T,
Thickness, in. . volts O
.006 14.0 . 569.h
.010 oo 108 573.h4

Y
The Jens-Iottes equation, AT,y = 1.9 7/¢®/9%, s used to estimate
the wall surface to coolant temperature differences (ref.. (41)), and
the ‘mean ‘internal ‘temperature differences were estimated from the derived
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relation, corresponding to negligible end and edge effects, for
‘ribbon thickness t' and therma.l conductivity k,

A T = qt' /6k |
k was teken as 1l Btu/hr-ft—oF, for stainless steel at about 600°F and
El was ca.lculated using measured cold heater element resistances
adjusted to operating temperature according to data g:l;ven in ref. (59)
for stainless steel. Taking 600°F as representative of the mean tem-
perature for both elements, data in ref. (59) for type 304 stainless
steel was used to calculate QJ_/O(T = 3100°F. |

Using these values together with & = 3.92 in., Ny = 36 and
I = 4.25 in. calculations of the temperature rise AT corresponding
to varifous deflections of the recorder pen Sy were made for each ot
the two heater element types for two representative hot patch geometries.
The results are plotted in Figure B-3.

Cases 1 and 3 in Figure B~3 for the l/h in. square patch are
intended to be representative of the type of critical heat flux zone
geometry indica.ted by the elongated circular area of overheated metal
seen about one-fourth inch from the end of the heater ribbon in Figure
VI-16. (approximately 0.3 in. diameter)‘. Cases 2 a.nd. l} for a 1/2 in. |
long.by’l.inoh wide rectangul.s.r patch show in coxnparison the effect of
patch geometry on the rela.t:l_onship b.etween recorder pen delflection and
corresponding hot patch temperature rise. The pa.tches_of‘ overheated
metal seen in the burned heater elements of Flgures VI-15 and VI-18 are
roughly represented by the larger hot patch geometry assumed for
Cases 2 and k. | | L

‘The calculated results indicate that at the. initial inception of . .
the critical heat flux condition, as manifested by a slight deflection -
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of the recorder pen (léés ‘f.han 6 mm), the order of magnitude of the
local heater element temperature rise is probably less than iOOQF, ‘even
for relatively small patches in the critical heat flux condition. It
is iikely, however, that as the critical beat flux condition becomes
more completely established, especially at the higher critical heat
flux levéls for which full establishment of the condition éppea.rs to
be abﬁxpt, the heater element temperatﬁre may actually rise sub-
stantially above the values indicated in Figure B-3, due to the

. heretofore neglected transient response characteristics o'f‘thie‘
Detector circuit. |

=197~



r . YlLR3 . ‘

i vT- E

: R| ':

U SRR sEmeman |
%\wen : : - (SANBORN)
SUPPLY { = VT2 N S |
(AC) | !

= R2 20

i PR A - N T

! vT-3 E — ’

; ! .R4.. RN I ‘A .

' LEATE fo e e g AMPLIFIER B |

| ELEMENT ! B g POWER SUPPLY

""""""""""" ? o  (SANBORN)

Yy oo 4
~— 7 ‘ >
ISV, A.C. T2 Euzv. AC. i
*— . ‘ ' \
R6 R7
(50K) (500K) ' RECORDER
(SANBORN)
K3 (20K)
—.00.00
1
| L
| i
| A
: 5 ' MAIN
- 24V, ik ' POWER
¥ DbC 1O ! SUPPLY
T : \ CIRCUIT

MAIN POWER
BREAKER SWITCH
FIGURE B-1

CRITICAL HEAT FLUX DETECTOR CIRCUIT

-198-



UNHEATED

T
.. HEATED | .

|

T
Lv;d'\.r\—m)\du

FIGURE B-2

REPRESENTATION OF CRITICAL HEAT FLUX DETECTOR
* BRIDGE CIRCUTT FOR ANALYSIS °
_199_



60

50

‘40

“30

20

CURVE HEATER PATCH
__NO. _ELEMENT ‘"a" "b"
| .00U6IN. 25IN. 25IN
2. 006IN. SOIN IIN
3 OI0IN.  .25IN. .25IN.
4 010 IN. SOIN. 1IN

/

atT,°f

//
o

{

/4
//
2 4q 6 8 10
SR,mm
FIGURE B-3

CALCULATED ‘'TEMPERATURE RISES FOR RECTANGULAR
PATCHES IN THE CRITICAL HEAT FLUX CONDITION

AT
8 R

ng! Patch length
KX Patch width

Average temperature rise of patoh

Deflection of Sanborn recorder pen

Double-ribbon heater elements, 1.96 in. wlde ’
.006 in. and .010 in. thick ribbons. .
800,000 Btu/hr-ft?heat flux.

~-200-



' APPENDIX C_

EXPERIMENTAL CRITICAL HEAT FLUX DATA

All of the critical heat flux dafa obtained in the experiment are
* tabulated in reduced form in the. following .1'.z;mble:L and are graphed in
Figure VI-1. Properties of water used for.reduction of the.data are
those given in reference (55) for the respective state conditions. - -
The heater element types are defined according to the following -

codingf

Spacing, - Ribbon .No. of Sides _Hydraulic
Type in. Thickness, in. Heated Diameter, in.
1A .50 006 2 .81
1B .50 - - .010 : 2. .81
2A .25 .006 2 .46
2B 25 - .- .010 -2 S 7S
3 .50 .010 1 .81

The types of runs are defined according to the following coding,
vwhich includes coding pertaining to steady-state camera runs described
in Appendix D. '

Critical Heat Flux Rums

BO:-  Critical heat flux run, without ‘camera opera.tion.

BOC: Critical heat flux run, with camera operation '

‘-‘1‘:- Automatic power trip at cri‘tica.l heat ﬂux cmdition. ‘

‘-S:. Nhnua.l reduction of power from critlca.l heat flux conditmn.‘

-A:: o Physical da.mage to heater element interrupted electrica.l |
circuit. ' I

Rt  Criticel heat flux data judged invalid.

'

' Camera Runs Only -
'S0:  Steady-state operation at subcooled conditions, with camera.

1 talculations involved in reduction of the data vere done by Me. M. G
McBride, Engineering Assista.nt.- :
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SSC:  Steady-state operation atJbulh boiling conditions, with
camera. ’ o o - VA
SSC-0: Steady-state operation in bulk boiling near critical heat
- .flux conditions, with-camera.”

The respective critical heat:flux determinations and asscciated

instrumentation féatures are described by the following notes, referred

‘to in the-tabulation of data.

Notes

@)

Recorder trace of. voltage unbalance indicates osci]_’l.ations or shar ]

“rise of honter olement tﬁmpernture within h-l/u inches of outlet end.

Recorder trace of voltage unbalance indicates oscillations or rise

of heater element temperature upstream, more than h—l/h :I.nches ‘

-Recorder trace of voltage unbalance does not indicate oscillations

or sharp rise of heater element temperature within 8-3/8 inches of

,,,,,

Physical damg,gc to heater plpmpht, due ‘bU oveiheating, within

Physical damage to heater element, due to overheating, in upstream
n-'-gions » more than lL—l/ 4 inches from outlet end

GEL Safety Monitor used together with either heater element
thermocouples or voltage unbalance recordings.

Recorder traces of thermocouple outputs indicate oscillations or

sharp rise of heater element temperature at outlet end (with GEL

(2)
from outlet end.
(3)
outlet end.
(%)
4b-1/4 inches of outlet end.
(5)
(6)
(7)
.Safety Monitor only). .
2

The critical heat flux detector system described in Section Iv and

Append.ix B was used for all runs except those indicated by note- (6)..
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(8) Heater elemen-t thermocouples defective; no recording made of heater
element voltage unbalance; Judgnent of validity of critical heat
o fIux detection based on visual appeara.nce of GEL safety monitor "
:'ioscilloscope pattem (with GEL Safety Monitor only) and compa.r:l.son

“of date with valid repeat rums.
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EXPERIMENTAL CRITICAL HEAT FLUX DATA
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Type Ahg, P, G i e
Run Type Heater inlet Ib. 10° Btu
No. R Date Element Btu/1b. peia Bec-1t2 o T = Notes i

1-3 BOC-T 2/7/61 1A 67.0 1000 50.1 .650 . 591 (1) .
1-4 BOC-T 2/7/61 . 1A 7.0 1000 50.6 .6l .597 (1)

2-2 BO-T 2/7/61 1 211.0 1010 50.1 .553 689 (1;

2-3 BO-T 2/7/61 1A 214.0 1000 50.1 .522 .668 Qa .
2-5 BOC-T 2/7/61 1A 216.0 1000 50.1 .556 .698 (1)
37-3 BOC-T 9/28/60 1B 24.0 1003 101 .4o6 .8l5, (6),(7) '
37-b BOC-T 9/29/60 1B 21.0 997 101 .50 .845 6), (1)
36 BO-A 9/29/60 1B 22.0 1002 101 .500 .832 (6), (1)
3TR-3 BOC-T 10/18/60 18 26.0 995 100 .534 .906 (6), (8
3TR-4 BOC-T 10/18/60 1B 26.0 995 101 .536 .909 6), (8
3TR-5 _BOC-T 10/18/60 1B 26.0 995 101 .5k2 918 (6),(8
3RR-1 BO-T 4/13/61 13 38.0 1000 97.6 .515 .878 (1)

3THR-5 BO-A 12/07/60 un 52.0 1000 ¢ .ho3 .881 (L), (4
" 3-5 BO-A 1/6/61 1A 45.5 1005 gg-é .511 .898 @5 O.'L(h;
3R-4 BOC-T 2/15/61 1A 55.0 1000 99. 4 .L6s -857 (1)

3A-1 BO-T-R -3/b/61 1A 109 - 1000 99.4 .368 .835 (2;

3A-2 BO-A-R 3/4/60 1A 107. 995 99.4 .389 . 864 (5),(3)
3AR-1 BO-T 3/25/61 1A 107.5 995 9.4 425 .920 (1)

3AR-2 BO-T 3/25/61 “ M 111.0 1000 99.4 RAT .913 (13

3AR-3 BO-T 3/25/61 1A 107.5 1000 99.4 27 .923 e}

3ARR-1 BO-T /13/61 1B 104.0 995 98.1 RUKY .925 )

3B-1 BO-T 3/25/61 1A 131.5 1000 9.4 2 .957 (1)

3IR-2 BO-T 3/25/61 1A 131.5 1000 9.4 .410 .955 )

3ER-1 BO-T 4/13/61 1B 131.5 1005 99.4 .h1o .955 (1)

hr-2 BO-T 10/27/60 1B 153.5 1000 103 .15 1.053 6), (1
4r-3 BO-T 10/27/60 1B 153.5 1000 103 420 1.062 6), (7
-y - BO-T 10/27/60 1B 153.5 1000 103 .430 - 1.077 (6),(T)
bp-5 BO=T - 10/27/60 1B 133.5 1000 103 430 1.077 (6),(7)
4R-1 BO-T 4/13/61 1B 161.0 1000 99.4 .301L 979 (1)

4l BOC-S-R 1/24/61 1A 163.5 1005 101 .303 .86 (6),(2)
45 BOC-T-R 1/24/61 1A 164.0 1005 99.4 .321 .894 6), (2)
SA-1 BO-T-R L/13/61. 1B 215.0 1S 99. 4 .35 1999 (a)

5-1 DO-1-H 1/26/61 1A 253.5 999 99.4 138 .82 56;, §2;
5-2 BOC-S-R 1/26/61 1A 259.0 1005 99.4 156 .86 6),(2)
6-3 BOC-T 2/2/61 1A 25.0 1000 . 19 .233 .847 ), (1)
6R-3 BT 3_/2!0/21{ 1A 32.0 1000 199 234 .884 (1;

6R-U BOC-T 3/2k/ 1A -88.5 100U 19y .239 .88 (a

6R-5 BOC-T 3/24/61 1A 31.0 1000 . 199 .237 .889 1)

6R-F ROC-T 3/2u/61 1A 27.0 1000 196 .252 .903 (1)

6RR-1 BO-T L/14/61 1B 16.0 1000 99 . 269 -.916 )

6A~1 BO-T 4/14/61 56.0 1000 199 .232 .991 i)

7-3 BOC-T 2/6/61 1A 90.0 1000 199 .165 .9ks 1)

7-5 BOC-S 2/6/61 1A 94.0 1000 199 .160 .957 (1)

TR-1 BO-A b/b/R) - 1B 88.3 1015 199 200 1.043 (4), (1)
Ne? DOg-T 2/6/61 1A 166.4 1055 199 .095 1.089 (1)

9-1 BOC-T 2/6/61 1A 19.0 1000 397 .10k .832 ) 3
9R-2 BOC-5 3/24/61 1A 32.0 1000 395 .093 .884 )

9R-3 BOC-T 3/24/61 1A 25.0 1000 397 .103 -.879 (1)

9A-1 BO-T 3/25/61 1A 61.5 1000 397 .063 .98k ) -
QAm2 ROC-T 3/25/61 1A 55.0 1000 398 ey .987 (1)

9B-1 . ROC-T 3/25/61 1A 97.3 1015 397 - .033 1.136 (1)

9B-2 BOC-T 3/25/61 1A 1005 .037 1.1h) )



EXPERIMENTAL CRITICAL HEAT FLUX DATA' - CONT'D.

. . Type ‘ Ahg P, G L
Rm Type : Heater inlet 1b. % 106 Btu
No. * Rum Date Element Btu/1b psia Bec-Tt2 Br-1t2 Notes
12-3 BO-T L/6/61 3 15.0 1007 199 ko 1.018 (1
12-4 BOC-T 4/6/61 3 16.0 1005 199 140 1.027 (1
12-5 BO-A-R 4/6/61 3 20.0 . 1000 .o20L . 126 1.027 (s), (3)
13-3 BOC-T 2/27/61 2A 49.0 1000 295 .388 75 ¢}
13-4 BOC-T 2/27/61 2A k9.0 1000 197 .382 T2 (a
13-5 poc-T . 2/7/aL 2A k9.0 1000 205 .362 .70 (1
138-1 BO-T 3/18/61 2B 50.0 1000 197 " 46k 843 (1;
13R-2 BO-T 3/18/61 2B k9.0 1000 197 468 846 (
1ha1 BO-T 2/21/61 24 104.0 995 196 .334 68 (1;
142 . BO-T 2/21/61 2A 109.0 1005 197 .337 .786 (x
14R-1 * BOT 3/19/61 - ) 104.0 1000 201 g .920 (a
14R-2 - BO-T 3/19/61 2B 107.5 1000 . - ¢ .29 .925 (¢8
14A-1 BO-T 3/18/61 2B 161.0 1005 199 389 1.004 (1)
1ha-2 BO-T 3/18/61 2B 163.5 1000 o197 .394 1.006 - (1)
151 - BO-T 3/18/61 28 2.0 1000 394 .2l .88z (1;
15-2 BO-T 3/18/61 2B 16.0 2001 394 .258 .880 Qa
15R-1 BO-T 3/19/61 2B 22.0 1000 394 .250 .88y (1)
15R-2 BO-T 3/19/61 2B 21.0 1000 394 254 .894 (1)
-16-1 BO-T 3/18/61 28 86.0 1000 394 192 1.011 (1)
16-2 BO-T 3/18/61 2B 85.0 1000 394 .193 1.009 1)
17-1 BO-T 3/18/61 28 154.8 1015 . 39% .129 1.143 Q@)
18-k BOC-3 " 3/9/61 28 8.0 1000 99.2 63 s @)
18-5 BO-8 3/9/61 24 78.0 1000 99.2 .607 .570 )
18R-1 BO-T 3/20/61 2B 7.0 1005 99.0 651 .595 Qa
18R-2 BO-T 3/20/61L 2B 69.0 . 1005 98.7 662 .600 (a
18R-3 BO-T 3/21/61 2B T72.0 1000 9.2 667 611 Q(
18R-4 BO-T 3/21/61 2B 66.0 1000 99.2 678 .612 Qa
18R-5 BO-T 3/2a/61 2B 69.0 1000 99.2 664 .605 Q
18RR-1 BO-A 3/21/61 2B 69.0 1000 99.2 .75 673 %), (1)
19-1 Bd-'r 3/10/61L 2A 132.0 1000 97.8 .587 :612 Q
19-2 BO-T 3/10/61L 2A 128.5 1000 98.4 .588 .612 (48
19R-1 . BT - 3/20/61 . 2B " 132.0 1002 99.2 .654 673 )
19R-2 BO-T 3/20/61 2B 132.0 1005 9.2 .650 .670 )
20-1 BO-A-R 3/10/61 28 ‘221.0 1005 9.7 .356 550 (S),(3)
20R-1 DO-7 3/20/61 2B 200.U 1002 9.2 .6k 723 (1;
20R:2 - "BO-T 3/20/61 2B 198.0 1000 9.2 .623 T2 Q
2B 215.0 99.2 612 .Tho )

20R-3 BO-T 3/20/61 1000
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APPENDIX D

MOTION PICTURES OF BOILING WATER FLOW PATTERNS

Thirty three edited sequences of high speed motion pictures,
selected as part of the data of the experiment, ‘are listed in the
following table in the order of their appearance in five data reels and
a summary reel.l 2 The coding designating the types of runs is the same
as definéd'in Appendix C. Operatluy couditiois for each scqucncc are
tabulated and a’set of notes ae'surn,mg We sulient features of the
' f’low pattems observed :Ln each’ case are included. Specific measure-
ments mentioned in the notes were made directly on the projected image
using the;ProJector-Analyzer describedwin Section«IV." The measurements
are:approximate. o

Each ‘sequence is contlnuous and is approximately “the last half of
the.corresponding 100-foot negative exposed (approximately 1850 frames).
The camera speed is nearly unifofm over this portion of the films,
varying from about 3900 pps at beginnlng of' each sequence to about MSOO
pps at the end, with a’ mean speed of about h300 PPs.:”ine actUal _ )
operating,tlme of each_edited sequence is about .h3‘second andpthe pmoi
Jjection time at-a progection speed of 16 PPs is about” 115 seconds,
giving a mean speed reduction ratio of about 270 1. 'Precise camers 3
speed at any portion of the sequences can be calculated from measurement

of the camers timer marks in the sprocket track of easch fllu (120 marks

1 Complete records of the individual photographic settings found after

some trial to give the best positive prints of the original negatives
are filed at Cinechrome Iaboratories, Inc., Palo Alto, California
(General Electric Company Order No. 205-75445-G).

2 Sequence and reel titles were made by Mr. C. L. Swan, Engineering
Assistant. .
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per second).
The camera was in each case sharply focused on the wire focusing
target attached perpendicular to one heater ribbon sbout .15 in. inside
the channel_and .25 in. upstream from the end of the heated zone. The -
target is .020:in. :diameter--and .'1;25 in. long. The viéw seen is the
last .56 in. of the end of the heated section (Figure IV-6).
Properties of water used 'for calculation of the operating con- v
ditions are those given in reference {(55) for the state -conditions -
corresponding to each sequence. 'i'henominal operating pressure i"or.
each sequence was 1000 .psia. - o L " ' o
Relevant fluid property data. for water at lOOO psia saturated

pressure a.re3

. Tgats SMI» 6 F. 0-/0'212 F A | 6.3 -
QT h6 3 1me/0¢3 /u:/ Yo =51
e/l ™6 i s oman
: cll/cg: <. . 1.0 .

| o "Heaiter' e;l.ements 'ﬁséd i‘or"aﬁ. reeis exc,ept R_ééi V were .SOin 4
spacing, .006 in. ribbon thickness ’ heated on both sides. Heater ele-
ments used for a]_‘l. sequences in Reel V except 18S-l were: | .50 in. -
spacing, .010 in. ribbon thickness 5., heated on.one. side. '.me heater |
element used for 185-1 was: .25 in. spating, .006 in. ribbon thickness,
heated on both -sldes. | | B

| Millimeter lengths noted under "Heater El.ement Temperature arej
the deflections of the recorder pen corresponding to the heater element

voltage unbalance (Appendix B, Figure B-3).

3 @, density; c, specific heat; (-, vapor-liquid surface tension;
}( 5 dynemic viscosity; k, thermal conductivity.
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MOTION PICTURES OF BOILING WATER FLOW PATTERNS

SUMMARY REEL

Seq. G, Ahs' qQ, Heater P, ah,, )
Yo. R 1. X Btu L_Bgnos 4. mmm ¢ ‘psm inlet
(Reel) - Type No. Date ‘sec~Ite b, hr-ft: S . Btu/lb.
_}%‘I’g sc 3s-1 3/3/61 102 1.4 . .245 1.0  BSteady gko 182

'(1) Sub-cooled nucleate boiling at heater surfaces. (2) Growing bubbles are not attached to surface but are sliging
along near the surface with the stx;eam at about 1.5 ft/sec. (75* of mean velocity). (3) Bubbles tend to grow in
irregular clumps, space-d. about .10 in. apart and extending from the heater surface about .0% to .06 1n. (4) Bubble
diemeters .0l t6 .05 in. (S5) Bubbles in center are slowly collapsing. (6) General flow pulsaticn at 120 cps.

(7) Bubble population appears to be reduced for about .]JO sec. during the middle of the sequence, due probably to &

momentary slight increase of Ahg,, inlet..

% asc 32 3/3/8 " T 99.4 .05 T 492 <<1.0  steady 1015 171

(1) Gemeral froth-like appearance vith large bubbles interlaced vith continucus liquid containing a range of smaller
bubbles (.01 to .15 in. di;;meter). (2) Larger bubbles tend to be more centrally located, but with nearly continuous
liguid predominant at middle of channel. 3) Hi@:ly agitated frothy structure of fine bubbles in'liquid layer -
adjacent to heater surfaces (layer thickness = .08 in.). (4) No evidence of flow pulaations. (5) Bubbles deeper

in channel behind the target can be seen clearly.

"{S'-"gn 8SC 355 3/3/61 9.5 TI% R T 1.0 Steady 005 91.0

/
(1) Agitated frothy structure of fine bubbles in liquid against heater surface. (2) "Slugging” 1s quite distinct, as

evidenced by varying illumination from rear (.05 sec. perlod). (3) "Dark" slugs indicative-of finely divided "froth"
of vepor and liguid in core; "light" slugs indicative of thiék, relavively placid, llyuld layer ca windovw (shadowe of
vave structure evident), containing some small bubbles moving at about b ft/sec., with probably high vapor content in

core, (4) Irregular motion (downvard) ot bubbles cutside chmumel indicates some presoure pulsing (120 cpa), appar-

ently ar'fected.by "slugs".  (5) Movion of £luld adjacent to heater surfaces changes accordiid to Type of “Blug"
pasoing.

3R-3 -0 - L. T8 .96 OeclIL. 3
B3 s 33 2/15/6 99 165 5T 96  Geglll 1006 35.0

(1) No evidence of "slugging". (2) Shadow of profile of highly turbulent wavy liquid film evident on both heater
surfaces ( § ® .02 in.). Spectrum of small waves ouperimpésed oh Lomgest vave lengls (L% A4 € S). (3) Fine,
rapid moving structure of waves on liquid film against vindow. (4) No evidence of definite bubbles visible in
channel. (5) Appearance similar to Seq. No. 1-2, but with more liquid evident in corners and finer wave structure on
window. (6) Bvidence of irregular, wavy streamers of vapor moving from.edges of heater ribbons into liquid film at
edges of windéw. (/) mtien of liguld fllu ab heater clemont ourfases very irregnler, tanding scmetimes to almest

stop.
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MOTION PICTURES OF BOILING WATER FLOW PATTERNS - CONT'D'.

SUMMARY REEL (Continued)

Seq. A G, ahg, . @ Heater P,  abg,

No. Run oy X Btu 106 Btu 9 Element inlet

(Feel) Type Fo. Date sec-tt2 . b 7O ——— % Texp. psia Btu/1b.
= - - / . 50, . . . Oscill.

J(Ii . 88C-0 1-2 2/7/61 50.1 656 . 588 ¥1.0 scill. 1035 70.0 ..

(1) Wave structure of liquid film on window is sharply defined. '(2) Small bubbles in 1iquid filnm traveling gpv;m
at about 5 ft/sec. (3) Profile of wavy uquid ﬁl:m on right-hand side is distinct ( § = .025 in.). The vm;'e
structure on the film includes a spectrum of short wave-lengths superimposed un the }I.angeét vaves (1% /8 € s5).
(4) "Pulsing" of fluid normal to left-hand heater ribtbon ( 120 cps), possibly associated with aiisht varp in rivbon
(cavity ba_ck of ribbén). mdence of irregular sﬁeamers of vapor pulsing from gdge of heater rlb'bffm into liquid
filn at edge of vindow. (5) lfbﬁon of the liquid filu at heater element surfaces.is very irregular, tending to

almost stop occasionally. (6) No "slugging". (7) Intense back-light indicates high vapor content in core.

75 Bcs 7.5 . 2/6/eL 1% 18 557 T.0 I Tl gho
(111) . - bom

(l) Highly agitated pulsing atreamers of vapor appear to be moving from edge. of heater ribbons into liquid film. ’

High frequency pulsing of fluid normal to surface at top of left-hand ribben. (2) Shadow of profile of highly
agitated wavy liquid ﬁlm against right-hand heater ribbon (8 z .03 in. ). mticm of liquiti fiim is very irregulan
occasionally appearmg to almost stop. Spectrum-of superimposed vave lengths = 24 € .3) (3) N'o' o
"slugging. " (1&) Snoot.h motion of bubbles cutside channel (\mvard) indicates no pressure pulsing " (5) Finely

d.ivided, rapid moving liquid ﬁ.:l.m atructure on vindow.

A - _ - - . Oscill, +
%rv BOC-T 9A-2 . 3/25/61 398 .OTh . .987. . . 1.0 L imp 000 . 55.0

(1) m@ﬁ agitated, wavy streamers of vapox;'flowing 1n liquid film at edges of both heater ribbans. . (2) él:adov of”’
profile of turbulent; wavy liquid film veguely evident ‘against both heater surfaces, in contrast with more rapidly- "
moving, finely divided flow structure across majority of window fdc® ( 8 a2 .0k in., A%28). (3) Intensity of
agitation of flow stm.ctuﬁ at heater ridbon appears to increase during about'.lo sec. period before power trip.

Flow strudture along ribbon surface very irregular, sometimes almost stopping, -Just before power trip. (4) ¥o
"glugging”. - (5) Small pressure pulsing at 120 cps indicated dy irregular motion ‘of bubbles outside channel.

(6) Power trip with brief flow reversal .22 sec. before end of sequence. (7) Flow pattern after power trip markedly
different than before: pure 1iquid covering heater; vapor re-arranges ‘into large irregular bubbles as mixture

enthalpy decreases toward end of sequence. . . : B ) c. ' ST s
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MOTION PICTURES OF BOILING WATER FLOW PATTERNS — CONT'D.

REEL I: G = 50 1lbs/sec-ft2

8qu s G, Ahg, o%' Heater P, Ahg,
. : - - 1. X - Btu 10° Btu a Element inlet
Fo. - Type Ko. Date . sec-ft& 1v. © Thr-rt2 . 9 Temp. psia Btu/lb.
2-1 8sC 21 -2/7/61 50.1 258 . .hés . - &L1l.0 Steady 1000 217

(1) Turbulent wavy ﬁqui&ﬁlm evident on window surface. (2) Occasional small bubble in film ¢n window. °

(3) Shadow of 1iquid £1In profile ‘on right-hand hester ribbon, of thickness §=% .05 in. (k) Wave structure on film

on window (A .05 4n.).  (5) Some "slugging” indicated at period 6f .10 to .15 sec.  (6) Intensity 6f back-
1ighting in center ‘tndicates high vapor content in core. © o : S o

T1-1 8SC 11 2,76 50.1 .318 — 7T 3%k3 0 XK1.0  Steaay 1000  69.0
(1). General appearance similar to that for No. 2-1.  (2) Occasionsl small bubbles in 1iquid film on window. " (3) Edge

bf heater element more clearly visible at upper left comer. ~ (4) "Slugging" léss distmct“(.m‘io .15 sec. period):

(5) Increased intensity of back-lighting in center indicates more nearly single-phase vai:‘or in core than in No. 2-1.

22 80 2k /6t 501 %50 .88 - =10 Steady 1000 216
(1) mcmsed intensity of- back-lighting indicating nigher vupm contens in core t.han in No. 13} (2) Occaeionbl ‘
smAll bubb].es 1n liquid ﬁlm on windov (3) "Pulsing" of nuid nox-ml to surfaee at top of 1ert-lmnd heatcr ribben
(120 cps) (h) Very ‘slid:t."slugging (5) stmdovs of focusina target a.nd profue of liquid rnm visible on '
rid:t-hand side. ‘

2-3 BOC-T  2-5 2/7/61 50-1 .556 ‘ ’ ..698 ) 1.0' Pulse-'l‘rip 000 216

(1) Liquid £ilm oo vindow and its wave structure more sharply defined. (2) No “elugging" evident (3) stmdov'o'rw
profile of liquid £ilm on right-hand side, with wavy, undu].ntins surface more definite. (4) Occasicmal am.l.l bubble
in film on window. ' (5) mtennity of back-lighting m center increased further, indicating highet vapor content than
in previous sequences. (6) "Pulsing" of fluid norml to ].gfb-lmnd heater Fivbon (120 g:ps) » possidly associated with
slight warp in left heater. ribbon (cavity. back of ri'bbm),,\. Sowe evidence of_._ irregular atrcamers of vepor pulsing.

from edge of heater ribbon into liquid film at edge of vindov.

=

(1) wave structure of liquid f£ilm cn windov.is sharply defined. (2) Small bubbles in liquid film traveling upward
at about 5 ft/sec.... (3).Profile of wavy liquid film on right-hand side is distinct (§ = .025 in.). The wave
structure on the f£11m includes a spectrum of short wave-lengths supsrimposed un the lungest waves. (1% r/8 % 5), - -
(4) "Puleing” of fluid normal 6 Lert-hand hesler olUbca ( 100 eps), pooeibly -asanciated with glight warp in ribbon
{cavity back of ribbon). Evidence of irregular streamers of vapor pulsing from edge of heater ribbon into liquid
film at edge of window. (5) Motion of the liquid film at heater element surfaces 1s very irregular, tending to
almost stop occasionally. (6) No "slugging." (7) Intense back-light indicates high vapor content in core.
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MOTION PICTURES OF BOILING - WATER FLOW PATTERNS - CONT'D.
REEL.II: G © 100 lbs/sec-ft2

G, Abg, Q, Heater P, Ahg,

Seq.. . Rm w Btu 106Btu g Eement , inlet
Fo. e  Fo.  Dete  poom® . i nr£t2 % Temp. Pala  Bru/id.
38-1 8 381 - 3/3/61 102 . 9Lk 25 | «1.0 Steady 9k 182

) sub-cooa.ea nucleate boiling st heater surfaces.  (2) crowﬁg bubbles are not attached to sirfacé but are sliding
alons near the surface with the stream at abcut 1. 5 rt/sec (75% of zmean velocity). (3) Bubbles tend to grov in
1rregular clumps spaced ebout .10 in. a.part and ex*bendi.ng from the heater surface about .0k to .06 in. (4) Bubble
dlameters .OL to .05 in.  (5) Bubbles in center are slowly collapsing.  (6) General flow pulsation at 120 cps.

(7) Bubble population appears to be reduced for about .10 sec. during the middle of the sequence, due probab].v tosa

mmentary sn@:t increase of Ahgy, inlet.

352 88C 35-2  3/3/61 9.4 .056 592 1.0 Steady 1015 171

1) General froth-likz appeamnce with large bubbles mterlaced with continuous liq\ud confainine a range of smller
bubbles ( oL to .15 in. diameber) (2) Larger bubbles tend to be more centrally located, but with nearJq continuous
liquid predominant at middle of chanmel. (3) Highly agitated frothy structure of fine bubbles in J.iquid hver
adjacent to-heater surfaces (1ay;er thickness .08 in.). (4) Fo evidence of flov pulsations. ~(5) Bubblés deeper

in channel behind the target can be seen clearly. . - : . .

35-3 8sC 353 3/3/60 %L T o97 — RS F10 < Stessy 1020 1h3

(1) Asitated fmﬂw structure of bubbles in ldquid ad,jacent to heater surfacee 1s more finely aivided ﬁmn in No. 38-2.
(2) Varylng back-light intensity indicates some "slusgins" (.Ok sec. period) (3) Irregular motic (dcwnvaxﬂ) of

amll bubbles om',side channel indicates some pressure pulains

3s-b 8sC 384 3/3/61 99.4 .166 ho1 <«1.0 Steady 1005 97.0

(1) Agitated frothy structure of fine bubbles in liquid against heater surface. (2) "Slugging" is quite dislt'inct, as
evidenced by varying illuminaticn from rear (.05 sec. period). (3) "Dark" slugs indicative of finely divided "froth"
of vapor and liquid in core; "light" slugs indicative of thick, relatively placid, liquid layer on window (shadows of
wave structure evident), containing some small bubbles moving at about & ft/sec., with probably high vapor content in
core. (U4) Irregular motion (downward) of bubbles outside channel indicates some pressure pulsing (120 cps), appar-

ently affected by "elugs". (5) Motlon of fluid adjacent to heater surfaces changes according to type of "slug" passing

3R-1 SsC 3R-1  2/15/6) 99.4 .223 .u6s <«1.0 Steady 1000 49.0

(1) "Slugging" less distinct. (2) Left-hand heater ribbon appears to have agitated "froth" against its surface;
pulsing of fluid suggestive of vapor formatiom in liquid against right-hand heater ribbon. (3) Liquid £1lm on window
surface with wave structure. (4) Bubbles in liquid fu.m an vindov moving at about 5 ft/sec. (5) Shadow of liquid

£ilm profile with agitated wavy surface evident an right-hand heater ribbon (most evident during "light” slugs ).
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MOTION PICTURES OF BOILING WATER FLOW PATTERNS — CONT'D.

REEL II (Continued)

G, Ahg, q, Heater P, 4ng,
Seq. Run . X Btu 106 Btu S Element inlet
Fo. Type Ko. Date gec-£t2 o 1. hr-ft2 - %@ Temp. psia  Btu/lb.
b-5-a  BOC-3R Lk 1/24/61 101 .303 876 ~.80 (el 1005 164

(1) Camera apparently ocut of focus. (2) Flmfutmg back~-light intensity indicates distinct "slugging" (.07 sec.
period). (3) Definite appearance of wave structure on liquid film on window during "light" slugs (similar to Seq.
Nos. 2-3 and 1-2). (&) shadow of .1iquid film profile with very agitated wvavy surface against heater ribbons evident
during "light" slugs. (5) Mtion of liquid film at heater surfaces is very irregular, occasionally appearing to
almost stop.

306 886-0  3E-7  2/15/61 " /% T.ah 037 - o8 “PEIS!.EE‘ 5 I )
(1) Iittle evidence of Aistinct "slugging”. (2) Shmdov of profile of liguid n.'l.m with as;fated wavy surface against

right-hand ribbem. (3) Structure of vaves on liquid film against windov, with finer, more rapidly moving structure
towvards middle of vindov. (4) Bvidence of irregular, wavy otreamers of vapor moving from edges of heater ribbons
into 11quid f1ilm at edge of window.

3Rr-3 88C-0 3R-3  2/15/61 99.4 . 465 : .857 .96 Oscill. 1000 55.0
-2 mm

(1) Ko evidence of "slugging". (2) shadow of profile of highly turbulent wavy liquid film evident on both heater

surfaces ( § =~ .02 in.). Spectrum of small waves superimposed on longest wave lengths (L2 A/8 Z 5). (3) Fine,
repid moving structure ;>f vaves on liquid film against window. (%) No evidence of definite bubbles visible in
channel. (5) Appearance similar to Seq. No. 1-2, but with more liquid evident in corners and finer vave structure on
window. (6) Bvidence of irregular, wavy etreamers of vapor moving from edges of heater ribbons into liquid fﬂm at
edges of windov. (7) Motion of 1iquid film at heater element surfaces very irregular, tending somctimes to almost

stop.

REEL III: G = 200 ibs/sec-ft®

68-1 sC 6s-1  3/23/66 199 2.8 .298 2<1.0 steany 1060 65:0

(1) Ceneral froth-like appeurance, aimil.;u- to No. 35-2, with large bubbles interlaced with continuous liquid containing
a ranme of smaller bubbles (.OL to .25 in. diameter). (2) Iarger bubbles tend to be centrally located. (3) Agitated
.gtgggture of fine bubbles in liquid layer adjacent to heater surface (layer thickness .06 in.). (&) Fo "alugging" or

"pulsing”.. (5) large filament-like bubble attached to target.

6R-1 85 6r-1 323/ 193 .67 : .612 €<1.0 ' ‘Steady = 1000 19.0
(1) Flow otructwre appears tu Ue finely divided, indistinct and rapid moving near middle of window, suggestive of short,

high frequency waves om liquid film against window. (2) Slower moving, turbulent, wavy streamers of vapor in liquid
£11m at edges of heater ribbons. (3) Very slight evidence of "slugging". (&) Smooth motion of bubbles cutaide

channel (upward) ipdicates no pressure pulsing.

- = ; R : . Oscill, + .
6R-5 BOC-T 6R-6  3/24/61 196 252 903 1.0 eill 1000 27.0

(1) Appearance similar to No. 6R-1 except streamers of vapor flowing in liquid film at edge of left-hand heater ribbon

more agitated. (2) No "slugging". (3) smooth motion of bubbles cutside chamnel.
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MOTION PICTURES OF BOILING WATER FLOW PATTERNS - CONT'D.

REEL III (Continued)

G, Ahg, A Heater P, Ab,,
Seq. R 1b. X % 105 Btu "% Element inlet
Fo. Type No. Date sec-f52 Thr-tt2 Temp. psia  Btu/lb.
7-1-b sscC 7-1 2/6/61 202 .10k .T96 <<1.0 Steady 995 96.0

(1) Agitated, wavy streamers of vepor flowing in liquid film at edge of left-hand heater ritbon. = (2) Shadow of pro-
file of turbulent wavy liquid film against right-hand heater ridbon evident. (3) Wave structure on liquid film on
glass more distinct. (4) Eigh frequency pulsing of fluild against upper edge of left-hand heater ribbon. (5) No
“elugging”. (6) Smooth motiam of bubbles cutolde channel. ’

T-2 8sC-0 T7-2 2/6/61 199 .151 o .91 E_ ing 1000 92.0

(1) Appearance similar to Fo. T-l<b, except both the liquid film end vapor streamers at edge of left-hand heater

ribbon and the wavy profile of the liquid film against the right-hand heater ribbon appear more agitated. (2) N0

"glugging." (3) Smooth motion of bubbles outside channel.

7-5 BOC-S 7-5 2/6,61 199 .160 .957 1.0 ngig~ 1000 gh.0

(1) Highly agitated pulsing streamers of vapor appear to be moving from edge of heater ribbons into liquid film.

High fréquency pulsing of fluid normal to surface at top of left-hand rivbon. (2) shadow of profile of highly
agitated wavy liquid film against ri@xt-hnnci heater ribbon ( § & .03 in.). Mdtion of 1liquid film 1is very irregular,
occasionally appearing to almost stop. Spectrum of superimposed wave leéngths (1 € A/ <€ 3). (3) Ko "slugging".
(4) Smooth motion of I;ubbl.es outside channel (upward) indicates no pressure pulsing; (5) Finely divided, rapid

moving liquid film structure on window.

a1 SSC 81 2/6/61 199 ~o8h 989 <<1.0 Steady 1035 156.0
(1) Appearance similar to No. T=5. (2) Structure of liquid film on window rather indistinct. (3) Shadow of profile

of agitated wvavy liquid film against right-hand heater ribbon evident. (4) Agitated liquid film and vapor streamers
flowing at edge of left-hand heater ribbon. (5) No "slugging". (6) Occasional glimpses of focusing target on

right-hand side.

83 5SC-0 8-3  2/6/6L 199 .105 1.080 w~1.0 Plslig 1060 1660

(1) Appearance similar to No. 8-1, except shadow of profile of liguid film against right-hand heater ribbon and
vepor streamsrs in ngu.ld film at eédges of ribbons appear to be more highly agitated and more irregular in motion.

(2) Rather indistinct, repid moving liquid £ilm structure on window. (3) Fo "slugging".
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MOTION PICTURES OF BOILING WATER FLOW PATTERNS — CONT'D.

REEL IV: G = 40O lbs/sec-ft2

.. On
: e G, - _ s’ 3 Heater P, Ab,
“seq. 4 Rn . X Btu B b 4 Element irilet
o. Type No.” Date sec-£t2 ) jry T-fts % Temp. ‘psia  Btu/lb.
9s-1 _ ‘sC '95-1  3/2h/6L 398 6.3 245 - <<1.0 Steady 995 871.0

(1) Start of sib-cooled nucleate boiling. (2) Evidence of "hot patches" or preferred nutleation eites slightly
below target on left-hand heater ribben. (3) Bubbles grow from "hot patches” as flat, irregular domes about .05 in.
vide, changing as'they grov to irregular streamérs of vapor up to .15 in. long before disattaching or breaking into
smaller bubbles. (4) Iarge irregular bubbles up to .15 in.x .30 in. slide aiong right-hand heater ribdbon at about

b ft’sec. (50% of mean channel velécity). (5) Mo ovidence of flow pulsing. ~ (6) Collapse rate of bubbles in

atream is s16W. _.(T?'waidomhh' aoymmetyy qf I}ubb}_g chape and size in qtream.‘

[

98-2' s 95-2 324761 398 176 493 <<1.0  Steady 995 69.0

(1) very smooth flow of discrete bubbles, ranging from .0l to .10 in. diametei-, interlaced by almost pure liquid
near’ middle of channel. (2) Agltated, frothy structure of tiny bubbles and liquid in a layer about .13 in. thick’
agalnst both heater surfaces.  (3) o flow pulsing of "slugging". (i) Velocity of rluid in chonnel center 1s
markedly faster then vel?citylin frothy laycr against mll (5) Bu}zble collapse rate in free.s‘tream from wall to

near channel ceater is too slow_to detect, indicating incomplete mixdng of colder and hotter parts of fluiad.

9R-1 SSC 9R-1 ~ 3/24/61 398 - .09 E .857 = .98 - Pulsing " 3005 27.0

-1 mn

(1) Evidence of turbulent, wavy streamers of vapor with highly agitated vave structure flowing in liquid film at
edges of both heater ribbems.  (2) Structure of liquid £ilm on window is more finely divided, becoming rather
indistinct’ with increasingly high flow velocity toward middle of window.  (3) No "slugging”. ~ (4) Suooth flow of-

bubbles outside channel indicates negligidle pressure pulsing.

SRz Boc-s  O9r2  3/2h6L 395 053 1o Gl 1000 32.0

— - =

(1) Appﬁﬂl'ﬂﬂ‘;e— similar to Ho. YR-1, but with vopor streamers in 11quid Illii ab edgoc of heater ribbons being more
agltated. (2) No "slugging." (3) Slight irregilarity of motion vl bubblés OWEELdE \lmuacl indlcates emall’

pressure pulsing at about 120 cps.

9A-1 -BOC-T SA-2 ' 3/25/61 398 a7h 987 1.0 Pase-trp 00 55:0

(L) Highly agitated, wavy streamers of vapor flowing in liquid £ilm at edges of both heater ribboms:  (2) shadow of
profile of turbulent, wavy liquid film vaguely evident against both heater surfaces, in contrdst with more rapidly
moving, finely divided flow structure across majority of window facé (& o .0k Lu:; AK 2§ ) (3) Mtenssty of
agitation of flow structure at heater ribbon appears to increase during about .10 sec. period before power trip.

Flov ptrnbiare alang ribhan surface very irregular, sametimes almost stopping, Just before power trip. (k&) No
"slugging."” (5) Small pressure pulsing at 120 cps Lndic#ted by irregular motion 6t dDwbles vutside dhannel..

(6) Power trip with brief flow reversal .22 sec. before end of sequence. (7) Flow pattern after power trip markedly
different than before; pure liquid covering heater; vapor re-arranges into large irregular bubbles as mixture

enthalpy decresses toward end of sequence.
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MOTION PICTURES OF BOILING WATER FLOW PATTERNS - CONT'D.

REEL IV (Continued) .

G, 4ahg, q, Heater P, ahg,
Seq. 'Ram 1b. X Btu 105 ptu & Element inlet
No. ‘Type . No. Date Bec-t2 1b. _—Tu.ft q Terp. psia Btu/lb
-9%2 BT 9B2  325/6L 3% .o » 1.141 Lo  ELh, 1005 95.0.

) Appesrsnce very similar to No. 9A-1, vihb highly s.gitated. liquid £1lm and vapor streamers moving 1rregulser
at edges of both heater r.tbbcns, and ﬁ.naly‘divided, mpidJy moving liq_nid film etructure on window. (2) No
"slugging". (3) Mre pranounced presgsure puleing ‘(120 cps) indicated by 1rreguler moticn of bubbles outside
channel. (4) Power trip with brief flow reversal .02 sec. before end of sequence. " (5) Re-srmngemt of flow
patf;srn after pover trip similar to No. 9A-1. o o ’

REEL V: G = 100 and 200 1bs/sec-ft?

Ns-1. sc sl 3/30/61 99.4 .. | 1023 . . 489 <<1.0.  Steady . 985 212

(1) Sub-cooled nucleate boiling.-: (2) Bubbles appear to grow in large clumps sliding along. the heater surface at
about 1.7 ft/sec. (85% of channel velocity), spaced .about .20 to .15 in. apart and extending about .15 in. from.the .
wall, with a frothy structure of tiny bubbles between clumps. . (3) Almost all bubbles.are in heated half of -channel
vith sizes from .0l to .07 in. diemeter. (h) Flov is pulsing slightly (120 cps). (5) Shadow of profile of wavy

thertial boundary layer evident along unheated right-hand wall. (sbéist -.O% to .05 in. thick).

Y

Tis-2 sC 1s-2 3/30/61  99.4 X 612 «<1.0 steady 1000 200

(1) Appearance is eignﬂsr to No. us¢1, except: bubbles tend to be morg: unifqm, moxe numerous .'and 'smauer; more
bubbles in rree stream; bubbles at heater surface less distinct. (2) Arrangement at heater surface appears to be
an irregular layer (about .05 to .10 1.n t.hiek) of frothy mixture of tiny bubbles and liquid slidi.ng along the
surfsce at about 2 ft/sec. viﬂ: occesional distinct larger bubbles foming from ﬂ:e lnyer ( o3 f-o 0"{ in dia.meter)
(3) Flow is pulsing markedly, occasio:na.uy stopping and mcment:arily reversing (120 cps). (b) 'Iherml boundsry
layer evident alang unheated wall, similar to No. 1l8-1 bub more irx:eguiar and nbt ss .vel.l defined (varies up to

about .04 in. thick).

125-1 SC 12s-1  3,30,61 199 170.0 .489 1.0 Steady 1000 221

(1) Beginning of sub-cooled nucleate boiling. (2) Bubbles tend to grow at heater element surface in small irregular
clumps, spaced about .05 in. apart and extending about .03 in. from the wall {seen mainly ‘as shadows in profile).

(3) T™ese clumps together with occasional small discrete bubbles slide along the surface at about 2 ft/sec. (50% of
channel velocity). (4) Bubbles shrink rapidly as they approach top of heater element. (5) No evidence of flow
pulsations. (6) shadow of profile of irregular wavy thermal boundary layer moving along unheated right-hand wall

(about .03 in. thick).
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MOTION PICTURES OF BOILING WATER FLOW PATTERNS — CONT'D.

REEL V (Continued)

G, Ahg, q, Heater P, ah,,
Seq. Run 1b. X- Btu 105 Btu q Element ) inlet
Ko. Type No. Date ﬂec-‘az ’ oy hr-1t° [% Texp. psia Btu/1b.
125-2 sC 128-2  3/30.61 199 . 151.2 .612 <<1.0 Steady 1000 215

(1) Sub-cooled nucleate boiling. (2) Irregular clumps of bubbles growing at heater element surface, similar to,
but longer and more distinct than in Fo. 125-1.  (3) Clumps are spaced about .10 1n apart and extend about .10 in.
from wall. (4) Dn between the clumps is & frothy mixture of tiny bubbles and liquid in an irregular layer about
.05 in. thick. (5) The vhole mass of bubbles and clumps 5114ed along the hemter surfave at about 3 fbrsec: (757
of channel velocity). (6) Almost all bubbles are in heated half of channel. (7) Slight flow pulsation (120 cps).
(8) Thermal boundary layer evident along unheated wall, similar to No. 125-1 (about .03 to .O4 in. thick).

12-2  gsc-0 iz-2 b/66L 199 113 .81l ~.8 TEEE ;3 17.0

(1) Image hazy Que to fouled window surface. (2) Evidence of greater proportion of liquid in unheated side of
channel. (3) Bazy profile of shadow of agitated wavy liquid film on heater element at left (§ .03 in.); streamers
of vapor moving in liquid film at edge ot heater ridbbon; relatively thick, more placid layer of high liquid con-
centration against unheated wall at right (.10 to .15 in. thick). (4) Occasional flashes of light from back-
lights at right-hand side indicates pure liquid in cont{act with unheated surface. (5) No evidence of flow

pulsations or "slugging". (6) Dark curved line at right is edge of window gasket, out of positiom.

18s-1 sSC 18s-1  3/9:61 99.2 234 .367 &1.0 Steady 1005 152

(1) Only sequence with .25 in. cpacing heater element. (2) Appearance 1is very similar to No. 3S-4 with distinct
rather irregular "slugging” indicated by varying illumination intensity (.05 to .10 sec. period). (3) "Dark"
slugs indicative of finely divided "froth" of vapor and liquid in core; "light" slugs indicative of thick, placid
layer of liquid on window (vave structure evidént), with Righ vapor comtent In core.  (b) Fliely divided; agitated
froth of tiny bubbles and vapor at heater element surfaces . (5) Occasional small bubbles (.U3 iB. aiamecer)
carried along in "light" liquid slugs at about 5 ft/aec. (6) Bige of left-hand heater ribbt;n .clearly visible.

Thick edges of heater element insulation visible back of heater ribboms.
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APPENDIX E

EXPERIMENTAL CRITICAL HEAT FLUX DATA USED - -
FOR COMPARISON WITH THEORETICAL ANALYSIS

The following table summarizes the 822 megsured critical heat flux
date points used for comparison with the results calculated by equation
(52).]"'2 This experimental data and the corresponding analytical pre-
dictions are discussed in Section VIII and are plotted in Figures VIII-2
through VIII-13. Included in.the table are the values used for the -
constants C', C" and ﬁ in equation (52) and the deviations of the
calculated critical heat fluxes from the correspo_ndi_.ng measured values.

Values of the fluid properties used for thé éaléulafions are
listed below. Wherever a set of data was taken at saturation pressures
slightly different than those listed, the corresponding fluid properties
were obtained directly from the original source references. Symbols.

and dimensional units are defined in the Nomenclature.

’ Tsats a, €L, heo, M
Esit g%t 1b/sec® x 102 lb/ft3 "/93 Btu?Jg.b. 1b/sec-ft x 107
600 L86.2 5.855 k9,75 38.30 T73L.6 7.013
800 518.2 4,906 y7.84 27.21 688.9 6.498
1000 S5hh.6 4,118 46.29° 20.63 6U49.L4 6.112
1200 567.2 3.539 4y, 84 16.23 611.7 5.919
1400 587.1 2.976 43.29 13.04 S5Th.T 5.823
2000 635.8 1.609 38.91  7.307 L463.4 5.726
2500 668.1 .T0TT 34.84 L.554 360.5 5.69k

Values of eL’ Qs, hegs Tgqyr @ad My were taken from Keenan and

Keyes (ref. (55)). Values of O~ , the surface tension of liquid water

1 Most of the calculations for this part of the work were done by
Me. C. W. Heyitt, Ingineering Assistant.

2 The data of Janssen and Kervinen (ref. (15)) were obtained under the
U.S. Atomic Fnergy Commission Fuel Cycle Development Program at General
Electric Company, Atomic Power Equipment Department (Contract No.

AT(04-3)=-189,P.A. 11). The data is used here, previous to issue of ref-
erence (15), through the courtesy of Dr. E. Janssen.
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against 1its ve.pdr',’_wgre taken 'fzfom 'a'-g‘ra,ph in reference (56, of:
the surface tensilc;n"eQﬁatibﬁ 6f. Penn and Cha.ng (ref. (57)); and the
data of Volyak (ref. (58))-(measurements from 2U8°F to 662°F).

.. The two-phase friction multiplier § jpop wes determined from. the -
correlation of Martinelli- and Nelson (ref. (38)); plotted in -

Figure VII-6. Values of the Fanning friction factor £, for the satur- -

F
ated liquid were calculated from the modified Blasius equation given by
McAdams® (ref. (41)): -

fp = .OU6/Re
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SUMMARY OF EXPE‘RIMENTAL CRITICAL HEAT FLUX DATA

USED FOR COMPARISON WITH THEORETICAL ANALYSIS

D> P, G, 5
. X, 1vs. b/bo qe (cale .)]
Source Group Ceometryl in. psia sec-Tt2 No. 9 (€xp-] | ave,
Tippets A Rect'.z, 37" .long .81k 1000 .033- 50- . 2.43 28 .959
) .50"x 2.1"-2 .65 Loo
c' =1.0 .
B Rect3, 37" lang .81k 1000 .20- 100- . 2.43 17 .787
c" = .53 .50"x 2.1"-2 .59 200
noz .75 c Rectd, 37" long - .81k 1000 .14 200. 2.43 2 1.028
.50"x 2.1"-1
D Rect2, 37" long 455 1000 .33- 100-  1.36 9 1.368
.25"x 2.1"-2 .61 200 , o
E Rect3, 37" long 455 1000 13- 100-  1.36 24 1.006
.25"x 2.1°-2 .75 koo _—
(sub-cooled at inlet) (.85 vithin /£ 30%)6 (80)
Janssen and Kervinen A’ fnn., 108" long .335 1000 .07e- 157- 1.00 k2 1.041
(Ref. 15) .5u0j'x 875" R L68
' : B Aan., 70" long .335 1000 .085-  157-  1.00 23 1.019
c' = 6.5, A-H .540"x .875" .34k u68 -
s1.0, I :
’ . C Ann., 108" long . 500 1000 .037- 150- 1.4 36 .968
¢" = .53, A-E, G-T 315" x 875" .29 311
= .30, F '
L D Amn., 70" long . 500 600- .00- 150-  1.kg L5 1.023
m = .75 .375"x .875" 1400 .25 us9
E Am., 70" long 875 1000 .007- k- - 2.83 16 1.00b
.375"x 1.25" .35 157 .
F Ann., 70" long .180 1000 .005- in- .536 9 1.306
375" . 555" . .13 625
G Ann., 70" long .335 1000 .00- 158-  1.00 35 1.088
-375" .T10" .31 626
H Ann., 29" long .hos 1000 .ob2- Sf- . 1.48 n 1.050
J500"x 995" .26 170 : :
he Ann.; TO" long .500 1000 .0k0-  140-  1.49 18 .956
.375"x .875", rough® .16 466
(sub-cooled at inlet) (.92 vithin § 3070)6 (235)
Westinghouse A circ., .186"x 12" .186 2000 Ok 58- 1.1 21 1.213
(Ref. 1) . long .67 978
B Rect., 6" long .183 2000 .028- 27- .547 28 1.066
¢' = 1.0 .101"x 1"-2 s 213 -
c" = .53, A c Rect., 12.1" long AT7 2000 .009- 35- .52k 70 1.046
.9 -097"x 1"-2 15 a1
= .53(b/og) 7, : .
B-F D Rect., 12.1" lomg -095 2000 .017- 60~ 286 47 .83k
.050"x 1"-2 .73 580 ’
m = .75 )
E Rect., 27" long 1T7 2000 .0L5- 83- .52h k2 .958
J09T"x 1l-p T3 1098
F Rect., 27" long 111 2000 .27- 89- .333 27 1.077
.059"x 1"-2 -Th 294
(sub-cooled et inlet) (.68 vithin £ 304 (235)
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SUMMARY OF EXPERIMENTAL CRITICAL HEAT FLux' DATA
USED FOR COMPARISON WITH THEORETICAL ANALYSIS — CONT'D.

P, G,

De' ¢ ' .
! 1bs. 5 qc(calc.)
Source Geometryt . in. psia Xe ﬁé‘.jffa b/bg Yo.. [%(exp')]ave
Harvell (Ref. 8) Ann., 29;' long - AT 1000 .073-  153- .510 (136) 964
.375"x 546" .64 909 :
c' = 6.5, C" = .29,
m o= .75 (Two-phase at inlet) (.55 within £ 30%)6
C.I.S.E. (Refs.l2, 13) Circular, 1205 585- .28~ 222 1.22- (112) 1.975
_ .205"x 15.8" long 15 .Th b5y
¢' ».1.0,.C" = .53, i :
‘m = .75 (Two-phase at inlet) (.44 vithin § 30‘,Sf
Alndyev,et.al.(Ref. 11) Circular, S35 1180- .00- 154~ 1.88 (2h) .978
.315" x 6.3"1long 2500 6 451 .
c' =1.0, C" = .74, .
n = .75 (Two-phase at- inlet) (.92 witnin § 304F
(822 Total)

1 qhe numbers -1 and -2 for rectangular geometries designate the number of heated sides. For all of the annular
geometries listed, the inner wall only was heated.

2 Heater ribbon .006 in. thick.

3 Heater ribbon .0l0 in. thick.

4 outer wal1 roughened with transverse circular ridges, .080 in. square cross-secticn, spaced on 1.00 in. centars.

Sy, = 084 tn,

6 Fraction of data points for which theoretical prediction of q, @oes not differ from measured values by more

than 30%. .
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_APPENDIX F

ANALYSIS OF THE LIQUID FILM INTERFACE VELOCITY

The purpose of this analysis is to derive from the results obtained
in Section VII an expression for the velocity of the liquid at the inter-
face. 'Ihis expression (equation (F-3)) is intendeo. for applic‘atiom in
future work to correlate measurements from the high speed motion
pictures of the liquid film interface velocities.

A prediction of the mean velocity distribution for turbulent s:l.ngle-
phase flow can be derived from Prandtl's mixing length theory by inte-
grating equation (29) in Section VII, with the :I.dealizetions 7’-
cossta.nt and ,/ - Kj . The result, with constants evaluated from
Nikuradse's velocity data,ist '

%’9- = 2.5/n (4%/) + 5.5 (F-1)
For vertical upward two-phase flow with a Jiquid £ilm at the wall of
thickness § , a s:l.mple analysis of the forces on fluid elements gives
for the shear stress distribution in the liquid film, for thin
rectenguler and anmﬂ.a.r ducts of ha.lf-width b and circular tubes of

22.(& e s
ge, + dp/dz \&
1

See Schlicting (ief (2'5'),' chs. 19 and 20; also ref. (33)).

Equation (F-1) gives excellent agreement with measured data for the
region Yag/y > 30 vhere turbulent effects are dominant. Close to the
wall where viscous effects predominate, Y4R/Y<s » excellent agreement
with data is obtained with the linear relation Ui = #1454 . Equal
values are given by both relations, in fair agreement with the data, at
yam N E .6 . However, in the so-called "buffer zone,"s< yai/4 <30
vhere both viscous and turbulent effects are prominent better pre-
diction is obtained with different values for the constants (ref. (25)).
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In order to simblif‘y the analysis, the conditions of the two-
phase flow are assumed to be such that the forces of gravity are
negligible compared to the pressure gradient a/p/c/z . With this

assumption the shear stress distribution reduces to

L}
_ % =
vhich is seen to be identical with the shear stress distribution for

'single-phase flow. No measurements of velocity distributions for two-
phase liquid—vapor flows have been reported. ]h the a.bsence of these
and bécause of the similarity of the shear stress distribution in the
liquid film (for two-phase flows with negligible effects of gravity |
forces compared to the pressure gradient) to that for single-phase flow,
it 1s assumed that equation (F—l) correctly gives the velocity distri-
bution in the liquid film . _

© Thus, evaluating (F-1) at the interface Y=§ for U, (5) gives

Ui(s)

. . ' /u;"

where  ag, = 7/0,

Fiflally, swbstitullou loto equation (r-2) from equation (42) in .

= 2.5/n (8%py ) + 55 -2

Section VII for the £ilm thickness § and from equatiun (41) ror the

liquid friction velocity Ak, = gives, in terms of non-dimensional

.

2 Several investigators have employed variations of this approach to
derive formulations for predicting-the relationships between the shear
stress (pressure 51adient), liquid film thiclmess end f£ilm flow rate,
using generalized Vvelocity distributions similar to, or the same as
equations (F-1) and (F-2) to calculate the liquid film flow rate. The
measured data (usually with air-water systems) are in’ reasonably good

~ agreement with the theoretical predictions, especially if allowance is

. made for the wicertainty of the measurements due to liquid entrainment

" in the flowing gas stream and the difficulties of measuring the
liquid film thicknesses (refs. (28), (29), (30), (31), (32))

MY
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ratios, for the liquid film interface velocity (, (§):

U® =__-25 /GKN'(/'/'PL/%)
&Zﬁm’p G/Q_ ; 77’1-' Gy (/+'P‘ t,g)l-

vhere the canstants K3 and Kh are g:lven by equations (368.) and (hOa)

+55  (F-3)

in Sectimn VI as | .
,27T< K; < 3_7r

= . Ky = (K/xe)/K,

. =223~
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