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ABSTRACT 

High speed motion pictures of boiiing water flow patterns in con­

ditions of forced flow at 1000 psia pressure in a vertical heated rec­

tangular channel were taken over the range of mass velocities from 50 to 

400 lbs/sec-ft2, fluid states from 170 Btu/lb bulk enthalpy ot 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 motion 

pictures, covering this range of variables 1 have been made up _in sui table 

form for further study. 

The motion pictures show substantial, but not indisputable, evidence 

that the general. arrangement of the flow, in conditions of bulk boiling, 

at heat fluxes near and including the critical heat flux leve~, is 

characteristically a wavy turbulent liquid film, in which there is vapor 

~ormation, flowing along the channel walls 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. 

Eighty valid critical heat flux determinations were made in the 

course of the experiment at conditions of bulk boiling with forced flow 

in the rectangular channel over the range of variables: 

Mleo Velooi ty 50 to 400 lb~/ ~P.c-:r.t.2 

Bulk Stewu QW:i.lll.;y 0.033 l..u 0.75 

Pressure 

Heated. Length 

Hydraulic Diameter 

1000 psia 

37 inches 

0.46 in. and 0.81 in. 

Theoretical analysis based on a representation of the flow pattern 
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· .. · 

which is generally consistent with the evidence observed in the motion 

pictures resulted with a useful working equation which relates the 
' 

critical heat flux to· the significant local fluid properties and flow 

parameters in conditions of bulk boiling with forced flow~ 'D:li·s working 

equation was used to correlate and study the critical heat flux data 

obtained in the present work together with a selection, ·intended to be 

representative, of 742 additional data points from the major available 

sources. The equation includes three empirical constants which were 

determined by application to a limited portion of the data. Critical 

heat fluxes calculated by this expression are in good general agreement 

with measured values over the following range of variables considered: 

Duct Geometry Rectangular, Circular, Annular 

Mlss Velocity 27 to 1096 lbs/sec-ft2 

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 investigation 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 emp~oying high pressure boiling water as a working fluid~ 
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NOMENCLATURE* 

2 flow area, ft. 

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

constants (equations (49),(52), Sec. VII), dimensionless 

hydraulic diameter, 4Af/Pf, ft. 

Fanning fri~tion factor, dimensionless 

gravitational accele~tion, ft./sec? 

total flow rate per flow area (mass velocity); lb/sec-rt2 

net diffUsion flux of liquid, lb/sec-ft2 

mean mixed specific enthalpy, Btu/lb. 

specific enthalpy of the liquid at saturation, Btu/lb. · 

specific enthalpy of vaporization, Btu/lb. 

·· mean mixed specific enthalpy of sub-cooling, hf-h, Btu/lb • 

wave number, 2 IT/'). , 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, ft. 

constant (equations (45), (52), Sec. VII), dimensionless 

'Ihe analysis in Section VII is constructed to employ without change 
any consistent unit system using the three fundamental units of length, 
mass and time. For convenience the corresponding English units foot (ft.):, 
pound-mass (lb.) and second (sec.) are listed in the Nomenclature. The 
British Thermal Unit (Btu) is used for the unit of thermal ene~gy. 
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pressure, lb/ft- sec2 

wetted '-1all. area per unit duct length, ft. 

heat flux, Btu/sec-ft2 

critical heat flux, Btu/sec-ft2 

hydraulic radius, A.r/Pf, ft. 

Reynolds nwnber, GDe/;'-'- , dimensionless 

time, sec. 

temperature difference, °F· 

liquid superheat, °F 

local ve~ocity in the Z-direction, ft/sec. 

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

turbulent fluctuating velocity component 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 fluctuating velocity component in the z-direction, 
ft/sec. 

·rr1~t1on Yeloc1tY .• {10/f! .• ftif?ec: 

steam quality, (h-hf)/hfg' dimensionless 

cool.·din~£te no1'IIliiU. to the mean flowj ft. 

coordinate parallel to the mean flow, ft. 

friction pressure gradient in tw·o-phase flo;.r, lbs/ft2-sec2 

friction pressure-gradient for total flow of saturated 
~iquid, lb/ft2-sec2 . 
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local ~apor 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 fraction in 
the gase0us core, dimensionless 

disturbance growth factor, sec.-1 

liquid film mean thickness, ft• 

finite difference or increment, dimensionless 

transport property (Sec. VII-B) 

deflection of the interface from the mean posit~on, ft. 

amplitude of the interfacial waves, ft. 

wave length of interfacial waves, ft. 

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

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

dominant wave-length of disturbance motion impressed on 
the interface (equation (36), Sec. VII), ft. 

absolute viscosity, lbs/ft-sec. 

~ematic viscosity, Jl/e ., rt/'-/sec 

dimensional group (equation (52), Sec. VII), ft2-sec/Btu 

3.14 ... 

density, lbs/ft3 

surface tension at the interface, lbs/sec2 

fluid.shear stress, lbs/ft-sec2 

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

velocity potential, ft2/sec 
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SUbscripts 
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two-phase friction multiplier, (dp/dZ)TPF/ (dp/dZ)
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, 

dimensionless 

dimensionless group (equation (52), Sec o VII), 

. -l 
radian frequency of the interfacial waves, sec o 

critical condition 

gas or vapor 

liquid 
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I. INTRODUCTION 

Recent developments in nuclear power reactor technology have 

~sulted in need for more precise determination and understanding of the 

nature of the critical heat flux condition and the factors governing its 

onset in hi~ thermal performance systems using pressurized boiling 

water in forced flow. 

The work reported here was undertaken for the particular purpose of 

obtaining photographic evidence of the general flow patterns in vertical 

upward flow of high pressure boiling water in a duct at heat fluxes near 

and including the "critical heat flux" level1 and to derive at least a 

preliminary theory of the phenomenon based 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 flows of water in bulk 

boiling with large heat fluxes. It is intended that the results of the 

work m,ight be found useful to better define the nature of the critical 

heat flux phenomenon and thereby to help clarify the directions succeed­

ing researches would most fruitfUlly follow. The results are intended 

to be particularly applicable to design and development 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." 
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. II. BACKGROUND INFORMATION 

. FOr some time design and operation of modern nuclear power reactors 

using high pressure water, either in bulk boiling or with sub-cooled 

sur~ace boiling, have been governed by the limiting criterion of avoiding 

the condition of the critical heat flux. Economic and technically 

~easible nuclear fuels capable of withstanding without destruction onset 

·or the critical heat flux condition at the high heat fluxes used are 

not yet available. Due to the cost o:i' nuclear reac.:tur cumvum:~u Lt:> the.1.·e 

is a large economic incentive to know more precisely the conditions of 

operation which would cause onset of the critical heat flux condition in 

reactors. so· that design margins can be· reduced to a minimum consistent 

with good design practice (ref. (106)). 

As a result-of the large economic factors involved, there has been 

an 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 1"0r d.esign, the effurL hal:> u~t:u t'::Apended 

principally on engineering test 1vork. 

Critical_heat flux data points that have been taken number in the 

thousands. The earlier data is characterized by large scatter, due to 

lack. of precise control of the governing variables in the process and 

substantial uncertainties of de~inition and measurement of the critical 

heat flux condition. It is evident in the literature that only recently 

(since about 1957 to 1959) have even the main trends of variation of 

the critical beat flux with system parameters in forced convection been 
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~enerally recognized. At the time of this writing there have not been 

published any general correlations that can be used with confidence to 

extrapolate from test conditions or that, in fact, predict 'vi th. reason-

able certainty the results of tests at much different conditions than 

the ones to 'mich the correlations ·are fitted. Progress in development 

of a sound theory to explain and reliably predict onset of the critical 

heat flux condition in forced flmv with bulk boiling has been sinall, 

with the results largely speculative and semi-empirical at. the present 

time. 

Most success in theoretical development and laboratory investi-

gation and measurement of the critical heat flux phenomenon has been 

confined to small systems in pool boiling (non-flow). High speed 

photography of the flow process has been 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 knowledge of the general arrangement of the t'vo-phase 

flow pattern at the· critical.heat flux condition'in bulk boiling with 

forced flow, particularly the nature of the flmv process at the heated 

surface, has been one of the largest impediments to development of 

theoretical understanding of the proc~ss, especially at the higher 

pressures of significance to nuclear reactor design (refs. (7), (~), 

(3)). Investigations dealing 'vi th observations of two-phase and boiling 

'ffiter flow patterns date back to at least as early as that of Barbet in 

1914 (ref. (88)). Hi th the except:!,.on of Leppert's observations of tuo-

phase ,.,ater flow at pressures up to 300 psia in a boiler sight glass at 

the end of a horizontal heated test section (ref. (108)), the vrork has 
\ 

been confined to lm.; temperatures and pressures in the range of less than 
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60 psia. ~any of the studies have been with low pressure air-water 

systems. Onl.y a v~cy few have been done With local heating (refs. (88), 

(75)' (76)). 

Various definitions of the critical 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 ab~pt rise or start of fluctuation of the heated surface 

temperature; visual observations of the ·walls of the channel becoming 

reddened as a result of high temperature; physical damage by melting or 

rupture2 of the heater elements; or, simply, the heat flux at ~mich 

heater element temperature rise!3 cause an electronic circuit (''burnout 

detector") to shut off the power supply to electrical resistance heated' 

elements.3 

Before closing this Section it is desirable to review briefly, in 

combination, the facts that ar~ in hand co~cerning ·the charac·ter of 

behavior of the heated surface temperature as the heat flux is raised 

slowly from a condition analogous to ·'nucleate boiling" to the critical 

heat flux condition and beyond it through "transition boiling" to 

establisiunent of stable "film boiling" (or "liquid deficit" regime, 

ref. (1)), for high pressure water in bullt boiling with forced flow. 

1 Al te;rna te terms tha. t have been used are: ''burnout" (ref. (101) ) ; 
"departure from nucleate boiling" or "DNB" '(refs. (1), (93)); and the 
boiling "crfsis" (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 compination of the first and last definitions, discussed in detail 
in Section V and Appendix B. 
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These terms are borrowed from the terminology co~on 1n· pool boiling 

investigations to describe apparently analogous general situations. The 

main source of data for the description which follows is ref. (14), 

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-1), the temperature difference between 

the heated surface and the bulk fluid is quite unifonn with time and is 

relatively small, due to the large order of magnitude of the convection 

heat transfer coefficient· in nucleate boiling ()'104 Btu/hr•ft2-tP) ~ As 

the heat flux is raised, with the other system variables maintained 

approximately constant, the surface temperature difference increases in 

considerably lesser proportion and remains uniform with time until the 

"critical heat flux condition is reached. Further increases of heat flux · 

beyond the critical level result in either: 

(1) irre&~r oscillations of the 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 damage to the surface (preceded sometimes by 

slight temperature oscillations), if the steam qua1i ty is in 

the lower ranges vlith 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 flm• turbulence, the surface 

temperature characteristically oscillates in an irregular manner between 

a lmrer level, ·only a little above that for sub-critical heat fluxes, and 
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a sligb.tl.y higher level. The frequency of these oscillations is 

I 
characteristically in the range of 2 to 10 cycles per second. ·As the 

heat flux is raised further into the "transition boiling" regime, the 

mean level of the surface temperature rises steeply and the amplitude 

of the temperature oscillations increases to a maxinrum, at the higher 

ranges of steam quality, as depicted in Figure I"I-1. Finally, as the 

heat flux is raised still further, the surface temperature oscillation 

amplitude becomes less and the mean surface temperature difference 

begins to stabilize to a level which, in the cases investigated at the 

higher steam qualities is about an order of magnitude higher than that 

corresponding to the inception of the critical heat flux condition 

(ref. (14)). The point where the heat transfer again becomes steady is 

sometimes called the beginning of the "film boiling" regime (or "liquid 

deficit" regime) and is apparently characterized by there being a.l.most 

pure superheated steam, rather than liquid, in contact with the surface. 
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III. RELEVANT LITERATURE 

The published literature dealing wi tb. boiling water f'low and heat 

transfer is very voluminous.· Since there already exist several pub­

. lished reviews of the main aspects of the field, 1 this Section is 

confined to brief mention of some of the principal works which are 

particularly relevant to this investigation. References which pertain 

especially to parts of the Theoretical Analysis and are not mentioned 

here are discussed briefly in footnotes in section VII. 

Two-Phase Flow Patterns 

The earliest work dealing With observations of boiling water f'low 

patterns to which reference has been found is that of Bi:l.rbet (1914) 

described by Brooks and Badger (ref. (88)). Barbet' s experiments were 

repeated by Brooks and Badger using a small vertical tube heated by a 

glass-walled steam jacket, with sub-cooled liquid water entering the tube 

at the bottom at slightly· above atmospheric pressure. In substantial 

agreement with Bar bet's results, the following general patterns were 

observed at progressively higher elevations up the .tube: 

(1) OVer 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 the channel the flow >vas composed of alternate slugs 

of liquid and vapor. 

( 3) Towards the top of the channel the flow became arranged as a 

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

±'ilm on the wall_s of the tube. 

1 See, for example, refs. (64), (65), (66), (67), (68), (69), (71), (72), 
(73), (74), (6), (1), and (109). 
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Later studies involving direct observation and photography of the 

boiling heat transfer process were conducted at conditions of sub-cooled 

surfac~ boiling in pools (ref. (17) ) and with forced flow of sub-cooled 

liquid (refs. (78), (79)). 

Mbre 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 1 in. x 1 in. x 8 in. long glass channel fitted W1 th 

a four-rod heater element by Janssen (ref. (75)). Janssen's motion 

pictures indicate the low press~e boiiing flow to be swirling and 

eddying, with mixing across the· channel and a tendency to surge at the 

higher heat fluxes and lower flmvs. 

Research work has been in progress at Columbia university by Vohr 

to observe and photograph the flow pattern regimes for boiling water at 

low pressure (p~ 50 psia) with sub-critical heat fluxes i~ a 3-3/4 in. x 

3/8.in. x 48 in. long channel heated on one side (ref. (76)). 

The observations by Dengler (ref. (80)) of flow patterns with 

vertical upward flowing boiling water at low pressures (up to 30 psia) 

were made 1-rith an unheated slass tube attached to the top of a steam 

jacketed heater section. The flmv pattern observations of Kozlov •·rere 

made 1-Tith a vertical slass tube with unhe<:tted uir-,.;rater mixtures at about 

2Jpsia (ref. (81), Russia). Kosterin's observations of vertical, 

inclined and horizont::tl f'lmT of' unheated air and '.;rater ve1~e. at 45 to 60 

psia (ref. (84), Russin.). 'J.'hc Horlc of Govier, et.al., on flow pattern 

observations in vertical up,mrd flow was also with air-,.;ratcr mixtures at 

about 70 F. and 3G psi:.L (rc:f::;. (82), (83), · Cana<kl). 

Observat~ons of f'lm.r patterns in horizontal flm.;r and <:ttternpts to 

correlate the bouncluries of the various recimes in terms of fluid and 
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system properties have been reported by Kosterin (ref. (84)), Baker 

(ref. (85 )), Richardson (ref. (86) ), l-blogin (ref .. (87), Russian), and 

others (ref. (64)) .. All of these works appear to have been confined to 

unheated mixtures of air and water or other liquids at atmospheric 

temperature and pressure, or slightly above. Leppert, et.al. (ref. 

(108) ), have reported visual observations 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 uppe<::~.red to be a fog-like 

mixture of steam and water droplets, w1 th :f':rt:!queuL l.iUl'l::lts of apparently 

highe! velocity vapor passing through the mixture (ref. (108)). 

~~ile their terminology differs slightly in detail, .the several 

observers seem to be in general ag.reement that the following flow 

pattern effects occur in smooth circular vert~cal tubes with upward . 

adiabatic flow of liquid and gas (or vapor) at low pressure, as the flow 

rate of ~as 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)). 

(i) Bubble Flow: 

The bubbles are· first small and '1-rell distributed throughout the 

liq:uid phase. Af3 vaporization or gas flm·r rate increases the 

bubbles gro'l-r in size, decrease in number, and tend to occupy 

t.he center of the tube. The bubbles· grov to about one-quarter of 

the tube diameter and tht:!n ·ll.tey ::;tart to combine and. luol::l ·t.h1:1l.r 

identity. 

(2) Slug Flow: 

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

increased, the bubbles coalesce further and form slugs·of vapor 
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or gas which fill the cross-section of the tube and al.ternate with 
I 

liquid slugs al.ong the length of the tube. The vapor or gas slugs 

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 film flow. 'lhe 

structure of the flow changes to a mixed flow of both phases in the 

fo~ 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. 

(4 )-....... ~nnular or "Cl.imbing Film" Flow: 

With further vaporization or increased gas flow rate, the previous 

agitation 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 w1 th the tube walls. The gas or 

vapor moves as a central. core. According to Kozlov, an amount of 

entrained liquid is carried al.ong 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 

an waves of larger length. In this flow regime there is, according 

to Kozlov, always a continuous process of liquid droplets being torn 

from the film surface and absorbed fUrther up the tube. 

-ll-



( 5) Homogeneous · ( Fbg )'Flow: 
~ 

At very high gas or vapor flow 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 F1ows and lhterface !nstabili ty 

A substantial amount of work has 'been done to investigate the 

mechanics and stability charBcteristics of liquid film flows in tubes in 

application to liquid film cooling of rocket engines (refs. (29), (34), 

(30)),chemical engineering heat transfer and flow processes (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 velocity profiles to describe the liquid film flow. 

Knuth observed by means of high speed motion pictures that small 

disturbances, apparently associated with the stream ttirt;U:i.ence, were 

always 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)). 

several recent investigations have exp~ored the mecha.niom 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 fl~ws at atmospheric pressure. Charvonia 

fotmd that both the thickness of the liquid film and the maximum 

interfacial wave amplitude tended to decrease as either 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 core increases as the liquid 

flow rate is increased until finally the film flow rate becomes constant, 

independent of ·total liquid flow and govemed only by the gas flow rate. 

At the highest gas and liquid mass flow rates, approximately 90 per cent 

of the liquid flowing at the top of the vertical test section is carried 

as entrained droplets in the gas core. and the remainder is carried as a 

thin film on the wall. A p :raven quantitative relationship 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 flow for analysis and the "methbd of smaJ.l 

disturbances" was employed to linearize the equations of motions. 'Jhe 

resulting predictions of the growth of instabilities on the interface 

and the conditions for maxirmun instability are supported by short­

exposure photographs of the sheets in various stages of disinte-
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gration. 2 

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 detenmine the critical 

heat flux characteristics of boiling water in forced flow. 3 

Mlch of this work, especially the earlier portions of it, was done 

more from the standpoint of engineering tests at sinrul.ated nuclear 

reactor cond.i tions rathet' than to discover and explore systemat:l.ci'U.J.y 

the principal variables governing the critical heat flux condition. 

Also, in several cases, neither the definition nor the measurement of 

the critical heat flux condition were uniform or precise and in the 

reports of the work the actual character of the dete~tions are not 

described in sufficient detail for a reliable assessment of the validity 

a rt appears from the photographs in the paper of Hagerty and Shea that 
the dominant wave lengths on the fil.ill al.. uJ:~ellru.p arc of the same oi!:'f!Ar 
o-r ma.eni tllr'l A A.R the she~t thickness (Figs. 8, 9, 10 in ·rei'. (18') ) , 
in support of the assumption made in Section VII, Par'e .1::1 tor 
derivation of equation (33). 

3 The effort in the United states alone is immense, as represented by the 
data included in refs. (l), (15), (93), (101) and various large test 
and research programs in existence under sponsorship of the u. s. 
Atomic Energy Commission (ref's . ( 76) 1 ( 99) ) . Apparently a comparable 
effort has beeri unclt:!L"I·iay 111 HUsoia. (re!'~:~. (ll), (74), (92), (94).; (95), 
(96), (97)). A substantial program of investigation is in progress in 
Italy 1 with principal emphasis on the higher steam quality regions 
(refs. (6), (12), (13), (98)). A program of research similar to the 
one in Italy 1 at the higher range of steam qualities is being done 
at Harwell in Bl.gland (re!'. (8) ), and another is in preparation at 
Winfrith, England, to perform experiments at simulated nuclear 
reactor conditions (ref. ( 99) ) . 
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of the data to be made. 4 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 justi:f'y 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 ascribed.5 

In contrast, investigation of the critical heat flux condition in 

pool boiling has progressed more rapidly· and along lines of more precise 

deterlflination of the phenomena. It now appears the main facts of the 

process are known and the theoretical representation is in good agree-

ment with measurements and photographic observations (refs. (9), (10}}. 

Earliest correlations of the critical heat flux data for forced 

flow 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) 1·Tas employed. as the independent variable (ref. (101) ) • The 

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

4 See, for example, discussions in refs. (6),(7) and (12), which note in 
particular the distinction between the so-called ''burnout heat nux" 
at which a self-heated element melts or is otherwise damaged by over­
heating and the true "critical heat nux condition" as characterized 
by abrupt rise or fluctuation of the heater element surface temperature 
with further small increases of the heat nux. Cicchetti, et.al. note 
that deviations of the data from empiricaJ. ''best fit" correlations are 
not infrequently as much as 100 per cent, with 15 to 20 per cent being 
minimum (ref. ( 6)). 

5 It has been only lately recognized, for example, that the early data of 
\-lestinghouse (Bettis), ANL and HIT (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> 0, 
(refs. (4),(6),(100)). Reynolds' correlati·an (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 incorporated 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 11
) had not been experienced in the several tests 

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

Re~olds 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 wali, 

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 

d.ecrea.sins critical heat flux with increased mass velocity in the 

Westinghouse 2000 psia data (ref. (1)) and :round that the previOUI!lly 

ascribed trend. of variation with length to diameter ratio was fictitious, 

due apparently to confusion with the mass velocity effect in the 

previous design correlations "(ref. (1), also ref. (93)). Dmnediately 

following, Bell's results were corroborated independently by Cicchetti, 

et.al. in a further semi-empirical treatme11t of the co.me \la·t;a (J:.•ef. (6), 

Italy). 

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 



.,.. 

enthalpies over the pressure range from 585 to 3000 psia (ret. (97)), 

increasing critical heat nux with increased mass velocity tor sub­

cooled average enthalpies (refs. (94), (91)), and decreasing critical 

heat nux with increased mass velocity in the range ot bulk boiling 

(ret. (96)). An apparent trend of decreasing criticai heat fl.ux with 

increased channel length to diameter ratio (over the range ot ratios 11 

to 50) was noted by Styrikovich and Faktorovich tor their data at bulk 

boiling condi tiona, but they were unable to conclude that this apparent 

-trend was definitely not connected with the mass velocity ettec:t over 

the limited range ·of their experiment (ret. ( 96)) ~ 

The results from several of the Russian experiments are presented 

together in ref. (11). Dl this summary presents. tion the trends of 

decreasing critical heat r.Lux with increased mass velocity and inde­

pendence of the length to diameter ratio are noted together with the 

trends of decreasing critical heat flux with increased channel diameter 

and apparent independence of channel heated wall thickness and surface 

roughness (ret. (11)). A trend of decreasing critical heat nux with. 

increasing pressure can be found in the Russian data given in ret. (11) 

(see Section VIII) . 

Aladyev, et. al. (ref. (11)) distinguish between conditions of 

operation when the now and pressure are steady, for whic;h the critical 

heat nux decreases monotonically with increasing fluid enthalpy or 

steam quality, and conditions when the flow and pressure are pulsating 

(sometimes by intention in the experiments), for which the critic.al heat 

nux appears to increase with increasing enthalpy or steam quality to a 

maximum (magnitude less than tor 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 disappears at higher pressures (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 

i 30 per cent.7 This correlation appears to have been constructed 

using the data at sub-cooled enthalpies as the principal basis, although 

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 inte~ediate and higher steam qualities. The 

correlation predicts ccrrectly a monotonic decrease of the critical heat 

flux with increasing steam quality. It represents the critical heat flwc 

as decreasing with increased length to diameter ratio for L/De <.125 and 

independent of length to diameter ratio for L/De>l25. 

6 This sAme trend ~n some of the CISE data is discussed by Silvestri 
(ref. (i2)). 

1 Us:!.ng symbols from the Nomenclature, the correlation is, for X> 0: 

q =· 1.9 x 10-5 Re[Sa-(~L-(>S)J~h;g(I-Xc)Vfs ; 

c 1 f 1. 8 x 10-6 Re [ K3 f K4] 

~= 
. { L/De, L/ De .(.125 

K -4 - 125, L/De> 125 
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Silvestri has presented a modification and extension of the earlier 

correlation scheme of Cicchetti, et.al., (ref. (6)) in his presentation 

of some of the recent CISE data (ref. (12), Italy). The correlation 

correctly predicts, for bulk boiling, the trends of decrease of the 

critical heat flux with increasing mass velocity and decrease of critical 

heat flux with increasing steam quality (for conditions of stable opera­

tion (see footnote 6 ). Silvestri's correlation of the CISE data does 

not include treatment of the trends of variation with pressure~ duct 

size or other system variables. 

Aside frdm the unpublished work of Reynolds (ref. (100) ), the 

only other published attempts to improve correlation of the existing 

critical heat flux data by means of analysis using definite physical 

representations or model5 of the process apparently are the recent ·works 

of Isbin and associates (ref. (2)) and Goldmann and assa::iates (ref. (3)). 

The two analyses 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 the turbulent diffusion of liquid droplets from a 

liquid-bearing vapor core to the wall. The critical.heat flux condition 

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 attached to the wall for conditions 

of heat fluxes less than the critical level and considers a material 

flow ualanee comprised of: liqUid removal from the film by vaporiza­

tion together with·· re-entrainment into the core; and liquid 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 which liquid supply to 

the film becomes less than liquid removaL Droplet diffusion is treated 

1n the customary manner for turbulent flow, in analogy to the usual 

treatment of turbulent convective heat transfer, by expressing the 

droplet diffusion rate 1n terms of a "diffusion coefficient" and the 

8 local liquid concentration at the.film interface. The resulting 

constants in the expression obtained are. then determined empirically 

by comparison with measured critical. heat i'lu.x data.. ·Liquid oonoen­

tration at the wall is taken as zero at the.critical heat flUx condition. 

The results of the analysis are applied in ref. (2) to a selection of 

the Westinghouse 2000 psia data (ref. (1)) and a best fit of the con-

stants is obtained. 'lhe resulting semi-empirical correlation agrees 

well with the data treated and correctly predicts the trend of reducing 

critical heat flux with increased mass velocity and increased enthalpy 

or steam quality. Since all of the data treated was at 2000 psia w1 th 

duct hydraulic diaJllete~s ot a.pproxiiDa tely 0.19 to 0. 20 inch only, on 

assessment of the correlation prediction of' the v~::~.riations wi~ duct oize 

·and pressure is not available. Although the malytica.:L model includes · 

the channel diameter as a variable it does not include the liquid-vapor 

surface tension, which appears to be a significant fluid property in 
. ' . . ' . 9 

determination.of.the dependence on saturation pressure. 

8 Specifically, Gd : kgC, kg = bGj, where Gd is the mass flux of liquid 
to the_ film, C is the concentration o1' liquid in the vapor core, kg is 
the diffusion coefficient, G is the flow mass ~elocity, and b and J 
are parameters to be determined empirically. 

9 See Sections VII and VIII. Also refer to Zuber's treatment for pool 
boiling in either ref. ( 9) or (10). 
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ID contrast to a basic assumption in the anal.ysis of Isb1n1 et.aL 1 

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 

which all of the liq~d is ·assumed to be carried as dispersed droplets 

in the vapor. 'Ihe mechanism of heat. transfer is considered to be by 

evaporation of liquid droplets in a layer of superheated steam adJacent 

to the walL Sim11arl.y to the analytical model of Isb1n1 et.al. 

(ref. (2)), liquid supply to the sUperheated steam layer at the wall is 

considered to occur by means 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 becomes less than the 

vaporization· rate at the wall. Also similarly to the analysis in ref. 

(2), the. droplet dif:f'usion rate is expressed as being equal to a 

"diffusion coefficient" times the local liquid concentration gradient 

(equivalent to the expression in footnote 8 from ref. (2)). The. result 

of the analysis, a non-dimensional grouping involving the critical heat 

flux, mass velocity, steam quality and enthalpy of v:aporization, is 

plotted against the gas phase Reynolds number10 in Figure 2 of ref. (3) 

using cri~ical heat flux data from several sources over a pressure range 

··from about 500 to 1550 psia. 'Jhe data does not appear to have been 
. . 10 

correlated, as the spread with respect to the parameter KG is as large 

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

10 
Specifically, 

GDe vs. 
(1-x) hfg G J-g 
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flux with increasing mass velocity can be discerned. 

rn 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 equivalent to 

G = k C : bGjC 
d g ' 

in which the symbols are those given in footnote 8. rn both attempts to 

correlate the data it was found· that in Or(!.er to achieve a "f'i t" the 

exponent j had to be negative, in contrast With the value j ia 0.8, 

expected from experience with turbulent diffusion.in single-phase 

fluid.s.ll 

rn a series of two papers, Cullle.L' (ref', (7)) and, most :t:"e~P.ntly, 

Ia.c~y, Hewitt and. Collier (ref. (102)) have suggested several. poss:.f.b~e 

mechanisms for the onset of the critical heat flux condition and the 

inverse depend~nce on the mass ve~ocity in the range of higher steam 

qualities. In agreement with suggestions advanced earlier in refs. (100), 

(6), (2), these authors base their ideas on the concept of a liquld film 

wetting the wall at conditions of heat flux up to the cri"l,lcul ~~v~l. 

The cri tic.al heat flux condition is considered to occur when the film 

no ~onger w~tB the wall. Reference (~02) summarizes several of the 

possib~e 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 charac.:·li~L·it.ed by abrupt rll:;a Ol' start of 

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

11 The authors o:f ref. (2) suggest a mechanistic explanation for thi::~ ao 
being ·at ~east in part due to the possibi~ity of changes in drop~et 
size and, hence, effective droplet diffusion rates, depending on the 
stream mass ve~ocity. · 
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correlation of critical heat :f'lux data are presented in refs. (7) and 

(102). 

Iastl.y, attention is caJ.J.ed to some of the work that has been done 

to investigate the heat transfer characteristics of forced f1ow boi1ing 

water systems at heat fluxes above the criticaJ. heat :f'lux 1eve1 in 

transition and stab1e fil.m boi11ng1 described in refs. (14) and (103) • 

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

ment that the main trends of variation of· the criticaJ.. :f'lux <Ic for high 

pressure water in forced :f'low appear to be: 

(1) ~ decreases as mass ve1oci ty is increased, in condi tiona of 

buJ.k boi1ing (refs. (2), (4), {6), (ll),· (12) 1 (96), (100)); 

and increases as mass ve1oci ty is increased, 1n conditions of 

sub-coo1ed bulk enthaJ.pies (refs. (1)1 (92)1 (94)1 (97)). 

(2) . <ac decreases monotonicaJ.J.y "tv.ith increased steam qua.l.ity or 

specific enthaJ.py, if the :f'low is stab1e and steady (aJ.J. refs.); 

and may have maxima wj,th respect to steam qua.l.i ty, 1n con-

di tiona of bulk boi1ing if the f1ow is unsteady or osci1-. 

J.ating (refs. (ll) 1 (12)). · 

(3) Clc decreases monotonicaJ.J.y as pressure is increased, for the 

rallge above about 600 psia (ret's .. (92), (97), (100)). 

(4) ~ decreases /as hydrauJ.ic diameter is increased, for some of 

the data (ref. (ll)). 

(5) <ac is virtuaJ.l.y independent of duct 1ength to diameter ratio, 

for ra tics J.arger than about 100 (refs . ( 4) 1 ( 6) 1 (ll) 1 ( 92) ) .i and 

increases with decreased 1ength to diameter ratios, for ratios 

1ess than about 100 (refs. (92),(96)). 

Se1ections, intended to be representative, from the data of 
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Westinghouse (ref. (1}), Harlrell (ref. (8 ), England), . CISE (refs. (12), 

(13) 1 Italy), and the Russian data (ref. (11}) 1 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 

The observational test section and other equipment associated with 

the experiment were installed in the north loop of' the large twin-loop 

heat transfer test facility at Gen~ral Electric Company, Atomic Power 

Equipment Department. Figure IV-l gives a partial view of' .the test 

facility shovdng 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 

power, flow and thermal control and recording equipment.· The Sanborn 

recorder used to record relative coolant f'low rate, relative power level, 

Critical Heat F.Lux Detector output signa!, and camera 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 panel and at the recorder. 

Test Loop 

The test loop·used f'or 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.:Ocooled liquid ;.rater circulates from a nine-foot 

vertical steam drum, down a fmn:· ... inch downoomcr in which mixing 'W'i th sub­

cooled liquid from . the bypass sub-cooler system is done and :i.n which a 

standard flow orifice is installed to measure coolant flow rate to the 

test section. The flow is circulated by a packless c8.nned rotor 

centrifugal pump installed at the bottom together with the flow throttle, 

pump bypass and recirculation lines and. the connections for draining and 

filling. The pipe size is reduced from four inches to tim inches in the 
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horizontal bottom cross-over at .inlet to the test section. ~e flow 

discharges from the test section into a two-inch vertical riser at an 

elevation of 6 feet 3 inches above the inlet and then nows 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 

in the condenser located at the top of the facility and then returned 

to the downcomer at the outlet connection from the bottom of the 

steam drUm.. 

A by-pass deminera1izer system installed in the sub-cooler loop. was 

used to maintain water quality 1n the range of 0.2 to 1.0 megohm-em. 

resistivity. No other means were anployed to control water purity, 

u'l.hel' than to thoro,lgh1y f'lusll. the loop at the start of each 24-hour 

period of' test operation. 

Control of the system pressure and degree of sub-cooling at inlet 

to the test section is done either automatically or manually at the 

main control panel. Precise adjustment of coolant now ie done manually 

by means of the throttle valve and pump by-pass 1oov used together vri th 

a manometer installed at the main now orifir.P.. 

Single-phase alternating current 1::; ue~ed to ganeratJ:> hP.R.t in tlle 

test section heater element. The main power ·supfllY and control system 

i,,~ludoc t,i,ll innnc:tion typ.e voltage regulator which is fed by a 12,000 

volt three-phase source. The regulator is adjusted to prescribed output 

voltage by· 1:1. remote un:LL in the: main coni:.:rol. panel· ~e regulator 

automatically compensates for variations in supply voltage. The load 

terminals of the induction regulator are connected to the high voltage 

side of a three-phase transformer~ As used in conjunction with the 

induction regulator, the windings of this transformer are such that 
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regulated constant voltage qutput from 30 t~ 360 volts c~ be obtained in 

three overlapping ste!)s for each of the ·three phases,· by changing 

connections on a link-board between transformer winding taps. Multiple 

cable conductors carry the electrical current from the link-board 

terminals to the test section heater element electrodes. A main power 

circuit breaker, installed in the 12,000 volt supply. system, is actuated 

by the Critical Heat F.lux Detector to shut off power at the onset of the 

critical heat flux condition in the test section. 

·Observational Test Section 

The test section is shown in Figure IV-2, installed in its partially 

assembled.safety enclosure together with the photographic lights and 

mounted high speed motion picture camera. Figure IV-3 shows the complete 
' 

test section in disassembly, with one of the .50-inch spacing heater 

elements. Figure rv-4 shows a closer view of the photographic window 

section. A more detailed description of the main construction features 

of the test section is given in APPendix A. 

The observational test section is basically a heated rectangular 

f'low ·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 2.1.0 t_ .02 inches wide. 

'lhickness of the channel is nom:fnally uniform and is measured at the 

photographic window section to be either .50 in. or .25 in .. (f_ .Ol. in.), 

depend.tng on the type of heater element used. Corre3ponding channel. 

hydraulic diameters are ~81 in. and .46 in. The channel is heated 

uniformly on either one or both of the two wide sides 1 depending on the 

type of heater element installed. The heated section extends 37.0 inches 
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'~ . 
from the channel inlet to an abrupt :termination located at about the " . 

middle of the photog!!S.phic window assembly. The channel is continued 

Upward-with nominally no change in geometry or cross-section for 21.8 

inches of unheated length to the channel outlet. 

Five types of heater elements were used, dependiD.g on heater ribbon 

thickness ( . Oo6 in. and • 010 in. ) , spacing between ribbons ( . 50 in. and 

.25 in.) and number of heated sides. As shown in Figures IV-3 an9. IV-4, 

the heater element ribbons cover the two wide. sides of the flow channel 

to provide a uniform, virtual.iy unobstructed rectangular flow geometry. . . 

The heater element. is held in tension by a double-spring assembly in 

the inlet terndruU. .head and .the heater ribbons are pressed tightly 

against their insulated backing strips (not shown in Figures IV-3 and 

IV-4) by small 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-bear~g pyrex window and gaskets, a steel retaining 

cover or frame, and a coated front surface mirror mounted on the 

retaining cover. '.Ihe window assembly at the adjacent back side was 

similar except that a pyrex filler block was used rather than the sapphire 

filler block, and no mirror was attached. 'l.he photograwic 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 1he flow 

channel at those.loca'tions. 

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 instrumentation used in the experiment is diagrammed in 

Figure IV-5· 

Measurement of pressure for determination of fluid properties was 

done by two standard Heise gauges connected in parallel to a tap in the 

·test section slightly below the outlet end of the heated section. Cali­

bration of these gauges and comparison of their respective readings 

indicate ~ maximum error less than 5 psi at 1000 psia. 

Heat fluxes and flow channel powers were calculated, based on 

known heater element dimensions a,nd fabrication tolerances, using system 

electrical power measurements together with an estimated allowance of 

2 per cent for power losses in the electrical connections and system in 

series .with the heater ribbons. System electrical power was recorded 

as data by a General Electric Company recording watt-meter, which was 

compared by direct check at the start of each set of critical.heat flux 

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 ma.x1mum error in 

power measurement of less than 1-1/2 per cent. Assuming all heater ele­

ments were fl:i.b:r:icateci to specified tolerances and. assuming an 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 

dimensional changes occasionally caused by making of the silver­

·soldered step-joint there,_ the corresponding maximum error in dete~­

atian of the critical heat fluxes is estimated to be less than 
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5 per cent.1 Relative power was recorded simultaneously on ~e .Sanbor.n 

recorder in order to have a definite history of' the character of the 

approach to each critical heat flux data point. 

The specific enthalpy of the fluid at test section inlet was calcu-

·1ated from mean fluid temperatures measured by thermocouples located in 

the test section inlet terminal head (TC-2) and in the inlet pipe about 

one foot upstream from the inlet (TC-1) and about four feet upstream 

(TC-10). The thermocouples were . Chromel-.Alum.el type made by Conax 

Co;rporation. Thermocouple outputs were.· recorded on a Brown recorder. 

~e arithmetic averages of the TC-1 and TC-2 readings were used as the 

inlet temperature and the TC-10 readings were used as a cheok. 1b.e 

TC-1 and TC-2 thermocouples were calibrated over the temperature range· 

of interest against a certified mercury :i.n glass theriil.ometer and tt. (;tt.li-

bra ted platinum-rhodium standard thermocouple. By' comparisuu of the 

TC-1, TC-2 and TC-10 readings, and allowing for a maximum of l-l/2°F 

variation in the Brown recorder potentiometer and reference .cold junction 

system, it is estimat.ed that the measured coolant inlet temperatures are 

correct to within less than 3-l/2°1'' illa.Ximum err·or. The corresponding 

maximum error in determination of the specific enthalpy ot sub-cooling 

at the inlet is less than 5 Btu/lb. 

Test section coolant flow was measured using a 60-inch oil-in-glass 

manometer connected to flange taps of a calibrated standard orifice in 

the downcomer. F.l.ow rate was also recorded on a Bristol flow· recorder 

1 As is 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 atib0ect to a greater variation of heat flux than allowed 
for here. 
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conn,ected through a diaphragm tram m1 tter to the. orifice. Relative tl.ow 

rate was recorded c()nt1nuousl.y on the Sanborn re.corder using the vol iage 

o~tpqt from .a Pace re~ucta.nce type transducer connected 1;o. the orifice 

taps. All data calculations are based on the average manometer reading . . . 

over. the time of operaticm. at the. critical heat flux condition or time Qf 

operaticm. of the camera. The orifice flow calculaticm.s account for local 

fluid temperature, variaticm. of discharge coefficient with Reynolds num­

ber and thermal expansion of the orifice. c~culated flow rates are 

estimated to be correct to within less than 2 per cent maximum error. 

Detecticm. of the onset of the critical heat flux ccm.diticm. and auto-

matic shut off of power to prevent destructicm. of the heater element was 

. accomplished with the Critical Heat. F.Lux Detector, described in .Appendix 

B. The Detector system includes a channel 1n the Sanbom recorder to 

record changes in the degree of heater element voltage unbalance between 

· two tapped secticm.s at the exit end of the heated section. The character 

of these traces at the critical heat flux condi ticm. formed the inain basis 

. for Judgment of the valid! ty of each critical· heat flux determination 

and provided information required to Judge when to start the high speed 

motion picture camera 1n order to s~chronize with the critical heat 

flux condition. 

A master switch, located at the Sanborn recorder, was actuated 

manually to simu.ltaneousl.y s.tart the high speed motion picture camera 

and switch the photographic ].ights from dim to :f'ull bright at onset of 

the critical heat flux conditicm.1 based on Judgment of the character of 

Sanborn recorder trace of the Critical Heat .F.Lux Detector output signal.. 

The camera would then run for about 1. 2 ·seconds to expose 100 feet of 

film1 after which it automatically shut off. 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 

witll the critical heat flux condition. 

several representative Sanborn· recorder traces showing the instru­

mentation readouts at or near critical beat 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 the pen response at 71 per_cent 

of critic~ dalllJ:I:1.ni is: (l.} Step input, 90 per cent or f-ull cle:f."lection 

in 10 milliseconds; (2) Sinusoidal input, 7l per cent of tuJ.l 

deflection at 42 cps. · 

:Ebotograpb.y 

The· photographic setup used in conjlmction with the observational 

test section is diagrammed in Figure IV-6 together w1 th a tabulatiOn of 

the main photographic data. 

The camera was located outside the test section enclosure on an 

adjustable mount together w1 th two photo-spot lamps spread at an angle 

of ~bout 25° above and below the camera axis, as shown in Figure IV-2. 

The opti~al pR.th from ~~ plane of focus through the mirror to the film 

plane was about 29 inches. Back lighting was provided by . two photo­

spot l.a.mps spread a·t an angle of about 10° above ond below hor:f. zonta.l. 

1n their location 6 inches from the back side of the test section in 

the safety enclosure. 

The four l.a.mps were positioned to coo verge axes at the plane of 

focus of the camera in the how channel. Due to some flexibili ties 

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-

abl.y accurate al.ignment with the plane of the fl.ow channel and so that 

the horizontal focusing target was at approximately the middle of the 

image field. 'lhe camera lens and extension tube set used resulted in an 

image fiel.d, measured to be about . 56 in. high, which covered approxi­

matel.y the l.ast l./2 inch of the heated section of the fl.ow channel.. 

'lhere is evidence from the heater el.ement damages sometimes experienced 

during val.id critical. beat fl.ux determinations that this size and 

l.ocation of the image fiel.d iu~l.uued the critical heat fl.ux zone (see, 

for exampl.e, Figures VI-15, VI-16 and VI-18). 

Examination and measurements of the motion picture data fil.ms were 

done with the Projector-.Anal.yzer, shown in Figure IV-7, which was made 

for this job. 'lhe .Anal.yzer was used together with a Bell and Howell 

Time. and M:>tion study Projector, M:>del 173. The apparatus was adjusted 

to give a definite enl.argement ratio for the projected image on the 

gl.ass back-projector screen (ten times actual. size), thereby permitting 

reasonabl:y accurate measurements of flow pattern dimensions to be made. 
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V. EXPERIMENTAL METHOD 

Use of the heat transfer test facility for the experiment was in 

joint cooperation with other heat transfer tests in operation during the 

period. In consequence, the experiment typically was run for one or 

two day intervals on a round-the-clock basis about once a week for the 

four months of the final experimental phase, including installation, 

warmup and stabilization of the loop at test conditions. 1 At conclusion 

of each test interval, the test section and associa~d photographic 

equipment and special instrumentation were removed from the test loop 

to be prepared for the next interval of operation. 

Start-~ Procedure 

After installation of the assembled test section in the loop, the 

following general. procedure was carried out to bring the apparatus to 

approximate test conditions. 

1 .. The 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 power was 

applied (65 KW). 

3. After one hour (minimum} circulation at low power, during which 

the balance of the instrumentation was connected and checked 

out, the flow and power 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, M3.nager of Test Operations, 1fith the author in 
attendance to direct each critical heat flux determination and to do 
the photography. 
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4. The loop was again pressurized, the coolant circulation pump 

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

the top to maintain pressure between 900 and 1000 psig and to 

release dissolved gases coming out of solution. 

5. Power was slowly raised as the loop warmed. Towards the end of 

the warm-up period, the flow, pressure and inlet sub-cooling 

were trimmed to approximately the values to be used for the 

first experimental run and the power was held to a value which 

caused the test section heat flux to be about one-half or less 

of the expected critical heat flux level. 

6. After the warm-up period (about 4 hours), flow, pressure and 

inlet sub~cooling were adjusted. to the values to be used for 

the experimental run·. Loop temperatures were allowed to 

stabilize before the run was started. 

Classification of Runs 

Three general types of experimental runs were made: camera opera-

tion only to photograph flow p~ttern~; c~itiGal heat flux determinations, 

only; ·combined critical heat flux determination and camera operation to 

photograph flow patterns associated with the critical heat flux· con-

dition. Individual runs were further categorized according to the type 

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

And chAnnel IJIR.ss velocity. 

The numbered 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 qttality X at exit from the 

2 Variation of heater ribbon thickness between runs (.oo6 in. and 
.010 in. thickness) formed a sub-category. 
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heated section for various test section inlet sub-coolings A hs, as 

calculated from an energy balance for one-dimensionei ~low in . thermo­

(cynamic equilibrium. The sub-coolings span approximately. the ranges 

use~ for each group of runs. ~e arrows represent approximately the 

loci of the critical heat flux conditions .found for each group and, 

hence, are approximate plots of the te~ conditions of the runs. 

Critical Heat Flux Determinations 

As elaborated upon i"urther in Appendix. B, determination of the 

critical heat flux condition was defined, for the purpose of taking data, 

in terms of the Detector setting to trip the power upon deflection of 

the Detector signal recorder pen 6 mm to the right from the null. 

balance position, signif.Ying an abrupt temperature rise or fluctuation 

over the last 4-1/4 inches of the heated section. 3 As discussed in 

Section II, the critical heat flux phenomenon is more correctly defined 

as the condition of incipient local temperature variation, either as a 

fluctuation or an abrupt rise with time. The operating definition~ 

used here for the taking of data. was necessary with the equipment used, 

in order to be sure that the determination was not spurious, due to 

unrelated flow or electrical transients. Examination of the recorder· 

traces shows that for all the valid critical heat flux determinations 

the heat flux which caused 6 mm deflection of the recorder pen and 

power trip did not exceed the heat flUx at which the first indication 

of change of the heater element temperature could be discerned by more 

than 5 to 6 per cent. ~ most cases, especially at the lower steam 

qualities, the differences in these heat flux levels were about l·or 2 

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 e.x.aJnple, Figures VI-3 'and VI-7 through VI-14) 

Each new critical heat flux deteimfnation was approached by first 

stabilizing the system at the pressure (1000 psia), inlet sub-cooling. 

and flow rate prescribed for the run, w1 th the power adjusted to make 

the test section heat flux about one-halt of the expected critical 

value. The power was then slovrly raised to the critical heat flux 

point, w1 th occasional pauses as required to allow the system tempera-

tures to stabilize, "While the pressure, inlet sub-cooling and· ·t;Low rate 

were maintained almost exactly constant. 4 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 all 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 vihich 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 tyj>e of 

run was usually made as a nearly exact duplication of a previous 

critical heat flux run. The character of the recorder trace of the 

Critical Heat Flux Detector output signal in comparison w1 th the trace 

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

1+ The power control reguJ.ator 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 ~as· use;d ,as .. the main basis for judgment of. ,_ . 
' J ' • ' .. ~·' 7 • ' " '- . • '. ~ ' • .. • • • - " 

when to start. the camera. Typic~~~ 'a-motion pic-t?ure of tJ?:e channel 

f'low pa-t?tern would be taken at_.the. heat flux level. at_ whic~- the first 

indication of change of the ·heater element temperature _was observed 

(see, for example, Figure VI-3). Next, the heat flux level would be 

-raised slightly until the fluctuations of the Detector output signal 

indicated the heat f'lux was very nearly at the power trip level, a 

motion picture of the channel now pattern would again be made, and 

the heat flux le~el would_ then be reduced slightly (see, for example, 

Figures VI-21 VI-4, VI-6 and VI-8). Depending on the character of 

the Detector output signal trace for the particular run,· an attempt 

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-ll). 

'lbe 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 run. 

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 p~ced on dim for the focusing check. 

A mark identifying the camera run was scribed in the emulsion at 

the beginning and end of each negative exposed. 'lbe edited sequences 

which have been selected as data for the experiment include these field 

marks at their. ends. 
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FIGURE V-l 

GRAPH OF THE TEST SECTION OPERATING CHARACTERISTICS 
SHOWING THE APPROXIMATE RANGE OF CONDITIONS EXPLORED 

Run sett~s ~re ~~u~ed according to: 

~' 

SET HEATER 
G, 

lb/sec- 6h5 , 

NO. ELEMENT tt2 BTU/Ib 

I .501N.-2 50 75 

~ -~IN.-<! 50 215 

3 .SOIN.-2 100 30 

4 .SOIN.-2 100 160 
5 .SOIN.-2 100 230 

6 .50 IN.-2 200 30 
7 .50 IN.-2 200 90 

8 .501N.-2 200 160 

9 :501N.--·2 400 25 

9A .501N.-2 400 60 
ClF.I >;.Q IN.•2 1100 100 

12* .50 IN.- I 200 25 

13 ,251N.-~ zoo 30 
14 .251N.-2 200 160 

I~ .251N.-2 400 30 
16 .251N.-2 400 90 

17 251N.-2 400 160 
18 .251N.-2 100 75 

19 .2.51N.-?. 100 I ::'I() 

20 ,251N.-2 100 215 

... ... 
APPROXIMATE LOCUS OF 

qc(X) 

\ 
Heater Element Spacing 
Number of Heated Sides 
M:l.ss Velocity 

.50, .25 in. 
2, l 
50, '100, 200, 4oo lbs/sec-ft2 

The firot one or two digits of each run number designation 
in Appendix c matches the number of the corresponding. 
rw1 setting 1n F1~e v-1. 

The locus of critical heat fluxes for each group of run 
settings was found by varying inlet sub-cooling l1 h

9 
over 

the ranges. indicated while holding mass velocity constant. 
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VI. EXPERIMENTAL RESULTS 

The experimental resuJ.ts are 89 critical heat flux determinations,· 

of which 8o are selected as valid, and 33 selected high speed motion 

picture data films of boiling water flow patterns. The critical heat 

flUx data are tabulated in Appendix C and are plotted in Figure VI-1. 

Operating conditions for the selected data films are tabulated in 

Appendix D together with notes describing observed characteristics of 

the flow patterns. 

Critical Heat Flux Determinations 

JUdgment of validity of the critical heat flux determinations was 

in each 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 4-1/4 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 

s~ow the nature of the variations in the Critical Heat Flux Detector 
. . 

output signal, the test section coolant flow, sequencing of the motion 

pictures, and the history of the heat flux changes d~ring 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, as indicated either by heater 

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

were rejected as invalid. Examples of rejected runs are given in 
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Figures VI-4 and vr.:.5, 'Wb.ich show Detector'pen deflections to the left, 

indicating temperature i-ises lipstream 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 an the 

back sides of the ribbons are from the insulated backing strips adhering 

to the ribbons during operation. The heater elements in Figures VI-15 

and VI-18 experienced almost identical severances of both heater 

ribbons within 1/4 inch of the end of the hP.8,t.P.n t:~F.lction, at steam 

qUalities of 51 per cent and 75 per cent, respectively. Two small 

local patches of overheating can be seen an 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-J.7 ~hows a 

photograph of the upstream section of a heater element which experienced 

the critical heat flux condition and consequent heater ribbon damage 

about 22 inches upstream from the exit of the heated section (reJected 

.run 3A-2). The two lang sections of overheated metal extending. down­

stream from the point of severance on one of the ribbons in Figure 

VI-17 were caused by local flow obstructions resulting from the severed 

section of the other ribbon moving across the channel and blocking 

flo\¥ at the surface. Damages to other heater elements during valid 

critical heat flux determinations were very similar to those in 

Figures VI-15 and VI-18 (runs 3T-6, .3TRR-5 and 7R-l, in Appendix c).. 

The character of the t;r-aces of the Detector output p,:f.gnal, at. onset 

of the critical heat flux condition show a definite general similarity 

throughout the entire range of steam qualities, mass velocities and 

heater element geometries (Figures VI-3 and VI-7 throt~ VI-14). 

Typically, as the heat flux was slowly raised to the critical condition, 
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th~ first ipdication: ~f abrupt change, of the heater ... el.ement tempera­

ture occurred at heat fluxes about 94 to 99 per cent of the heat flux 

at which the Detector would trip the. power or physical. damage 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·oscil.lation woul~ usuall.y 

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 record.er 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 qual.ity and heat flux •. Occasional.l.y 

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 run 

7R-l). At the lower steam qual.ities and higher critical. heat flux 

levels the span of heat fluxes between initial. indication of onset of 

critical conditions and the power trip point tended to be least. and 

the Detector output signal. tended to rise more abrilptly than at the. 

higher st.eam qual.ities and lesser critical. heat flux l.evels (compare, 

for example, Figure VI-10 with Figures VI-3 or VI-14). 

At the lower steam qual.i ties (less than about 50 per cent) ~d 

correspondingly higher critical heat flux levels there appears to be 

l.ittle or no detectable difference between the heat flux level to 

cause a power trip and the corresponding level which would cause damage 

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

repeat data points in Figure VI-1). For run 18RR-11 the power trip 
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component of the Detector was shut off and the heat flux was raised 

slowly above the level ~or :which the Detector output signal would 

norma.ll.y trip the power. Figures VI-14 a, b, c show the record of the 

run up to near the heat flux level at Which the heater ribbons failed. 

'Ihe damaged heater element used is shown in Figure VI-18. 'Ihe heat 

flux level at which the element failed w:as about 11 per cent above 

the. normal power. "trip 11 ·level at a corresponding steam quality of 

. 751. · This :run is the highest steam quality run made during the 

experiment. · ~'fie change 'in 'l..Llt:: c.::llit.:rac te1· of ·Ul.c Do tao tor cn.ttr11.1t . R 1 an&! 

during the run beyond the "trip 11 point appears to be principally an 

increase in mean level as the heat flux was raised, with only little 

change in frequency and amplitude of oscillation around the mean level. 

sveed-up of the chart durine; the last part of the run reveals irregular 

hannonics in the signal output at roughly 8 cps. 

The recorder traces indicate no detectable variation of coolant 

flow, as measured at the main flow orifice, assut.:lat,ed with onset of 

the critical heat flux condition. 

The pattorn of the rw=t.e~tor .output sign.,e,J. for a particular set of 
I. 

conditions appears to be l:i..I:J.I:J.rOXilllC!l.tely reproducible an,:!. :t t R..;ppears to 

have little hysteresis during reductiuns or heat flux from critical 

conditions (see, for example, Figures VI-2, VI-4 and VI-8). 

Examination of the plotted data in Fig1 re VI-1 and the tabulation 

in Append:l.x G indicates vecy close repea.tibility of the critical heat 

fluxes at repeat conditions with the .same heater element. Several of 

the points were repeated 'vith a deviation of less than 1 per cent of 

the critical heat flux. The average deviation from the means for 

repeat points over the range of the experiment is less than 2 per cent. 
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Steam qualities at exit from the heate~ section were calculated 

for each critical heat flux condition using the following test section 

en~rgy balance together with measured electrical powers, corrected 

for external losses, . f10iv rates, and inlet f~uid temperature. 

1 

[ 
'k - /1h l -w-- sinletJ 

(l) 

where ~ = exit steam quality at the critical.heat flux condition. 

·~ - test section power at the critical heat flux condition 

w = test section flow rate 

Llh = specific enthalpy of sub-cooling at the test 
· sinlet section inlet. 
hfg = specific enthalpy of vaporization · 

As mentioned in Section ~~ the measurements are subject to the 

follOirlng estimated maximum errors: Qc,- less than 1-l/2 per cent; w, 

less than 2 per cent; Ll hsinlet' less than 5 Btu/lb. Using the method 

of IO.ine and M:::Clintock (ref. (107) ), the corresponding maximum errors 

in the critical steam quality (AXJare estimated to be as· listed in 

Table VI-11 to the same confidence level as the foregoing errors. 

TABLE VI-1 

qc, G, .Llhs M3.x. error 
106 Btu 

, 
in xc, Run lbs. inlet Xc 

No. hr-ft~ sec-ft2 Btu/lb. (~Xc) 

1-3 .591 50.1 67.0 .650 .020 
2-5 .698 50.1 216.0 .556 .023 

a-5 .898 98.6 45.5 . 511 .016 
R-1 ·979 99.4 161.0 .381 .017 

6RR-l .916 199 16.0 .269 .011 
8-2 1.089 199 166.4 .095 .012 

9-1 .832 397 19.0 .104 .008 
9B-l 1.136 397 97·3 .033 .009 
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M:ud.rm.uri error in determinAtion of the critical. heat fluxes f~· 

estimated to b<~ less than 5 p~r cent, based· on the estimated maximum 

error in the power measurements, heater element 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 

section. 1 

I'-Ption Pictures of Flow Patterns 

Operating conditions for each of' the thirty-three edited high speed 

motion picture sequences, together with notes describing the salient· 

:features of the !low patterns observed in each case, are tabulated in 

Appendix D. The films are made up as a set in five data reels plus a 

summary 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 channel 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 vras 1000 psia 

and the flow was vertically upwaru. Enlargements or selected frrune~ 

from the data reels are presented in Figures VI-19 through VI-23. For 

each of these the channel width is . 50 inch and the apparent ma.Shi-

fication is approximately four times real size. 

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

almost equally transparent and colurle:::H:> a~ far as the eye can diooem·, 

1 There is evidence that some of the thinner·ribbon heater elements 
( .006 in.) may have been subject to a greater varia·Llon of heat 
flux than this allovranc e. (See, for example, the data for curves 5, 
9, and 10 in Figure VI-l. Also refer to footnote 6 in Section IX. ) 
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observ~d images in ;the motion pictur-e f;L~ are mainly opti,ca1 effects 
" . . ~ . ~ - ., . ,_ . ' ' . . . . . - . ' . . ,· 

resulting from different degrees of light reflec~ion and .transmission . '·'· 

at the .interfaces .. Because Qf this, observations tend .to be subjective, 
• ~ ' 1 • • 

and,hence., subject to error. M. effort was made to minimize errors by 

having other observers make independent ~xaminations of the films2 and 

by considering all aspects of the observed image to arrive at a co-

herent 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 local reflections 

from the front lamps or dark shadows 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 phases for several of the sequences involved a wavy liquid film 

cover~ the inside face of the window and extending arO\Uld the corners 

of the channel to include the edges of the heater ·ribbons and at least 

a portion of their surfaces (shadow of the heater ribbon surface film 

evident in profile) 1 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. I./!!vy 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 

.liquid and vapor, flowing in the core of the channel.3 

Distinction between bubbles flowing inside the channel and those 

which occasionally appeared in the ~03 inch thick liquid filled space 

between the filler block and the outer pressure-bearing window could 

always readily be made by noting ~eir apparent position relative to 

the heater ribbon edges and focusing target and by noting their direction 

and velocity of motion relative to the channel flow. Observed irregu-

larities. in the motion of the external bubbles were usetul indications 

of corresponding local pressure variations in the flow channel~ 

Evida~ce of ''sl\188ine" is EI.I'J:l~rent 1.n. ~;;(lm\ trf t.hP. Aequencett, A.s 

indicated by almost periodic variations of the general flow pattern and 

4 \ intensity of light transmitted from the rear. 

3 See, for example, the film acquencec in Reel I; sequences 3S-4 
through 3R-3 in Reel II; sequences 6R-l through 8-3 in Reel III; 
sequences 9R-l through 9~2 in Reel IV; and sequence .12-2 in Reel v. 

4 See·, ·for example, sequences 2-1, 1-1 and 2-2 in Reel I; sequences 
33.:.3, 38-4, 3R-l and 4-5-a in Reel II; sequence 6R-l in Reel III; 
and sequence l8s-l in Reel v. 
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FIGURE VI-1 

GRAPH OF CRITICAL HEAT FLUX DATA 

1. Points for which the camera was operated simultaneously, points for whi: h 
the hea·ter element melted, .and rejected points. are separately coded. 

2. variation of % with mass velocity can be seen by comparing curves 1, 2, 
7, and lO; <Jurvas ·h and 8; curves 5 and 9; and ourveD 3, 6, and JJ.. 

0.65 

3. Variation of % 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. 

4. variation of~ with heater ribbon thickness (.oo6 in. and .010 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 effect of having one side only heated compared with the two sides 
heated can be seen by comparing po~ts number 12 (Group C) with curve 4. 

6. The trends of the rejected points, shown by dotted lines, appear to possess 
maxima of ~ with respect to Xc. 

7. Scatter of some of the data along particular operating characteristics can 
be discerned, corresponding to the plots in Figu,re 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 CONDrriONS FOR FIL."i NO. 1-2 
NEAR CF.ITICAL HEAT FLUX "TRIP" LEVEL 

SSC-0 

Type lA Heater Element: .50 in.,· .oo6 in. -2 

The trace of the Detector signal indicates little hysteresis of the 
heater element tenperature nuctuations with small =nannal reduction 
of heat flux f:-om near the critical heat nux. "trip•' point. 

* Coiings d:sif918.ting the types of runs are defined in Appendix. c. 
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FIGURE VI-3 

RECORDER CHART SHOWING OPERATING CONDrriONS FOR CBITICAL 
HEAT FLUX DETERMINATION NO. 1-4 AND FILM NO, ~-4 * 

Type Run BOC-T 

Type lA Heater Element: . ;o in., .oo6 in. -2 

There were slight f'luctuations of the Detector signal as the 
"trip" point was approached and an ab:rupt rise of tae signal 
to the ::-ight causing the "trip," indicating heater :element 
temperature rise at the outlet end. 

* Film Ilo. 1-4 discardeC. due to inadequate photogra::?hic 
quality (not included in tabulation in Appendix D.). 



I 
VI 
\0 
I 

~ RELATIVE HEAT FLUX, q/ q0 

. ' 

. I ; (. 

cr, = 597,000 BTU/11R-FT2 

"o -.644 

j"TRIP" 
1.0 

FIGURE Vl-3 



I 

~ 
I 

FIGURE VI-4 

REC:tBDER CHART SEOWING OPERATING CONDITI.:>NS DURING CRITICAL 
H3AT FLUX CONDFriON UPSTREAM (FEJECTED RUN NO. 4-4) AND FIIM NO. 4-5-a 

Type Run BOG-s-R 

Type lA Eeater Element: .50 in., .006 in. -2 

Deflection of the Detector signal trace to the left to near the "trip" 
level indicates heE.ter element temperature rise upstream from the 
outlet en.il. 
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FIGURE VI-5 

RECOPJ)ER CHt.R:r SHOWING OPERATING CONDITION3 DURING CRITICAL 
HR.O.T FLUX CrnDITI::>N UPSTREAM (REJECTED RUN NO. 51.-l) 

Type Run BO-T-R 

Type lB Heater Element: . 50 in. , . 010 in. -2 

Deflection c·f fue Detector signal trace to the left to the "trip" 
level indicates heater element temperature rise upstreE..IIl from the 
outlet end . 
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FIGURE VI-€ 

RECORDER CHART SHOw:r.J'G OPERATING CCoNDri'IONS FOR FIIM NO. 3R-3 
NEAR CR:'.!ICAL HEAT FLUX "TRIP" LEVEL 

Type Run ssc-o 

Type lA Heater Element·: .~0 in., .oo6 in.-2 

The trace o:f the Detector signal. indicates 11 ttl.e hysteresis o:f 
the heater el.ement temperature fl.uctuatians -with smal.l. manual. 
reduction of heat. nux from near the critical. heat f'l.ux "trip" 
point. 
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FIGURE VI-7 

RECORDER CHARI' SHOWING OPER/'.TmG CONDITIONS FOR 
CRITICAL HEAl' FLUX DETERMINATION NO. 3RR-~ 

Type Run BO-T 

Type ~B Heater Element: .50 in., .0~0 in.-2 

IJl.~re were increasin,:; os•::i~tions of the Detector sigcal., 
ir..iicating correspo::::J.•iing variations of the heat.er e~ement 
te:nperature at the o·.1Uet end, as the critic~ heat flux "trip" 
point was a~proa.ched. 
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FIGURE VI-8 

RECORDER CHART SHOWING OPERATDW CONDITIONS FOE CRITICAL 
HEJ.T FLUX DEI'ERMIN.ATION NO. 7-5 AND FILM NO. 7-5 

Type Run BOC-S 

Type lA Heater Element: . 50 in., .006 in.-2 

The tre.ce :::>f the Detector signal indicates little hysteresis 
of the heater element temperature fluctuations with small 
manual re~ction of heat flux from near the critical heat flux 
'trip" poi:::lt. 
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FIGURE VI-9 

RECORDER CHART SHOWD'lG OPERATING CONDTIIONS FOR CRrriCAL 
HEAT FL~ DETERMINATION NO. 7R-l (HEATER ELEMENT MELTED) 

Type Fun BO-A 

Type lB Heater Element: . 50 in., .010 in. -2 

There were L~creasing oscillations of the Detector signal, 
indicating corresponding variations of the heater element 
temperature at the outlet end, as the point of nelt:.ng 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 V:!:-10 

RECORDER CaA.RT SHOw::NG OPERA~ING CONDITIONS FCR CF.ITICAL 
HEAT FLUX DETSffiill~ATIOU UO. 9A-2 AND SYNCHRONIZED FilM NO. 9A-l 

'Iype Run BOC-T 

Type lA Heater Element: .50 in., .006 in.-2 

~ere were sl~ghtly increasing oscillations of the Detector signal, 
indicating correspondiLg variations of the heater element temperature 
::..t the outlet end, as the critical heat flux "trip" p•:::>int was 
=.pproached, followed by an abrupt rise to the "tri:;~" :;>oint synchronized 
-;..'i th the camera. 
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FIGURE VI-11 

RECOFnER C3ART SHOWING OPERATING CONDITIONS FOR CRITICAL 
HEAT FLUX DE'BRMINATION NO. 9B-2 AND SYNCHRONIZED FILM NO. 9B-2 

'l'y?e Run BOC-T 

Ty?e lA Heater Element: .50 in., .OOC in.-2 

There were ve=Y 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 

RECORDE3 CHART SHOWING OPERATING CONDITIONS FOR 
CRI:riCAL HEAT FLUX DETERMDfATION NO. 20R-3 

'Iype Run BO-T 

~ype 2B Heater Element: .25 in., .010 in.-2 

There were inc::-:-easing oscilli.tions of the Detector 
signal, indicating corresponding variatioll3 of the 
heater element temperature a-; the outlet e:J.d,. as the 
critical heat :'lux "trip" po:.nt ·was approa•::hed. 
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FIGURE VI-13 

RECORDEF. CHART SHOWING OPERA'l''nlG CONDITIONS FOR 
CRITICt.L HEA'I' FLUX DETERMINATION NO. 15R-l 

Type Run BO-T 

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

The=e were very slight oscillations of the Detecto= signal, indicating 
cor=espond:.ng variations of the heater element temperature at the 
outl-et end_. as the critical heat flux "trip" point was approached, 
followed by a re]ati vely 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 nea~ start of the 
run was done as :~;art of· a routine manual check of ~e Detector "trip" 
setting and re-balance to null po~ition preparatory to starting the 
run. 
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FIGURE VI-14a 

:RECORDER CHARI' SHOWIKG ONSET OF CRITICAL HEAT FLUX CONDITIONS 
DURING R~ NO. 18RR-l TO DELIBERATE HEATER ELEMENr:· D3STRUCTION 

Type Run BC-A 

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

There were increasing oscillations c~ the Detector signal, indicating 
corresponding vc.riatieons of the heate;r element temperature at the 
outlet end, E..S the critical heat flux "trip" point (qjCio = 1.0) was 
approc.ched. '.D:.e power trip component o~ the Detector was shut o~~ 
during the nm. 
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Figure VI-14b 

:::OHTnruED RE00RDER CHART SHOWJlfG OPERATJNG CONDITIOt~S AT HEAT FWXES 
ABOVE THE POWER "TRIP" LEVEL FOR RUN NO. 18RR-l 

The anplitude and frequency of oscillation of the Detector signal remained 
a.HJroximately unifonn while the heat f:ux Tnas held constant at the normal 
criti·cal heat flux "trip·• level. The nean level of the Detector signal 
increased by a factor of about three ~~en the heat flux was raised slightly 
ab)ve the ncnnal "trip" level, but the amplitude and frequency of oscillation 
re:nained apJ::roximately tmifonn. 
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FIGURE VI-14c 

CONTINUED 3ECORDE3 CRAFT SHOWING OPERATING COf~ITIONS AT HEAT FLUXES 
ABOVE THE PO\ER "TRIP" LEVEL NEP..R THE POINT OF !-::EATER ELEMENT :::>ESTRUCTION 

The a~litude and f~equency of cscillation of tte Detector signal remained 
apiroximately unifo~ while the heat flux was held constant at slightly 
above the no~l "t~ip " level. Speed-up of the recorder chart reveals 
ha~onics in the oscillations at about 8 cps. Further slight ~ise 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 "t:-ip" po~nt (see Fig. VI-18). The flow remained constant 
th~oughout the run, except for the uniform ''noise,. in the :t:.ow orifice 
recor·ier trace (sirn:.lar tc the ether runs). 
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FIGURE VI-1.5 

PHOTOGRAPH OF AN UNUSED • 50 IN. SPACING DOUBLE-RIBBON HEATER ELEMENT 
COMPARED WITH A USED ELEMENT DESfffiOYED AT THE 

Run 
No. 

3-5 

RUn 
No. 

1.2-3 
1.2-4 
12-5* 

CRITICAL HEAT FLUX CONDITION 

G, <lc 
Type lbs. 1.06 Btu 
Run sec-tt2 hr-ft2 

Ho-A 98.6 .tl9B .511. 

FIGURE VI-16 

PHOTOGRAPH OF A USED • 50 IN. SPACING SlNGLE-R!BBON HEATER 
ELEMENT SHOWING PATCHES OF LOCAL HIGH TEMPERATURE RISE 

G, <lc 

'l'YPe l.bs. 1.06 Btu Xc 
Rwl RP.~-ft.2 hr-ft2 

BO-T 1.99 1.018 .l.4o 
BOC-T 1.99 l.. O'Zf .1.40 
B0-A-.H 20J. 1..027 .1.26 

* Heater ribbon mel.ted upstream near inl.et end. 
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--UNHEATED------ HEATED----

FIGURE Vl-15 

"'l'l'! I I 11jll'\ 1' ~,'1'\'11 I' ~I' ·t'l'\"'1' 1 /- .-. 

FIGURE Vl-16 
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Run 
No. 

3A-2 

Rw1 
No. 

FIGURE VI-17 

PHOTOGRAPH OF A USED .50 IN. SPACING DOUBLE-RIBBON HEATER 
ELENENT SHO'iilNG DAMAGES AFTER ONSET OF THE CRITICAL HEAT 
FLUX CONDITION UPSTREAM T0\1/ARDS THE INLET (DATA REJECTED) 

G, qc 

Type lbs. 106 Btu XC 
Run sec-ft2 hr-ft2 

BQ-A-R 99 ·4 .864 .389 

FIGURE VI-18 

PHOTOGRAPH OF A USED . 25 IN. SPACING DOUBLE-RIBBON HEATER 
ELEHENT DESTROYED AFTER DELIBEHATE OPERATION '1'0 A HEAT FLUX 

ll .tJ~.H Cl'.:N'l' ABOVE '1'1-lli NORMAL TRIP LEVEL* 

G, <lc 
Type lbs. 106 l.ltU 

XC --

Run sec-ft~ hr-ft2 

1.8RR-l BQ-A C)0.2 .673 ·751 

* See recorder trace of Detector signal in Figs. VT-14a,b,c. 
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FIGURE Vl-17 
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FIGURE Vl-18 
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FIGURE VI-19* 

ENLARGED FRAMES FROM REEL I 

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

q, 

Seq. Type X 106 Btu _q_ 

Fig. No. Run hr-ft2 ~ 

a 2-1 sse .258 .465 << 1.0 

(1) Liquid film wave structure on window surface. 
liquid film profile on right-hand heater ribbon. 
on right-hand side. 

(2) Shadmv of >vavy 
(3) Focusing target 

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

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

c 1-2 SSC-0 .588 ~1.0 

(1) Sharply defineQ. wave structure on liquid film on -vrindow. (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 SSC-0 . )88 

(1) Frame exposed .07 sec. later than Fig. c. (2) Same general 
pattern as Fig. c. (3) Intense back-light indicates high vapor 
content in core. ( 4) Streamers of vapor f'rnm Pr'l.ges of heater 
ribbons into liquid film. (5) Heater element temperature 
osc1l..Lating. 

* Arrow numbers match the numbers of corresponding notes in 
Figs. VI-19 to VI-23. 
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Seq. 
No. 

3S-l 

FIGURE VI-20 

ENLARGED FRAMES FROM REEL II 

G - 100 lcs/sec-ft2 , both sides heated 

Type 
Run 

se 

X 
or (Ah~, 
Btu/lb. J 

(91. 4) 

q, 
106 Btu 
hr-ft2 

q 

<< l.O 

(1) SUb-cooled nucleate boiling at ~eater s~rfaces. (2) Growing bubbles slide along the surface, moving 
with the stream. (3) Bubbles tend to grow in periodicall.y spaced, irregular ·::lumps . 

b 3S-2 sse . 056 <<l.O 

(1) General froth-like appearance, -.nth large bubbles interlaced with continuous liquid containing a range 
of smaller bubbles. (2) I.arger bu".Jbles centrally located. (3) Frothy structur.e of fine bubbles in 
liquid at heater surfaces. 

--c 3S-4 sse .166 .491 
(1") Fl.o1v is "slugging." (2) Frame exposed C..uring a "light" slug, indicative O·f thick placid liquid layer 
on window, contain:..ng s:nall bubbles, vr_th probably high vapor content in core. (3) Frothy structure of 
fine bubbles in liquid against heater surfaces. 

d 3S-4 sse .166 .491 << l.O 
(1) Frame exposed .02 se::!. later tha.'1 F"..:.g. c; during "dark" slug. (2) Small spherical bubbles in foreground 
in b oth frame s are outs i:le ch3llilel. (3) "Dark " slugs indicative of finely divided "froth" of vapor and 
liquid in core. (4) Eea ter temperature steady. 

--e 3R-3 sse-J .857 
(1) Shadow of prof~le of hi ghly turbulent wavy liquid film agains~ heater ribbon surfaces. (2) Finely 
divided str.1cture of lvaves on liqui:l f::.lm against '\Iindow. (3) Heater element temperature oscillating. 
(4 ) Streamers of vapor from edges of hee..ter ribbons into liquid film. 
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FIGURE VI-21 

ENLARGED FRAMES FROM REEL III 

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

X 
q, 

Seq. Type or (Ll hr 106 Btu _q_ 

Fig. No. Rtm Btu/lb. hr-ft2 % 

a 6s-l sc (2.8) .298 <<l.O 

(l) 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 6:R-l sse .167 .612 <<l.O 

(l) F.low 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 7-5 BOC-S . 160 ·957 l.O 

(l) Shadow of profile of wavy liquid film vaguely apparent against 
right-h~d 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 
useillat..ing. 
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FIGURE VI-22 

ENLARGED FRAMES FROM REEL IV 

G = 400 lbs/sec-ft2, both sides heated 

X ~~ 

( 106 Btu q Seq. r:ype or Ah~, -Clc~-
Fig. No. Rrm Btu/lb.) hr-ft2 
a 9S-l SC (61. 3) . 2L5 << l. 0 

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

-b- 9S-2 SC (17.6) .493 <<1.0 

Wr-tmy discrete bubbles ::.n the stream interlaced by almost pure liquiC. at channel middle. ( 2) Froth 
structure of tiny b·~bbles and liquid in thick layer against both heater sufaces. 

c 9A-l BOC-T . 074 . 987 1. 0 
~Shadow of prcfile of wavy liquid film vaguely apparent against heater ribbon surfaces . (2) Finely 
divided indistinct liquid filn: structure on window. (3) Irregular streamers of vapor flowing in liquid 
at edges of both heater ribbor.s. (4) Heater element temperature oscillating. (5) Frame is .01 sec. 
before power "trip. " 

-cr- 9A-l BOC-T . 074 Sl:.ut-off 0 ~ 0 
~Frame was eJq:osed . 06 sec. af-..er power "trip. " ( 2) Flow pattern is ir_ the process of re-arranging 
into a "frothy" str~cture of large bubbles interlaced with liquid, as steE.Ill is "swept" from channel. 
(3) Focusing target eviden-!:: at le:'t-hand side. (4) Spherical bubbles in foregrounds of both frames are 
outside channel. 

e 93-2 BOC-T .037 1.141 1.0 

"('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 pdsing. (4) Spherical bubbles in foreground are outside channel. (5) Frame 
is . 01 sec . before power "trip. " 
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FIGURE VI-23 

ENLARGED FRANES FROM REEL V 

G = 100 and 200 lb/sec-ft2, left side heated 

q, 
X 

106 Btu Seq. Type or ( Ll h , q 
Fig. No. Run Btu/lb.~ hr-ft2 ~ 

a llS-2 sc (72. 4) .612 <<l.O 

(l) G • 100 lbs;'sec-ft:2. (2) SUb- cooled nucleate t;lni. l ing. (3) 
Bubbles grow in large irregular frothy clumps of tiny bubbles sliding 
along the heater ribbon surface, from which occasional large bubbles 
form. ( 4) Little mixing with unheated half of channel. ( 5) Shadow 
o:f irregular, wavy thermal boundary layer against tmheated side. 

b 128-2 sc (151.2) .G12 <<l.O 

(1) G = 200 lbs/sec-ft2 . (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) Shadm·T of wavy thermal 
boundary layer against unheated surface. 

12-2 OGC-0 .113 .R44 ::--: .80 

(1) G = 200 lbs/ sec-ft2. (2) Image hazy due to fouled windovT 
surface. ( 3) Hazy shadow of proi'iJ.e of 1-ta vy liquid film agalw:;; t 
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 llindmv gasket, out of position. 
(6) Target partially visible at left side. 
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VII. THEORETICAL ANALYSIS 

SUmmary 

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. 

Base4 on the visual evidence observed in the motion pictures 

(Section VI , Appendix D), the following conceptual idea of the mechanism 

associated with the condi tiqns of the critical heat flux is hypoth­

esized for purposes of analysis. The representation is considered to 

be ~pplicable 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>O). 

The analysis includes, in combination and with more specific detail, 

some of the ideas suggested by previous investigators (refs. (2), (3), 

(5), (6), (7), (12)). There is no evidence in the literature of' pre­

vious detailed attempts along the particular line of' attack taken here. 

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

1. A liquid film exists on all heated and unheated surfaces o£ the · 

channel, traveling in the direction of' the general stream 

flow, under the f or ces of the pressure gradient and turbulent 

ohco.r ntr ttt:: t.: 'd.x.~.r: Ll;:;'•l O:•t'l t.h.=- int.,o.rf';. r:P. by thr. core. 

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

carried as droplets or conglomerates in the gaseous inner cove. 

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 f t lm is hypothesized to be al ways 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-entrairunent and boiling in the film. 'lhis con­

dition establishes the mean thickness of' the film. 

3· Heat transfer from the heated surface is principally by can­

vec~ion and conduction in the adjacent liquid (ref'. (73)). A 

portion of' the heat goes to fonn 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 f'or.m 

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 

flovr o:f steam away from the liqutd 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 cor~. 

Figure VII-lA is an idealized representation of the general flow 

pattern assumed according to hypothesis 1. A wavy irregular liquid film 
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TEMPERATURE 

TsAT TWALL 

T i -,. •o ~ 
0 

---~-.----:-~·------;-.--;:-CORE 
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Uq .,. e> ._. ~ ~ ~ f'fi!!!IP .o LIQUID) 

~ ~ 'it ~ ~ 

b ~ d!~~·~ ~~~a I u. ~FILM j____::- ~l~'6R~SED .,...,_..,...,.,....,,.....,;::~ 
q_.. WALL (HEATED) 

A. REPRESENTATION OF ACTUAL SYSTEM 

y 

b ----------------·-i 

8+1" 
UoL 
__,..;~ .. ~------ ---- ----- -- ----------- --------

yz8+1']{Z,t) 

WALL 

B. REPRESENTATION OF IDEALIZED SYSTEM 
FOR FILM STABILITY ANALYSIS 

CORE 
(NEGLIGIBLE 
LIQUID) 

FIGURE VII-I 

-102-



flows along the heated wall, 1vi th bubbles forming at the waJ.l surface and 

steam being carried along as i;r-regular bubbles in the film. The faster 

flmdng core is· represented a.s continuous vapor .carrying discrete 

particles or conglomeratea of liquid. 

Hypothesis 2 is applied in Part A to develop' an approximate analysis 

describing the .. condi tioi'l of instability of the film-core- interface. In· 

order to: ·make the problem tractable but still preserve the ess·ential · 

characteJ of interface motion at incipient instability,· it· is .. assumed 

for .Part A that the liquid· borne in the core ci.rid . the' :vapor forina tion in 

the film l1ave a negligible effect and, hence, .that the .core and ·film 

have the densities E'g and f>r,. The fluids are assumed ·to be in . 

potential flow, with the resulting restriction that viscous sAear 

effects are negligible· :i.n 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 instabili.ty to the conunon properties of 

~he flow .. ·. 'lhe wave motion on the interface is assumed .. to be dor.ti.nated 

by the turbulence. Since the essence of thfs part of. the problem is 

the local turbulent motion and momentum transfer at t1.1e ii1terface, .the 

fluid is considered to be in fully developed turbulent flmv for Part B, 

in contrast to the asswnption of potential flm1 to develop the tmder·-

lying stability analysis in Part A. '.l'he essential -fe<:'.tures of the 

motion, for the purposes of part B, are developed from the approximate 

Prandtl mixing length theory of turbulence. 

In Pa.rt C a mixing length representation of the process of 

turbulent diffUsion is developed, using hypothesis 4, to relate the 

liquid supply rate from the core to the mean liquid film thiclmess. 

'lhis result, together \vi th the expression for the liquid film thiclmess 
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obtained in Part B~ is then used in conjunction ·with hypotheses 3 and 5 : 

to form 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 vapo~ and .the pure liquid,. respectively, for the analyses in, 

Parts A and B. This idealization is justified on the· basis of,~e con­

siderable simplifipation 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 :f'rom the core, 1-lhich. 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.~y equation (52), is ·appli~d 

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 IJ.quid Film Stability 

The tvro-phase flow system is represented by Figure VII-lB. The 

liquid film of thiclmess S is adhered to the 1-rall and has at its 

interface a wave structure taken to be of sinusoidal form "j(Z, I) 

:;"}
0
(i}rA(kJ;4lt). 'lhis representation of the interfacial 1vaves may be 

assumed to be a single term from a possible series of such-terms Hhich 

could be constructed from a Fburier analysis to describe the complete 

surface. 'Ihe coordinate system is considered to b.: moving 1-1i th t.l-}e 

general flow so that the liquid film velocity is zero and the velocity 
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il 

of the gaseous core at .:;t= 8·t.f is the effective relative' velocity· Us.1. 
' 

strictly, the analye;is is based on·a discontinuity-of stream ve;Locity 
. ~ . . '· .. 

from zero to . /1L· across· :the interface. Since this. is impossible. for·· 

real fluids, correction is made in Part B by taking the velocity :·change 
' , - ·. . I;;'.. .· , . , 

to occur across a zone of influence extending from :J= ~-..1.; l/(IJ)-= V, 

to ~ :: S ·+-,e 1~ UC'J) -.:: U,. 

In order to make this part of the analysis tractable, the following 

idealizations are made: the density ~f the· core is' the density 'of the 

saturated vap~r es ; the density in the film is ~e density of the 

saturated liquid E>1. ? forces- impressed on the film due to vapor formation 

•dthin it or at its interface are ignored; the flow is two-dimensional; 

body forces are ignored; a definite interf~ce;e~ists 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 or ' which acts to stabilize small disturbances of the 

liquid film surface; there is no motion at the •~11. 

The analysis is formulated using the method of small disturbances 

for a perfect :t:l~id ·in potentiaL flow (ref; · (16) Y, ·The ·analysis in this 

Part is similar in general form to· the analyses of. ·free ·liquid sheets · 

·presented in refs . (17) and (18J •· 

With the assumption of potential flovr the continuity, equations· 

describing the gaseous core and the liquid film are, in terms of the 

velocity potentials ~ and ~ ; .... ; 

(la) 

s < !:l < s ·+-1-'l. _.' (lb) 

' : ., · .. : . .. ..... ... . . ..... ,. 
,;' 



uherein the velocity-potentials are .defined as l.lSual by 

09t 0~ ~91 . u = - - ) u - - ·- ~ /IT., = - '?Sii ' ..-v.; = . -L. · Dz · '3 - ~e , v' IJ 

The process i~. ·,specifi.ed by the boundary conditions on 

(2) 

(3) 

( 4) 

(5) 
: .: . 

The length 1 11. is .. the :half-width of the· zone of influence around· the 

interface. ,-The motion of fluid beyond. this ·zone at. ~>B-ti''is·con-

si.dered. to ·not:·affect the interface.· 

A general form for· Sft·vhich l·lill satisfy ·(la), (2)-and (J).is, 

asstuning :::i. product solution.for (1), .· 

-~·::: 'li'~~) [A s,n(k~-~t) + B '-".s (k4!--_~Jt-)] . -: 

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

JJ.R.I 1.2. I 

J. yz. - 1\ f? -::::: 0 

which has.the general solution 

· . . .!ft'JJ = C e"~J + D.e-*' 
Thus, the velocity potential for the liquid fiJJn has the form ' 

with the derivative 

-- :~'" =-lc (ce."'-De-kYj_Ast·i1(h~-wt) +l3 cc.J(k2-c.vt)) (7) 
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Boundary condition (3) together with (7) gives D = c. Using this 
. k k . . . . 
result in (7), recalling that (e '-e- 1)=2stit4(1r~), substi~uting 

the resulting form of (7) into boundary condition· (2) and collecting 

like terms in the equation obtained g1 ves 

-IV1 A·- ~ 
- · 2.k C: st'w.l. (k Jl) 

B . -1~ 
. =· .zk C. Sti.J, (/< 1J) 

F1nall.y, substitution of these quantities into (6), together with C = .D 

and (e"~+e-*1) = 2 c.oJo~01d) , results f'or the velocity potential of' the 

liquid film with 

t = k ~·={~:~ [ "'7• ,;., (k.o -iJI) + ...;, C:Ds (k.!- ul)] (8) 

Derivatives of ¢" which will be used later are,. all evaluated at the 

interface :r= g : 

('b¢~~)~:g '~ -~·10'si·tt(kz.·-t,;i) -.cj,; cc~(ke-~t) 

ca''lu~)!J.:: a= - ctiiOct) [cv1c cc.s(k~ -wt)- ·io Si~ (ki!-t11t) J 

-~" ,\ c.c#.(~SD [ , ·• /l :\ (. i. •• /J. --ll] ( T'~f):J=G = .. -k _).e.J·7o Sllll~~-14/~- 14 #-·10 )co5(K.!-"'l'..l 

(9a) 

(9b) 

(9c) 

For two-dimensional now in the absence of' body f'orces, derisi ty 

changes and viscous effects the ~er momentum equations are applicable 

so that· 

the momentum equations can be expressed as 
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Integrating these with respect to their space coordinates gives for each 

J'; K" -t r [ :t -·~. ( il ~·t-.,r~] , i<'' = c~n~tant 
In terms of the velocity potential IJ this becomes 

f= }("+ e[:o¢- . .!... {·(·#)'+ (.'()')z.J] 
'iJt 2 f.\t . . . '()~ 

(10) 

. . 
In order to perndt derivation of a linear differential equation. of 

motion.of the interface the idealization vdll be assumed that the dis-
w 

turbance amplitude A1 and its derivative A1 are small so that terms . ,~ ~ 

containing their products as factors may be .taken ~s ·negligible.. "Phis 

idealization restricts the analysis to determination of conditions for 

'mich an infinitesimal disturbance 1vill grm.,.·. Co~~id~ration of (9a.,b) 

together 1rlth (10) shm·rs that the physical implication of this assumption 

is that· the kinetic energy of motion f(i(z.+.,.J.) .is small compa~ed .with .~e·: 

quantity elf 1 whiCh iS prOpOJ:'tional. tO the acceleration. 

Hith this idealization, substitution of equations (9) into (16) 

gives for the. total pressure· of the liq~d film at the interface j ·= S 

'l'he pressure o:t' the gaseous core at the interface can be derived in a 

s:imi~ar fashion as ;foilo,.,s . 
. , ' 

.A general form for ¢~ :"hich will satisfy (lb), ( 4) and, (5) is 

tf,(!J-= Jg(,J [Es•r. (1;~-c:dJ + F cc.s {le ~ wt-j J - U:;~,· z 

SUbstituting this into (lb) gives the ordinary differential equation 

,tt1i - j/ Rz = 0 J 

cl 'J L j . . . ,, . ,. : 
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which has the general solution 

. fj~!JJ ~ H eJcfl + J e.;.*~ 
Thus, the velocity potential for the gaseous core has the fonn 

with the derivatives 

I ' ·'. 

(13b). 

Boundary condi tian ( 5) together with equation (13b) gives 
. H -:il<(t·~-1'') . 
-- -e J - (14a) 

Combining equation. (13a) .with bo'lmdary condition ( 4) and collecting · 

like terms in the equation .obtained gives · 

(14b) 

and 

F 1., 
E = .,l(,J-k~,) 

. (14c) . 

combining equations (14a) and (14b), 

.. (14d) 

. . 
SUbstitution of equations (14a.), (14c) and (14d) into (12) gives finally 

for the velocity potential of the gaseous core 

. e-u~-~~~ z.k(~J-G-.1'} : · · . · · . · · · · .1 
~ = k(l+e~di"K- e . ; '?0 (tY-k~,)stit(k~-;AJ~j.,a's(i~-c.~t)J (l5.) 

-UsL. 
Derivatives of ~ evaluated at .the interface !J=~J'i, 1mich will be 

-109-



used later are: 

(16a) ~~~; -[-v 41-k t;..) si• (k .. -<d) + i co~ (h. - .,J) J 
c~~i-)~:~= f.,~ (kt") [ 1~ (t.J-k~L) (At (k r! -u.J) ~ j Stit (k!!-cOlf)]- Us .. 

(16b) 

(~),.; I.;J(U"J {<z,-lr t;Ji seii(A ,._.,f)-( "'1•( 41-k 1'3-t) -j;)us(A•-.:tJJc
160

) 

SUbstituting the deri vati vee (16a) 1 (16b) and (16c) into the inte­

grated momentum equation (10) and again discarding terms ha~.g as 

. . 
factors the products ot ,, and 1• g1 vee tinal.ly tor the to~ press~ 

ot the gas· at the interface !J 'II: SJ 

The interface between the liquid film and the gaseous . core is con-

sidered to be unbroken and subject to a unit tension CT • As a 

simplification it is assumed that all deflections ot the interface are 

two-dimensional only in the !1-~ plane. A force balance will be made 

across the interface using equations . (11) and (1 i) in conjunction w1 th 

the normal forces caused by the surface tension property <:r when the 

surface is curved. 

Consider a short curved segment of the interface of arc length As 

subtending a correspondingly sma.ll angle L19 at the center of' curvature 

(Fig. VII•2). DS aild. il9 are considered ·t;o be Bu:f'.ficiently small that 

the arc may be approximated as a segment of a cylindrical. surface of 

radius R. The gaseous core pressure 7§ acts ·normal to the surface on 

one side of' the segment and inunediately opposite on the other side the 

liquid film pressure ft. acts. 
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~\ r.f? . 
I \ 

l~cr 1s 
~AS~ 

1t. 
Fig. VII-2: REPRESENTATION OF INTERFACE FORCES 

For the interface segment in equil.ibri\.un a resolution o·f forces g1 ves, 

for f!J8 and .65 s~, 

Also 

Hence, 

Now, 

( J; ;-~)65 = a- fa.n (Jl9) 

~ o-(48) 

..M. ~ _!_ 
.t,s - R· 

10- "JJ ·- ..!L ,, 'i. - i~ 

R.- [i+(ayai!f J/ ~. 
. . 

so that f'or small curvature, 

- . . . 

Recalling from the initial statement of' ~~ problem that ''t= "''o cc~(k~-wl) 
and coil!bining the foregoing rel.ations gives f'or the pressure difference 

across the interface ' 

'(18) 

Consistent w1 th the basic assumption of the analysis that singl.e­

val.ued.vel.ocity potentials ·:91· and.~ ex:ist, it may be assumed. that the 

smai:L disturbance motion i and its amplitude 7c have arisen f'rom rest 

and are superimposed on the general motion described at the beginning 
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by ~L (ref'. (~6), ch. 2). With this consideration the initial. condition 

is taken as 1~~, .;, , ;; =D so that by combination of' (U-)1 (~7) and 

(~8) the arbitrary constants K~ ~d K~ can be f'mmd to be rehted 

according to 

q . q i 2 . -
1<~. = ks - 2 e, ll9, 

Combining equations (ll), (17),· (18-), and (19), 

2141 [(~-kV,")fc,., (kt"J+ t~~(k.s~]sl.,(~l!-wf)+ 
. . .. . . . . .s -

(~9) 

+[: c.I.I(At)+ A.HU~?;-[( .. ~k~)'t...I(.U'+\"''~"(k.r)-~j1J'os(k.-..t) (20 J 
..... ,. 

=0 

The coef'f':l.cients of' the sine and cosine terms in (20) must be 

identical.ly zero. Therefore 1 

. (2h) 

and 

_.. _ ("'-* ~,ft..t(U'+ -~ "'•ccl.t(ha)- oiY& = 
0 % .fl:. a#. 0 &~ + fAif/, (Li'? . . 'D r, 

Since ;" is not in general zero, equa~ion (2la) establishes a relation-

(2lb) .. 

. . . . 2lT 
ship between the wave frequency 14J. and the wave mmiber if=·-,;-_ as 

.. W = k U,;L . 

. I + Et et:tl. llr S:) · · 
. ~ hd (lc&1 

·(22) 

The remainder of the analysis proceeds using equations (2lb) and (22) as 

the principal working equations .. 

..In part1ctilar, the second-order differential equation (ab) is seen 

to be linear and homogeneous with the form 

. ;; + p'·ai~~ ~-0. 
. : . . : 

(23) 
• f· 

r , .. • 
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where : · ' .· · · ·. · · . · crll ·· 
~ .. ( (,J-k ~Js .. t nn~ (k.l,. +. i wzcoN (k 8).- -:e; 

~ : ..- .P.. CD#,(k&~+f«lf~ (JrJ'1 r, . 
(23a) 

I : . ~ . . . . . 

If · ~ is real and Et >o 1 then the solution of ( 23} c~ be · expressed 

as 

(24a} 

'!here fore, for P' )o' J, is . pert odic but has a finite amplitude, and the 
.. 

interface is stable. 

If (l;is real and @1~() 1 equati~n (23) reduces to 

-1j,=o··. 
with the solution "1~~{1) = C: t + c~ (24b) 

. . L. 

Therefore, for ~' = 0 , 1, either grows or subsides linearly with time, 

. I • 
or it is. constant, according :to whether Cr="/,. is positive, negative or.: 

zero. Since. 1o is considered to be the amplitude of displac.ement of the 

interface .. due .to disturpanc~ from a P.re:v1ously flat c<;>ndition, it f9ll01'ffi 

that, io = ;0 (o) >D • 'lhus, if '''=o the amplitude 1, of a s~ 
disturbance will g1'9W linearly with. time ac.cording .:to (24b) until . 

eventually, due to the effect. of he.retofore neglected aspects, 1:ihe }inter­

face disintegrates. 
.' ·' 

I ~ 
Finally1 if t3. 'is ·~ginar.y1 corresponding to '-~~ .<0 SO .that! 

I • p = t '·.: where. , is. real, th~n the solution o£: .. (2~} is .· .. 
<"·. "' ~ ·- • 

· Jo(t) = c;'~-~~ + c~ e(Jt J (J' a.< o 

. . ... . . . . . . . .. " . .. . L 

Therefore, according: to .the f.orm o:t: .(24c},; forr (1,.', ~() th~ amplit~e 
• • . ·, ·, : ~ I • ~· • • • ~ • • ( • • '• • : • 

.IJ1 will grow exponentially -rith time untii the interface disintegrates. 
I~ 
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From the results expressed by (24a1b 1 c) it is evident that a 

necessary condition for stability of the interface· is -~1 L>O / .• 

'Dlerefore, using equation (23a) together with (22) obtains the corres~ 

pond.ing relation for the condition of stability in terms of the wave 

number A =·~i as 

PUs~/rr . 
b . c.olill O.l")+ f f,.,A (U) (25a) 

. Equation (25a) defines the rang~ of 11ave numbers for which the interface 
.. ·· . ' . ' ,· :. . 

is stable" to the extent that a small disturbance of the interface will 

have a peak amplitude '1• which does not gx:'w indefinitely with time. 

Th~ critical \fave-length. ')., = ¥! 1 correspon~ to @:1~0 1 is 
Ire:. 

then1 from (25a)1 

(25b) 

The critical 1-Ta.Ve-length ~ 1 given by (25b ), is the least wave length 

of simple sinusoidal disturbances lmich · will gro1., With time to · cause 

instability of the interface. ·Hence, k is .the disturbance wave-length 

for incipient instability. 

The growth rate ; 0 {1) for disturbances of wave length· greater · 

than '.Ac is found by differentiation of (24c) to be 

·1o(i) == ~ [c.~ e.'t- C;~re-ftzl] 
Thus, the groWth rate 1~~£1-) is proportional to ·p= ""'ip1

• The growth 

factor p is fOlmd for later use by combining equations (23a) a.n:d (22) 

-114-



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 tmstable condition. 

B. .Analysis of the Liquid Film Thickness 

Jil this Part· an attempt is made to relate· the gross properties of 

the turbulence (i.e. , the magnitude of' the fl.uctua ting turbulent 

velocity components and the scale or size of the turbulent eddies) to 

the dynamical. condition of the interf'ac·e . .'Dlereby, using equations (25b) 

and (26), an estimate is made of the liqUid film thickness in terms of' 

the fluid properties and the properties of the mean now. 'Die. analysis 

is restricted to those cases f'or which the Reynolds number of the mean 

fl.ow is sUfficiently large that the· turbulence at the interface is t'u.J.+y 

developed (negligible viscous shear). 

'Ihe Prandtl "mixing length" theory is .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 general.izi~ of 

velocity profiles for turbulent flow across surfaces, prediction of 

shear stresses on surfaces and prediction of the spreading of jets, it 

has provided a basis for estimates which are in rather good agreement 

with experimental. measurements (ref. (25)). 
• l 

In analogy to the theory of molecular diffusion the statistical. 

efiect of the turbulence on the mean now is represented by the trans-

verse movement of discrete masses of fl.uid from one l.ayer in the stream, 

where their transport properties are the mean values of those of the 

. 1' neighboring fluid, to adjacent l.ayers a transverse distance a1-Tay, 
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where they mix with the fl.uid in the new neighborhood, thereby causing 
. . . 

their transport properties to become the same as the mean values of 
. . 

those of the fl.uid in the new neighborhood. Continual. repetition of this· 

process along the stream causes net transfer of mass, heat or momentum 
. . 

in the direction of the gradients of intensity of. the· respective trans-

port properties, density or mass concen~ration,_ te~erature, or. velocity. 

Cansider the ~riation of a transport property ~ . in a direction 

normal to the mean flow alang a wall, in the vicinity of. a plane located 

at Y~ . The local mean value ·of ~ is considered to vary w:f.~ distance 

trom _the wall, according to r = ~(V , but is independent of z . u' and N"" 

are the square roots of the Jll.ean squares of the fl.uctuating turbulent. 

velocity components in the z ·and J directions,. ~spective;cy. (Fig. VII-3)· 

u ((!/) 
~ 

Fig. VII-3: MIXJNG ZONE AND GRADIENT OF ~ 

Imagine a lump of fluid, loc~ted iD;i,t;!.ally at ~u where :l.t hA.n t.hP 

value of ~- ((~P), to ~ove with the time ave:rag~ velocity ~'no~ to· 
. . . . : . . . I . . . . ·. . ·.' ·. . .. 

the main now to a new position at ~=~0-;-,/ where it mixes with the fl.uid .. 
' 1 • • 

there and loses its identity. At the same time imagine another lump of 
'. . . . . . . . . . . I . . 

nU1d of the same dimensions, located initially at J.·f-1 where it had 
. ~ 

the value of ( = .) (j, ·t-'i'), to move s~taneous.iy vdth the seine time 

average velocity 'N-1 normal to the main flow to a 'new· .position at. ~ =d". 
where it mixes with the fl.uid there and loses its identity. Assume that 

'. . . ... ··. ,·•: : , .. · : 

both lumpos of fluid have lineal dimensions approXimately equal to .I ·an:d · 
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that ~eir time of transfer is t 1~ J JIV~ · Consider that this sort of 

exchange of f'luid between !)o and :Jc+ j' is repeated continually, thereby 

causing . net transfer. of the transfeJ;able quanti ties associated with the 
. I 

transport property ~ from j+.l to Jc (assuming t;(~c·tl~ ;> ((,c) ) at 

the time average rate per· unit area normal to :J 

o, = -1!"1: [ s( Jr+-f')- ({Jc)] (27a) 

Expansion of the quantity in brackets by a Taylor series for values of 

. Jl . tJ. near ·. !Jc and assuming that ./< is small so that all· l;>ut th~ lead · 

deri v~ ti ve term in the expansion can be dropped gives for ~~- net f'lux 

· 1 ("r) a, (~J .= --' AF' 7i ... (27b) 

Jn general, 1 1 
, .1/1 and the gradient ds/i; are. :f\mctions of J • 

. Equation (27b) is a sligh~ generalization of the ~eory of momentum 

transfer. in turbulent f'low 1 as put forth by. Prandtl. . Take the mean 
I. . 

local stream velocity t) to be constant with 2 and variable with distance 

frOm the ·wail; acco~g to. ()= U(~). Follo~g Prandtl' s ·assumption · 

that IllOmen~ is ·a: t~sfe~ble qtia.nti ty· penni ts then the ideritific.ation 
: . . . 

of the mean local.m~twn per uiu.t volume as(= £'U(~). · Wit.h ·this 
. . ~ :-

identification ~ is the mean f'lux of' momentum per unit volume in ~e 
. . ' . ·. 

j. direction and, hence, is identified with the Reynolds s~~ss 

r= -eM; wherein IJ1 and 1\lj are the local fluctuating turbulent 
.. 

velocity components (ref'·. (25)). Thus, taking the density f'. as constant 

and substituting into (27b) 

· e. ~I 1 c/(J 
7 = - e tl1 'lli : . ..c AT . Jq . . '.!1 
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'lhe basic hypothesis of Prandt1 1 s theory is that there is a length 

1 1 1 j , analogous to , so that 

-. z. c·£) I :!2.1 - tir'lll = ,/ ely Jij 

SUbstitution of this into (28) gives Prandtl 1 s equation for the turb~ent 

shear stress 

(29) 

As originallY, suggested by Prandtl, representing the mixing· length 

j , for regions close to the wall, by 

(30) 

where K = 0.4, gives rather good agreement between experimental data and 

shear stress ·and velocity profile predictions by equation. (29). 2 

'lhe liquid filJn is assumed to be always in a condition of instabil­

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

1 AB mentioned by Goldstein. (ref. (24), pg. 207), the idea ~de;rlying 
this hypothesis is the experimental evidence that the root-mean-square 
turbulent fluctuating velocity components t/.1 and "1T1 tend to be equaL 
If they were equal so that tU11= h'71 . 'I then_ /111 ;;;J;r = "-'a. . . Since· 
the ,~omentum is ,.ssumed. transferable so that JU1f= tl/ ::: U(ij·~.l').,... Ll(') 
= _,e (rllljJ;)for .I small, then · ,z. d , 'I I 

-«,t1f; = 1 ( Ufi!J; dU/J !J 
. I 

and, consequently, .I '-.L · . 
See :ref.- (27) for some recent experimental data for the fluctuating 

velocity coiuponents .. 

2 ' '. . . 
Schlicting (ref. (25 ), pg. 4o8) presents the resW.ts of calculations 

-of . ..1 from Nikura.dse 1 s velocity.profile measurements, .using equation 
(29)·. 'lhe deviation of A'=o.~ty from these data varies from zero at the 
wall to about flO%,at a distance from the wall of 0.10 times the pipe . 
radius. _fA, apparently reaches a maxinrum of about 0.14 at the center 
-of the pipe. According to these data J is virtually independent of 
Reynolds number (1.1 < 10-5 Re < 32) and has the same values for 
smooth and rough pipe walls. 

-.118-



tending to increase with time to some size for which. the wave becomes 

distorted by the turbulent motion of the stream, particles of liquid 

may be tom off and carried away in the gaseous core, the wave subsides 

due to surface tension effects, other particles of liquid are deposited 

from the core, and the process repeats indefinitely. 

Assuming that the motion near the interface is dominantly turbulent, 

it is hypothesized that the characteristic or dominant wave length of 

the interface ').." is related to the size scale of the turbulence. For 

flmv .near the ,.,all, the .scale .of-.. the .turbulence appears to .be nearly 

proportional to the "mixing lengths" J and 1' , which in turn are 

proportional to distance from the wail, for regions near the wall. 

Therefore, in the absence of complete information as to the dependence 

of the dominant vrave length on distance from the waJ.l (film thickness; 

g ) , . A.c 1n11 be assumed to be proportional to the liquid film thick­

ness,3 according to 

(31) 

The half-width of the zone of inf.luence around the interface . ..1" ~ 

used in equation (5) t~ define 4JL , is assumed to be identical with the 

turbule~t mixi~g len~ .1', so that 

(32) 

where K2 ~ K = 0.4. 

3 The actual structure of the interface motion in turbulent t'to-phase 
flows has not yet been learned in detail. (See, .for example, refs. (35), 
(19), (21), (22), (23) .. ) -while not conclusive, the fevr 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 motiori 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 len~s in the range 
1 ~ f:..&/S ~ 5 (Appendix 1)), 
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'!be bait.:.l.erigth of fue dominant Wa.ves on ·the interface a~ ,;.ssl.imed 

to be approxiiilateiy the. same. as . the . characteristic ~sions of the 

turbulent eddies nea:r the interface .11
• That is ~" « 2./~ o.as. , 

f'ram equatiOn ( 32) ~ · Henc~, the o1uer of' magnitude of th~ · dominalit 

. .·3 wave-l.ength A. is assumed to be the same· as the ·f'ilm thicimess· S · . 

Wi tb. these assumptions and notin8 ~t. by eypothesis . 2 (Pi >ra). ' A~<~ I 

the ~cyperbollc tunctions containing G and. _;• in equations (25b fand 

(26)' are ·near~ unity: Hence, using ·A = 27T/'-, ·equations (2~) and 

(26) ~(l:gQ~ '!fQ 

.(33} 

(34) 

·According to {24c), the ampl.itude ~ of' disturbances with wave. 

l.engths greater than 1\ will grow exponentially with time in proportion· 

to the magnitude of' ~ • ·Depending.on··the variation of' ~:.with?, , .~~·: 

is reasonabl.e to expe~t ~t interface motion will be dominated by 

those disturbances which grow fastest. The fastest growing disturbanc~s 
·, 

are those having a wave length A,. which maximizes the growth factor 
. ·: ' 

~ Thus, differentiating (34) with respect to A , setting the 

resul.t equal to zero and sol.ving for )·= '),.. gives 

(35) 

.. ·· 

Due. to. the. character of turhUieri.t :f'l:ow ·there· exi_sts. a sp~ct~ .. c)f 

dist•.1rban~e ·wave.:.iengths' .. extena.i~ frem tb.~ o.ime~~~ons ~t ,the moieciuJ.a~· 
') !, t : 
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motion up to· within an .order of·iila.gnitude of·· the dUct dimensions~ 4 .- In 

accord·with hypothesis 2;. disturbances of the iilterface having wave~ . ,• . 

lengths less than' ~,-can· be ignored since their aiupiitUd.e will remaizi .... 
small~· Disturbances having Wa.ve-iengths larger: than·'),~ can aiso· be 

ignored ·becaUse their growth ·rates will be no faster than those ·Of~ dis~· .. 

turbances with wave-lengths slightly less than or equal· to ?.~ ·. - 'lhus,: ·· 

the doininant wave length ~0 of the characteristic' disturbance· motion . ·! 

impressed on the interface by· the turbuJ.ence· may be assumed to be .. 

bounded according ·to · · ~c. < ?-c < ~ m • 

·Hence, · assum:Lng · ~c. is constant for a · g1 ven fl.ow condi tian~ · 

equations (33) and (35)··cari: be used to' eXpress the ·dominant "Wave length' 

as 

(36) 

where 
· .. 

' ..... . 

(36a) ;. 

SUbstituting this into (31) gives. for the corresponding liquid film 
. . ' . . . ·. . :' . ·. ~ . : .. ~ .... 

thickness 

S=(~ )e~2 (t+ e,;eL) 
1 ' :S'-

(37) 

According to the conceptual ideas qf the analysis to this point, . the 

actual. liquid film thickness will tend to vary around a mean value given. 
. . . 

4 ' .. ·. : '.· : ·. ' . · .. ". . '. . . . ,·. .. . .; 
.According ,to Dryden (ret.· (39)), th~ scale of· __ :t;lle ~~ence 1n ii . 
particili.a.:li fl.ow. may be ex!>ected to' spa.p . tb~' ~e' from: th.e: microscopic 
si.zes associate\i w:t th the molecul.B..r motion 'up' :to. a s:f,ze.· scale <ieter:­
mine\i by:.'th¢ size and ·geo~try t?f ~e geri.e;-8.1. :t:';Low p~th.. Se~ also .. 
the paper of _FB.ge &:Towend. re~~g ~eir Iil;icroscop~ observat.iop~ . 
of fluid niotion·near the w8ll ·in tih·bulent how (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 8 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 thiclmess. .When the film is. thinner than -~ 

the disturbances will either become stable or Will grow less rapidly 

thereby permitting a net transfer of' liquid from the gaseous core to 

the film with consequent increase of' the film thiclmess. 

Fina.l,ly1 an· estimate can be made of' the effective relativ~ velocity 

between the gaseous core and the liquid film, £..!,&. ,· using some of the 

preceding results of Prand tl' s mixing length theory. In a manner 

similar to that used in the derivation of equation (27b) take the 

general property f to be, for f constant, 'C(~) = eU(Ij). 

Consider ~ == 8 , the location of the interface, surrounded by a 

zone of influence extending from ~= s -.t''' where tl= v~. ' the eff'ecti_ve 

liqui~ film velocity, to !j=G+.l", .where l).:tt:" , . the effective gaseous 
5 ;, ,, 

core velocity. Identify the half-width of the zone of'.inf'luence, ~ , 
. . I . . 

with the effective mixing length .I. (Fig. VII-4). 

5The analysis in Part A proceeded with the impiication of a discontin~ty 
... ·. :· oi' .velocity at. the inter1'ace_ .. correspond.ing to the velocity d~fference 

~L 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 .£'' . ..f" is ass\.uned to 
be proportional to ·and approximately the same Ina.gnitude as the 
mixing length ,f 1 

• · 
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0 

Fig. VII-4: MIXING ZONE AND GRADIENT OF U 

The effective velocity of the gaseous core relative to the interface 

is then 

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

.1 small, ·· gives 

Similarly 1 the effective liquid film velocity relative to the interface 

is 

= =- -''('.JIJ.. \ . 
, . dJJ)!J=G 

Therefore, the effective velocity difference across the interface is 

Recall the definition of the friction velocity 4 = Y7/P and, 

following Prandtl1 consistent with the assumption . ..J.'~,t~ Kij for· 

. 6 
regions: near the. wall, assume that the shear stress is approximately 

~ See S¢hlict1ng1· p;~.ge 395 ·. ( re.f .. ( 25 ) ) . 
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constant across the film at the value for the wall 1; , for thin 

films. 

'Ihen, 

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

continuity Of dens:i. ty from fL tO e, . 1 

(38a) 

(38b) 

.SUbstitution of these relations together w1 th Prandtl' s shear stress 

equation (29) into the foregoing relation for ~L. and using equations 

(30) and (32) for the mixing lengths ./ and 1' gives for the effective 

relative velocity between the gaseous core and the liquid film 

u,t. = (1ft) ~I. [1 + vef.;~, 1 (39) 

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

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

a.nalysis 

(40) 

where the constants have been combined. into 

. K '1 :: _1 /_I<_ )1.. 
K, ~- K~. 

(40a) 

The friction velocity 1Ji.L = Y'hlfi. in equation (40) can be related 

to the mean properties of the two-phase flow as follows. 

Using a method comm.Oll in the field'7 the pressure gradient due to 

1See refs. (38), (39), (4o) for examples of typical correlations of Pr~F and 
coJJIParisons ,lTith data. Fig, VII-6 shows the .t.Brtinelli-Nelson corre-
latlon Of ~TPF• . , 
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wall :friction alone can be ·calculated :from 

f!f/Jz)rPP = lwF ~ G/.ze /lH 

where /l,* = A;./f1 1 the hydraulic radius 

·t,: = ?; j . .&:.. 1 the Fanning :fri~tion :factor8 
.1eL 

G; mass vel.ocity1 average stream mass fl.ow rate per Unit 

f'l.ow area 

.f.~::: (di'JJ~~PF/( d~~)o , two-phase :friction mul.t~pl.ier7 

~j~ :friction press~ gradient :for all· of the :f'l.uid :fl.owing 

· as saturated l.iquid at the mass ve~Ocity G. 

A :force balance on a section of the channel. of l.ength dZ1 cross­

sectional area A; and totaJ. wetted area parallel. to the fl.ow f$ J2. 

gives, :for steady two-phase ~~w, 

A,c (*~d~ . 7ol}!di! 
Thus, 

. . . ' . . . 

Combining the two rel.ations :for ( d fJ/c/~)TPF and expressing ·~L = .V7o/e~, 

gives :fox- the :friction vel.oci ty in two-phase :fl.ow 

(41.) 

SUbstituting this in'OO eq'l.\l\tion (40) gives as a final. working equation 

:for the l.iquid :f~lm thickness 

8 =· 2 K3 K~ cr eL ( t+ e'";P,) 

... · FTPFIFG2 Q+ V~J~ )~ 
(42) 

8 Se~ refs. (41.) and (42) :for correl.ations of :friction :facto.r data. 
Note that :fF = :f/4, using the Darcy-Weisbach :form o:f f given by 
M:>ody (ref. ( 42)) . · 
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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 

'lb.e condition associated with the critical heat fl.ux 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 51 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 consequently the film becomes increasin~ thinner until 

finally there is insufficient liquid adjacent to the heated wall to 

provide complete "wetting" by liquid and a patch forms in which the 

wall is in direct contact with steam. As a consequence, due to the 

·relatively poor heat transfer prope~ies of steam in comparison to 

boiling iiquid water, the temperature of the wall riseD ·sharply to a 

level dependent on the average heat fl.ux level and the fl.ow con­

ditions.9 The averag~ wall heat flux ie~el at which this condition is 

incipient is defined as the. "critical heat flux" ~· 

It is assumed for this part of the a.na.lysis that all but a negli-

gible fraction of the heat transfer from the wall goes to form steam 

9 According to the experimental results (see also ref. (l.4)) 1 the wall 
temperature typically may start to oscillate rather randomly at the 
onset of the critical condi tion1 fluctuating between a value only 
slightly above that for stabl.e 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 alternate grpwth and col.lapse of the vapor patches caused by local 
turbulent fl.ow fluctuations at the critical condition. (See recorder 
traces in Section VI~ 
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in the liquid film and at the Vapor-film interface (hypothesis 3). 

Forces on the film due to steam formation are assumed to have a negli-

gible eff~ct on the film stabilit~ and the effect on the local shear 

stresses and velocities due to liquid particles in the core and vapor 

in the film are ignored, 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 turbulent diffusion, described by 

equations (27a, b) (hypothesis 4 ). 

Consider the genera.J. property -<('J) in the derivation of equation· 

(27a) in Part B to be the local time average concentration of" liquid · 

particles in the gaseous core near the interface so that 

where o<c;.(!J) is the local time average vapor volume fraction 1h the 

gaseous 'core (Fig. VII-5).· 

Correspondingly, identi:fy Q((') in equation ·(27a)' as the liquid 

transfer rate per unit interface area between the gaseous core and the· 

~~ liquid film due to turbulent diffusion, ~a 

~ (1-·cXc:(~)) 

Us 

~=S 

Fig. VII-5:. LIQUID VOLUl-1E FRACTION DISTRIBUTION 
AT THE CRITICAL CONDITION 

. ' . 

'lhus, using ·~quation (27a), the net liquid· mass diffusion .flux to 

the interface due to turbulent diffusion. is · 
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where 
·. I 

'17PF is the root-mean-square 'turbUlent fluctuating velocity 

component for two-phase flow. There is in the vicinity of the interface 

a mean· flow of· steam in the ~· direction away' from the interface at the 

mean velocity 

, 

assuming :.all of the wall heat tlux 1 goes to fonn steam in the l.1q\Uci 

film and at its interface (hypothesis 3). As a ccmsequence of this 

mean flow of vapor the·re is a component mass flux of liquid away· from 

the interface region at the rate G: = £! ~ [1-«c.(s+.t?] 1 assuming L' 
is small. Due to entrainment of liquid particles torn from the inter~ 

face there is an additional component. mass flux of liquid leaving the ,,, 
interface_ at _the net entrainment rate -.GJ • SUmmation of thes,e compo-

nent fluxes g1 ves the net mass flux of liquic} from the core to the 

interfaee1 G~ = Gj·--Gl'-G:', as 

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 condi tiona ( q < ~), that 

G
_J_ 
-~y, 

(43b) 

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

due to excess of liquid consumption over liquid supply to the f1lm1 

the film thins slightly causing the interface insta.bili ties to cease 

growing, thereby momentarily reducing the rate of entrainment of liquid 

-128-



from the interface. At the lirni t as the film becomes thinne:r the 

ill 
local entrainment rate fra 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.10 At this condition 

turbulent diff'usion of liquid from the core to the film will behave, 

in the limit, as though the interface were a sink corresponding to 

[1·-0_(.c.(S)]:: 0. ~is condition is associated with the onset of the 

critical heat flux condition, corresponding to q ·a q (Fig. VII-5). 
c 

'Ihus, combining (43a) an.d (43b), with q = ~~ GJ'=-o and [1-0<c:.(GJ}=o 

gives for the critical heat flux 

(44) 

'Ihere are no ana.lyses which predict /1/j,,, and the onlY experi­

mental measurements of turbulent fluctuating velocity components· are 

for single-phase systems. According to the data of Iaufer (ref. (27)), 

the root-mean-square ·turbulent fluctuating velocity component for single-

phase flow is a fUnction of distance from the wall, varying from zero 

at the wall to a maximum approximately equal to the friction velocity 

.~ at a distance near the wall·, and reducing· slightly for the regions 

near the center of the duct. Variation of ·~ with Reynolds number is 

small in the range of fully developed turbulenc.e (Fig. Vli-:-7). 
. . . 

In analogy with the character of. IIT1(!J) .for single-phase flow, the 

10 'Ihe term "surface tension " a- is taken to mean the physical property 
of the exposed liquid surface (interfac'e) behaving as though it were 
in uniform tension. Provided that momentarily there are no forces on 
the interface Whic~ exceed the forces arising from the surface tens~on 
(as is assumed here), the surface Will f~tten and liquid particles 
which contact the interface immediately become part of the surface 
.system and are pulled into the film (see ref. (43), ch. 6).• 

-129-



etfecti ve turbulent fluctuating velocity component for two-phase flow 

~~(') is assumed for this part of the analysis to be represented 

adequately-near the wall by a simple power law of the form11 

(45) 

where X 1 
and m are constants and b is the radius., tor circular pipes 1 

and the hydraulic radius A 11 = A.;/Fp., tor thiri rectangular ducts and 

annuli.12 

SUbstituting equation (45) into (44) and evaluating at the inter­

. face, !J= 8 ., yields for the critical heat tlux 1n te:tins of the · 

liquid film thickness 

llEquation (45) can be considered to be the lead term of a possible power 
series describing .¢~exactly. This expression of 1T~ as a function of 
distance from the wall is in accord with Iauf'er's data for .single­
phase flow, for regions near the wall (Fig.VII-7); it is, however, at 
variance with the assumpi;ion- implicit 1n the JJP,xing length theory, used 
in preceding parts of the analysis, that '1T~'::-1Ji. The mixing length 
theory is justified on the grounds that the single-phase velocity dis­
tributions and shear stresses predicted with it are correct in magni­
tude and trends (ref. ( 25)). .In cor.rlii'aa t;;., to1· 'l:J:J.is pal•t of' the ww.lyais 
the essential feature being ex8mined is the variation or turbulent 
liquid diffusion rate with- distance from the wall, _and consequently, 
tor the line of attack taken, it :Js necessary here to consider the 
corresponding varia.tian of -~1, . 

12 ' Lauter's results, given in Fig. VII-7 for a 10-in. diameter pipe, agree 
well with his earlier data for a rectangular channel (re:t. (26)) for 
!jjl, > .05 1 if h is taken as the pipe radius in the first· case and as 
the hydraulic radius 11.11 tor the rectangular channel. 

For rectangular channels of large aspect ratio. AH approaches the 
channel halt-width. For concentric annuli of radius ratios not far from 
lmity the appropriate _value of b would be, by inference, half of the 
radius difference., which is identical w1 th 4# . These defini tiona of b 
are in general agreement w1 th ·usual procedures for prediction or mean 
velocity profiles from mixing length theory and prediction of turbulent 
wall shear stresses in ducts (ref~ (25) 1 _ chs. 19 and 20). 
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wherein the friction velocity, from equation (45)~ is taken as that for 

the core, IJJ;,:J = rr =Nii.V E'./Pg. . ' assuming c~tinuit;r of shear stress 

and discontinuity of density from ~ L. to e~ across the .interface:. The 
·./ . . . .·· . . 

constants X and lVI will be evaluated in combination with other.constants. 

by compar.lson of the final theoretical: relat.ion for~ ~th ~e., measured 

critical heat flux data (Section VIII) .. In this "WaY_.variations between 

,~,...r.!l) for two-pruise flow and that for single-phase flow will be 

accounted for.1 3 

No data nor .reliable means of prediction are yet. ava~bl.e g1 v1ng 

the transverse steam vol.ume fraction.distribution in heated channels 

w1 th buJ.k boiling •14 Consequentl.y, in order to. proceed, the steam 

vol.ume fraction distribution in the core par:t of the cll.annel. fl.QW1·· . . . . . 

will be assumed to. b~ ·approximatel.y Uniform at an· effective 
. . . . ' . . - . : . . .. -:·-';.~ . . ...:. 

average value for th~ core, ~·· •.. :ThuS, ·, .. 

(47). 

It is usual: to express the average steam volume ~ction for the 

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

l3 According to anU;rsis and data given by Lcnlgwell· and Weiss in ref. 
(45), the diffusion rates for l.iquid dropl.ets in a gas stream 'can be. 
substantiall.y less than for sinSle-phase diffUsion, due to inertia 
effects of the higher density dropiets. In effect, f'or the applica­
tion here, this ·would tep.d to make IIT,f,.[j)l.ess tba.?-· Lauf.er' s data •. 

. ~ . . .· 

14 ~vy has prepared an an.Uytic.u p~diction of' the density distri­
bution for two-phase flow in unheated ducts which agrees well with 
available data for air-water systeiils (refs. (46) and (47)). It is pos­
sible ~v:r' s method could be extended for application at the critical: 
heat flux condition. Petrick's data indicates an al.most parabol.ic 
variation of 0( (~) from the maximum at ihe channel. centerl.ine for 
low pressure air-water fl.ows (ref'. (48)). 
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vel,ocity ratiq s~ .U:JiiX.. and the steam quality_as l5 

(48)' 

Sillce neither. experimental-data nor a.naJ.yt:i.c·al methods are yet available 

to· relate·· CXe- to 0( · 1 the relationship is assumed to be 

-~c.· · . & ·· '( e·_, x 
r-~ · Ks-,-~ = .c · P,jr-x ' (49) 

whore J\s ia a constant o.nd c! = /V/5 . 
rn effect; Ks serves o.a o. correction f'ae'bor to· account :ror· 'tlhs ··· 

reduced liquid ·concentration in the. core due to accumulatiOn in the 

liquid tilin on the wail... Hence, it is expected that lfs.>J, correspondina 

to (/--~,) < (1~~)-. It is reasonable to ·expect that ks:ts 'iu)t 

actual.ly a constant but· rather will Va.ry to same extent. with the steam 

quality, pressure, mass vel.ocity and other system variable's which· affect · 

the thiclmess of the liquid film relative to the duct wall spacing. 'Ihe 

vel.ocity ratio S is al.so subJect to some variance with system conditions 

(footnote 1.5) •. aence, 'the 'd.egree of variation of' C1 and whether it. 

15ccmtrar.r to the prediction of equation (48 )1 ~(o) may be greater than 
zero in heated ducts 1 depending on the excess of the wall surface 
temperature over the saturation temperature (refs.- (50)1 (5l.h (52); , · 
al.so ref. (54)). In Figure VII-8 a~e pl.ots of Larson.' s data at 1015 
psia·. f9r flow in ~ unheated. t~~~ c1ata q:f Foglia, et~al .. , at 1030 psia 
with a wall heat· flux of 5571 000 Btu/hr-ft2; .. and' values _calcUlated with 
eq\.18. tf~ ( 48) using S = l. 0 and _2. 0! For tli~ h~S:te.d wall data,; · · ;' · 
&(o) ~ _0.1.. · ~e h~ated .and 1J.Dheated ~ta::.appear "tQ _be 1n· agreement ~or 
X> • 05· CSJ.culated values for S = 1.0 are· higher tb.an the data, ,., - ~ except at near X = 0 1 indicating LJ.g > t)~,. • Calculated. values for. S .:: . 
2.0· are in reasonably good agreement with ,the data for X.> • 03·'Ihe trend 
of deViation· of the calc\.u.atioris fr.om the. 'da.'ta for s = 2.o is tO pre;,. 
diet slightl.y .low at the .l.ower .range. o~ ste~ quSl.iti'es ·and to cross 
through the data to predict' slightJ,.y_ high at the 'higher 'Jjulge of 'steam 
qualities.· 'Ihis. trend indicate.s that s tends to· inc~ase at the higher 
qualities. It 18: possib,le that the increase of s .at higher steam' 
qualities is due to increased fraction .of the liquid be inS held ui-· the 
sl.ower moving film at the wall. · · ' · · · · ·.. · 

-132-



approaches being a constant over a range of system variables cannot be 
. . . .' -~ ' . ~ . 

concluded at this point. 
·-· . 

~tJ;O<iuction of. r;J.c:,(t+l'J=~ ·~to. (49). fro~ eq~tion (47) gives 
.. · . . .. ·. . . 

after:: re~rangement 

. '-· . . -=·I+ c' (eL_) _ _L_ 
J-ot.c (fl+-.J.') e, r-X 

.. 
SUbstitution of equation (50) into equation (46) gives for the 

(50) 

critical heat flux in terms of ~; /\~. L , S/b and the fluid properties 

' b-e ·· ·. · [J+ (l·f-· C: X.:.;) e~J ~ K;(~~)·""' · 
e~·v~JP, ttl;'" hpg . . . . . , . I~ X: e,J.. ,.... T : . (51) 

Final.l.y,; ·substitution into (51) from equation (41) for the friction 

velocity 11.9tL. and from equation . ( 42) for ·the .liquid film ~ickness ... s 
g1 vee after rearrangement 

(52) 
' •. 

where 

(52a) 

(52b) 

(52e) 

The length b is the radius for circular ducts and the hydraulic radi'ils 

for rectangular and concentric annular ducts (see footnote . ... . . . ... 

12'). Otb.er quantities are 'defiried i.J:i the Nomenclature.·· 
.· '· •' ··. < ' .. ' : . . . . ·! 

.· ·Equation ·(52) is the fina.l. ·form· of· the derived critical 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 dete:nnine values 

of the constants C' , C1
' and WI 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 a.nal.ysis of' this Section 

and th~ usefulness ~f equation (52) ·• 16 

A value of m : 0. 75 is found in Section VIII to result with 

reasonably good agreement between calculations and experimental data, 

for f F ""':' a·0 • 2 • Using this value some of. the trends of variation of ~ 

calcul.a.ted by equation (52) over the range of steam qualities 

0~ XC< l are: 

. -: 

(l) . ~ decreases monotonically with increasing steam quality Xc. 

(2.) .. Clc -decreases monotonically ·with increasing pressure (over 
. . . 

_the:_range :~x.e.mined~ 585 to 2500 psia) . 

(3)' QC decreases with incre~sed. ·mass . ~eloci ty G.· 

(4). ~ decreases with increased duct size b (b..-De)·. 

FUrther discussion of these trends is given. in 8ect1ons VIII· w1u rx. 

:.J.6···Analysis .is co~tinued in Appendix F to. deriv~ an expression for the 
·velocitY o~. the liquid at the 'film interface, for ·possible fUture 

· ... ::u8~,-'in-;_~<mriect_ion· with ¥J.easurements of'. the :f,ilm iri.terface velocity. 
.. · .. 

. : _::.>·- . ~· . ·: . •. . _.:.·' 
' . ·-"·· ·: 

. ·:. ~-;. 

• -~·-t~--·.J.!_ ~. : 

.' .......... · 

-·· 

··.· ' . .· .-;-,-: .. . .... -,_.: .· ·-· 
_ .. · ~;- .": . '. 



: . . . . 

I .... 
w 
\JI 

'· 

.. 

' 

5 

I PRESSURE,~ ~ 
CORRELATION OF MARTINELLI a NELSON soo__...,.. TRANS. ASME, 70 (1948) 

v .,..,.. 

~ ..--
/ ~ 

~ 

v ~ __...-

4>TPF 
.. 

/ 
v ~ 

~ 
_,...... l----1000 -v ~ l----1--

v k----L---- ~ / 1200 ~ ...,... ---- ---v v ~·, ~ ----~ 1400 v l---- ~ L---- ~ :....---
/ _/ ____. -~ ----~ ~ 

~-"' 

~ ~ c:::---~ 
~ ~ 2000 

~ ~ 

I~ ~ 
2600 

~ 

X .. 

35 

30 

25 

20 

15 

10 

0 .05 . .10 .15 .20 .25 .30 .35 .40 .45 .50 .55 .60 .65 .70 .75 

FIGUBE VII-6 

GRAPH OF THE T~PHAsE FRICTION· MULTIPLIER PrPF FOR WATER 

Correlation 9f MU-tinelli and Nelson (ref. (.38)) 



1.2 r-----,....----r-----r-----r------,r-------,-----------,------r,-----, 
DATA OF LAUFER .BL 
. NACA · 1174 ll954) o 50,000 . ·' 

0 500,000 

.. n 

.... . . ' ~., 

I 

0~~------r-------r-----~r-------r-------r-----~------~------~~~--~~~~~ 

. ···-
I .• 
~ 0.4 ~~~--~------r---~--r-~----r-------r---~~--~--_,--~--_,~~--~~~--~ w 
.0\ 
I ' ... ~ . 

) 

Q2 ~------r-------r-------r-------~~--~~----~------~------~------~------~ 

Ytb . o~-----~----~~---~-~~~~-~~-~~~--~~--~-~----~-----~ 
; 0 0.1 0.2 0.3 04 0.5 0.6 .. Q.7 0.8 0.9 1.0 

"·· 
FIGURE VII-7 

VARIATION OF 'mE TUimULENT FLUCTUATING 'VELOCITY COMPORENT _ :; 
WITH REDiOIDS NUMEiER Am> DISTANCE FROM THE WALL 

Data c.f Iaufer f'or Air Flow in a 10-inch 
Diame~r Round Pipe (ret. (26)) 

..... 



1.0 

0.9 

0.8 

0.7 

0.6 

a 

0.5 

0.4 

Q3 

02 

0.1 

0 
-.05 

, , 
,x , 

/ 
0 

J -~: \ ~ I 

I ... < . -__::~ 
- .. .. ., ·__.-. ~ --. . ~ v. ~ Oo 

... 
0 

_/: ~ . .. ..;...-1 ~ ' ... .. 

/ 
~ ,.., 

/ 
0 0 

0 
.·, 

' 

0/ 
0 

I 
·0 y : ·O 0 ' ·. .. . . ... 

·"V 0 o: .. 

vo 0 V' 0, .· r ;. .. 

~~ 
. ~ .. 

0 

' ' .1. . ~' ' . .. . . z 01 0 -DATA OF LARSON, U. OF MINN.,1957 (UNHEATED HORIZON-
TAL TUBE) 

; .. 
' 

/; :; 
"*•» .. -DATA .OF FOGLIA·, et. al., 1961, BM 1-1517 , '· · . 

(VERTICAL,RECTANGULAR CHANNEL, q•.557xlo6 BTU/hr-tt2) 

- -CALCULATE.D VALUES CORRESPONDING 

' TO. SLIP RATIOS 'S'. OF .1.0· (HOMOGENEOUS) 

if . ; ' . .. : 

.. ' .. .. 

~·. 
.. .. . 

', ; .. .. ' 

.• 

X 
" .05 .10 . .15 .20 .. 25' .35 .40' . -.45 .50 ... 55 

FIGURE vu-e· )" . .... . . 

' GRAPH OF THE ciDumEr. AVERAGE sTEAM vor.tiME FRACTION, sB:owmm 
: ": ... :· 

·:·· .. 1. Da;ta o:f Larson :for ,water flow in a .484 in. ·diameter .unheated 
horizontal. tube at l.Ol.5 p·sia (ref. (49)): ' 

2. Data of Fogl.ia, et.-~ .. ,.~.;ror .. ~:t:er .f?:o;w upward in a vertical· 
heated rectangular channel. .l.OO in. thick,·· at 1.030 psia and 
557,000 .Btu/hr,..ft2 ·(ref; (52)).· · ... · · . . . ! 

3; .. Cal.cul.ated val.ues using. equa:ti9Il (48) :for s = l. .• o., ~d .2:,0 at 
1.000 psiu. · · · . · 

-137-

a 2:o·: 

. 
.60 .65 



·-.· .. 

VIII. COMPARISON OF THEORETICAL RESULTS 
wrrH CRrriCAL HEAT FLUX DATA 

Description of the Data 

'lhe resUlts of the a.nalysis, expressed by equation (52) · in Sectic·n 

VII, have been applied to 822 measured critical heat flux data points for 

boiling water, including the 80 valid points tabulated in ,Appendix C 

al';ld selections from the data of others. 'lhe selection of data was eon-

fined to bulk boiling conditions, in accord with the limits of· 

applicability of the analysis mentioned in Section VII (X; 0). 

Wllerever p~seible, the criterion for selection was that there was 

det1n1 te evidence that the critical heat flux condition had actual.l.y 

.. ·been experienced, as indicated·l)y an abrupt increase or oscillation of 

heater element temperature while the flow. system· remained· ste,ady. The 

Critical Heat FJ.ux Detector output signal was used as the· basis for . 

selection of the data in Appendix c. Recordings of both the Detector· 

signal and heater element thermocouple outputs were the basis 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)) 1 Harwell (ref. (8)), CISE (refs: (12},(13), Italy), and 

.Aladyev, et.al . .(ref. (11), Russia), as there are no records in these 

references which substantiate in· detail the character of eaCh critical 
- ' ' ' 

.heat flux determination. . 

There is an indication that some of the CISE data may have been 

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

the critical heat flux levels being less than for data taken \dth the 
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same geometry, mass velocity and pressure but at higher steaJI! qual~ t~. 1 
' . . . . 

Part of the Russian data (ref. (ll)) was taken with a now system 

designed to have a tendency for flow oscillations to develop. This data 
. . . 

also displays maxima in ~(X), similar to some of the CISE data. Oo.ly 

those portions of the CISE data and the data of Aladyev for which stable 

loop operation was indicated vrere selected for comparison here. 

The \vestinghouse data, the data of Janssen and Kervinen, and the 

data in Appendix C were all obtained vrith sub-cooled liquid water flow 

into the inlet of the test sections. In contrast, the data of Harwell, 

CISE, and Aladyev, et.al., were .obtained 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 te>gether rlth either 

the Detector used in the present work (Section v) or another detector 

similar in function. The "\olestinghouse data (ref. (1)) was obtained 

using thermocouples attached to the heater element in conjtmction vrith 

a power trip device set to shut off the test section power at a. pre-

scribed thennocouple output level. The Harwell data (ref. (8}) and the 

CISE data (refs. (12), (13)) were obtained using heater element voltage 

differential measurements wi tb.. a detector and power trip circW.t 

apparently similar in general function to the ·Detector desbribed in 

•1 
Silvestri ·discusses the significance of the "maxima'' in C!c (X) for 
the CISE data and suggests they are the boundaries between stable 
and tmstable 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' ~ by equation (52) and the deviations of' the calculated 

values from experimental values are included 1n the tabulation. 

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

the 822 selected data points, as shown in Ta'ble VIII·!. 

Geometry 

Miss Velocity,:.G 

. steam. Qua.li ty, ~ 

Pressure 

Hydraulic Diameter, De 

Heated Length, L' 

TABLE VIII-1 

.Rectangular; Cireular; Annular 

27 to 1096 lbs/seo-rt2 

0.00 to 0.75 

· 585 to 2500 psia 

0.095 to 0.875· in. 

6.0 to 108 .in •. 

... · .. 20:1 to 390:"1 

2 FOr the· CISE data si.muitan~ous. measurements of' heater ~lement tempera­
ture at exit were also made. According to Silvestri (ref'. (12)), 
~~v~ral uf the critical heat flUX determinations were basea on recorded 
stan of' oscillation of' the heater element temperature alone, there 
having been an insufficient rise in temperature to cause the·· detector 
ci~ui t to trip the power. Appaz:ently the detector. output, signal. .~s 
not recorded, but was us·ed solely to trip power ·in the Hai'"Ivel.t ·a;n<f 
CISE e"xper1ments. . . .. . . . . . . . '.· 

Characteristic fluctuations of' the detector signal as displayed by 
an oscilloscope were noted for some of the Harwell data in the steam 
quality range above about 20 per cent (ref. (8)). 
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Application of Equation·(52) · 

Initial determination of the constants C', C" and m in equation (52) 

was made using the 80 vaJ.id critical heat flux points tabulated in 

App'endix C .. The proced'lire followed was to first take .th·e constant C' in 

equation ( 52b) as 1. 00,. corresponding· to nearly homogeneous flow as 

expected for hign heat flux conditions in ducts with a heated to total­

surface ·ratio of nearlY unity. Dluation (52) was ·then graphed· in Figure 

VIII.;l in the· non-·dimerisional form, 

using the c~itical heat flux data given in Appendix c. 1m 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 

'!JSing these values of the constants in equation (5~) and then calculating 

the corresponding _critical heat flux for_ each of the 80 valid data points 

pres~ted in Appendix C a.D:d Figure VI-1. . A comparison of th,e calculated · 

values with the measured data is shown in Figure VIII-2. .Agreement is 

seen to _be 'reasOn:a.biy good (appro~tely 85 per cent of the calcUlated 

points_. ll.e within t. 30 per cent ~f the . measured values ) . 

FitWlly, crit:!.C?al heat 'fluxes were calculated With equation (52) 
. .. . 

using the c6nstants m = 0. 75, C" a 0. 53 and C' adjusted as re·qtiired to 

provide an approximate· ''best fit" of the data, for each of the 742 

additional _data points selected from the other sources (Appendix E). 

It w~s: found that for the thinner ducts there is apparently a dependence 
.· . . . 

of .the c~tical heat flux on duct spacing or hydraulic diameter which is 
... ,. .. 

not. c·~r~ctiy represented by equation (52). As a consequence, the data 

is .fitted better f~r the ~in ducts (b< b
0 

= .084 in.) by varying C" ill 

prop~rt:i.'on to (b/b0 )
0 ·9. · For the thicker ducts (b > .084 in.), C" is 
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held consta.nt3 at 0. 53· W:U.h these values of C" 1 and. taking the exponent 

m constant throughout at 0.75, it was fol.md that the data was fitted 

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

chamlel and circular tube data and C' = 6. 5 for the annular test section 

data. Since the ratio of heated surtace to total surface 1n the circular 

tubes and rectangular ~els is from .80 to 1.0 Wh.Ue for the annular 

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

1n C' required in order to have equation (5~) fit the data ~s due pri.ma.rily 

to retention of a relatively larger amount of the avai4ble liquid in the 

'film on the unheated surfaces at the expense of the effective liquid 

concen:tration 1n the· c~ei c·ore at the critical heat fl~ condition. 4 

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 measured 

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

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

3 /m exception to. this was found in the Rtl.ss:i,an ~~ fOJ:' B. short c:l.rcuJ.a;r 
tube (ref. (11)), for Which b/b0 = 1.88. Fbr this data, adjustment of 
C11 to C11 = 1.4 x . 53 = . 74 resul.ted in 92 per cent of tQ.e data points 
being predicted to within less than .;. 30 per cent deviation from measured 
critical heat fluxes 1 reflecting ei tiler a continuation of the trend of 
variation with duct size displayed by the thinner ducts; or perhaps a 
dependence an length to diameter ratio, not included in equation (52) 1 
which appears to become evident at small length 'to diameter ratios (refs. 
(92),(96)). (See footnote 71 Sec. III.) For this dataL/De= 20, the 
least ratio af all the data treated. · 

4 Refer to the discussion in ·Section VII relevant to equation (49). As· 
noted later, this hypothesis is further substantiated 'by the :fact that 
Group I of Jarissen and Kervinen 's _annular test section data (Appendix 
E),. taken with a ribbed outer wall designed to minirni~e attachment of 

· .liquid. ori the unheated surface are in good agreement with calculations 
using C'• 1.00, in analogy to th~ effect of an adjacent ''heated" ~·. 
Additional evidence of the unheated wall effect is indicated in motion 
piqture sequence .12-2 (Reel v,.A;ppendix D;. also Fig. VI-2~c) showing a 
rel.B.tively thicker, more placid layer of liquid flowing up the unheated 
wall, compared to the. thinner, more agitated liquid film on the heated 
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The westinghouse 2000 psia data (ref. '(i)) ·was calculated with 

eq~tion (52) using ·initially C" = .53. These results ·cOm:pared pooriy 

with the data. :rn order to investigate the trend of the deviation with 

duct size; the graph 1n Figure VIII-4 was prepared,· whi~h incliudes fc;>r 

reference mean deviations for the- other data. groups aJ.so. Based on the 

results 1n Figure VIII-4, a correction· factor of · (b/'1:1
0 

)0 • 9. was app,l.ied . 

tO C II fOr the range Of dUCt SiZeS. b< b Ol which reSulted wi tb,· SUbStantial 

imprOvement 1n agreement of c8l.cul.ated and measured Values for the 

westinghouse ·data (approxima~l.y 68 per cent of' the calcul.a.ted poihts are 

within £ 30 per cent of measured values). Calculations of the · Group F 

data of Janssen and Kervinen (b/b0 = o. 536) and the· Harwell data 

(b/b0 = 0.5~0) 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:· 

re~ti vel.y "thin" llquid films. 'lhat is, S should be ~~· in· comparison 

w1 th the duct dimension· ·b. · Dl. consequence, as shown by these· compari,sons 

with the data, the analysis is apparenUy invalid for very tll.in d~cts 

(b < Q.084 in.) and for these cases a correction has- to .be applied. 

The trends of the experimental data w1 th the main system parameters 

and the corresponding values calculated with equation (52) are disp~yed 
~ . . . . . ' . : . 

in Figures VIII-5 through VIII-~3. 'Agreement ·between calcul.ated and . . . . 

measured values is seen to be reasonab~y good for both the data· from 

Appendix C (Figure VIII-5) and the data oi' Janssen-and Kervinen (Figures 

VIII-6 to VIII-9). 
.... 

· Somewhat grea;ter deViation oi' calculated ·i'rom'measured vaiues is 

seen for a represen~ti ve se~ectioil of _the WestinghoUse, data (Figure 

VIII-~0) 1 althoush the main ti'erid ot the data 'with mass ve~pcity is 
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predic~c1~ corre9.tlY; 't>Y tl:Le calculation£;·-~ 
. Some . of ~e calc.ulated po;f.nts for the Harwell data (Figure VIIJ-ll) . 

and th_e G;f:SE. data (~gure VI:(I-12-) de~a~ f;Ubstantia.lJ.y _from :the 

measured, values, ~though again. th~ main· tret?-d o;f._ th~ _da~ ~.th mass 

veloci t~ a~pears ~o. be corre.ctfY _predicted by tl;le c~c~tiqns ~ At. ~e 

high~r ~ss ~loci ties ~e experimental. critical p.uxes appa~ent1y reduce 

muc]J. more ~harply .. 1-11 th J.ncreased steam q~ ty .than is ,predic.ted .by 

equation, (52) with- th~ cons;ta.nts· used, fo~ both the Ha.:rwe~ and the CISE : 

data.·. ·~e e~euJ.a:tioos. ~gree reasonably well.1:"1 th the. measure~ts. at .. 

the lol-rest mass velOC?,ity .. for both sets pf data._ .)l'h.e. trend ._in the Harwell. 

and CISE ~ta. o~ a ~pid drq> ._in critical heat. flux w1 th. ;Lnc~asing .steam 

qua].i ty. at the higher. mass .v~locities is not evidenced in the other data · 
" . .. ' . - '. ., . ' . ' . 

treated. 'lbe poss:i,.bi_lity is ~llgf>~sted that this may be due .to an_inlet 

condition. res'4.-ting from th~ method used in. the Harwell and CISE; experi-. 

men~s. of. entering the test section with a two~phase mixture. 6 
. . . ., . .. ..... 

.. The trend$. of the Russian data. with. mass velocity and pressure appear 
• • • • ~ ' •• • • • • • • >. 

to be_ predicted .reaso~bly _1-rell by equa:f;ion (52) .(~gure VIII-13). 

5 Part of the ·deViation between calcUlated and measured values in. Figure 
VIII-10 ~s que to.the tact that each grouping by mass velocity ac~y. 
covered a substantial range of experimental mass velocities 1-lh.ereas the 
calculations w~re baf?ed on the mean mass veloc.ity f.or each: .gr.oup •. 

6 For example; it seems possible that in some conditions of t~-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 
criticaJ. heat ·flUx level whfch would. be experfenced if the fluid entered 
the duct as a ].iqU:id •. Corresponding oscillations of lTall temperatl,lre,_ 
characteristic of the behavior observed by Silvestri during· "slow burnout" 
(ref .. (12) ), caused by.liquid momentarily contacting the >·Tal.l.b~t. 
innnedia~l.Y disengaging, wouid n:ot be unexpected in such a. situation. 
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ERROR PLOT COMPARJlW DA'IA FROM APPENDIX C WITH 
CORRESPONDmG HEAT PtUXES CALC!JLATED :BY ~UATION (5~) 
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FIGURE VIII-3 

ERROR PLOT COMPARING DATA OF REF. (15) WITH 
CORRESPONDING HEAT FLUXES CALCULATED BY ~UATION (52) 
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'. . . . EPROR- PLOT .·SHOWING EFFECT OF DUcT SIZE ON DEVIATION .. 
BETWEEK- HEAT FLtJ:<ES CALCULATED BY EQ. (52) AND MEASURED :JATA 

Plotted points are .arithmetic averages o~ all data points 
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(iRAPH OF DATA OF APPENDIX C AND CALCULATIONS BY EQUATION (52) 
SHOWING VARIATION OF CRITICAL HEAT FLUX WITH STEAM QUALITY, 

MAsS VELOCITY AND CHANNEL SPACING (HYDRAULIC DIAMETER) 

Critical heat flux decreases with increased steam qualiey, 
Critical heat flux increases with decreased mass velociey, 
Critical heat flux increases with decreased channel 
spacing (hydraulic ·diameter), 

Note: The point located at q = .,673.x 10,6 Btu/hr-ft2, X= .751 
is from 1"\Dl No .. 18m'l-11 • operated to deliberate destruction 
of the heater element' at 'a heat flux li per.,cent above 
nol'111B.l critical heat flux "trip" point. The cotres-
ponding nol'111B.l trip. point }'laS .at qc:,= .6o6. x .. 10° Btu/hr-ft2, • 
Xc = . . 667, in agreement 'with the calculations and other . 
data. 
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FIGURE VIII-6 

GRAPH OF DATA OF REF. (15)' AND CALCQLATIONS BY EQ. {52) 
SHOWING VAlUATION OF CRITICAL HEAT FLUX WI'FH STEAM 

QU.kLITY AND MASS VELOCITY FOR TWO HEATED LENGTHS 

1. Critical. .beat :nux decreases .with increased steam quality. 
2. Criti·~al. beat fl.llX increases with decreased mass ve1ocity. 
3· Critical. .b.eat :nux not ai'fected_ by change of heated .. 

length, f'::lr 210 ~ L/De 4:::.. 322. 
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FIGURE VIII-7 

GRAPH OF DATA OF REF. (15) AND CALCULATIONS BY EQUATION (52) 
SHm:nm VARIATION OF CRITICAL HEAT FLUX WITH. STEAM 

. QUALITY AND PRESSURE 

L Critical heat fiwc" decreases w1 th increased steam qua1114Y. 
2. Critica1 heat hux· decreases with increased pressure· over 

the range 6oo to.14oo psia. 
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GRAPH OF Ih'I.TA OF REF. (15 ) AND CALCUlATIONS BY EQUATION (52) 
SHOVimG VARIATION OF CRITICAL BEAT FLUX WITH STEAM 

QUA.LITY AND ·MASS VELOCITY FOR ANNULUS WITH ROUGHENED 
.. . OUTER UNHEATED WALL 

.14 

1. ·critical heat flux d,ecreases vi'th··mcreased ·steam-quality. 
2. Experimental data shows slight increase of critical heat 

flux vi th iricreased mass vel.oci ty ~:. c'ailtnU,- to prediction' 
of Equation (52).. · 
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FIGURE VIII-10 

GRAPH· OF DA'm OF FEF. (1) AND CALCur.ATIONS EY ~UATION (52) 
SHOWING VARIATION OF CRITICAL .BEAT FLUX WITH STEAM 

QUALITY AND MASS VELOCITY 

1. Cri tic<U heat :flux decrea~;~es w1 ~ increased steam qual.i ty. 
2. Critical heat :flux incre~ses ·with decreased mass velocity 

with the trend in the measured data te~ding to. reverse. at. 
lesser steam qua.li tie~:J •. 
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FIGURE VI!I-ll 

GRAPH OF DATA OF :REF. ( 8) AND CALCULATIONS BY ~UATION (52) 
SHOWIN:l VARIATION OF CRITICAL HEAT FLUX WlTll STEAM . 

. QtrAIJ;TY AND MASS VELOCI'I'I 

~ •. Critical heat f'lux decreases with increased steam qual1ty, 
with measured values reducin8 more sharpl..y than predicted 
by Equation (52) at the higher mass vei.oeities. 

2. Cr1 tical heat f'lux increases w1 tb. decreased mass ve1oci t;y'. 
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BY F.XtUATIGN (52) SHOWING VARIATION OF CRITICAL BEAT FLUX · 
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1. Critical hea~ f'l.llx dacreases with increased steam quality, 
with m:easured values reducing more sharply than predic~ 
·by Equati.on {52) at the highest lliass ve~ocity. 

. . 2 •. Critical heat nux increases with decreas!=!d mass vel.~ity_._ 
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FIGURE VIII-1.3 

GRAPH OF DATA OF REF. (1.1.) AND CALCULATIONS BY :OOUATION (52) 
SHOWING VARIATION OF CRITICAL HEAT FLUX WITH STEAM 

QUALITY, MASS VELOCITY AND PRESSURE 

1.. Critical. heat nux decreases with increased steam qual.i ty, 
with measured vaJ.UP.R redUCing Slightly less rapidly than 
predicted by Equation (52). 

2. Critical. heat nux increases with decreased mass velocity. 
3· Critical. heat nux decreases with increased pressure over 

the range 1.1.8o to 2500 psia. 
4. Uncorrected calculations (C" = 0.53) predict critical. heat 

nux l.evel.s abOU:t 70 per cent of these data (see footnote 3, 
. Section VIII) • 
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IX. DISCUSSION OF RESULTS 

SUmma.ry 

·' The reslll. ts ·of the work can be summarized briefly as follows: 

(1) Development of a new set of apparattis for direct observation 

and photography of boiling water flow patterns at pressures, 

mass velocities and steam qualities representative of modern 

nuclear reactor design) with heat fluxes 1.1.p to and includine; 

the critical heat.flux (Section IV, Appendices A and B). 

(2) Eighty valid critical heat flux determinations covering the 

range of variables: p 1 1000 psia; · G, 50 to 400 lbs/sec-ft2; 

Xc 1 • 033 to . 751; De, . 46 in. and . 81 in. , in a rectangular 

channel (Section VI, APpendix C). 

( 3) Th.irty-three high speed motion picture sequences of boiling 

water flow patterns, made up in convenient form for additional 

study, taken at flow and heat transfer conditions covering the 

range of variables: p, lQOO psia; G, 50 to 4oo lbs/s~c-ft2; 

fl.uid otate, oub,~ooolcd at A hs = 170 Dtu/lb to bullt boiling 

a.t X :::: . 656; q, up to and. :ihc~uding tfie critical heat 1"l.ux; · 

De, .81 in. mainly, in a rectangular channel: heated on both 

sides and on one side (Section VI, Appendix D). 

( 4) Theoretical analysis of the critical heat flux condition in 

forced flow with built boiling (X,. 0) leading to derivation of a 

convenient working ·equation (equation (52)), which was used 

. to correlate and study the critical heat flux data obtained 

in the ·present work together with a selection, intended to be 

representative, of 742 additional data points from ali 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. 

F.low Pattern Observations 

The main. characteristics of the boiling Wa.ter flow patterns observed 

in the course of detailed examination of the motion picture sequences 

are tabulated in Appendix D. Figures VI-19 through VI-23 present 

enlarged frames selected from the motion pictures together with brief 

descriptions of the corresponding flow patterns. 

The following general characteristics of the boiling water flow 
.· •' 

patterns at 1000 psia are evident in the motion picture sequences, 

corresponding to increasing fluid enthalpy from sub-cooled nqcleate 

surface boiling conditions up to bulk boiling at high steam Clualities, · 
. . 

with heat fluxes up to and including the critical heat flux J;.evel. 

(1) A hs ;3:' 20 Btu/lb for G = 100 to 4oo lbs/ sec-ft2 -( cJ_ << Qc): 

Growing (and shrinking) bubbles slide along th~ heated 

surface, at a velocity slightly less ~ the mean channel 

velocity, in an irregular frothy layer of liquid and bubbles 

mixed. The bubbles are not attached to the heated surface 

during their stage of principal grolvth. There is almost 

pure liquid in the regions of the channel_ away from. the 

heated wall, indicating little· tendency for general mixing 

(Figs. VI-20a, -22a, -23a, b). · 

(2a) O~Ah5~20 Btu/lb·for G: 200 to 400 lbs/sec-ft2 (q<Qc): 
O·~x~ .10 for G = 100 lbs/sec-ft2 (q< ~): 

,• . 

The arrangement is a frothy mixture of large· and smB.ll· 

.-159-



bubbles interlaced with pure liquid as continuous phase, with 

highly agitated, frothy layer of tiny bubbles and liquid 

adjacent to heated surfaces. There are slight fluctuations 

of the pattern, indicative of a tendency for "slug'' flow to 

develop, apparent at the low mass velocity (Figs. VI-20b, 

-2la, -22b). 

(2b} .101<:x~.30 for G~ 100 lbs/sec-ft2 (q < ~}: · 

A definite "slug" pattern develops as the steam quality 

is raised, which becomes less distinct and disappears at the 
. 1 

h1gb rangEl oi' cteam qua.li tico. 'Ihe ~lugging pattexn app~ttl"S 

to be composed of a finely divided almost homogeneous froth 

0f vapor and liquid alternating periodically ( .05 to .10 sec. 

period) 1dth an arrangement which appears to be a thick, 

relatively placid layer of liquid against the wall surfaces 

with probably high vapor concentration in the middJ+e ot the 
' . -

channel. This pattern is not observed at the higher mass 

v~;>JJ)~:i.t:l.~~ (G = 200; 4oo lbs/aec-ft2 ) (Figc. VI-~dl, d). 

(3} X~O for G = 4oo lbs/sec-ft2 (q~ % ): 
:x ~ .·10 ·for G = 200 to· 400 lbs/ sec-ft~ ( q ~ ~): 
X~. 30 for G = 50 to 400 lbs/sec-ft2 (q~ ~ ): 

1m irregular '<Tavy continuous film of liquid~ lf'lo1dng 

with the stream, is attached to the unheated surfaces and at 

least a portion of the heated surfaces~ The remainder 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 heaft flux 
condition having occurred-substantially upstream from the exit 
(Appendix C), eight were in the range of mean exit steAlll cj.uali ties 
0.12 to 0.39 at G.= 100 los/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 "slugging 
(Appendix. D) • 
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liquid is apparently carried· along. in the core as either: 

di·spersed droplets in continuoU$ 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, · c, -22c, ·e). Interfacial wave-lengths range from 

· · ... ·about one to -five times the film thickness •. The. liquid , 

· · · film is apparently thicker and much less agitated at the 

unheated ·surfaces than at the heated s1,1rfaces (e.g., .. Fig. 

·' VI-23c). Irregular, agitated ·streamers of· vapor. (or. ·. = 

irregular bubbles)· can be. seen forming at the edges. of. the 

heated surfaces and issUing into the.liquid film· {especially 

evident in Figs. VI-2lc, -22e). 

There is no apparent abrupt, change. of the· ·now 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-19c, d, 

-20e, -21c, -22c, e). ·There is no eVidence of "slugging" or 

other general irregularities in the flow at any of the valid 

~ritical heat flux conditions.1 

Except for the considerable differences due to local heating at 

moderate and high heat flux levels and :the different range of flow 
. . 

variables and fluid properties used, the obsened· flow patterns have a 

ge~reral similarity to those observed· by others for low pressure systems 

(sec. III). 

Evidence· of· a-thermal· boundary layer can,be seen· clearly against· 
- . . ..,. 

the unheated wall in some of the sequences in _Reel V . (al~o Fig~ .. yi-23a,, 
. . . . ' . . . . 

b). This optical effect results from local density differences caused 
' " ' 

by the temperature gradient ass~ciated ~~ th~ ~e~t transfer rate to 
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the walL (heat ·loss): ':rhis indicates the possibility of a technique 

for studying ooundarJ layer phenomena in single-phase flow using 

shadow-graph or ScllJ.ieren equipm~nt in conjunction ,n. th high speed 

motion pictures. 2 

.- As noted abo:ve under ( 3), there is evidence in the motion picture 

sequences·. of vapor fo1111ation in the liquid ·film against the heated 

wall· .. Ail approximate.· estimate• of the wall to saturated liquid tem-

perature difference Ll Tsn (liquid superheat).:which uould prevail if 

there were no local hoiling in the liquid adjacent to the :wall can 

be made by using. the Reynolds Analogy (ref. -( 41); p. 209) in the 

follmnng fonn~ for saturated bulk fluid, 

qG 

e 2 2 
Cp L ~-L ' 

together with equation (41) of Section VII for the liquid-phase 

friction velocity 

Ar 2 -· 1 .;,; · f 
'V*L - 2 ~ TPF F 

2 
G 

7-il 
Combining these gives for the liquid superheat corresponding to no 

boiling at the "'all 

Calculated values for several critical heat flux runs selected 

from Appendix C to represent the least liquid superheats at ~e· wall 
.... 

over the range of the experiment ar~ tabulated in Table IX-1. ;>,. 

2 . . . 
SUggestion of Dr. s. Levy, General Electric Coinpany. 

3Ba.sed on '1> = 1.3 Btu/lb·-f> _(ref. (55)),. ~~PF ~etennined from Pig. 
VII-6 and fF calculated as in Appendix E. · · 
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TABLE IX-1 

6Clc, 
ATsn, Run.; .. . G; . 10 . Btu ~· 

No. lbs/sec-ft2 hr-ft2 OF 
. . 

1-3 50.1 ·591 .650 ~·5 

18-5 99·2 -570 .607 25.4 

3R-4 99·4 .857 .465 50.5 

6-3 199 .847 .233 49.4 

15-2 394 .880 .258 24.3 

9-1 397 .832 .104 4o.5 -

:· Accordirig 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 

flowing systems, without bubble nucleation and growth is about 15°F 

to 20°F. FOr 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 ma.ximum··threshold level required for nucleation (ref. (54)). Since 

the·. nms selected are representative of the least. liquid superheats 

which 'Would have existed., it is therefore not surprising that evidence 

of vapor formation in the liquid film adjacent to the heater element 

surfaces can be seen in the motion pictures. 4 

4 Larson (ref. (104)) presents additional theoretical d~scussion 
related to the ·maxinrum liquid superheat that can be sustained without 
nucleation. It is ,.,orth 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 maxinrum liquid superheat 
above which bubble·nucleation vould start. 



Critical Heat F.lux 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 Sanborn recorder traces of the sy~tem f'low rate, heat 

flux changes, Critical Heat F.lux Detector signal and sequencing of 

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

level. Figures VI-14 a, b, c 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 (nm 18RR-l). Figures 

VI-15 tlirough VI-18 are photographs of heater elements showing various 

representative types of damages sometimes caused at the critical heat 

flux· condition. 

The main trends of variation of the critical heat f'lux Clan be 

summarized as follows (Figure VI-1): 

(1) For all of the valid data the critical heat f'lux decreases 

monotonically with increasing steam quality. The nine data 

points which were rejeoted bccauoc of evidence of over­

heating in the upstream sections of the channel substantially 

away f'rom the exit show a general trend that appeaJrs to have 

a maximum f'or. ~ with respect to steam quality at the e:x:it, 

and they occurred at notably lesser heat flux levels than 

did the valid data points. 5 

(2) The critical heat flux decreases \dth increased mass velocity. 

(3) Th.e critical heat flux decreases with increased duct spacing 

(hyd:ral.:J,J.:.i.~ c:tiameter). 

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

in. ) are of' the order of 10 per cent lmver than fo:t the 
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thicker ribbons (. 010 in. ) . In some cases the difference· is 
. 6 

sUbstantially more. 

(5) .AJ.though the data taken with the single-ribbon heaters are 

too few upon Which to base a fi~ conclusion, indication is 

that the reduced ratio of heated surface to total surface 

resulted with lesser critical heat fluxes than for the 

do:uble-ribbon heater elements. 

Not allowing for the possible variations in ~ due to tl::).e causes 

mentioned 1n footnote 6, the maximum deviations 1n measurement of the 

5 This trend is similar to those noted 1n refs. (11) and (12) for points 
taken during apparently oscillating or l.mstable flow conditions. 

6 

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 wouid be 
higher than would exist at the same points if the flow were not 
"slugging." Therefore, depending on the heat flux level, it is not 
tmreasonable 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 tb.e usual energy 
balance based on mean flow parameters. It was due largely to this 
l.mcertainty Of correlation that the nine points ·mentioned were rejected. 

Part of the reason for this difference may be due to the l~sser 
thermal capacity in the thin elements coupled with the 60 ~ps 
alternating current used for resistance heating. .ktJ. estima.te 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 ofj 16,000 
Btu/hr-ft2-FD (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 are estimated to .be les.~ ,_th~ 5 ~er cent for the critical heat 

fluxes and less than 2 per cent for the exit enthalpy at the 

critical heat flux condition.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 variables have been 

accounted for in.the. experimen~8 (Section VI) .. 

Calculated data in Figure B-:3 .relating the Critical Heat ;Flux 

Detector o~tput signal to heater ele~~t temperature riRA innir.at~s 

by comparison with the recorder traces in Figures VI-2 through VI-14 

that onset of the critical heat flux condition initially causes only 

~dest l~cal temperature rfses (probably of the order of a ferr tens of 

degrees· .Fahrenlieit). 'lhe p~otographs in Fi~s VI-15, -16 izldicate 

that the length of the . zone. of local temperature rise at onset of the 

critical heat flux condition is probably quite small (less than one 

inch). 

Theoretical Analysis and Application 

'Jlle analysis in Section VI::t: is constructed to represent the 

critical heat flux conqi tion correspond:i,m2; to now pattern t.ypP. nnmh~r 

3, mentioned under "F.l.ow Pattern Observations, .,· in bulk boiiing (X' 0). 

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

7 Corresponding variations of the exit steam quality are somewhat 
lare;el' ( ~ee Taultt VI~ 1, p·g. :;1). 

8 Since surface conclitions and water purity (demi~era.lf~ed tap water) 
were not controlled except by flushing an,d vei1ting ·gas.es _dur~g -th~ · 
four-hour warm-up period, the good repeatability of ·th~ data i_:gqicates 
that these are probably not significant variables . in .the rang~ of · 
conditions investigated. SUrface deposits on the heater e+ements 
"'vere 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 interface 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 fi.lm, liquid 

re-entrainment rate, and liquid transfer rate frpm the core 

to the interface by turbulent 'diffusion. 9 

(3) ·Association of onset of,-the critical heat flux condition with 

momentary thinning of the film (but not necessarily immediate 

disruption of it), due to excess of liquid conslimption rate 

over liquid supply rate, resulting with momentary ·stabilization 

of the film and consequent reduction to zero of the re-

entrairiment rate.·· 

(4) Caici.ll.a.tioi:i ·of the critical heat flux condition at ·~he limit 

as the re-entrainrnent· rate becomes zero and the loca.l rate 'of 

turbulent diffUsion of liquid :from the core to the :interface · 

approaches a maximum,· corresponding ·to ill liquid 'ifua.t comes· 

in contact with the interface being pulled into the film due 

'to surface tension·effects and none being removed~ 

'lhe rate of turbulent diffUsion of liquid to· the intei-:r~ce. fs > 

9 This part of the ·a.nalysis has a general shtil.B.rity to. the :analyses 
by Isbin, et.al., (ref. (2)) and Goldmann, et.al., (ref. (3)) to the 
extent that a.' liquid flow balance to the vicinity of the ·wa.ll is· .. 
considered and a principal component is turbulent .. diffusion_ of 
liquid. Treatment of the diffusion proc.ess here, ho;.rever, is more 
detailed and· includes as an essential part. yariation o+.·the local · 
diffusion rate as a function of the. dis'tance froril·the'Wall· (i.e.,· 
according to the thickness of the: ·film at onset of th~ crt tical 
heat :flux condition). · ·· 
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expressed in terms of the local fluctuating turbu1ent velocity 

component and, hence, based on the data of Laufer (refs. (26 ), (27) ), 

is taken as a f\mction of distance :f'rom the waJJ.. The consequence of 

this assumption is far-reaching, inasmuch as it resul.ts with the liquid 

diffusion rate and, consequent1y, the critical heat fiux condition 

being functions of the initial liquid film thickness at onset of 

instability. 

All heat transferred is assumed to result in vaporization of liquid 

in the :fUm and at the interface. The heat t~sferred by turbulent 

convection from the interface to the core is ignored. 

The derivation suffers from the fact that the present exper1menta1 

data and methods of anal.ysis relevant to ascertaining the stl;'Ucture of 

the wall turbu1enc~ in two-phase fiow, the relationships between inter-

facial 1m.ve motion and the properties of the mean fiow, and _the liquid 

concentration distribution in the core
10 

are far from adequate for 

application in the type of analysis attempted in Section VII. Conse-

quent1y, rather gross assumptions had to be made regarding some of the 

processes involved, which resu1ted in introduction of three empirical 

constants. 

The resu1t of the derivation is equation (52) in Section VII, 

1'1hich expresses the critical heat fiux in terms of the re1evf3I1t fiuid 

properties (liquid and vapor densities, liquid-vapor surface tension 

and latent heat of vaporization), steam qua1ity, mass veloci:ty, and 

duct size (hyd.rau1ic diameter) 1 with three empirical constants to be 

10 
Levy's ana1ysis of the mean local density distribution in two-phase 
flow (refs . ( 46) and ( 47) ) holds promise of being capable of com­
bination ui th the liquid film model treated here to more accurate1y 
represent the liquid concentration distribution .in the core. 
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determined by fitting to the critical heat flux data. 

Equation (52) has been applied to a representative selection of 

822 data points 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, .8o to 1.0) 

= 6.5 (fraction of channel surface heated, .23 t¢> .4o) 

C" = .53 (b > b 0 = .084 in.) 

= .53 (b/b0 )·9 (b < b
0 

= .o84 in.) 

Detailed discussion of the ·basis for determination of these 

constants and comparison of resul.ts calcul.ated by equation (52) with 

the data are given in Section VIII. 

· 'lhe fact that the exponent m could be held constant for the entire . . 

span of data treated indicates a certain lmiversality in its character. 

( ) ( -0.2) . Examination of equation 52 shows for fF,_ G that calcul.ated ~ 

decreases with inc~asing mass velocity G for m> 0.5. Hence, for 

m = 0.75 equation (52) predicts decreasing critical ~eat flux with. 

increasing mass velocity in proportion to a-0 · 45, in good agreement with 

the data.11 Equation (52) predicts decreasing critical heat !f'lux with 

increasing pressure over the range examined, 585 to 2500 psi~, in good 

agreement with the data (Figs. VIII-7, -13). 

For the ran~e of duct s.1zes. b> b 0 = .o84 in., equation C52) pre­

dicts decreasing critical heat flux with increasing duct size b 

11 Examination of the ~phs in Section VIII (e.g., Fig. VII!-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-0 · 7.-ne -O. 7 :for a particular 

geometry, in rea'3oMbi; go.oa. agreement with. the da.ta (Figs. vri:i:.:.5,-8)). 
. . 

Except for the Russian data (Fig. VIII-13), .for l-lh.ich a correction of 

L 4 had to be applied, C" uas held constant for the entire ran~e of 

data for ducts larger than b = b 0 = .084 in. This indicates a 

tendency for C" to be universal, provided the duct thickness (or 

radius)· is large compared to the liquid film thi.ckness. 12 

The fact that the particular Russian data treated is uniformly 

about 4o per cent higher than calculati~ns by e~uation (52) predict 

may be d~e to the trend of increased critical heat flux with d~creased 
' .. ; 

length to diameter ratios over the range less than about 100,· found in 

some of the Russian dB.ta (refs. ·(92),· (96)). l'he length.to diameter 

ratio for the Russian data in Fig. VIII.:.13 was 20:i. Tb.is trend is 

not evident in the other data 'treated, ·for lmich. L/De > 33 (see 

A:p1J~.LCllX E) • 

'lhe two values for C' used, i.oo and 6.5, are em;Pirical.· Tb.e 

difference between these vaiues of C' reflects-the effect of adJacent 

unheated surfaces on the local liqUid "concent"ration in the core. 

Larger values of C' result in decreased predicted critical heat flux, 

corresponding to reduced liquid concentration in the core 'due to 

12 li'Or duct sizes less than b = b0 • .o84 in. prediction~ by equation 
(52) deviate markedly froin the data, indicative of the 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/b0 )•9 
applied to C" brings the predictions back into fair agreement with 
the data (Fig. V!II-4), the measured critical heat fluxes the0e~ore tend . to increase w1 th increasing duct size in proportion to b · , 
for thin ducts (b <:. b

0 
= .084 in.) 
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increased liquid attachment to the unheated surfaces.13 

Uses of the Results 

It is hoped that the results will be fotmd usef'ul 1n the 

following applications: 

(l) .Application of the experience obtained and recorded;here to 

further improve and extend the technique and apparatus 

initiated in this work to more precise and comprehensive 

research and measurement of the structure of high pressure 

boiling water flows w1 th heat fluxes up to and beyond· the 

critical heat flux condition into the transition and film 

boiling (liquid deficit) regimes. 

(2) Incorporation of the critical heat flux data tabulajted in 

Appendix C into 1;.he body of nuclear reactor design data for . . . ' .. 

direct application. 

(3) 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 flows and the critical heat flux phenomenon. 

( 4) Application ·o:r 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 annulus (heated/total 
surface ratio = • 30) for which the unheated surface was Nughened 
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 annular. channel as the sub.critical 
heat flux at the other surface is raised, in further suppq:,rt of the 
argwnent~ 
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the critical heat flux phenomenon. 

(5) Direct application 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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'I 
X. CONCLUSIONS 

1. The critical. heat :f'l.ux to water in conditions of bulk 

boiling · (X> 0) with steady forced flow has ·the following trends, 1 
i 

over the range of conditions investigated experimentally and 

analytically: 

(a) Cl.c decreases with increasing mass ·Velocity over. the range 

from 50 lbs/sec-ft
2 

to 900 lbs/sec-ft2 . 

(b) ~ decreases with increasing pressure over the range from 

600 psia to 2500 psia. 

( c ) Q.c decreases with increasing hydraulic diameter over the 

range of duct dimensions1 ''b" from .084 in. to .24 in. and 

increases slightl.y wi tb hydraulic diameter for the range 

of duct dimensions ''b" less than • o84 in. down to • 024 in. 

(d) Clc decreases monotonically with in~reasing steam qUa.lity over 
I 
I 

the range from 0.00 to 0.75. 

(e) Clc increases with increasing ratio of heated surface to tota,l 

surface. 

(f) Cl.c is approximately independent of heated length drier the 

range from 12 inches to 108 inches and range of length to 

diameter ratios from about 100 to 4oo • The .~sian data indi­

cates Q.c increases with decreasing L/De ratios for L/De < 100. 

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

local flow conditions such as mass velocity, steam quality 

and pressure. 

1· 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 .. 

2. There is substantial evidence in the high speed motion pic­

tures that the general arrangement of the flow, over the range of 

variables investigated, 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 the liquid being carried as 

either dispersed droplets or as an emulsion with the vapor in an 

adjacent more rapidly and steadily moving core. 'Jhis conclusion 

is not indisputable, due to lack of correspondirig precise physical 

measurements of the arrangement of the flow pattern. 

3. Theoretical analysis based an a representation of the flow 

pattern which is generally consistent with conclusion 2 resulted 

with a usef'ul working equation which relates the critical heat flux 

to the significant local fluid properties and flo1-1 parameters 

(equation (52), Section VII). Critical heat .. fluxes calctil.ated by 

this expression are in good general agreement with measured values 

over the range of variables considered. . 'Jhe expression includes 

three empirical constants vlhich were determined by application to 

.a limited portion of. the dato. treated. 
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XI. RECOMMENDATIONS 

.. 
1. .Although 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, incOntrovertible 

proof' is lacking. It is therefore recommended that the next step 

in the research be development and use of' an apparatus, similar 

·in function to the observational test section but more specif'ical.ly 

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 f'or simultaneous measure-

ment of' the local heated ·surface temperature. It is recommended 

that the apparatus use high pressure boiling water 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 power reactor design, for which the need f'or 

1 early application is probably greatest. 

2. It is suggested that equation (52) be used as a tool in 

1 

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 

cond.i tions. 

Professor J. w. \-Testwater 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 lfestvlater was con­
sultant to the project during the early experimental stage. Ref. (70) 
includes his report.) 
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3. Theoretical effort shoul.d be continued, to refine the 

analysis of the critical heat fl.ux condition in forced fl.ow nth 
bulk boil.ing. In particul.ar1 the representations of' the l.ijuid 

concentration distribution in the core, turbul.ent diffusion of 

l.iquid to the interface, and the inter-rel.ationship between the 

l.ocal turbul.ence 1 · the film thickness and the dominant l.ength of' 

the interfacial waves should be improved. 

4. Consideration shoul.d be given· to the practicality of' con-

ducting a set of' small scal.e experiments to make measurements of' 

the l.ocal structure of two-phase fl.ow 1 both with and w1 thout 

heating, in conjunction with the theoretical. ef'f'ort. Particul.ar 

attention shoul.d be given to measuring l.iquid concentration 

distributions 1 local. turbul.ence structure and the motion of' the 

liquid film interface. 
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APPENDIX A 

DESCRIPriON OF THE OBSERVATIONAL TEST SECTION 

Dltroduction 

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 

transfer processes w1 th boiling water at elevated -pressures. The test 

section '\ms designed and built at General Electric Company Atomic Power 

Equipment Department, san Jose, California, and was put into initial 
. 1 

operation in. the Building G Heat Transfer Test Facility in J\lly 1960. 

FUrther development work on the photographic window assembly, the heater 

elements and the associated instrumentat~on and general experimental 

setup was then done to improve performance o:f the equipment. The final 

experimental phase of the program, during which most of the critical 

heat flux data and all o:f the selected motion pictures of boiling water 

flow patterns were obtained, was executed during the :first four months 

o:f 1961. 

The test section is shown installed in its safety enclosure in 

Figure IV-2 and in disassembly in Figures. IV-3 and IV-4. 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 IV-3, was formed by welding together, with reinforcing ribs, two 

1 
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, 
M:Lchinist. 
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bars of stain:Less steel five feet long and 3-1/2 inches square in cross­

section, which were grooved an their 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-SO stainless 

stee1 pipe fittings were welded to form the terminal heads for the flow 

connecti.ons and the heater element electrical power connections. The 

resulting integral assembly was then broached to achieve the required 

tolerances on channel dimensions and machined to final size and shape 

to accommodate the window assemblies and instrumentation taps. '!be 

resulting piece 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 either 

standard parts used on the Penberthy Liquid Level Gage, model wr-16 or 

were fabricated to conform to critical design specifications provided 

as a courtesy by Penberthy ~ufacturing Company, Detroit, M1chigan. 

Analysis of the stresses in the test section together with a 

formal hydrostatic test at 2100 psig and room tamperature candi tions 

established the maximum service rating in accordance with the ASME 

Boiler and Pressure Vessel Code to be 1100 psig maximum operating pres­

sm-e 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-4. The 

photographic window was located adjacent. to the. exit end of' the heater 

element at the second· window section from the outlet., The· .other· three 

window.' sections were f'i tted with stainless steel ''blanks·" to form a 

smooth f'low: channel (see Figure IV-3) . 

The window assembly shown in .Figure .IV-4 was installed qn: the 

front side o:r the test section together. with a. coated f'ront~surf'ace · 

mirror' (shoWn in,· Figure rv.:.3) which directed· the. optical image into the: 

camera lens. The front .edge of' the f'low channel. was. f'orm:ed by a 

rectangular mono-crystalline· sapphire filler block (inside, face 4.320 in. 

long, .• 585 in'. wide-, .390 in. thick) together with a ,stainless· steel 

f'ille:r block holder into which it ··is f'i tted and clamped.- The f'iller . 

block holder contains several small drilled holes which serve t.o . 

equalize· pressures and permit a small bleed o:f.f'low channel liquid 

through a thin (approximately .03 in. ·thick) liquid. filled space 

between the filler ·block and ·the outer pressure-bearing pyrex window 

glass. 'lhe size and number of' the bleed holes· were. selected by trial- . 

and-error so as to provide enough bleed f'low. to· wipe deposits from the . - .. 

pyrex window and still-preyent excessive passage of' steam bubbles into 

the space between the pyrex window and ,the filler block. Compressed , 

asbestos ·gaskets .were used .as a pressure seal between the pyrex pressure-

bearing window glass and machined gasket surface on the test section 

body and as a cushion to absorb di:f:ferential. .thenna.l expansion between. 

the window glass and the retaining cover.· The carbon steel retaining 

cover or frame clamps· the window glass tightly in place by means of 

stud bol·~::; which extend through 'the test ncction body to the matching 
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cover an the back side. 'nle window gaskets, pyrex window glass and 

retaining cover are standard stock items used on the Penberthy Liquid 

Level Gage, M:>del No. Vll'-16. 'Ihe .window glass is Ma.cbeth brand, Type 
~ 

A, made by Coming Glass Company. 'Ihe manufacturer's service rating 

f'or these is 1660 psig at 600°F. 'Ihe sapphire filler blcick is a f'ull.y 

annealed s;ynthetic crystal made to order by Linde Company, Division. of' 

thian Carbide and Chemicals Corporation. 

'Ihe arrangement at the back side of' the teat section was identical 

with the front side, except that in place of' the sapphire filler block 

and holder a f'ul.l.-length pyrex· filler block was used (inside f'ace 

9.355 in. long, .610 in. wide, .385 in. thick). 'Ihe pyrex filler block 

was made by Bratm-Khecht-Heimann Company, Belmont,. Calif'omia, using 

Coming Glass Company pyrex, code No. 7740. 

The original test section design used a one-piece pyrex window· 

glass which, in effect, incorporated the filler block with the pressure-

bearing window as ~ integral piece. This design wa,s replaced by the 

two-P~.~ce window arrap~ement early in the trial ope.ration period due 

to the high breakage rate of the integral windows, caused by their 

relative stif'f'ness and high surface stress concentrations. 

'.llle ~wo-piece window design which was next used iilcorporated f'ul.l.-· 

length pyrex filler blocks at both the front and back sides of' the test 

section. After some operation it Wa.s found that the rate .of' damage of 

the pyrex surfaces due to erosion and dissolution caused by the adjacent 

rapidly flowing two-phase stream was too large at lOCO psia saturated 

condi tians to be practical from the . standpoint of· maintaining sa tis-

. factory optical .characteristics f'or 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 holder. 

Since the only requirement of the filler block at the back side was that 

it be translucent .and reasonably smooth., the :run-length pyrex filler 

block ~esign was retained. there. Frequent replacement 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 
2 . • 

changes caused by er()sion and dissolution. 'Ihe sapphire 1'1Uer 'Qlock 

was used throughout the remainder of the experiment., for over 200 hours 

of operation at 1000 psia saturated test conditions, with negligible 

deterioration of its optical qualities. 

Ml.rror 

The optical mirror and holder are attached to the front reta.in1na 

cover of the photographic window assembly as shown in Figure IV-3. 'Ihe 

mirror is 10 inches long by 2 inches wide w::lth an· al~um ref'lector : 

coating on the front ·surface to avoid parallax and a s111con oxide over-

coating to protect the ref'lector and to increase ref'lecti vi ty. 'Ihe 

mirror was made by Spectracoat, :me., Belmont, California. 

Heater Element 

Details of the heater element construction are specified in Figtire 

A-2 and can be discerned in Figures IV-3 and IV-4 and Figures VI-15 

through \TI-18. 

The heated portion of the heater elements ·was fabricated from. 

2 . 
:r.Bterial 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 .001 in. per hour. !6mage rates to 
the outer pressure-bearing pyrex window were less due to the pro­
tection afforded by the inner filler block. A small a.mOunt of damage 
to the pyrex surface could be tolerated w1 thout excessive deteriora­
tion of optical characteristics due to the relatively si!Iall refraction 
at the liquid water~ pyrex interface. 
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stainl.ess steel, type 302 precision shim stock, 3 ·made by Precision 

steel Warehouse, Inc., Downers Grove, Ulinois. ·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, leavilig about 

2-1/2 inches of unobstructed heater ribbon in the terminal hea~l. The 

heater ribbons extend upward. through· the flow channel to a point at 

about the middle 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 ~ow geometry, to a silver­

soldered joint with the upper terminal located about 2-1/2 inches above 

the outlet of the. rectangular flow channel· in the outlet terminal· head. 

The over~ 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. 

'l'he electriCal terminals at each end Ot the heater element are 

connected by means of a U-shaped clamp to one-inch diameter connector 

rods which serve to make electrical connection through a flexible cable 

assembly to copper electrodes which penetrate the head: ·closure covers of 

the two terminal heads through insulated pressure seals. The con:necto:t 

rods are·positioned by·respective sets of two stainless steel spiders 
. . 

which are bolted through insulated holes to mating flanges welded on the 

-
inside of ·each terminal head. 'Ihe transverse positions of the spiders 

are adjustable in order to· provide means .. :for adjusting. the transVel"se 
,' ' 

3 ~a~ured thicki.tes~. varfatiqn. of' this. stock :{~ less . than . 00005 ip· .. 
(~asurements made on. a Pratt and \.Jhi tney .48::..inch standard EXternal 
Length ~a suring M3.chine .. ) 
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and azimuthal positiqn of the-heater element in the flow channel. 

Tension on· the -heater element and _means .for adJustment .of its axial 

position are proyided by a large nut· OJ?. the threaded poz:tion of ·each· 

c01mector rod. !!he force causing tension on :the heater element is .... ... . .. · ' .. '. 
transmitted through a bushing to _the ou~ennos~. spider at the outlet.­

end and through a double spring assem~ly to.both _spiders at the inlet 

end. The double spring assembly serves to compensate for different~al 

thermal expansion l;>etween the heater ril;>bons. anQ._ the test section·bpdy. 

All copper parts of the heater element are. n~cke]. plated· 

The heater. element was ins~ated elec:trically and. the~y f'rom 

the test section body by accurately cut laminations of rubberized .. 

compressed asbestos (Durabla) 1 wi:J.ich als<:> se!Ved . to· ac~::ura~ely fix. the · .. 

spacing b~tween heater ribbons_ and, consequ~ntly, the channel thickness. 

!!his material had the characteristic of beconp.ng _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 
' . . . . 

r1bbon back of .~e used ·heater element in Figure VI-15~ This was a 

useful aid to maintain the heater element properly positioned and to . .·. ·. . '. . . . :..· .. ,. ., : .... · . . . . ... · .. 

prevent flow. between the heater ribbons and the insulation. All other . . . . ' - ' ' . . . ~ . ; . 

insulations in the heate! element assembly ~ere made f'~om Rulon-~, a 

high: ~emperature resistall,:t _fluoro~arbon compotmd similar to Teflon, 

manufactured by_ the Dixon, Corporation, ~o~dence, Rhode Island. 

A combina.tion,Of s:tainles~ steel leaf sp~gs and U-shaped .wire . 

springs, spot-w·eldeu period.!cal.ly al.ong;,the heate:r;- element._between the 

ribbans,_as_show.n in sections B-Band D:-D .. of Figure A-2, was used ~o .. p~e:ss 

the heater ribbons tightly against the insulation str~ps in .back, in ; 

opposition to the_ electrical fo~es .tending to draw the ribbons together. 

-1~3-



~ree sets of these sptings at the upper ~d of the heated section 

served also to equalize voltages between. ribbons in connection· w1 th the 

Critical Heat F.l.ux Detector circuit (.Appendix B). One heater ribbon 

of each heater element assembly had spot-welded to it a .020-inch 

diameter stainless steel wire focusing ·target, as shown in enlarged 

view E of Figure A-2, used for focusing the high speed motion picture 

camera. 

A:tte1· &.!eembl:r in the tcot ocotion, oa.oh hea.ter ribbon WB.Iil 

connected to voltage taps for the Critical Heat F.Lux Detector circuit. 

The voltage taps were made of short lengths of annealed stainless steel 

wire, spot-welded to the backs of the heater ribbons and threaded through 

holes in the test section bOdy, insulated by tubes of Rul.on-A, and 

threaded through insulated pack.iilg glands (made by Conax Corporation) 

screwed into the test section body. 

The heater elements used were of five basic types, corresponding 

to the heater ribbon thiclmess; spacing between ribbons (flow channel 

thiclmess ), and number of sides of the channel heated (single-ribbon 

or double-ribb6n). The heater element types are defined in Appendix c. 

Fbr heater element types lA and lB (.50 in. spacing), all of the 

space between the backs of the heater ribbons and the inside walls of 

the test section channel was filled with the Dllrabl.a insulation. For 

types 2A and 2B ( .25 in. spacing), additional space was filled by .125 

inch thick fUll-length stainless steel shims on each side,· laminated 

between the Durabl.a insulation and the test section 1-m.lls. 'l'y]_)e 3 

(single-ribbon) was formed by installing oiu.y one heater ribbon in the 

heater element assembly. 

Fbr type 3 (single-ribbon, . 50 in. spacing) the unheated wall of 
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the flow channel was formed by one of th~ .125 inch thick full-length 

shims installed with a layer of Durable. behind to p::r;'operly locate it 

in the flow chamlel. 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. 
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APPENDIX B 

DESCRIPriON OF THE CRITICAL HEAT FLUX DETECTOR 

General 

'!he Critical Heat Flux Detector system, developed in the course of 

this work, was put into operation February 6, 1961.1 It replaced for 

the remainder of the experiment the original Safety M:m.i tor system 

used for some of the earlier runs (noted in the Table in .Appendix C). 2 

:a,y means of a resistance bridge arrangement, the Detector measures 

changes in the difference between respective voltage differentials across 

two langitwHnaJ . 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 w1 th the Detector. 'llie 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 

simultaneously caused the main power supply circuit breaker ttt> trip, 

thereby shutting off power generation in the heater element. 

Since the heater element electrical resistivity increases w1 th 

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 or the lJetector output signal a~ critical heat 

1 '!he Critical Heat Flux Detector was devel.oped and buil.t for this 
project by Mr. c. H. ~CUbbin, Dlstrument Tecbnici~. 

2 The GEL Safety M')ni tor 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 record.in,g provisions. 
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nUx: conditions are shown in Figures VI-2 through VI-14. The 

distinctive charncter of the Detector output voltage variation with 

time at establishment of the critical heat flux conditions, as recorded 

by the Sanb.orn recorder, formed the main basis for judging when to start . 

the mciticm pictlue camera. in order to synchronize with onset of the 

critical h~at fluX condition. Deflection of the recol-cler pen to the 

right (toward~ the time mark~~) ~orresponds to increase in heater 

element tEmxperature at. the outlet end. 

The ·particUlar Detector voltage output level selected ·as the 

threshold. to cause the main power . circuit breaker~ to trip ~s high 

enouSh to'avoid spuriOus power trips due to occasional small electrical 

t~sients not related to the critical heat flux condition and to pennit . 
-

normal operational adjustments of the test section power, now, pressure 

and ·inlet sub-cooling Without causing spurious trips due to the dis­

turbances caused by these adjustments . The selected_ threshold ·level 

was' low enough to give adequate ass~ce of shutting off the test 

section power'in time to avoid damage to the heater element during the 

critical heat flux ~ondition. rihe time delay in the .external ·circuit 

for the main power circuit breaker to trip after the Detector wtput 

v~ltage reached the trip threshold level is estimated from the Sanborn 

recorder traces to be about 0.1 second. 

During each approach to a critical heat nux condition, the 
.. 

Detector circuit was maintained. in approXimate riull balance by manual 

adJustment using the continuous recorder trace of the voltage output 

as, a guide, up to power levels within a few per.cent of the critical 

heat nux. This procedure assured adequate compensation for any initial 

1:inbal&nces in the circuit, which tend to be amplified 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 Critical Heat F.J..ux Detector circuit is diagrammed in Figure B-1, 

showing the cormection to the heater element at voltage taps VT-1, VT-2, 

and VT-3, the ccmnection through relay K5 to the main power circuit 

breaker, and the connection to the Sanborn recorder. 'lhe heater element 

vo~ tage taps were I!l&de by three insulated stainless steel wire probes 

spot-welded to each heater ribbon to make one pair of taps connected in 

parallel at each of the three voltage tap locations. The top pair was 

located at the outlet end of the heated section (VT-1), the next lower· 

pair was located 4-1/4 inches upstream from the outlet end (VT-2) and 

the lowest pair was located ··4-1/8 inches further upstream (VT-3). 'Jhe 

heater element construction included internal electrical connections 

between the two heater ribbons at each of these locations in order to 

equalize heater ribbon vo~tages at these points. The resistances of 

the two tapped sections of the heater element are designated by R1 and 

~in ~~e B-1. 

Heater element resistances R1 and ~ form two legs of a resistance 

bridge circuit. '!he other two legs are R3 and H4 together 'W1 th a 

. variab~e resistance R5 used as ~ potentiometer for balancing of the 

bridge ... The p~ry; si,de of transformer T1 ·is connected between VT-2 

and the_ poten~iometer_. tap. . Transfo~er T1 provides a gain in output . 

voltage ~rom the bridg~ of about 36: 1. 
. '·. .· .. · ... , . ; 

An 'I,Ulbalance in .. :the . bridge caused by a change in the relative 
. . . l .. · ... · ··. 

resistanc~ pf ,~ither -~ or ~ from an initial balanced condition causes 
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current flow in. the primary side Qf· T11 thereby 4lducin,g an. ou~put · 

voltage from the secondary side .of Tr · 'Jhis .OlJ.tput voltage, teeds as. an 

alternating-current error signal through. taps A and. E to-~ .Sanborn 

. servo-monitor type preamplifier (Modell50-1200.} .. 

'lhe preamplifier is both amplitude and p~ase sensitive. . It 

includes two .stages of amplification, a mixer stage, demodulat~on and 

an output amplifier. 

OUtput from transformer T2 provides a 12-volt alternating-current. 

reference voltage to the preamplifier through_ taps E .and c. OU~ut 

voltag~s from T1 and T2 are either ~ phase_ o:r 18o0 out. of phase,. 

depending on which of the resistance~ R]; and ~ changes to unbalance 

the bridge. This determines the directi,on o_f deflection of· the 

recorder pen. 

The preamplifier deli vera a demodulated signal, corresponding to 

the direction and amount of bridge unbalance, to a ~bom: driver. type . . . . . 

amplifier (Mldel 150-200 B/4oo). OUtput from this. amplifier causes 

deflection of the pen of a direct-writing center-tapped galvanometer in a 

sanbom recording oscillograph (Model 150-100 BW). · M1 internal direct-

. current power supply (not .shown) provides the plate, ~ias and beater .. 

voltages required in both the preamplifier and the driver amplifier. 

The galvanometer circuit is parallel tapped at 1 fllld 2 to impress the 

direct current galvanometer voltage difference across. relay K3 ... 

K3 is an Advance relay (~del sv/~C/20,000. D), single-pole, double 

throw type of high sensitivity. K
3 

is in the _normally open position 

and is tripped closed by the gal. vanometer voltage difference . Variable 

resistors R6 and "R-r connected. in series .with K3 and the galvanometer 

·circuit. taps 1 and 2 provide the means tor ~e adjustment .of tlfe, tr~p 
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point for-~ in· te:nils of the galvanometer voltage difference and, 

hence,· the degree of unbalance of the. Detector b'riage· circuit and the 

•gDitude of the .·change of the relative heater element voltage difference 
, . 

across either of t.Re two resistances ·RJ. or ~· 

When the bridge is b8.l.anced by··a.d,Justment of ~ ·so that its output 

voltage froin Tl is. zero, the galvanometer pen is centered and' DO c·urrent 

f'low through the rela7 ~· K3 aud the variable resistors % alid' Rr 
were set so tbat aii increase· of the lJ.d~ci output voltage from null 

balance· b;f· an amount· sutticierit to" cause deflection of the galvanometer 

pen 6 mm .·in ·either directiOn' WouJ.a.· cause··reiay K3 to trip. 

·Trlpp1Ji8 ot re1at ·K
3

. energizes ·an auxiliary direct cUrrent ·circuit, 

which cau8es the m&1n power breaker ·switch rei&.y ~-to trip open, 

thereby shuttiDs off the power supply to the heater element. 

: Ei.ectnc&l measurements made' 'durl,ng the course ot the experiment 

established the.·llnearttt: of the galvanometer pen deflection with· 

bridge output voltage.· iJ:he measUred bndge outPut voltage to the 

prima17 sid.e. or transtomer T1 ws .0"(0 willivolts output per millimeter 

detl.ection: cit the recorder pen (recorder set on a scale factor of unity). 

'Dle tQJ.iOwins·· anal.isis emplois thi·s. inforulation to '1Jiterp'ret ·recorder , 

pen cief'l.ections 1n teriDS of est~ted heater. element temperature · 

..Analysis .of Heater Element Temperature Cl:ianges· · 

For the· piirpose of this -analys·is, the brldge circuit connecting 

the-heater element ; .taps· VT-:1, '·\lT-2 ···and VT-3 with the &Diplif':ier, 

recorder and. powr trip dertc.es at taps A ana··E: ill ·Figure B-1 'is·· 

represented by 'diagram k 1n Figure ':e-2 •. 'Tl1e 1etfects 'of trans'1ents 
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are n~~ected. 
- ' 

Resistances. R:J. and~ in¥-~ A are the re~ective 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 vol~e e' and the outPut .VOltage e :rrOm the ·sec"Cmdar,y 

side of transfo~r T1 to· the preaitpl:itier ·are zero, the. corresp~clin8 

resistance ot the outlet section· of· the heater element .. is· ll. = ·Ri, and,_ 

the potentiometer resistance ~ '18 ·split· into'·. a5~ and ~. ":.At 'b&l.ance. 

the bridge resistances are therefore related acc.oidi.D.g to 

= 
·. R'. f ~. 

3 . a (1) 

cnset of the critical heat flux condition is cansi~red to be 

characterized by an abrupt rise (or fluctuation) of the local heater . ~ . . . . . . .. . . . . . ..: 
., . . . ,. ,;-

element temperature in a patch in the outlet section between taps VT-1 
., 

and VT-21 w1 th a corresponding increase in the resistance ll. ··to 

1). = Rj_ 1- r. At this condition ":he b~~ cii"?ui t is \mbB;lanced causing 
. ,• - ~. 

the vo~~~ ~tput ~ ·~e s~canda.ey s~de ~f transfomer T1 to b,ec~-
-. • I ' ,rv' , •: ' ' V ' ' 

0 

' 1 ,, ' , 0 ' ' ",, 
0
'' I ,,:~· ' ' ' 0 • 

0
• ,·~ t , ~. ~ 

e ~=-· 
(Rj_ 7 ~) (Rj_ 7 ~ ~ r) · 

. ·.. . ~-·· 

where N1 is the vol~ge ,ratio ~or :.:'l'. ·E .. is the heater el~t,.:vol-t;age 

difference between VT-1 and VT-3 and the resistance increment r is 

recognized to be sufficiently small that the. corresponding challges in E 
• • I, 

and in the heater element current I are ~~gUgibie (less than 0.1 

per cent). , Since. -r-·is small, compared to.· (Rj:. l:.~), .· equatiQn ~2): 

reduces to ,: {'" ~ 

.e : r ~'· E Nl :~'-.. : 'o·, '.: ~- .'' . :.;... . .. ·::-

. (R]_ 1- ~)2 

-193-



Bence, for the test section current I : E/ (Rl_ f ~) taken as constant 

the tran6f'ormer output vol.tage to the' ampl.ff'ier circuit is 

(3) 

As an idealization consider. the zone . of' in~eption of' the. critical 

heat f'l.ux condition to be represented by a ~ctangul.ar patch on one Qf' . . . . . : 

the heater ribbons of' l.ength "a", width ''b" and average temperature · 

AT abo~ the average temperature T of' ·the rest of' the heater element, . 
1 • • • ". 

as depicted in diagram B ot Figure B-2. The heater .ribbons are: con­

sidered to have an average electrical re~istivity (?1 corresponding to 

T, exeept for the hot patch •iab" wbi~ .haS a higher average resistivity 

~ 2 corresponding to T f 1:l T. Considering the patch "ab" to behave as 

a separate resistor in simpl.e series-paral.lel el.ectrical connection 

w1 th the rest of' the heater element g1 ves for the resistance increment 

r = R:J.- Rj," 

(4) 

where t..J. is the len81:.h Qf' the .. he~ter element section correspondin8 to 

11. between taps VT-l. ~d VT-2 and d is twice the width of' each heater 

el.ement ribbon. 

]. 

where (X T is the mean temperature coefficient of resistivity over the 

temperature interval T to· T f .L\ T. Using this relation in equation (4), 

· substituting for r in equation (3) and notiD.g that I I)_ = · E
1 

gives 
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(5) . : .. o 

Calibration of; :tne Det.ector ~irc'!li t -~ conjunction w1 th the Sanbom 
., ~ . - . . . . . . . . . . ·. . . ··, '• 

reco~r ~s~l:>lished the. ~?order pen_ detle,cti_on S R ~s. a. f'un~tipn of : 

the )>ri_dge. putput :yol tage :t;o l?e .. 
,.:-. ... ···: .. · .... 

t" - l( _ N- e ' - K e '-::_, r.>OR· ·_, ""·, .. c.-~:'1' _ - . ""C 

.where ~ = 350 mm/volt. 

Thus 1 ~Ubfltituting thi_~ into equation (5) ;f'o~_.e and _sol$8 f9r the 

temperature rise. of the. patch. .AT gi~s as a genera.J. workilis equation 
·; · ...... 1' . • . • • : .: : • •· . .· . . . • . 

in t~_rms Qf t1le: p~tch. dimensions "a "1 . "b" 

.L\ T·: (6) 

. -~: . 

Critical heat fluxes found in the experiment range f~m about 
.. '· .. ·,. 

5501 000. Bt~/hr~ft2 t~ 1 1 ll51 000 Btu/h~-ft2 . 'l'akins 8001 000 Btu/hr-ft2 
!, o ·~ ::· -~ I M' ' 0 o : • 0 o o o o • o \ 0 • 

as. representati:ve with the coolant ·in bulk boiling at 1000 psia1 the 

volta~. ~fference F.:!. and mean intemal heater ribbon temperatures Ti 

for the two double ribbon heater element types, .oo6 in. and .010 in. 

ribbon thickness, are calculated to be as follows: 

Heater Ribbon 
Thiclmess, in • 

• oo6 

.010 

14.0 

10.8 

The Jens-Lottes equati~, J1 Tsat = 1.9 qf;/eP/9001 was used to estimate· 

the· wan· surface to coolant temperature differences (ref.· (41)), and 

the· ·mean :·intemal ·temperature· differences were estimated :from ·the derived 
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relation, corresponding to negl.igib~e end and edge effects, for 

· ribbon thickness t' and thermal conducti v1 ty k, 

.1T = qt'/6k 
i • 

k was taken as ll Btu/hr-f't-°F, for stainless stee~ at about 600°F and 

~ was cucul.ated using measured· cOJ.d heater e~ement resistances 

adJusted to operating temperature according to data given in ref. (59) 

for sta~ess steel. Taking 600°F as representative of the. ~an tem­

perature f~r both e~ements, data in ref. (59) for type 304 stainless 

stee~ was. us.ed to cucul.ate e~/CXT : ~00°F. 
Using these values together w1 th d : 3. 92 1n., N 1 : 36 ·end 

L:J.. = 4.25. in.· calclll.a.tions of the temperature rise AT corresponding· 

to various deflections of the recorder pen 8 R were ma<le· for each 61" 

the two heater e~ement types for two rep;resentative hot patch geometries. 

'Dle results are plotted in Figure B-3. 

Cases 1 and 3 1n Figure :J3-.3 for the ~/4 in. square patchare 

intended to be representative of the type of criticu heat f~ux zone 

geometry indicated by th·e e~ongated circular area of overheated metal 

seen about one-fourth inch from the end of the heater ribbon in Figure 

VI-i6. (approximatezy 0. 3 in. diameter)_. Cases 2 and 4 for a ~/2 tn. . . 

lang by ~ inch wide rectangular patch show in comparison the effect of 

patch geometry on the relationship between recorder pen deflection and 

corresponding hot patch temperature rise. The patches of overheated 

metal seen in the. blirned heater elements of Figures VI-15 and vr-~8 are 

rougbl.y represented by the hrger hot patch geometry assumed for 

Cases 2 and 4 .. 

'lhe cuctil.a.ted results indicate that at the.in,itiu inception of .. 

the critical heat. flux. condition, as manifested by a s~ight 4~f'lection . · 
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of the recorder pen (less than 6 mm), the order of magnitude of the 

local heater element temperature rise is probably less than l00°F, ·even 

for relatively small patches in the critical heat flux condition. It 

.is likely, however, that as the critical heat flux. condition becomes 

D10re completely established, especially at the higher critical heat 

flux levels for which f'ull. establishment of .the condition appears to 

be abrupt, . the heater element temperature may actually rise sub­

stantially above. the values indicated in Figure ~3, due to. the 

. heretofore neglected transient response characteristics of· the· 

Detector circuit. 

I 
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FIGURE B-3 

CALCULATED 'TEMPERATURE RISES FOR :RECTANGULAR 
PATCHES IN THE CRITICAL HEAT FLUX CONDri'ION 

AT Average temperature riae of po.tob 

~ R Def1ect1on ot Sanbom recorder pen 

"a" Patch length 

''b" Patch width 

Double-ribbon beater elements, 1.96 in. wide, , 
.oo6 in. and .010 in. thick ribbons. 
Boo,ooo Btu/br-ft2_beat nux. 
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APPENDIX C 

EXPERIMENTAL CRrriCAL HEAT FLUX DATA 

All of the critical. heat f'l.ux data obtained· in th_e. experiment are 

· tabulated in reduced form in the· following. table1 and are graphed in 

Figure vt-1. Propertie~ of water used for- reduction of the. data are 

those given in reference (55) for the respective state conditions •. · · 

'lhe heater element types are defined according to the · fol.;lowing · . 

coding: 

Spacing, ·Ribbon No. of ·Sides· . Hydraulic 
Type in. 'I!hiclm.essz. in. Heated Diameterz. in. 

1A .50 .oo6 2 .81 
lB .50 • 010 2 . .81 
2A .25 .oo6 2 .46 
2B •25 .010 ·2 .. .46 
3 .50 .010 1 .• 81 

'I!he types of runs are defined according to the following coding, 

which includes coding pertaining to steady-state camera runs described 

in Appendix D. 

Critical. Heat F.lux Runs 

BO: · Crltical'heat flux run, without ··camera operation. 
·. 

BOC: Critical. heat flux run, with camera operation. 
. . 

-T: Automatic power trip at critical. heat f'lux condition • 
. ·;' 

-s: MmUa.l. reducti~ of power from critical heat flux condition • 
. '• .. :' . . 

-A: Physical. damage to heater element interrupted electrical 

circuit. 

- R: Critical heat f'l.ux· data judged invalid. 

· Camera Runs Only · 

. SC: steady-state operation at subcooled conditiOns, with camera. 

l Calculations involved in reduction of the· data were done by: Mr."· M. G~ 
M::Bride, Engineering· Assistant.. ' ·.. .. ·· ' · · · . 
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sse: Steady-state operation at _b~ boiling con~tions, with 

camera. 

SSC-0:. -Steady-state operation in bulk boiling near critical heat 

. nux conditions; with · camera.: .· ·. 

'Ihe respective critical' heat; f1ux determinations and asscciated 

instrumentation· features are described by· the f'ollowihg notes, referred 

·to in the .. tabulation of' data. . .. . ~ 

~~~es 

(1) Recordeir trace of'. vol ta.ge unbalance indicates oscillations or sharp 
.• . 

. . i~~e: ~f·\~~~ter e~ment. *.Amru·~mture ·~tb.~ 4-~/4 inches' of' outlet e~d. 
(2) Recorder trace of' voltage unbalance indicates oscillat~ons or rise' 

of' heater element temperature upstream,' more than 4-1/4 inches 

from outlet end. 
., i . 

(3) Recorder trace of' voltage unbalance does not indicate oscillations 
. . .. · - . . . . . 

.:. ·~· . :· •' • • • . '. •• • ; • ,I . ' 
... ,· 

or sharp rise of' heater element temperature within 8-3/8 inches of' 

outlet end. 

(4) Physical damngo to heater ~~;roPnt, d~ to ovel·h~a:ing1 "vt'thii1 
I' ,• I • 

1
' ·C ·.,: 

4-1/4 inches of' outlet end. 

(5) Physical damage to heater element, due to overh~ating, in upstream 

(6) 

(7) 

. .. : ~ ' . 

~gians1 more than 4-1/4 inches from outlet end. 
;' .: . . . -~ 

GEL Sa.~ety M:>ni tor used, together w:f:. th either heater e~ement 

thermocouples or voltage unb~ce ~co~g~. 2· 
... 

Recorder traces of' thermocouple outputs indicate oscillations or 

sharp rise of' heater element temperature at outlet end (with GEL 

. Sa.f'ety lttmi tor only) .. 

2 'Ihe critical heat flux detector ·system. described in Secti.on IV .and 
Appendix B was used f'or all rtms except those indica ted by ·note· ( 6) .. 
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; . ·'' ·.. . ~ . . . . 

(8) Heater element thermocoupl.es def'ecti~; no recording made of' heater 

element voltage unbalance; judgmen~_of' validity of' critical heat 

· .: nu.X· detection · bas.ed. on visUal appearance of' GEL safety monitor ... 

'oscilloscope pattern (with. GEL Safety M:>nitor only) and comparison 
• • • ! .· 

: · of' data w1 th valid repeat runs • 

.... 
'• ,·. 

-203-



EXPERIMENTAL CRITICAL HEAT FLUX DATA 

Type 6h8 , P, G 'k• 
Run Type Heater 1nl.et lb. X.: 106 Btu 
No. Run Date Element Btu/lb. psia sec:rt2 ~ Notes 

; 

1-3 :OOC-T 2/7/61 1A 67.0 1000 5().1 .650 -591 (1) 
1-4 BOC·T 2/7/61 1A 71.0 1000 5().6 .644 -597 (1) 

2-2 BO-T 2/7/61 1A 211.0 1010 5().1 -553 -689 (1~ 2-3 BO-T 2/7/61 1A 214.0 1000 5().1 -522 .66S (1 
2-5 BOC-T 2/7/61 1A 216.0 1000 5().1 -556 .698 (1) 

3T-3 BOC-T 9/28/6o 1B 24.0 1003 101 .496 .845. (6),(7) 
3T-4 BOC-T 9/29/6o 1B 21.0 997 101 .5()1 .845 (6), (7) 
3T-6 BO-A 9/29/6o 1B 22.0 1002 101 -500 .832 (6),(7) 
3TR-3 BOC-T 10/18/6o 1B 26.0 995 101 ·534 .9Q6 

(6l, (8l 3TR-4 BOC-T 10/18/6o lB 26.0 995 101 ·536 ·909 (6, (8 
)TR-5 .BOC-T 10/18/6o lB 26.0 995 ·101 .542 -918 (6 , (8 
3RR-l BO-T 4/13/61 lB )8.0 lOOO <;7.6 .515 .878 (1) 

3'£RR-5 BO-A 12./~/60 1A 52.0 1.000 ~-6 .49.) .881 ~(l) (4~ . 3-5 BO-A 1/6/61 1A 45-5 1005 .m .898 l '""\(4 
3R-4 BOC-T 2/15/61 1A 55-0 1000 99-4 .465 .857 (1) 

3A-1 BO-T-R ·3/4/61 1A 109· 1000 99-4 -368 . .835 (2~ 3A-2 BO-A-R 3/4/61 1A 107-5 995 99-4 .389 .864 (5 , (3) 

3AR-1 BO-T 3/25/61 1A 107-5 995 99-4 .425 -920 . (1) 
JAR-2 BO-T 3/25/61 ·l.A 111.0 1000 99.4 .415 -913 (1~ 
3AR-3 ·BO-T 3/25/61 1A 107-5 1000 ~.4 -427 -923 (1 

3AIIR-1 BO-T 4/13/61 1B 104.0 995 98.1 .441 -925 (1) 

3B-1 :S0.:T 3/25/61 1A 131-5 1000 99-4 .412 -957 (l) 
;lll-2 llO-T 3/25/61 1A 131-5 1000 99-4 .410 -955 (1) 

.JBR·l BO-T 4/13/61 1B 131-5 1005 99-4 .410 -955 (1) 

4T-2 BO-T 10/27/6o 1B 153-5 1000 103 .415 1.053 (6), ('Z~ 
4T-3 BO-T 10/27/6o 1B 153-5 1000 103 .420 1.o62 (6), (7 
4T-4 · BO-T 10/27/6o lB 153-5 1000 103 .430 1.077 (6), (7) 
4T-5 BO-T· 10/27/6o 1B 153-5 1000 103 .430 l-077 (6), (7) 
4R-1 BO-T 4/13/61 1B 161.0 1000 99-4 .301. -979 (1) 

4-4 BOC-5-R 1/24/61 1A 163-5 1005 101 .303 .8'(6 (6), (2) 
4-5 BOC-T-R 1/24/61 1A 164.0 1005 99-4 -321 .894 (6), (2) 

~A-1 BQ-'1:-R b./13/(,1. 1B ~.0 1005 99.4 -315 .m (:il) 

S-1 IJ0-'1'-11 1/26/Gl. ).,A :53·5 999 99 .• 4 .118 .82~ ~~~~m 5-2 j'IOC-R-R 1/26/61 1A 259-0 1005 99-4 .156 .86 

6-3 :OOC-T 2/2/61 1A 25.0 1000 199 -233 .847 (6), (1) 
6n-3 RI).T 3/2~~~ 1A 32.0 1000 199 .234 .884 (1~ 6R-4 BOC-T 3/24 tA ·28.5 1000 'l.99 .!':;)9 • 881, (1 
6R-5 BOC-T 3/24/61 1A 31.0. 1000 ·199 -237 .889 (1) 
6R-6 ROC-T 3/24/61 1A 27.0 1000 196 .252 .903 (1) 

6RR-1 BO-T 4/14/61 1B 16.0 1000 199 .269 -916 (1) 

6A-1 BO-T 4/14/61 1B 56.0 ).600 199 .2,32 -991 (i) 

7-3 BOC-T 2/6/61 1A 9Q.O 1000 199 .165 -945 (1) 
7-5 liOC-S 2/6/61 1A 94.o 1000 199 .16o ·957 (1) 

7R-i BO·A b./4/61 lB 88.3 1015 199 .• 200 1.043 (4), (1) 

0..?. ooo .. T :ii/6/~1 l.A 166.4 1055 199 .095 1.o89 (1) 

9-1 BOC-T 2/6/61 1A 19.0 1000 397 .104 .832 (1) 

9R-2 BOC-S 3/24/61 1A 32.0 1000 395 -093 .884 (1) 
9R-3 BOC·T 3/24/61 1A 25.0 1000 397 .103 ·.879 (1) 

9A·l BO-T 3/25/61 1A 61.5 1000 397 .o6] -98'• (1) 
9A-?. llOC'~T 3/25/61 1A 55-0 1000 398 .074 .gf!7 (1) 

9B-1 .)!OC-T 3/25/61 1A 97-3 1015 397 .033 1.136 (1) 
9B-2 BOC-T 3/25/61 1A 95.0 1005 398 .037 1.1~1 (1) 
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EXPERIMENTAL CRITICAL HEAT FLUX DATA - CONT'D . 

Type .O.hs PI G 
106\.u Run Type Heater inlet lb. X.: No. Run Ihte Element Btu/lb. psi a sec-tt2 sr:tiT Notes 

12-3 ro-T 4/6/61 3 15.0 1007 199 .14o 1.018 (1~ 12-4 BOC·T 4/6/61 3 16.0 1005 199 .14o 1-027 (1 
12-5 BO-A-R 4/6/61 3 20.0 1000 201 .126 1.027 (5 I (3) 

13-3 BOC-T 2/'ZT/61 2A 49.0 ·1000 195 .)88 -7l.5 (1~ 13-4 BOC-T 2/'ZT/61 2A 49.0 1000 197 -382 -7l.2 (1 
13-5 DOC-T 2/'ZT/61 2A 49.0 1000 205 .)62 .no (1 

13R-l BO-T 3/18/61 2B 50.0 1000 197 ·.464 .843 (1~ 
13R-2 BO-T 3/18/61 2B 49.0 1000 197 .468 .846 (1 

14-1 BO-T 2/'ZT/61 2A lo4.o 995 196 -334 -764 (1~ 
14-2 BO-T 2/'ZT/6~ 2A 109.0 1005 197 -337 -786 (1 

14R-1 ·:eo-T 3/19/61 2B 1o4.0 1000 201 .419 -920 (1~ 
14R-2 . BO-T 3/19/61 2B 107-5 1000 197 .429 -925 (1 

14A-1 BO-T 3/18/61 2B 161.0 1005 199 -389 1.0o4 (1) 
14A-2 BO-T 3/18/61 2B 163-5 1000 197 ·-394 1.oo6 (1) 

15-1 BO-T 3/18/61 2B 22.0 1000. 394 .249 .882 (1~ 
15-2 BO-T 3/18/61 2B 16.0 1001 394 .258 .aao (1 
15R-1 BO-T 3/19/61 2B 22.0 1000 394 .250 .884 (l) 
l5R-2 BO-T 3/19/61 2B 21.0 1000 394 .254 .894 (1) 

·16-1 BO-T 3/18/61 2B 86.0 1000 394 .192 1.0U (1) 
16-2 BO-T 3/18/61 2B 85.0 1000 394 .193 1.009 (1) 

17-1 BO-T 3/18/61 2B 154.8 1.015 394 -129 1.143 (1) 

18-4 BOC-S 3/9/61 2A 78-0 1000 99-2 .613 -515 (1) 
18-5 BO-S 3/9/61 2A 78.0 1000 99-2 .607 .510 (1) 

18R-1 BO-T 3/20/61 2B n.o 1005 99-0 .651 -595 (1~ 
18!i-2 BO-T 3/20/61 2B 69.0 1005 98-7 .662 .600 (1 
18R-3 BO-T 3/21/61 2B 72.0 1000 99-2 .667 ;6u 

(1~ 18R-4 BO-T 3/21/61 2B 66.0 1000 99-2 .678 .612 (1 
18R-5 BO-T 3/21/61 2B 69,0 1000 99-2 .664 .605 (1 
18RR-1 BO-A 3/21/61 2B 69.0 1000 99-2 -751 ,673 (4 1 (1) 

19-1 BO-T 3/10/61 2A 132.0 1000 97-8 -587 ;612 (1~ 
19-2 BO-T 3/10/61 :!A 128.5 1000 98.4 -588 .612 (1 

19R-1. BO-T 3/20/61 2B 132.0 1002 99-2 .654 .673 (1) 
19R-2 BO-T 3/20/61 2B 132-0 1005 99-2 ;650 .670 (1) 

20-1 BO-A-R 3/10/61 2A 221.0 1005 99-1 -356 -550 (5)1 (3) 

~R~l DO-T J/20/61 211 200.0 1002 99-2 .614 -723 (1~ 
20R•2 BO-T 3/20/61 2B 198.0 1000 99-2 .623 -722 (1 
20R-3 ro-T 3/20/61 2B 215-0 1000 99-2 .612 -74o (1) 
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APPENDIX D 

MOTION PICTURES OF BOILING WATER FLOW PATTERNS 

'lhirty three edited sequences of high speed motion pictures, 
. . . . . . : ' . 

sele~ted ·as part ·qf the data of the e~eriment, are listed in the 

following table in the order of their appearan~e in .five data·· reels and 
. . l 2 

a suimna.ry reel. ' The_ coding designating the types of runs is the same 

as dE7:t'ined' :i.iJ. AppendiX C. Opera;l.;l.ug COlldi tiOllS for each 3Cqucncc a.re 

tabuiated.. and a:_ set ot notes cle.~:Jcr!u.l..ug Lhe 5alieut 'feature3 of the 
-~ . -

flow patterns observed in each· c·ase are included. Specific measure-: 

ments mentioned in the notes were made directly on the projected ima.ge 

using tb! · Projector-Analyzer described in Section rv. · · 'Ihe measurements 

are' approximate. .. ' .. ; 

Each sequence is continuous and is ·approximately :the last half 6f: 

the correspondirig 100-foot nega.tive eXI?osed (approxi~tel.y 1850 fraines). 

'' 
The came~ speed is nea:dy unifofm over. this portion of the filJns, 

.. 
varying from about 3900· pps at heginnii!g oi' each seqUence to about 4500 

pps at the' end, with a' mean sp~ed of: ~b-out 4300 pps. · 'l'he actUal ... ' ~-

operatin~l time of each edited fjequencE?' is about .43 sec'ond and the p·~o~ 
. ' . . . ·. . ~ . . .. 

,1ection time at a proJection spe·7d of:~6 pps is about'U5 seco'n,ds, 
. ' 

giving a mean speed reduction ratio of about 270:1. Precise camera 

speed at any portion of the sequences can be calculated from measurement 

of the camera timer marks in the sprocket track of each fll.lu (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 Laboratories, 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). l • 

'!'he camera was in each case sharply focused on the wire focusing 

target attached perpendicular to one heater ribbon about .15 in. inside 

the channel and .25 in. upstream ·from the end of the heated zone. '!'he · 

target is ~·o~: in. diameter and .125 in.· l~g. The view ·s~en is the 

la~t .56 ~b.l·~· ();f' .~e. end of the he~ted section. (Fi~~ IV-6). 

Properties of water used for calculation of the operating cori- ., 
. . . 

ditions are those. given in reference '(55) for .the- state -conditions 

corresp~ding t~ each se~uence~ '!'he nominal operat:!lig · press;ure for 
. . ·- . 

each s~ence was 1000 _psia. . . . . . . . ~ : . .. . 

Relevant ,.flUid ·property data fo'r water at· 1000 psia sa tum ted 
~ . .... . . . . . 

pressure ~re3: · 

544.6 F. 

cJcg: 1.0. 

a-lcr 212· r: ·­

}lJ)1g 
. . 'k• /k . 
.. II, g 

:.· 

o·.3 

.. 5•1 . 

- -lLl 

.. '• . 

~eater e;teme~ts. us.ed for all reels exc_ept_ ~tee~ v wer~: .·50 in. 

spacing1 .006 in. ribbon tbickness1 heated ~n both sides. Heater ele­

m~ts uaed for 'ail sequenc~s· .in Reel V e~cept .i8s-1· 'Were.: .• 50 :l.n• 
• ' ~.. : • 1 • • •• ' ' . 

spe,cing1 .• 010 .in. ribbon tbickn~ss1 heated_. o~ ~e .. side •. ';ph~ heater 

eleme~t used' ~or i8s-iwas:'· '.2$ ill~; 'spacing~ ~006 'iii~ r'ibbOn thickriessl 
: . . : . • . . .. . ,,, ' . • . : .. ~ ' . • : ·... -~ • . .· .• • • • ; . . . . • . ! ~ •. .. . ' •' . . 

heated· ori ·both ·sides. · · '.l : ~ • • • • ' 

.··. '··.· .. .· 
Millimeter lengths noted under "Heater Element Temperature" are . 

the deflections of the recorder pen corresponding to the heater element 

voltage unbalance (Appendix B, Figure B-3). 

3 ~~density; c 1 specific heat; o-1 vapor-liquid surface tension; 
_}J- 1_ dynamic 'Viseosi ty; k1 the:t·nial. cunducti vi ty • 
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MOTION PICTURES OF BOILING WATER FLOW PATTERNS 

_Seq. G, Ahs, q, Heater P, .dhs,. 
No. Rim ~b. Btu ~~f't~\l ...i... Element 1Dlet X 
(Ree~) Type No. tate ·sec-ft2 u,-;- 'le 'reDIP. psia Btu/~b. 

Jt' sc 38-~ 3/3/61 ~02 9~.4 .245 <<~.0 stea~ 94o 182 

'(~/ SUb-coo~ed nue~ate boiling at heater surfaces. (2) Groving bubb~s are not attached to surface but are slll11ng 

uong near the surface with the stream at about 1.5 f't/sec. (75'1> of mean ve~oeit)'). (J)'llllbb~s tend to grov in 

irregular clumps_ spaced ab~t .~0 in. apart and extending from the heater surface about .04 to .06 in. (4) BubUe 

diameters .0~ to .05 1n. (5) Bubbas in center are s~ovly coUapsing. (6) GenerU tlov pulsation at _uo cps. 

(7) Bubba population appears to be reduced for about .~o see. during the midda of the sequence, due probably to a 

iaomentary sllgbt increase of Ah8 , 1Dlet.-

sse .492 <<~.o ~015 ~n 

(~) GenerU froth-l.ike appearance with 4rge bubb~es inter4ce4 with continuous llquid containing a range of smaller 

bubb~es ( .Ol to -~5 in. diameter). (2) Larger bubbas tend to be more centrUJ.y ~oeated, but with nearly continuous 

llquid predominant at middl.e of channel. (3) Higbly agitated frothy structure of tine bubbas in· llquid layer 

adJacent to heater surfaces (layer thiclmess ::::: .o8 in.). (4) No evidenc~ of nov pulsations. (5) Bubb~s deeper 

in ehanne~ behind the target can be seen dearly. 

/-------
(~) Agitated frothy structure of fine bubb~es in llquid against heater surface. (2) "Sl.U681ng" is quite distinct, as 

evidenced by varying- illumination trom rear (.05 sec. J,>edod). (3) ''ll!lrk" s~IJ8D indicative-of finely (l.tvided "troth" 

of vapor and llquid in core; "llgbt" siugs incllcative of thic.tt, i'elauvely p4cid, llttW.ol l.a,)e> oo v1ndov (llhAiiow ot 

ve.ve structure evident), containing sane small bubbas moving at about_ 4 f't/sec., with probably higb vapor content in 

core, (4) Irregular motion (downve.rd) or bubb~es ~tside chawle~ indicates some preooure pulsing (UO cps), appa-r-

ently aifected by "s~U!III"· (5) l>t)tion of fiuid ·a4Jace~~t to heater euri'"-ces changes aceo~ 'CO eype of ,;s~ug" 

paooing. 

cit3 ssc-o 3R·3 --.857 Oilelil. 
- 2 111111 

(~) No evidence of "s~U681ng". (2) Shadov of protUe of higbly turbulent ve.vy llquid film evident on both heater 

surfaces ( 8 "' .02 in.). Spectrum of small wnveo ouper:l.mpOaed on l.qest ve.ve l.""'!U... (~ ~ ']./1 ~ 5), (3) NAe, 

rapid moving structure of ve.ves on llquid film against vindov. (4) 110 evidence of detinite bubbas visiMe in 

ehanne~. (5) Appearance simil.e.r to Seq. No. l-2, but with more llquid evident in corners and finer ve.ve structure .on 

vindov. (6) Evidence of irregular, ve.vy streamers of vapor moving from.edges of heater ribbons into llqu14 tum at 

edges of vindov. ('t) M)'ti"" M llqW.ol l'llo. ob heb.to1· el.emont o\U'tQooo '191'/f 1rt'98'.!l~r, t.11n/11nc sametimea to lll.R!Qet 

stop. 
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MOTION PICTURES OF BOILING WATER FLOW PATTERNS - CONT'D. 

SUMMARY REEL (Continued) 

Seq. a,- Aha, q, Heater P, .She, 
Run lb. Btu 106 Btu ...!L Element inlet No. X 

(Reel) Type No. De.te ~ec-tt2 lD. hr-tt2 · 'le Temp. paia Btujlb. 

M . ssc-o 2/7/61 .656 .588 Oac~ll • --l-2 50.1 ~1.0 1035 70.0 
- 111m 

(l) ll!.ve structure of liquid film an vindow 1a sharply defined. (2) smau bubbles in liquid film travelln8 upward 

at about 5 ft/aec. (3) Profile of wavy liquid film cin.risllt-hand aide is distinct ( 8 <t: .025 in.). 'Dle wave 

structure an the film includes a spectrum of short wave-lengths auperilllpoaed an the lcmgeat ¥aves (l <f; '1</8 (( 5). 

(4) "Pulsing" of nuid nonzal. to left-hand heater ribbon ( 120 cpa), possibly associated with slisnt warp in ribbon 

(cavity back of ribbon). Evidence of irregular streamers of vapor p~ing from ~dge of heater rib~.on into liquid 

film at edge of window. .(5) lo»tian of the liquid fi.l.Jo at beater element surfaces .is very irregular, .tendilig to 

almost atop occaaionall.y. (6) No "slugging". ·. (7) Dltenae back-lisllt .indicates high vapor content in core. 

7-5 . BOC-S 

!.!& . --
·957 

(l) Hisbl.y agitated pulsing streamers of vapor appear to be moving from edge. of heater ribbo~ into liquid film, . 

Hisb frequency pulsing of nuid nonzal. to surface at top of lett-hand ribbon. (2) Sbaclov of profile of hisbl.y 

agitated wavy liquid film against risllt-hand heater ribbon ( S "" .03 in.). lo»tian of liquid film is very irregulaz; 

occaaionall.y appearing ~ almost atop. Spectrum ·of superimposed wave lengths (l ~ ?./4 ~ .3). (3) No 

"slugging." (4) smooth motion of bubbles·. outside channel (upward) indicates no pressure pula~; (5·) Finely 

divided, rapid moving liquid film structure an window. 

9A-:j. BOC-T 
(IV) 

9A-2 398 '.074 . 1.0 Oacill. + ·1000 .55.0 
Pulse-trip · 

. (l) Hisbl.y agitated; wavy streamers of vapo~·nowing 1D liquid film at edges of both heater ribbana. (2) Shadow of'" 

profUe of turbulent; va:,Y liquid film vaguely evident 'against both heater surfaces, in contrast with'more rapidly··· 

moving, finely divided now structure across maJority of window face ( II <::> • .04 in., /'.~2g ). (3) Dltensity of 

agitation of now structure at beater ribbon appears. to increase during about .10 sec. period before power trip. 

Flow atruc!ture along ribbon surface very irregular, aanetimea almost· stopping, ·Just before· power trip. (4) No 

"slugging". . (5) smau pressure pulsing at l20'cpa indicated b:y irregular motion ·or bubbles outside channel. 

(6) Power trip with brief nov reversal .22 sec. before end of sequence. (7) Flow pattem after power trip markedly 

different than befOre I pure liquid COvering 'heater; VapOr· re-arrBngeS ·into large irregular bubbles BS mixture 

enthalp;y decreases toward end of·aequence. . ' 
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MOTION PICTURES OF BOILING WATER FLOW PATTERNS- CONT'D. 

REEL I: G = 50 lbs/sec-f't2 

G, Ah8 , q, Heater P, ..1hs, 
Seq. 'Rim. 

se!~f.t2 X . Btu lo6Btu ..s.. Element inlet 
'ftO, Type No. J:Bte. .lb. hr-:r.t2 ~ Temp. psia Btu/lb. 

2-1 2-1 . 217/61 5o:'1" .258 ---- .465 << 1.0. 1000 21'7 sse Steady ----
(1) TUrbulent· wavy 'liquid-film evident on window surface. (2) Occasional small bubble in f'Um on 111Ddov. · 

(3) Sbadow of liquid trim'pronle "on risbt-hand heater ribbon, of' t.hic~ess 0"" :o5 in. (4r wave. S't~cture on film 

em window.( /.:1:0.05 in.). (5) some·"sluging" indicated at pertod of' .10 t0 .15 sec·. (6) Dltenaity of' back-

uglii1ng in "center 1D41cate8 high vapor content in core 0 

1-1 sse · 1-1 2/7/61 50.1 -·:3i,a- . 343· << 1.0 Stea4Y 1000 · 6~M 

(1). Gene_ral appearance sim118.r to that f'or No_. 2-1. . (2) Occasional small bubbles in liq\ud film on window. . (3) Edge 

bf' heater element more clear~'Visible"at'upper lef't conier. (4) '"Sl1188in8" less distin't-.(.lO"to .15 sec. "period). 

(5) Dlcreased intensity of' back-lisbtinS in center indicates more near~ sinSle-phase' va~'or in core· than in No. 2..:1. · 

. <<1.0 ----
(1) ])lcreased·intensity of'·back-1isbtin8 ind.1catin8 hisber Y!IJ!Ol' content in c<>re than in·'ftO. 1-J,. ( 2 ) Occasional 

smal.l bubbles in liquid film on window. (3) "Puis inS" of' fluid. normal to surface at ~~ uf lett-hand heater ribbon 

(120 cps). {4) Very slisbt "sluging". (5) Sbadows of' f'~usinS target and profile of' liquid film. visible on 

rlsbt-hand side. 

2-3 BOC-T 2-5 2/7/61 ·556 .698 1.0 Pulse-Trip 1000 216 

(1) Liquid film on window and its wave structure more sharp~ defined. (2) No "slll881n8''evident. (3) Sbadow-of' 

profile of' Uquid. film on ril!llt-hand side 1 vlth wavy, \DldulatinS surface more o:le:finite. (4) Occasional small bubble 

in film on Vindow. (5) ni.ten~ity of' back-liRhtinS in center increased further, indi.catinS higher· vapor content than 

in previous sequence". (6) ."PulsinS" of' fluid no~ to left-hand heater rl.'bbon.(W.cps), possib~ ass~i.ated with 
' . . . .. . - .; . 

slil!llt warp in lef't hea~r- ribbon (cavity. back of rib ban), .. some evidence or_: ~negul.ar. s~rc!llllers of vapor pulsing .. 

1'roDI edge _of' heater ribbon ini;o liquid film at edge of' ~ow. ':. -1-2 l.-2 . ;».1 --7_~_;_o 

(1) wave st>=ture of' liquid f'1l.m on windclv.is sharp~ defined. (2) Small_bub]);Les in liquid film 1;ravel.1ng up'!'l'rd_ 

at about 5 f't/sec.-.: (3) Profile of'· wavy liquid film on right-hand side is distinct ( S ~ .025 in_.). The wave .. 

structure on the f'Um includes a spectruiD· of short wave-lengths supei'1JDposed em ·U.e lw:ogest va~B- (1~ ";IS ~ 5). 

(4) "PulsinS" ot fluid norma.J. Ul leit-hand.he..l.e•· dbb<><o ( lL'O epo), poouibl,¥-~•g""1s.tP.d with allllbt "!lrp ~ l:'ibbon 

(cav:l.t¥ ~ck of' ribbon). Evidence of' irregular stre&IIU!rs of' vapor puls1n8 from edge of' heater rib:t'o!l into liq1,lid, 

film at P.dge of' window. (5) lobticm of' the liquid film at heater element aurf'aces is ver'j irregular,· tendinS to 

almost stop occasionally. (6) No "sluging." (7) Dltense back-lisbt indicates high vapor conteD't in core. 

-210-



MOTION PICTURES OF BOILING WATER FLOW PATTERNS- CONT'O. 

REEL.II: .G a 100 lbs/sec~tt2 

G, .Aha, c:l>q, Beater P, .6hs, 
seq .. Rim lb. Btu l Btu ....<L Element illlet 

sec-tt2 
X 1'b. hr-tt2 q., Temp. p"sia Btu(lb. No. Type No. n.te 

·---
~ Be .· 38-l 3/3/63. 102 . 91.4. .245 «l.O Ste~ 94o 182 

(l) sub-cooled nucleate boiling at heater surfaces. (2) Growins bubbl.es are not attached to slirlace but are sliding 

al.cm8 near the surface with the streBIII. at abO\rt i.5 ft/sec·. (75~ oi zziean velocity). (3) Blbbles tend to grow in 

irregular clumps spaced about .10 in. aparl and~ from the heater surface about .04· to .o6 in. (4) Bubble 

d1ameters .01 to .05 in. C5) Bubbles. in center are slowlY collapsin8. (6) General~ pulsati~ ~t·l20 cps. 

(7) Bubble population appears to be reduced for about .iO sec. during the middle of the sequsnce 1 due probabl,y to a 
,. 

momentar:y sli.ght increase of 4hs 1 inlet. 

sse 38-2 .492 <<l.O steady 1015 m-
(l) General froth-like· appearance with large bubbles interlaced with continuous liquid containing a range of smaller 

bubbles (.Ol to .15 in.· ctl8111eter). (2} Iarger bubbles tend to be more centrall,y located, but with nearl,y continuous 

liquid predom1nant at middle of channel. (3} Highly agitated frothy structure of fine bubbles in liquid layer 

adjacent to· heater surfaces {layer thickness::>:: .o8 in.}. (4} NO evidence of flow pulsations. (5} Bubbles deeper 

in channel behind the target can be seen clearl,y. 

38-3 sse 38-3 .491 1020 

(l} Agitated .frothy structure of bubbles in liquid ~dJacent to heater surlaces 1s more finel,y divided than in No. 3~2. 
(2} Var:ying back-light intensity indicates some "slugging" (.04 sec. period). (3} Irregular mOtion {downward} of 

slllllli bubble~ out~ ide channel indicates some pressure pulsing .. 

38-4. sse 38-4 3/3/61 99.4 .166 .491 <<l.O. 1005 97.0 

(l} Agitated frothy structure of fine bubbles in liquid against heate~ SurfaCe. (2} "Slugging".i~ quite distinct, as 

evidenced by var:ying illumination from rear (.05 sec. period}. (3} "I»rk" slugs indicative of finel,y divided "froth" 

of vapor and liquid in core; "light" slugs indicative of thick,· relativel,y placidi liquid layer on window (shadows of 

wave structure evident}, containing some small bubbles moving at about 4ft/sec., with p:robabl,y high ~por content in 

core. (4} Irregular motion (downward} of bubbles outside channel 1nd1cates"some pressure pulsin8 {l20 cps}, appar-· 

P.ntl¥ "'ffeoted by "sl1J811". (5) M.>L1uu of tluie1 6CIJacent to heater surfaces changes according to type of "slug" passing. 

3R-l sse 3R-l 2/15/61 99.4 .223 .465 <<l.O Steady lOOO 

(1} "Slugging" less distinct. (2} Left-hand heater ribbon appears to have agitated "froth" against its surface; 

pulsing of fluid suggestive of vapor formation in liquid ag<dnst r1gbt-hand heater ribbon. (3} Liquid film on window 

surface with wave structure. (4} Bubbles in liquid film on v1ndov moving at about 5 ft/sec. (5} Shadow of liquid 

film profile wi.th agitated wavy surface eyident on right-hand heater ribbon (most evident during ''light" slugs). 
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MOTION PICTURES OF BOlLING WATER FLOW PATTERNS- CONT '0. 

REEL II (Continued) 

G, .Aha, q, Heater P, 4hs, 
Seq. !11m X ~ lo6Btu ...L. Element inlet 
No. ~e No. Date lr.;~h2 lb. hr-fi2 . q., Temp. psia Btu/lb. 

4-5-a l'IOC•&- R 4-4 1/24/61 101 -303 .876 ~.80 (Osc!li. ) ):i!stream 1005 i64 
(1) Camera apparent}¥ out of focus. (2) l"luctuatinS back·lisbt intensity 1n41cates distinct "slugging" (.07 sec. 

period). (3) Detinite appear&ACe of wave structure on liquid tUm on wil:ldov duri.Dg "lisbt" sl11811 {s1m1lar to Seq. 

lloe. 2·3 aDd 1·2). (4) Sbadov of.liquid t1lm profile with very agitated wavy surface asainat heater ribbons evident 

4ur1ng ''lif!ll.t" sl11811· (5) !obtion of' liquid tUm at heater surfaces is very irregular, occaaicma.l.l3' appearinS to 

almost stop. 

(1) Little evidence of distinct "slU881n8"· (2) Sha4ov of profile of liquid tUm with as1tated wavy surface against 

rif!ll.t-halld ribbon. (3) structure of waves on liquid tUm against vin4ov1 with finer, more rapidly moving structure 

towards middle of v1n4ov. (4) Evidence of irresul.ar, wavy streamers of vapor moving from edges of heater ribbons 

into liquid film at ec!ge of window. 

~ ssc-o 3R-3 • 857 OscUl • 
- 2 mm 

1000 "'55.'0 
{1) No evidence of' "slU881n8"· (2) Sbadow of protile of h1sb1Y turbulent wavy liquid film evident on both heater 

aurtaces ( 8. ~ .02 in.). Speetl'lllll of small waves superimposed on longest wave lengths (1~ ?VW ~ 5). (3) Fine, 

rapid moving structure of waves on liquid film against window. (4) No evidence o:f det1n1te bubbles visible in 

chamlel. (5) Appearallce similar to Seq. llo. 1-2, but with more liquid evident in corners and :fin~r wave structure on 

vindow. (6) Brtdence of' irregular, wavy streamers o1' vapor moving :from edges of heater ribbOilB into liquid t1lm at 

edses o:f v1n4ov. (7) M:>tiOD o:f liquid t1lm at heater element surfaces very irregular, tending sometimes to almost 

stop. 

sc 
=-
199 2.8 .29!! 1000 

(1) General :!'rOth-like appearallce, similar to No. 38-2, vi tb large bubbles interlaced with cont:t.Duous liquid contain1.n8 

a l'IIIIRe o:f IIIIBll.er bubbles (.01 to .25 in. diame~r). (2) Iarger bubbles tend to be centrally located. (3) Agitated 

.11-t~.ture of tine bubbles in liquid layer adJacent to heater surface {layel' thickness .o6 in.). (4) :rio "sluaging" Or 

"puls1n8" •. (5) Iarge filament-like bubble at~ched to target. 

6ii='i' . --sse-- 6!<-1 3/23/Gl ~ -:iJi7 .612 1000 --- ---
(1) ~ uti'I>Ot\~ A~Am tu lie ~divided, 1nd1etin<:'t. And rapicl..IIIQying near middle of' vindov, suggestive o:f short, 

hif!ll. frequency waves on liquid t1lm agaillBt willdov. (2) Slover moving, turbulent, wavy streamers o:f vapor in liquid 

tUm at edges o:f heater ribbODS. (3) Very slisbt evidence o:f "slugging". (4) Smooth motion ot bubble" outside 

chiiDilel (upward) 1nd1cates no pressure puls1n8. 

l'IOC·T 6a-6 3/24/61 ~ .252 -903 1.0 OscUl. + 1000 27.0 
--- --- . --- l'!W!e-t1'1p 

(1) Appearance similar to No. 6R-l except streamers Of vapor t1ow1Jlg in liquid t1lm at edge o:f lett-hand heater ribbon 

more agitated. (2) No "slugging". (3) SDooth motion of' bubbles outside channel. 
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MOTION PICTURES OF BOlLING WATER FLOW PATTERNS- CONT' D. 

REEL III (Continued) 

G, Ab8 , q, Heater P, Ab
8

, 

Seq. Rim lb. X Btu lei> Btu ....9... Element inlet 
No. Type No. Date ~ !'b." br-f't2 

q., Temp. paia Btu/lb. 

"""1-i=b sse 7-1 2/6/61 ~ --:1"0"4 ---
·196 <<1.0 9().0 ~ 995 

(1) Asitated, wavy streamers of vapor fioving in liquid fUm at edge of lett-band beater ribbon. (2) Sba4Dv of pro-

file of turbulent wavy liquid film fi8Rinst right-band beater ribbon evident. (3) ll!.ve atnu:ture an liquid fUm em 

glass more distinct. (4) High trequenc;r pula1.ng of fiuid asainat upper edge of lett-band beater ribbon. (5) No 

"alussing". (6) Snooth motiCI;ll of bubbles outoide channel. 

7-2 SSC-0 7-2 2;6/61 ~ .151 .911 .91 ~~ 1000 

(1) .Appearance similar to No. 7-l-b 1 except both the liquid film and W.por streamers at edge of lett-band beater 

ribbon and the wavy profile of the liquid fUm asainat the right-band beater ribbon appear more agl.tated. (2) No 

"alugg1.ng." (3) Snooth motion of bubbles outside channel. 

7-5 BOC-S 7-5 2/6/61 m- ~ ·957 1.0 osc:m. 
- 4 lllll 

1000 

(1) Higbl:r agitated pula1.ng streamers of vapor appear to be moving tram edge of beate;r ribbons into liquid fUm. 

92·0 

94.0 

High frequency pula1.ng of fiuid nonzal to surface at top of left-band ribbon. (2) Sbadov of profUe of bigbl:r 

agl.tated wavy liquid film apinat right-band beater ribbon ( S ~ .03 in.). M>tian of liquid fUm is very irregular, 

occas1~ appear1.ng to almost atop. Spectrum of auperlJiq>oaed wave lenstbs (1 q:: '}1./8 <t 3). (3) No "aluss1ns"· 

(4) Snooth motion of bubbles outside channel (upward) indicates no pressure pu1s1ns; (5) Finel;r di~ded1 rapid 

moving liquid film atnu:ture an vindov. 

---s:1 sse ~ 2/6/61 ~ --:oBi! .989 <<1.0 steady 1035 158.0 

(1) .Appearance similar to No. 7-5· (2) Stnu:ture of liquid film an vindov rather indistinct. (3) Sba4Dv of profUe 

of agitated wavy liquid fUm apinat right-band beater ribbon evident. (4) Asitated liquid fUm and vapor streamers 

fioving at edge of lett-band beater ribbon. (5) No "aluss1ns"· (6) Occasional sllJzwae~J of foeus1.ng target on 

right-band aide. 

8-3 SSC-0 8-3 2/6/61 199 .105 l.o8o <::>1.0 Pills ins 
- llllll 

106o 166.0 

(1) .Appearance similar to No. 8-1, except .abadov of profile of liquid fUm fi8Rinst right-band beater ribbop. and 

VHpor streomere in llqW.ol !1.l.lll at edges of ribbons appear to be more bigbl:r agl.tated and more irregular in mot1cm. 

(2) Rather indistinct, rapid moving :j.iquid fUm stnu:ture on vindov. (3) No "aluss1ns"· 
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MOTION PICTU.RES OF. BOI Ll NG WATER FLOW PATTERNS - CONT ~D. 

REEL IV:· G • 400 lbs/sec-rt2 

G, Lllis, 
log' Btu Heater P, .dhs, 

. . Seq. Run lb . Btu ...9..... Element irilet X 
No. TYPe No. Date sec-rt2 Ib. hr-ft2 

~ Temp. ·psia Btu/lb. ---
3/24/61 398 61.3 . 95-l . sc. ·9&-l .245. <<l.O Steady 995 87.0 

(l) start of sub-cooled nUc:leate boiling. (2) Evidence 'or ''hot pe;iiches" or preferred nueleation sites slightlY 

below target on left-hand heater ribbon. (3) Bubbles grow' from ·''hot patches'' as fiat, irregular domes about .05 ill.· 

wide, ·changing as· they groW to irregular streamers of vapor up to .15 in. long before disattaChing or breaking into 

smaller bubbles. (4) Large irregular bubbles up to .15 in.x .30 in. slide along right-haild heater ribbon at about 

4 rt-'sec . .(5q',t of mean .channel velOCity). (:i) llo ovl.cwn~~ nf' flow 11ulsing. (6) Collapse rate of bubbles in 

98-2 sc 98-2 3/24/61 398 .493 <<l.O Steady . 995 

(l) Very smooth flow of discrete bubbles, ranging from .Ol to .10 in. diameter, interlaced by almost pure liquid 

near.middle.of channel. (2) Agitated, frothy structure of tiny bubbles and liquid in a layer about .13 in. thick 

against both heater suri'aces. (3 j No flow pulsing ~f "slugging". (4) Vel'?"1ty or fluid in channel ~~nt.er is 

markedly faster than velocity .in frothy layer against wal.l;· (5) Bubble collapse rate in free. s,tream from wall to 

near channe:j. c~ter is too ,slow to detect, indicati~ incompl~te mixing of colder .and hotter parts of fluid. 

9R-l sse 9R-l 3/24;61 398 .096 .857 -98 Pulsing 
- l mm 1005 

(l) Evidence of turbulent, wavy streamers of vnpor with hi~ agitated wave structur~ flowing in liquid film at 

ed!!es of both hester ribbons . (2) structure of Uq11l.d film on window is more fineiy divided, becoming rather 

2"{.0 

indistinct· vi th inc~asin8J.:r high flow v~loci ty towa.:a. midclle of window. (3) No "slugging". . (4) SlllOOth fiow of· 

bubbles outside Channel indicates negligible pressure pulsing. 

9R-2 BOC-S 9R-2 .884 
-. ~-.. -. ·--. --

Oo) BililP.I!.I'IID~'i' s~Uar to No. 9H-l, but with VllpOr st...,li\lllers 1n J.lquid tlLii 6tl edsoa o{h .. At.P.r ribb~ beine mure 

agitated. '(2) No "slugging." (3} Slight irreglil.arity of motion ut bubblco OIII:BJ.de o:tu.uu.:-1 !.ft•U~cl'l:"• omalJ: 

pressure pulsing at about 120 cps. 

9A-l ·BOC-T 9A-2 . 3/25/Gl ~ ~ -~ --.-. -987 

(1) H1Slu:r agitated, wavy ~treamers ·of ~por howing in liquid film at· edses of both heater ~ibbons; (2) Shadow of 

!lTOt1l<i! of turbulent, wavy liquid film vaguely evident against both heater surfaces, .in contrast with more rapidly 

moving, finely divided flow structure across lltijority of winnow fRee (b . .., .04 11 .. 1 il.~ 2~ ) 

agitation of flow structure at heater ribbon appears to increase during about .10 sec. period before power trip. 

P.LOW et.,....,L,;u··e al.ODE! ribbQn Rurface very irregular, sometimes almost stopping, just before power trip. (4) No 

"slugging." (5) Small pressure pulsing at l20 cps indicated by irregular motion or 'Dibble~ uutside Ollii:llnel. 

(6) Power trip with brief flow reversal .22 sec. before end or sequence. (7) Fl.ov pattern after power trip markedly 

different than before; pure liquid covering heater; vapor re-arranges into large ll·regular bubbles aA mixture 

ent.hnl.FJ cl.e~rea.RP.R toward end of sequence. 

-:-214-



MOTION PICTURES OF 801 LING WATER FLOW PATTERNS 

REEL r1 (Continued). 

G, ~he, q, Heater P, 4hs, 
Seq. ·am lb. Btu 1o6 Btu ...«L. Element inlet 
No; ~e No. Date sec-tt2 

X lb. hr-ft2 ~ Temp· psi a .Btu/lb. 
---

3/25/61 
--·- ----- rerm.+ ---

- 9B-2 BOC-T .9»-.2 398 .037 1.141 1.0 se-trip 1005 95.0 --- ---
(1) APPearance veey .siiiiUar to No. 9A-l, wi~·hi~ e.g1ta'ted liquid film and vapor streamers mortng irre~rl.y 

at edges of both heater ribbODB 1 and :finel.y"divicied, rapidly moving.liqUid film structure on windoW. (2) No 

"slugi!lg". (3) !obre prcmOUDced pressure ~aiDs '(120 cpa)' indicated by irregular motion of .bubllles outsii!Ai 

chanD81. (4) Power trip with brief tlov.revereal .02 sec·. before end of sequence.· (5) Re-anans~t of ·n~ 

pattem after power 'trip s1m1lar to lio. 9A-l; 
.::.· 

RB!L _V: · G_ = lVO and 200 l.bs/sec-tt_2 

lls-1. sc lls-1 99.4 112.3 .489 <<1.0. Steady 985 212 

(1) SUb-cooled nucleate boiliDs.·: (2) Bubbles appear to grow .in large_ c~umps slidi.Ds along. '(;he heater surface at 

about l. 1 rt/sec. (85~ of .channel velocity), spaced·.about .10 .to .15 in •. apart and extending about .. 15 in,. from -the 

wall, with a frothy structure of t1n;y bubbles between clumps .. (3) Almost all bubbles -are in heated half .of channel 

with sizes from .01 to .07 in. diameter. (4) _Flow is pulsi.Ds slightly (120 cps). (5) Sbadow of profile of wav;y . . 

thenDal boundary layer evident along unheaied _rigbt-hand_ wall. (abo~t .. 04 to .05 in. thick). 

lls-2 sc 72.4 .612 « 1.\l Stead;y '• 1000 200 

(1) Appearance is similar to No. :q~1, ex~ept: bubbles tend to be more Wliform, more numerous and _smaller; more 

bubbles in rre-; stream; bubbles at heater surfa~e less di~~inct. (2) Arrangement at heater surface appears to be 

an irregular la;yer (e,bout .05 to .10 in. thick) of frothy mixture of tin;y )>ubbles and liquid slidi.Ds along the 
. . . . ' . . . . . . . . . ...... · . . . 

aurface at about 2 rt/sec. with occasional distinct J,arger bubbl~s forming from the ;La;yer (.03 to .07 in. diameter). - ...... ...·· 
(3) Flow is pulsi.Ds markedly, occasiODBll;y s~Pi.Ds and momentarily re~ersi.Ds (120 cps). ( 4) ~e:nnal boundary 

la;yer evident along unheated wall, similar to No. lls-1 but more irreguia.r and not as well defined (varies up to 

about .04 in. thick). 

125-1 sc 125-1 3/30/61 199 170.0 .489 <<1.0 Steady 1000 221 

(1) Beginni.Ds of sub-cooled nucleate boiling. (2) Bubbles tend to grow at heater element surface 1n small irregular 

clumps, spaced about .05 in. apart and extendi.Ds about .03 in. from the wall (seen mainly ·as shadows in profile). 

(3) ~ese clumps together with occasional small discrete bubbles slide along the surface at about 2 ft;'sec. (5~ of 

channel velocity). (4) :subbies shrink rapidly as they approach top of heater element. (5) No evidence of flow 

pulsations. (6) Sbadow of profile of irregular wav;y thermal boWldary la;yer moving along unheated rigbt-hand wall 

(about .03 in. thick). 

-215-



MOTION PICTURES OF BOILING WATER FLOW PATTERNS- CONT 'D. 

REEL v (continued) 

G, .tolls, q, Heater P, 4hs' 
Seq. Rim lb. X· Btu lo6 Btu _q_ Element inlet 
No. .'l'YPe No. Date ~ lb. br-tt2 Ole Temp. psi a. BtU/lb • 

l2s:2 sc 128-2 3/30.61 199 151.2 • 612 «1.0 Steady 1000 m-
{1) SUb-cooled nucleate boiling. (2) Irregular clumps of bubbles growing at beater element surface, similar to, 

but longer and more distinct than in No. 12s-1. (3) Clumps are spaced about .10 in. apart and extend. about .10 in. 

from~· (4) Dl betveen the clumps is a frothy mixture of tiny bubbles and liquid in an irregular layer about 

.05 in. thick. (5) 'lhe whole DBSS of bubbles and c.Lumps iil.1CieB U<mg the heater BW'la'"' at about 3 f'bteec• (75'/. 

of channel velocity). (6) Almost all bubbles are in heated half of channel. (7) Slight nov pulsation (120 cps). 

(8) 'lhermal boundary layer evident along unheated wall, similar to No. 12s-l {about .03 to .o4 in. thick). 

12-2 ssc-o i2-2 4i6/61 199 .U3 .844 .... 8o PIUSing 
- 1 mm 1013 

(1) Image hazy due to fouled vindov surface. (2) Evidence of greater proportion of liquid in unheated side of 

channel. (3) Hazy profile of shadow of agitated wavy liquid film on beater element at lett ( 8 <::: .03 in.); streamers 

of Vllpor moving in liquid film at edge ·or beater rtbbon; relatively thick, mo1oe 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-band side indicates pure liquid in contact vith un,beated surface. (5) No evidence of nov 

pulsations or "slugging". (6) Dark curved line at right is edge of vindov gasket, out of position. 

188-1 sse .234 <<1.0 1005 152 

(1) only sequence with .25 in. ::pacing beater element. {2) Appearance is very similar to No. 3B-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 ~f liquid on vincl.ow (wave structure evident), Vitli ll.lSII w.por content .l.u co1-e. (4) Fl.Uely divided; o.Sito.1>e4 

1'>-oth of tiny bubbles and vapor at beater element surfaces. (5) Occasional small bublil.eii (.U3 1ft. Cll.tometer) 

carried along in "light" liquid slugs at about 5 ft/sec. (6) :Elige of left-band beater ribbon ·Clearly visible. 

'!hick edges of heater eleme.nt insulation visible back of beater ribbons. 

-2l6-



APPENDIX E 

EXPERIMENTAL CRITICAL HEAT- FLUX DATA USED -
FOR COMPARISON WITH THEORETICAL ANALYSIS 

The following table summarizes the 822. measured critical heat flux 

data points used for comparison with the results calculated by eq\JS.tion 

(52). 112 This experimental data and the corresponding ana.J.ytical pre-

dictions are discussed in Section VIII and are plotted in Figures VIII-2 

through VIII-13. Dlcluded in. the- table are the values used for the 

constants C', C" and m in equation (52) and the deviations of the _ 

calculated critical heat fluxes from the corresponding measured values. 

Values of the fluid properties used for the calculations are 

listed below. Yn:lerever a set of data was taken at saturation pressures 

slightly different than those listed, the correspondin,g fluid_ properties 

were obtained directly from the original source references. Symbols 

and dimensional units are defined in the Nomenclature. · 

Psft' Tsat' cr; Et .. 
eL;e~ Bt!z!b. )ALl . 

;es a OF lbLsec2 x 102 ibLft3 lbLsec-:f't x 105 

600 486.2 5·855 49-75 38.30 731.6 7-013 
800 518.2 4.906 47.84 27-21 688.9 6.498 

1000 544.6 4.u8 46.29 20.63 649.4 6.ll2 
1200 567.2 3·539 44.84 16.23 6ll.7 5-919 
1400 587.1 2.976 43.29 13.04 574-7 5-823 
2000 635.8 1.60~ 38.91 (.307 463.4 5·726 
2500 668.1 ·1017 34.84 4.554 360.5 5.694 

Values of el, es' hfg' Tsat' and }'-L were taken from Keenan and 

Keyes (ref. (55)). Values of a- , the surface tension of liquid water 

1 M:>st. of the calculations for this part of the 't·rork were done by 
Mr. c. \·l. Hc'Witt, Elngineerlng .Assistant. 

2 The data of Janssen and Kervinen (ref. (15)) ifere obtained under the 
u.s. Atomic Energy Commission Fuel Cycle Development Program at General 
Electric Company, Atomic Power Equipment Department (Contract No. 
AT(04-3)-18),P.A. ll). The data is used here, previous to issue of ref-:-
erence (15), through the courtesy of Dr. E. Janssen. . 
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against its vapor~ were taken 'from a graph in reference (56) of: 
. I • ' • • . . . 

the surf'ace tensiOn. eqUation of :Penn' and Chang. (ref .. •'•(57) h and the 

data of Vol.yak (ref. (58)) (measurements from ·248°F to 662°F); 

·. .. The two-phase friction multiplier ·f 'i'PF ·was determined frOnt the 

correlation of r.BrtineUi· and· -Nelson (ref~· . ( 38)) 1 · plotted in · 

Figure VII-6. Values of the Fanning. friction.· factor fF ·for the satur~ ·. 

a ted liquid were ca1culated ·from tlie modified Bla.sius equation ·g1 ven by 

:t.t:Adams·· (ref~ .(41)): 

. fF =. ~o46/Reo. 2 
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Source 

Tippets 

C' = LO 

C" = -53 

m = -75 

Janssen and Kervinen 
(Ref. 15) 

C' = 6.5, A-H 
• 1.0, I 

C" = -53, A-E, G-I· . -30, F 

m = -75 

'lestinghouse 
(Ref. 1) 

C' = 1.0 

C" : -53, A 

-53(b/b0 l'9, 
B-F 

m = ·75 

SUMMARY OF EXPERIMENTAL CRITICAL HEAT FLUX DATA 
USED FOR COMPARISON WITH THEORETICAL ANALYSIS 

De' P, G, 5 
X., lbs. b/b0 Group Geometryl in. psis sec-rt2 No. 

A Rect·.~ 37" -long .814 1000 -033- 50- 2.43 28 
.so"x 2.1"-2 .6s 400 

B Rect?, 37" long .814 1000 .20- 100" 2.43 17 
.50"x 2.1"-2 -59 200 

c Rect~, 37" long .814 1000 .14 200. 2.43 2 
.so"x 2.1"-1 

D Rect?, 37" long .455 1000 -33- 100- 1.36 9 
.25"x 2.1"-2 .61 200 

E Rect~, 37': long .455 1000 -13- 100- 1.36 24 
.2S"x 2.1"-2 -75 400 

(sub-cooled at inlet) (.as within t.. 30%)6 . (8o) 

A Ann., 101:1" long ·335 1000 -072- 157- 1.00 42 
.s4o"x .875" .449 468 

B Ann., 70" long -335 1000 .oas- 157- 1.00 23 
.s4o"x .875" -344 468 

c Ann., lo8" long .soo 1000 .037- 150- 1.49 36 
·315" X .875" .29 311 

D Ann. , 70" long .soo 6oo- .00- 150- 1.49 45 
-375"x .875" 1400 .25 469 

E Ann.' 70" long .875 1000 -007- 4o- 2.83 16 
-375"x 1.25" -35 157 

F Ann., 70" long .18o 1000 .oos- 471- -536 9 
. 375"x • 555" -13 625 

G Ann., 70" long -335 1000 .00- 158- 1.00 35 
-375"x -710" ·31 626 

H Ann., 29" long .495 1000 .042- 5'1- . 1.48 11 
:5oo"x -995" .26 170 

I Ann-1 70" long -500 1000 .o4o- 14o- 1.49 18 
. 375"x .875", rougb4 .. 16 466 

(sub-cooled at inlet) (.92 \lithin t.. 30'{.)6 (235) 

A Circ., .186"x 12" .186 2000 .044- 58- 1.11 21 
long .67 978 

B Rect., 6" long .183 2000 .028- 27- -547 28 
.lOl"x l"-2 -74 213 

c Rect., 12.1" long -177 2000 .009- 35- -524 70 
-097"x l"-2 .. ·75 811 

D Rect., 12.1" long -095 2000 .017- 6o- .?.96 47 
.050"x l"-2 -73 sao 

E Rect., 21" long .177 2000 .015- 83- -524 42 
·097"x 1"-£ .'{3 10915 

F Rect., 21" long .lll 2000 ·21- 89- -333 27 
.059":~~ 1"-2 -74 2911 

(sub-cooled at inlet) ( .68 14thin t.. 30'f.'? (235) 
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[.'lc(calc.)J _L_ 
Qc (exp.) ave. re 

-959 45 

-787 !15 

1.028 45 

1.368 8J. 

1.006 81 

1.041 322 

1.019 209 

.968 216 

1.023 14o 

1.004 8o 

1.3o6 389 

l.o88' 209 

1.oso 59 

-956 14o 

L213 65 

1.066 33 

1.046 68 

.834 127 

-958 l53 

1.077 243 



SUMMARY OF E~PER'IMENTAL CRITICAL HEAT FLUX DATA 
USED FOR COMPARISON WITH THEORETICAL ANALYSIS- CONT'D .. 

De! P, G, 

b/b~ ~~(calc.~ 
aeometrr 

lbs. 
So\ll'Ce in. psi a Xc SiC--~ No .. ~(exp.) :we 

Harwell (Ret. 8) Ann., 29" long -171 1000 .073- 153- -510 (136) .964 
·375"x .546". .64 909 

.C' " 6.5, C" • .29, 
(.55 within t. 30'l>f> m • -75. (Two-phase at inlet) 

C.I.S.E. (Refs.l2, 13) Cin:ular, ·205 585- .as- 222- l-22· (112) 1-975 
.205''x 15.8" long 1195 -74 459 

C' •. l:.O, c" = .53, 
( . 44 vi thin t. 301>.,. m = -75 (Two-phase nt inlet) 

.Aladyev,et.al. (Ref. ll) Circular, ·315 U8o- .00- 154- 1.00 (24) -978 
• 315" X 6. )''lq 2500 .61 451 

C' • 1.0, C" • .74, 
(Two-phase at·inlet) (.92 within f. 30'f>P m = -75 --

(!l~ Total} 

1 'lhe numbers -1 and -2 for rectangular geometries desiflll8te the number of heated sides. For all of the annul.3r 
geometries listed, the inner wall only was heated. 

2 Heater ribbon .006 in. thick. 

3 Heater ribbon .010 in. thick. 

4 Outer wall l'OU8bened vi th transverse circular rids~s 1 • o8o in. square cross-section, spaced on 1. 00 in. centa-s . 

5 1;
0 

• ,o84 :ln. 

6 i'r\>,c~on of data points for. llbicb theoretical prediction or ~ dOes not ditrer fran measUl'Sd ~ues· by more 
than 3~· . 
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APPENDIX F 

ANALYSIS OF THE LIQUID FILM INTERFACE VELOCITY 

The purpose of this a.nal.ysis is to derive from the results obtained 

in Section VII an expression for the velocity of the liquid at the inter­

face. 'lhis expression (equation (F-3)) is intended for application 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 s1ngle-
. . 

phase flow can be derived from Prandtl' s mixing length theory b;y inte­

grating equation (29) in Section VII, w1 th the idealizations: 7'=?; , 

constant and ,.{= k!j • The result, with ccmstants evaluated from 
. . . " 1 -

Nikuradse's velocity data,is 

~> = · z.s;, (!i""*lv) + s.s (F-1) 

For vertical upward two-phase ·flow w:l. th a· +iquid film at the wall of 

~iclmess 8 ' a simple analysis of the forces on fluid elements g1 ves 

for the shear stress distribution in the liquid film, for thin 

rectangular and annular ducts of. half-width b and circular tubes of 

?;(.YJ ··!JIG 
radius b , = 1- -----:--":""':""""----

· .. 7C" . i+ ~"s + d()/r:l~ r; ...:,_') 
!J e~. + dp/J~ \ 

1 . . 
See Schlicting (ref. (25) 1 . chs. 19 and 20; also. ref. (33)). 

Equation. (F-1) gives excellent agreement with measured dS.ta for the 
region !J!IIif/lJ > 30 where. turbtilen:t effects are domfuant. Close to the 
wau. where. viscous effects predominate, !J~Iv<.s', excellent agreement 
with data is obta1ned with the linear relatio~ Ut'J)h'N- = ~N .. Equal 
vaiuel:} are given by.,both. relations, in fair agreement with the data, at 
-!J~/v ·a 1/.IJ ·. ·• · However, in the so-called ''buffer zone, ''s< ~'W'v<.10 

where both visco'Us and turbulent effects are prominent better pre­
diction is obtained w1 th different values for the constants (ref. '(25)). 
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In order to simplify tl:le analysis, the conditions of the two-

phase flow are assumed to be. such that the. forces of grayity are 

negligible compared to the pressure gradient dp /d~ . With this 

assumption the shear stress distribution reduces to 

'i;{!J) !1 z_= 1-"h 
which 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. D:l the absence of these 

and b~cause of the similarity of the shear stress distribution in the 

liquid fil.m (fo·r two-phase flows with negligible effects of gravity 

forces compared. to the pressure gradient) to that for single-phase. flow, 

it is assumed that equation (F-l) correctly gives the velocity distri­

bution in the liquid film. 
2 

· Thus, evaluating (F-l) at the interface Y-= !1 for {)~... (1,"') gives 

IJ,_(s) = 2 .s/~ ( s~~-1-vL) + .£s 
. ~"' 

were ~L == v '7c 1 p,_ 

(F-2) . 

F'jtla.ll.y', substH;ul,!u.u :liito equ~:bion (F-2) from equation (4::?) in 

Section VII for the film thickness S and. :t:rom equatiun (41) rue the 

liq~d friction vel~i ty ~L · . gives, in terms of non-dimensional 
I-----·-·- .... ______ ......., __ 

2 Several investigators have employed variations of this approach to 
derive formulations for _predicting· the relationships between ·the shear 
stre~s (pressw-e gradien~), liquid film thickness _and. f:Um .n~w rate, 
usirig generalized, velocity distributions similar to, or the same. as . 
equations (F-l) and (F-2) to. calculate the liquid f:llm flow rate: The 
measUre<l da~ (usUa.l.l.y wi ~ air-water. systel!lB) are. in. reasonably good 
agreement with the theoretical predictions, especiaJ.ly . if ·auoWa.nce ·· is 

~ made for the' ~certainty of the measurements due to liquid Emtra:iiunent 
·· in the flowing gas stre~ and th~ diffic'Ul,ties of measurihg the · 

liquid fUm thicknesses (refs. (28), (29); (30), (31), (32))~. · · . . ~ . 
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p 

ratios 1 tor the liquid t11m interface velocity UL (G): 

(F-3) 

where the constants K3 and K4 are given by equations (36a) and (40a) 

in Section VII as 

and 
'': 

' • I •• • 

-:.· 

., 
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