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ABSTRACT

The result of many postulated nuclear reactor National Engineering Laboratory Power Burst
accidents is a power-coolant imbalance where the Facility.
heat generation rate of the nuclear core exceeds
the heat removal capacity of the coolant. As part This report summarizes a study of the thermal-
of the U.S. Nuclear Regulatory Commission's hydraulic phenomena associated with high-i

Program to study the behavior of fuel rods during pressure PCM testing within the Power Burst
. such off. normal operation, EG&G Idaho, Inc., Facility. The primary emphasis is on departure
! has conducted an extensive series of power- from nucleate boiling and subsequent quench /- -

cooling-mismatch (PCM) tests within the Idaho rewet behavior.
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SUMMARY*

,

An extensive Power-Cooling-Mismatch (PCM) Experimental data from the PBF/PCM Test
; Test Series was recently completed as part of the Series are used to develop an empirical critical

U.S. Nuclear Regulatory Commission's Thermal . heat flux (CHT ) cwrelation. Comparison with
Fuels Behavior Program. The in-pile tests were . well-known reactor vendor CHF correlations indi-

| conducted by EG&G Idaho, Inc., in the U.S. cates that, in general,' the Combustion Engineer.,

'

Department of Energy's Idaho National Engineer- . ing (CE-1) and LOFT correlations best model the -
ing Laboratory Power Burst Facility (PBF). observed onset of film boiling behavior.

| The test series consisted of 16 individual experi-
Film boiling destabilization phenomena, which -

ments which incorport.ted pressurized watr,r reac--

include quenching and rewetting, are also
I tor (PWR) type nuclear fuel rods and active fuel

assessed. It is shown that quenching and rewetting
lengths of 0.879 to 0.914 m. Coolant pressures up are distinctly different processes involving dif-

i to 15.6 MPa were used. Three basic test configur-
ferent modes of heat transfer. Empirical and

) ations were utilized: (a) single-rod tests, where a
fuel rod was contained within its own coolant flow

analytical correlations are presented which allow
2 the cladding surface temperature at the onset of
) shroud, (b) four-rod tests, where each fuel rod - ;-

2 was contained within its own c.oolant flow shroud,' 418enching and rewetting to be estimated from first
'

,

hydraulically coupled in parallel, and (c) nine rod principles.

open bundle tests. PCM conditions were initiatedj .

1 by starving coolant flow, increasing test rod A comparison of the thermal-hydraulic condi.
power, or both. All tests resulted in film boiling ;9 ,7 g;g; g, g

_

conditions for brief or sustained periods. conditions at the onset of film boiling destabiliza-
d n. estilts yeate at the therma @adeThis report presents a study of thermal- conditions are indistiguishable and that return to -

,

:- hydraulic phenomena associated with the PBF nucleate boiling proceeds via the same path as
1 Power-Cooling-Mismatch Test Series. Primary boiling transition, with no signs of hysteresis.

emphasis is placed on local and system conditions
which influence the onset of film boiling and

? subsequent filir boiling destabilization behasfor. ' A wide variety of temperature terminologies are
! General considerations of ' power-cooling- used within this report, and as a result may be con- |

mismatch testing, including two-phase flow pet- fusing to the casual reader. Therefore, a listing of

| terns, t'ypical PCM boilinpycles, and an overvier temperature terminologies and numerical values
- of worldwide PCM testing, ire also discus ed. common to the nuclear industry is given.

!

'
..

=-

-

'

'

. . . .

: III

k- '

- - , - . . - _ _ . . - - . - - - _ - . . - - . . - -



.. -. ... . . , . . . - . - . . . . .- - . - _ .-

.

.

'
.

i

>

!
.

.

.
f

:

i

,

&

ACKNOWLEDGMENTS>

The authors thank Mr. D. T. Sparks and Mr. D. H. Schwieder for his help in correlating
Dr. R. A. Nelson, Jr. . for their helpful discus- the experimental data,'

sions and input to portions of this study, and
!

)

I
|I

i
-

:

I
1

L

h

+

t

1

i

;
i

I

,

.

e

i e

t

I

.|,

'
.

;

,

. iv-;

!

!
'

- ,, , , . < , , , - - - - - . ,,. - - - - - - , , - , - -



_

CONTENTS

ABSTRACT................................................................... ii
.

SUMMARY iii................... .... ........ ....... ... ........ ... . ............

ACKNOWLEDGMENTS iv. ...................... . .. .. .. ....... ..... .............

N O M E N C LATU R E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

1. INTRODUCTION I.......... . ... .. ...... ..... ... . ... . .. .........

2. GENERAL CONSIDERATIONS 3..... .... ........ .. . .. ... ..... . .. .....

2.1 Two-Phase Flow During Power-Cooling. Mismatch Testing . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 Typical Power-Cooling-Mismatch Boiling Cycle 3. ... .... . ... ...... ..... .

2.3 Overview of Worldwide Power-Cooling-Mismatch Experiments 6.... . ..........

2.3.1 Winfrith Steam Generating Heavy W. iter Reactor . 6.. ... . ......... .

2.3.2 Chalk River NRU Test Reactor 6... ...... . ... ... .. . .. .... .

2.3.3 General Electric Test Reactor 6. .. . . ... ... . . ... . .

2.3.4 Halden Heavy Boiling Water Rea< tor 6.......... . ..... .... . . .... .

.

2.4 Description of Power Burst Facility Pow r-Cooling. Mismatch Testing 8.... .... ..

3. CRITICAL HEAT FLUX . . . . . . . . . . . . . . . . . . . . . 13. ... ....... . ... .. ..

3.1 Estimating the Critical Heat Flux 13...., . .. . . ..... .... . .. .......

3.2 Critical Heat Flux and the Power Burst Facility Power. Cooling. Mismatch Test Series . . . 13

3.3 Critical Heat Flux Correlations and Power Burst Facility
Power-Cooling-Mismatch Testing 13... ....... .. .. . ... .. .. ... .... ..

3.4 Correlating the Thermal. Hydraulic Co.:ditions at the Onset of Film Boiling 18. ......

3.5 Parametric Trends in the Critical Heat Flux 18.. .. .... ..... . .. . .... .....

3.5.1 Pressure Effect 18.................... . ......... ... .. . .. . .. . .

3.5.2 Quality and Length Effects 18. .. .. ... ................ . ........

3.5.3 Cold-Wall Effect 21........ ... . .. .... .. ..... ...... ....

4 QUENCHING AND REWETilNG ... 24.... .... ...... ... ...... .... ......

4.1 Overview of Quenching Processes 24.. . ... .... . ............. ........ .

.

4.2 Quench and Rewet Temperatures . 25..... .. . .. ....... . .. .. .......

4.3 Influence of External Cladding Thermocouples on Quenching . . . . . . . . . . . . . . . 28. ..

4.4 Predicting the Quench Temperature . . . . . 28..... .. ....... . ........ . .. ....

4.5 Predicting the Rewet Temperature 32...... .... ....... ... ............... ......

v



-- .- . .. - - - . - -- -

5. COMPARISON OF DEPARTURE FROM NUCLEATE BOILING ANDi

'

QU E NC H P H ENOM EN A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.1 General Considerations of Quenching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
,

j 5.2 Si m ila ri t ies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.3 Differences 36
*

.................................................................

!

5.4 Anomalous Departure from Nucleate Boiling and Quench Behavior . . . . . . . . . . . . . . . . . . 37
,

5.4.1 Anonalous Departure from Nucleate Boiling Behavior and Test PCM.5 . . . . . . . 37
5.4.2 Anomalous Quench Behavior and Test PCM-2 37............................

5.4.3 Closing Remarks 39... ............... ............. ..................

l 6. CONCLUSIONS AND FINAL REMARKS 40.................. .......................

,

7. R E FE R E N C ES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

APPENDIX A-TEMPERATURE TERMINOLOGIES COMMON TO THE
NUCLEAR INDUSTRY 45.......................................................... ..

APPENDIX B-CRITICAL HEAT FLUX CORRELATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59;

APPENDIX C-DATA BASE: CRITICAL HEAT FLUX
~

A N D Q U E NC H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69......... ....... ... ....... .
.

t

j APPENDIX D-METHODOLOGY AND CALCULATIONS USED
I N T H I S STU D Y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

*

'

. FIGURES
:

1. Forced convective flow regimes for vertical fuel rod within coolant flow shroud ;

(with cosine power profile) 4.. ............. ...................... . ......... . .

2. Power-cooling-mismatch boiling cycle on a forced convective boiling surface
(constant coolant mass flux) 5.......................................... .... .......

3. PCM boiling cycle and corresponding wall temperature history . . . . . . . . . . . . . . . . . . . . . . . . 7

. 4. Single-rod test geometry and representation of typical power profile 9......................

i

1 5. Schematic illustration of 3 x 3 nine-rod PCM. Test assembly . . . . . . . . . . . . . . . . . . . . . . . . . . 10

6. External cladding thermocouple geometries used in Power Burst Facility,

i PCM and IE Testing 12..............................................................

i
.

7. Comparison of experimental versus predicted critical heat flux 15..........................
,

8. Comparison of critical heat flux correlations.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 >

,

; . Comparison of critical heat flux correlations.Il . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179.

I- 10. Comparison o! critical heat flux correlations-Ill .. ............................... . . . . . 19
,

d
_

Vi
*

b

- + , , , , ..r, a -,e--- , -y



- . . .. - ~

l1. Measured and predicted linear peak rod power at the onset of film boiling 20.................

12. Effect of pressure on the critical heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

~

13. L/D elfects on the critical heat flux 22................ ...... ...... ...................

14. Possible influence of cold wall on the critical heat flux 23.... ,.... ... ...... ....... ....

.

15. Quenching processes 24........................ ....... . . .... ..... ..............

16. Centact angle and definition of wetting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

17. Cladding temperature history illustrating quench and rewet temperatures 27. ...... .... ..

18. Influence of external cladding thermocouples on quenching process . . . . . . . . . . . . . . . . . . . . . . . 29

19. Correlation of quench temperatures 31 ................. . . .... ...... ....... .. ...

20. Comparison of the conditionr, at the onset of film boiling and quenching . . . . . . 34.........

21. Classical boiling curve illustrating film boiling and quenching paths . . . . . . . . . . . . 35. .....

22. Conceptualillustration of thermal-hydraulic rod-to. rod interaction 38...... ... ....... ...

.
23. Anomalous rewet behavior during Test PCM.2 39. ....................... ......... ...

A.I. Saturation and limiting superheat temperatures for pure water at various pressures 50.........

i

*
A-2. Isotherms of a pure substance on a Pressure Volume diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

TABLES

1. Nominal Design Characteristics of PBF/PCM-IE Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1I

2. Range of Experimental Quench Parameters . . . . . . . 30.................... , .......

3. Comparison of Rewet Temperatures . . . . . . . . 32.......... ..... .... ... .. .. .. .

4. Parametric Trends of Film Boiling and Film Boiling Destabilization 36. .... . ... .....

A.I . Spontaneous Nucleation Tcmperatures for Pure Water at4

Atmospheric Pressure as a Junction of Interfacial Wettability 55. ........... ....... ...

B.I. Axi al Pow er Fact or . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

C.I . Crit ical Heat Flux Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72..........

.

C.2. Quench Data 76........... ................ .... .. ......... ............... . .

D. I . Conversion Factors . . . . . . . . . . , . . . . . . . . 84*
. ... .............. ...... ..... ..

vii

,. . . _ . .



,

NOMENCLATURE

Symbol Description (units) Subscripts Description
,

2A Area (m ) HN Homogeneous nuc!eation
Cp Heat capacity (kJ/kg K) i Incipient boiling ,

i FAPF Axial peaking factor in Inlet
-F Cold-wall factor L Liquidew

2G Coolant mass flux (kg/m s) Leid Leidenfrost
GWD Gigawatt days MP Melting point .

f8 Latent heat of vaporization max,s or ms Maximum superheath
(kJ/kg) min Minimum point

J Nucleation rate (m-3s-1) o Sputtering
k Thermal conductivity q Quench

(watt /m K) r Rewetw
k Boltzmann constant (J/K) sat Saturation
L Length (m) sc Subcooling
M Mass (kg) SN Spontaneous nucleation
MTM Mettic ton metal v Vapor
N Molecules per unit volume w Water of heater

(m-3) ws Maximum minus saturation
P Pressure (MPa)
P Peak linear rod power (kW/m)q p
r Radius (rr'- ~

Act nyms
_

DefinitionS Slip paran.ser
T Temperature (K),

(see Appendix A) B&W Babcock & Wilcox
*

t Time (s) BWR Boiling water reactor
V Velocity (m/s) CHF Critical neat flux
W Work of vapor formation DNB Departure from nucleate boiling

(Joules) ECC Emergency core cooling
i Z Elevation (m) FBD Film boiling destabilization

-GETR General Electric Test Reactor
Greek Symbol _ Description (units) HBWR Heavy boiling water reactor

.IE Irradiation effects
2a Thermal diffusivity (m /s) INEL - Idaho National Engineering

6 Cladding thickness (m) Laboratory
0 Contact angle (degrees) LLR LOFT Lead Rod
p Chemical potential (Joules) LOCA Loss-of-coolant accident
p Density (kg/m3) LOFT Loss-of fluid test

2o Surface tension (N/m ) LWR Light water reactor
2& Heat flux (kW/m ) PBF Power Burst Facility

X Quality PCM Power-cooling-mismatch
Frequer.cy (s-1) PWR Pressurized water reactorw

RIA Reactivity initiated accident
Subscripts Description RNB Return to nucleate boiling

SGHWR Steam generating heavy water ,

CHF Critical heat flux reactor
CRIT Property at critical point TC Thermocouple
DNB Departure from nucleate boiling W Westinghouse;

,

I

I

|

viii

.



A STUDY OF FILM BOILING, QUENCH, AND
REWET PHENOMENA DURING HIGH PRESSURE

- POWER-COOLING-MISMATCH TESTING

1. INTRODUCTION-

During normal operation of a commercial were conducted in the Power Burst Facility (PDF)
water-cooled nuclear reactor, the fuel rod clad- at the Idaho National Engineering Laboratory
ding temperatures are usually near the saturation (INEL). Two categories of tests were conducted,
temperature of the water, llowever, an accidential power-cooling-mismatch (PCht) and irradiation
increase in core power, decrease in coolant flow, effects (IE) tests. The PChi tests were designed to
or change M pressure may lead to a deterioration investigate the effects of thermal-hydraulic condi-
in heat transt r and a subsequent increase in clad- tions on film boiling and resultant fuel rod behav-
ding surface temperatures. The temperatures may ior. The IE testsa investigated the influence of
rise to such a level that continuous coolant- prior irradiation history and rod design on film
cladding contact can no longer be maintained. boiling and fuel rod behavior. A partial overview
Depending on the reference system (a pressurized of the test designs, objectives, and results are
water reactor or a boiling water reactor system), given in References 3 and 4. Details of the indi-
thi= phenomenon is referred to as boiling transi- vidual tests are given in References 5 through 16.
tion, the boiling crisis, departure from nucleate
boiling (DNB), or dryout. This report is part of a series of topical studies

which were conducted to i .estigate a spectrum of-

although nuclear reactors are designed to phenomenological behavior observed during PChi
operate under conditions where film boiling or testing. Previous studies have focused on fuel
dryout does not occur, accidents can be postulated swelling due to retained fission gas,37 fuel-

where dryout does occur. Two of the most serious powdering within unrestructured fuel,38 oxygen
types of postulated accidents are thought to be the diffusion during fuel-cladding interactions,I9
large-break, loss-of-coolant accident (LOCA), molten fuel motion and cladding thermal

failure,20 high-tem rature oxidation and clad-where the coolant inventory within the primary
ding embrittlement,pIand the behavior of defec-system is rapidly lost, and the reactivity-initiated

accident (RIA), in which a sudden power increase tive pressurized water reactor (PWR) fuel rods
is initiated within the nuclear core. Between these during PChi testing.22
two extremes lies a wide range of off-normal
power-cooling imbalance conditions, commonly This report presents a study of thermal-
referred to as power-cooling-mismatch (PCht) hydraulic phenomena associated with the PBF
events. In contrast m a LOCA, a PCM event may Power-Cooling-Mismatch Test Series. Primary
precipitate fuel rod overheating without a defi- emphasis is placed on departure from nucleate
ciency in total coolant inventory. Overheating boiling and subsequent film boiling destabilization
occurs when the power-cooling conditions are behavior of PWR-type fuel rods.
such that dryout or film boiling results. In present
light water reactor (LWR) design and licensing Section 2 presents general aspects of power-
efforts, considerable attention has been focused cooling-mismatch testing including two-phase
on the prevention and mi'igation of film boiling flow patterns, typical PChi boiling cycles, and an
occurrences. overview of worldwide PChi testing. In addition,

- a brief description of the design and conduct of
Rigorous licensing procedures for commercial the PBF/PCM Te.t Series is given.

tiuclear reactor operation require detailed analysis
of the phenomena associated with such postulated.

accidents. EG&G Idaho, Inc., has recently com-
a. The IE tests were PCM-type experiments. Within

pleted an extensive series ofin-pile tests as part of this report the general terminology PCM is used to encompass
Comm,ss, ion's both the power-cooling-mismatch and irradiation effectsthe U.S. Nuclear Regulator y i

(NRC) LWR fuel behavior program.! 2 The tests nperimental programs.

I
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; ' The third section|of this' report addresses,the - The fifth section of this report compares depar-
critical heai Oux (CHF).' Empirical CHF correla- (ture from' nucleate boiling with quenching behav- ,

tions' are' developed to 'model the PBF experl4 ' E. ior. ;It 'provides ' fundamental insight into , the,

mental data. base.. An additive or. superposition similarities and differences of,the onset of film
] correlation form,' suggestive of the well-known ' boiling and the onset'of film boiling destabiliza-

,~

-

loss-of-fluid test (LOFT) CHF correlation, was tion behavior. An empirical relationship, based on'

i found to satisfactorily describe the experimental inlet boundary conditions, is developed to
1 data. Comparisons are also made : withlthe < describe the associated parametric trends. *

I Combustion Engineering (CE 1),- Babcock and A wide variety of temperature terminologies is
Wilcox (IEW 2), LOFT, and Westinghouse (W-3)
critical heat nux' correlations.

-used in this report. To reduce confusion and possi-,

ble misunderstanding, : Appendix A lists and.

i
.

quantitively defines.. temperature terminologiesa

common to the nuclear industry. : Appendix B,
,

- Quench and rewet behavior are discussed in the details the critical heat flux correlations used in
; fourth section of this report. Quench and rewet this report. The experimental PBF data base for -

.
t

| temperatures are differentiated . and defined,' departure from nucleate boiling and quenching is
1 and methods .of prediction are presented. An - tabulated in Appendix C. Finally, a brief discus-

illustrative comparison . of - top-spray, . bottom sion of the methodology and calculations used in
; reflood, and film . boiling > destabilization-type the - course of .this study is - presented in
'

quench /rewet mechanisms is also provided. ' Appendix D.
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2. GENERAL CONSIDERATIONS

The heat transfer regime that is encountered it is heated as it flows upward. At some elevation,
'

during a PChi event depends primarily on the the liquid near the cladding surface reaches satura-
surface temperature of the cladding. The cladding tion conditions (incipient boiling) and local
surface temperature, in turn, is dependent upon subcooled nucleate boiling commences. Beyond
the fuel rod power distribution, the elevation on this point, quality continues to increase and*

the rod, and the thermophysical nature of the subecoled nucleate boiling dominates and is
local coolant. When two-phase coolant conditions characterized by a bubbly flow pattern. The
are present, the flow and heat transfer become calculated quality (see Appendix D) wanm the
difficult to describe analytically. This is because bubbly flow regime is about 5 to 10% (20 to 40%
the liquid and vapor phases do not flow at the void fraction) and the cladding surface

same velocity and the void fraction or quality temperature remains approximately constant, just
distribution is not necessarily uniform across the above the saturation temperature. At some eleva-
coolant channel. As a result, the relationship tion above the peak pov er location, subcooled
between the quality, the void fraction, and the film boiling ensues and the rod becomes vapor
volumetric flow fraction varies according to the blanketed. The resultant film boiling heat transfer
flow pattern. creates an inverse annular flow regime with local

qualities (Appendix D) up to about 30% ( 70%
The underlying foundations for two-phase flow void fraction). At the point where departure from

are a set of conservative and constitutive nucleate boiling occurs, the cladding surface
equations. Unfortunately, the basic set of temperature rises rapidly and remains high
equations are rather complex and inconvenient to throughout the film boiling region.
use; thus, simplifying assumptions (that are

~

somewhat controversial) are often made. This is 2.2 Typical Power-Cooling-
why two-phase flow modehng is still a lively<

M.ismatch Boil.ing Cyclesubject of research.
*

A typical power-cooling-mismatch test consists
2.1 Two-Phase Flow Patterns of the following steps:

During Power-Cooling-
1. Establish initid subcooled, single-phase,Mismatch Testing forced convect ye conditions

A power-cooling-mismatch event is character- 2. Decrease the coolant mass flux or increase
ized by a power / cooling imbalance where the rate rod power or both until film boiling
of heat generation exceeds the heat removal rate conditions are detected
of the coolant. It may be initiated by a reduction
in coolant flux, a power increase, or both. If the 3. hiaintain conditions and establish a period
heat generation rate of a fuel rod exceeds the local of stable film boiling
single-phase (liquid) forced-convective heat
removal rate of the coolant, vapor formation 4. Increase coolant mass flux or decrease
ensues, power or both to initiate film boiling

destablization (quench) and return to
Figure 1 illustrates te two-phase, forced nucleate boiling.h

convective flow regimes that are encountered
during a subcooled PCh1 event for an overheated The above steps are illustrated on a forced convec-
fuel rod located in an individual coolant flow tive boiling surface in Figure 2. The boiling.

shroud. This geometry is typical of most in-pile surface illustrated is for a time independent, fixed
PChi experiments. Also illustrated in this figure is elevation, and constant coolant mass flux
the corresponding cladding surface temperature as condition. Che ging the coolant mass flux (as is,

a function of elevation on the rod. often done in PChi testing) changes the
characteristics of the boiling surface. The general

Initially, subcocied liquid enters the bottom of steps and the representative boiling regimes,
the annular coolant flow shroud (Figure 1) where however, remain approximately as diown.

3
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Figure 3 ilhastrates a typical PCM boiling cycle temperature film boiling or dryout has been iden-
and the corresponding wall (claddmg) temperature tified as a primary contributing agent to cladding
history. The boiling curve illustrated in Figure 3a failure, present reactor design and licensing
is representative of a low quality (heat flux versus efforts have focused attention on the prevention
wall superheat) cross section from the forced and mitigation of boiling transition occurrences.
convective boiling surface (Figure 2). In support of design and licensing efforts, in-pile

PCM-type test programs have been conducted in
The PCM boiling cycle commences at departure both the United States and abroad. Virtually all -

from nucleate boiling as indicated by Point A in-pile PCM test programs investigated fuel rod
(Figure 3). If the heating surface is heat Hux behavior under boiling water reactor (BWR)
controlled (approxi nated by a nuclear fuel rod), conditions. To the knowledge of the authors, the
raising the heat fl sx would bring the nucleate boil- PBF/PCM Test Series has been the only in-pile
ing surface directly into film boiling (Path A-B) program conducted under high-pressure, PWR.
with a large increase in wall superheat. A type conditions. Within this section, a brief
continued ir.aase in the heat flux (Path B-C) overview of worldwide PCM-type tests is
res&s in higher wall superheats and greater presented.
propensity for rod failure. At Point C (Figure 3),
power input to the fuel rod is reduced or 2.3.1 Winfrith Steam Generating Heavy
terminated, leading to a temperature turnaround Water Reactor. Dryout tests were performed at
or the start of rod cooling. the Winfrith Steam Generating Heavy Water

Reactor (SGHWR) under BWR conditions 23-25
As the hot fuel rod cools, with minimal or no to investigate the ability of commerical BWR rods

power input, some film boiling (Path C-D, (3.66-m in length) to withstand repeated dryout
Figure 3) is traversed. At Point D film boiling cycles and extended periods in dryout without fail-
destabilization, or quenching, occurs, usually at ing. In each test, a vertical 36 rod bundle was
wall superheat temperatures sufficiently high to taken into dryout by a flow reduction and subse- '

prevent direct wall-coolant contact.a The quench quently quenched by restoring coolant flow. The
is initiated by complex thermal-hydraulic interac- fuel bundle successfully withstood more than
tions that are not well understood. Temperature, 120 dryout tests at rod powers up to 90 kW/m -

system pressure, liquid subcooling, heater and nine post-dryout excursions at rod powers up
geometry, and the thermophysical nature of the to 78 kW/m during which cladding temperatures
hot surface and coolan' ae examples of param- up to 875 K were recorded. For most cycles, the
eters which significantly mfluence the film boiling rods were held in dryout for only a few seconds
destabilization, or quenching process. Following , before inducing quench by & flow increase. In nine
quenching, the rod rapidly cools to a temperature of the tests, dryout times of 60 to 150 s were
which permits direct cladding-coolant contact, or reported. The maximum total dryout time for any
rewetting, to occur (Point E, Figure 3), followed rod in this test series was about 15 minutes.
by subsequent return to nucleate boiling at
Point F. If sufficient power to the fuel rod is 2.3.2 Chalk River NRU Test Reactor. Dryout
reinstated, the cycle commences again. tests were also performed in the NRU reactor at

Chalk River to provide information on the

2.3 Overview of Worldwide survivability of fugigs exposed to dryout under
BWR conditions. In the Canadian tests,

Power-Cooh.ng-Mismatch 19 to 37 rod ruel bundles (0.5-m in length) were
Experiments subjected to power ramp and now reduction

induced dryouts. Only two of the 522 fuel rods
. tested failed. Rod powers in excess of 70 kW/m,

The current worldwide strategy for contamment peak cladding temperatures up to 1275 K. and
of radmactive fission products requires that the sustained post-dryout times up to three hours '

mtegrity of the cladding and core fuel elements be occurred. imamtamed during reactor operation. Since high 1

2.3.3 General Electric Test Reactor. In the .

General Electric Test Reactor (GETR) Test,30 a .

a. In section 4, it is shown that the boiling transition path
(AB) and the return to nacleate boiling path tDF) coincide for zircaloy-clad BWR-type fuel rod was held in I
the PBF/PCM tests. dryout for more than five minutes and then
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operated at a critical heat flux ratio 1.5 for The experiment hardware and associated instru-
10 days, with no sign of rod failure. The rod mentation were positioned within a vertical
length was 0.5-m and peak cladding temperatures annular test space within the PDF driver core. Test
of 1375 K were recorded. rod power, system pressure, and inlet coolant

conditions were continually monitored and -

2.3.4 Halden Boiling Heavy Water Reactor. regulated during each test. PChi conditions were
Several BWR dryout experiments have been attained by starving coolant flow, increasing test
performed in the Italden, Norway Reactor in past rod power, or both. All tests resulted in film boil- .

31,32 to investigate fuel rod behavior and ing operation for brief or sustained periods atyears
thermal-hydraulic conditions at and beyond peak rod powers up to 71 kW/m and peak clad-
dryout. Seven and nine rod fuel bundles with ding temperatures up to 1850 K. Behavioralinfor-
active fuel lengths of 1.47 to 1.6 m were subjected mation at conditions beyond fuel rod failure was
to a series of more than 60 power ramp induced also obtained.
dryouts. In one test, peak cladding temperatures included in this report are results from 15 of the
of about 1125 K were .maintamed for about 16 tests conducted to date in the PChi Test Series,
five minutes without failure, despite contmued Data from the most recent test, Test PChi-7, were
irradiation to a total of about 20 GWD/h1Thi not available in time for this publication. A
over the next five years. complete listing of all other series data can be

found in Appendix C. The nominal design
2.4 Description of Power Burst characteristics of the test rods are given in

Facility Power-Cooling- Table 1.

Mismatch Testing The test assemblies were instrumented to
continually monitor the thermal-hydraulic condi-
tions and fuel rod behavior during the operation

An extensive PChi test series has recently been
of the tests. htonitored in the tests were coolant

,

completed at the Idaho National Engineering c nditions, power levels,a cladding surfaceLaboratory (INEL) Power Burst Facility (PBF).
temperatures, and cladding elongation. The onsetThe Test Series was designed to investigate the

f film boiling and quench characteristics of the -

behavior of unitradiated and irradiated PWR-type fuel r d were determined using the last twofuel rods when subject;d to departure from
measumnents.nucleate boiling (DNB) transition cycles. Single-

rod, four-rod, and nine-rod fuel bundles were The first indication of film boiling was detected
tested at peak rod powers up to 71 kW/m and by a sudden increase in either the cladding surface
peak cladding temperatures up to the melting temperature or the cladding elongation. The linear
point of zircaloy. variable differential transformer (LVDT), which

responds to cladding displacement, often shows
The Test Series consisted of 17 individual exper- film boiling a few seconds before the external

iments (including the IE Test Series) which incor- cladding thermocouples. This is because the exter-
porated unirradiated and irradiated PWR-type nal thermocouples were spaced approximately 5 to
nuclear fuel rods, with active fuellengths of 0.879 10 cm apart in the film boiling region of the fuel
to 0.914 m. Coolant pressures ranged from 13.6 to rod.b If the onset of film boiling occurrest between
15.6 h1Pa. Three basic test configurations were thermocouples it may have taken a few seconds
utilized: for the film boiling zone to propagate up or down

the rod to reach a thermocouple. The spacing of
1. Single-rod tests, where a fuel rod was the external cladding thermocouples introduces an

cor.lained within its own coolant flow error factor of 6 to 17% into the calculations of
shroud, as shown in Figure 4 critical heat flux. Other sources of error include

.

2. Four-rod tests, where each fuel rod was
contained within its own coolant flow a. Power levcis were calculated using readings from
shroud, hydraulically coupled in parallel sett-we~ed neutron detectors and results of the power

*

calibration. Figu.; ab shows the typical asial cosine flus shape.

3. Nine-rod open bundle tests, where le fuel b. The film boiling region is usually limited to the top half of
rods shared a common coolant flow the rod at elevations between 0.58 and 0.90 m from the bottom
channel, as shown in Figure 5. of the fuct stack.

.
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d

1
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4
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c . Table 1. Nousinal design characteristics of PBF/PCM tests !
<

,

CHF
8-l RS _Scogmg_ 8-1-RF PCM-l PCM.;a PCM-2A PCM.3a pcy.es PCMS PR-l* IE-ST-s IE-ST-2 - IE 3 IE-2 IE-3 IE-3

Actne ' 0914' O 914 0.914 0 914 0.914 0 914 0 914 0.914 0.914 0 914 0 880 0.880 0.879 4SM 0 890 0.879
. length (m)

' .i
.

*
Pettet . 9.3 9.3 9.3 9.3 9.3 93 9.3 9.3 9.3 10.57 8 54 8.53 8.50 - 0.50 8.50 8 64

diameter (mm)

Claddmg 10,72 10.72' 10.72 10.72 - 10 72 10.72 10.72 10.72 80.72 12.50 ~ ' 9.93 9 95 9.89 9 93b 9 ,3 9.93
outer

d ameter (mm)

Claddag ' O.64 0 64 0.61 0.61 0 68 0.64 0.61 0.68 0 61 0.86 ' O $9 0.64 0 59 0 eo' O.59 0.40
thKkness (mm)

Claddma Zyr4 Zry4 . Zry4 Zry4 Zry4 Zry4 Zry4 Zryd Zry4 . Zry-2 2r4 Zry4 Zry4 Zry4 Zr4 Zry4
"

. material

' flow shroud 'I7.9 19.2 19.4 16.3 16.3 16.3 16.3 16.3 d 19.3 19.3 19.3 16.3 ' 16 1 16.3 163
inner diameter

(mm) ;,

i 1.61 I.99 1.05 1.18 l.18 1.38 1.18 1.38 13 15 I.70 2.15 1.85 1.3I 1.33 1.38 4.31

j .

Flow y)ea(cm
~

[ -

" Icternal 3.79 3 38 3.sg 2.59 2.59 2.69 2.598 2.59' 2.59 2.58 2.59 2.7f 2.6 2.6 2.6 2.5s1

Ipressure
+ . (MPa) .

,p
Fill gas Hehum Hehum Hehum 78 % Hehum Hehum Hebum Helium Hehum Hebum ) 76 % 77 % 4% 76 % 75 % 73% .

3
Hehum Argon i Hehum Hebum Hehum Hebuns Hehum Hebum

22 % 24 % 23 % 22 % 24 % 22 % 22 %
Argon Argon Argon Argon Argon Argon Argon ;

'
l i h hEuernal - sq se sp . sp sp sp sp sp sp sp sp sp sp, sp ,, ,,h

'

therm pie spr spr spr spr

i
*

a. Values are average of four rods.

kb. Rods il and 12 were previously irradiated and had larger diameters and smaller floe areas.
i ..

*

. c. Values for irradiated rods were sbahtly higher.

f< d. PCM-5 was a bundle tess with square flow shroud (rounded corner 9

$ e. ~ Three rods as 2.59, one at apprommately 3.79.

I f. Rod 6 eas backfilled to 0.1 MPa with 100% hehum. j

j 3 Rod 19 was ba6kfi!Ied to 8.3 MPa.

h. sq = square tip, sp = spaded Junction, spr = sprms loaded.

i. Some of the cuernal cladding thermocouples were embedded tono the cladding in 0.25 mm grooves

i
i
f

4
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the power level calculation (8 to 12%), coolant While there is some variety in the determination
flowmeter (3 to 8%), and it, the inlet temperature of quench phenomenon, quench is generally char-
thermocouple, acterized by a sudden change in the slope of the

cladding surface temperature versus time trace. In
.

Four basic types of external cladding the few cases where a slope change was not readily
thermocouples were used in the PBF/PCM experi- visible, quench was determined in one of two
ments, as illustrated in Figure 6. The first type ways. In some cases, quench was said to have

,

(Figure 6a), the spaded junction thermocouple, occurred when the cladding surface temperature
was exclusively used in the power cooling- versus time trace reaches a slope of -200 K/s. The
mismatch tests. It is expected that each second technique, called "best fit of asymptotes,"
thermocouple geometry will uniquely influence is to extend the prior and post-quench slope lines;
the local coolant hydraulics, and thus, the DNB their intersection is said to be the time of quench.
and quench behavior. An example of this is given in Section 4.
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Figure 6. F sternal cladding thermocouple geometries used in Power Burst Facility PCM and IF Testing.
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3. CRITICAL HEAT FLUX

Departure from nucleate boiling (DNB) is used closely resembling the system of interest. It is well
.

to describe the boiling crisis that can occur in a known that extrapolation of empirical correla-
PWR environment. It is characterized by a sudden tions beyond the experimental data base often
deterioration in the boiling beat transfer mecha- leads to erroneous results. This is why the
nism resulting in a temperature excursion of the manufacturers of boiling equipment usually,

heating surface. The surface heat flux just prior to develop their own empirical critical heat flux
departure from nucleate boiling is commonly correlations through extensive experimentation.

referred to as the critical heat flux (CHF). Appendix B lists several of the more common
critical heat flux correlations developed for and
used in the design and analysis of light water3.1 Estimating the Critical nuclear reactor technology. Reference 34 provides

Heat Flux an excellent collection of information concerning
the critical heat flux, with particular emphasis on

Numerous departure from nucleate boiling and problems in nuclear reactor design,

two-phase flow studies over the past 25 years have
explored the boiling transition mechanisms so that 3.2 The Critical Heat Flux and
critical heat flux predictions could be perfected. the Power Burst Fac.lityiSuch studies, unfortunately, have met with limited
success, and presantly there exists no overall Power-Cooling-Mismatch
analytical technique for predicting the critical heat Test Series
flux. It is known, however, that DNB is a complex
physical phenomena that is influenced by a wide.

variety of system and local parameters. Some of Within this section, empirical correlations are
the more commonly accepted influencing parame- presented which model the critical heat flux
ten s include: pressure, local enthalpy or subcool- behavior observed during power-cooling-,

ing, quality or void fraction, coolant velocity, and mismatch testing in the Power Burst Facility. It is
heater geometry. As a consequence of the inherent recognized that such correlations may be of little
difficulty in modeling the crit. cal heat flux, interest to the nuclear community outside of PBF
designers have bem forced to rely on empirical operations. Therefore, the following general
correlations which have been developed for speci- premises were used in the development of the
fic systems. According to one estimate,33 everal correlations presented:s

hundred thousand critical heat flux data points
have been recorded, and over 200 correlations

1. Th PBF CHF correlations should be as
have been proposed. Generally, the entical heat simple as possible, yet accurately model the
flux, 4 CHF, , empincally modeied by an DNB behavior. This allows parametricis

expression of the form trends to be easily recognized.

&CHF " f(XCHF,G,P,L/D) (g)
2. The design and conduct of PBF tests are

often focused on transient or steady-stateCHF s the local quality at :ritical heatiwhereX
flux, G the coolant mass flux, P the system peak rod power, system pressarc and inlet

coolant conditions. Thus, a CHF correla-pressure, and D and L are the chanael diameter
tion that is based on these readily measur-and length of the heater, respectively. In the

absence of a length effect, often considered to be able parameters would be of fundamental
interest.for L/D >20,$CHF may depend only on local.

parameters.33
3. Development of PBF CHF correlations will

Peihaps the best method available to date for allcw convenient comparison of the PBF |
., '

predicting the critical heat flux for a given system results with other CHF correlations that
is to use an empirical correlation that was devel- are presently being used for design and
oped from experimental data for a system most analysis of commercial reactors.
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The first step in developing the critical heat flux with heated lengths of 0.879 to 0.914 m and is
correlations was to assume that CHF behavior recommended for use in the following parameter
may be modeled as a local phenomens. In keeping ranges:
with classical precedence, coolant quality 0() is -

consi tered to be the important local parameter, Pressure: 13.6 to 15.5 h1Pa
Steady state, homogeneous equilibrium quality
was calculated for each datum point by the Inlet coolant mass flux: 513 to 2750 kg/m2.s

,

enthalpy rise technique outlined in Appendix D.
The correlations were developed using linear and Local quality: -0.035 to 0.239
nonlinear, single and multivariant, least squares
regression analyses, and the CHF data obtained in Inlet subcooling: 7 to 25 K
the manner described previously in Section 2. An
additive or superposition correlation form Critical heat flux: 840 to 2000 kW/m2
suggestive of the LOFT critical heat flux correla-
tion was found to satisfactorily describe the data

3,3 Critical Heat Flux
trends.a The correlation meluded pressure (P),
coolant mass flux (G), and local quality 0() as the Correlations and
independent variables. Power Burst Faci;ity

Power-Cooling-Mismatch
Assuming the critical heat flux is dependent on

the system pressure (P), coolant mass flux (G) and Testin0
local quality (X), the following critical heat flux
correlation was derived: In the previous section, an empirical critical

heat flux correlation was presented which models
iCitF = 0.23 G + 393 P (2) the experimental CHF data trends within the -

Power Burst Facility during power-cooling-
- 20.5 P2 - 32 GX mismatch testing.

.+ 2 GPX Within this section, the PBF/PCN1 critical heat
flux correlation as given by Equation (2) is

where: compared with the LOFT, Babcock and Wilcox
(B&W-2), Combustion Engineering (CE-1) and

&CHF = Critical heat flux (kW/m )2 Westinghouse (W-3) CHF correlations. Appen-
dix B presents these correlations and details the

2G = Coolant mass flux (kg/m s) recommended parametric ranges of application.

P = System pressure (N1Pa) Figure 8 illustrates a comparison of critical heat
flux correlations at a constant coolant mass flux

X = Local quality. of 1100 kg/m s and a system pressure of2

15.1 h1Pa. Such conditions are indicative of
Equation (2)is identical in form to the well known PBF/PCN1 testing with low coolant mass flux. As
LOFT critical heat flux correlation (given in shown, the Combustion En;;ineering (CE-1) CHF
Appendir. B). As illustrated in Figure 7, Equa- correlation best models the experimental
tion (2) correlates 94% of the experimental data PBF/PChi data trends at lower coolant mass
with an accuracy of i30%. fluxes and positive qualities. The LOFT and CE-1

correlations best model the data at lower coolant

The PDF/PChi correlation [ Equation (2)] is mass fluxes and negative qualities.

based on experimental data from individually O

shrouded rods and one nine. rod open bundle test Figure 9 illustrates a comparison of the en. icalt

heat flux correlations at a coolant mass flux of
22000 kg/m s, and the same system pressure.

,

Such conditions are typical of PBF/PChi testinga. Many other CliF correlation forms, both additive and
muhiplicative, were empirically fitted to the PBF data. The with high coolant mass flux. With all qualities,

LOFT form. however, with a nonlinear pressure dependence illustrated, the LOFT and CE-1 correlations best
and GPXproduct term provided the best accuracy. model the PBF/PChi data trends.
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A plot of the critical heat flux versus quality can 3.5 Parametric Trends in the
be misleading because any experimental error in Critical Heat Fluxthe CHF is also incurred when calculating quality,
so that the effect of the error is magnified by such

Presented in th.is section is a discussion of the
. . .

a plot. Figure 10 it'astrates a comparison of the
critical heat flux correlations to coolant mass flux influence of certain system parameters on the en,ti-

.

cal heat flux and the onset of film boiling.(G). The ranges of uncertainty of the correlations
Primary emphasis is placed on the effects .have been omirV or clarity, but range from 20

to 30%. As show.i, the LOFT and CE-1 correla- bserved during PCM testing withm the Power

tions again bm model the PBF/PCM data trends Burst Facility.

correlated t- quation (2). 3.5.1 Pressure Effect. The influence of system
pressure on the critical heat flux is most easily

3.4 Correlating the Thermal. rec Enized in Equation (2). For high pressure
PCM testmg, the entical heat flux decreases withHydrauh.c Conditions at the increasing pressure. This observation is consistent

Onset of Film Boiling with the findings of other investigators. As stated
by Bergles, "The critical heat flux increases with

The thermal-hydraulic conditions at the onset pressure at low pressure, is relatively constant over

of film boiling (departure from nucleate boiling) an mtermediate ran e of pressure, and decreases

have been empirically correlated for the PBF/ at high pressure.

PCM test series data (listed in Appendix C). The Qualitatively, the effect of system pressure on
independent variables selected for the correlation the critical heat flux is illustrated in Figure 12.
are those readily measured and controlled during Based on experimental studies with water,35,36
testing and include the peak rod power (Pp), inlet the maximum critical heat flux appears to be
coolant mass flux (G) and inlet subcooling (AT ). located between a pressure range of about -3c
The purpose of such a correlation is twofold: 3.5 MPa (%$00 psi) and 7 MPa (%I000 psi).

1. To provide a " rule of thumb" for quick 3.5.2 Quality and Length Effects. The

and simple predictions of the thermal, influence of local quality on the critical heat flux is -

hydraulic conditions that promote the seen from Equation (2) where for high pressure,

onset of film boiling during PBF/PCM 1 w quality PCM testing, the critical heat flux
testing decreases with increasing quality. Other critical

heat flux correlations exhibit this general trend as

2. To provide a comparison of the conditions well, as illustrated in Figures 8 and 9.

at DNB with the conditions at quench (see Figure 13 illustrates the L/D effect on the
Section 5). critical heat flux experimentally determined by

Silvestri37 using a two-phase water mixture in a
Usmg a nonlinear, multivariant, least squares uniformly heated tube at a pressure of 7.02 MPa

regression analysis of the PBF/PCM data, the
(1018 psi)2 s (0.8 x 10 /bm/ft -hr). As shown,

and a coolant mass flux of
1following correlation is obtained: 1088 kg/m 6 2
)

increasing L/D has two main influences:
'

P = 8.24 G .25 g ! The burnout power increases with increas-0 0.057
P se ing L/D, or the surface heat flux decreases

with increased L/D
(Onset of film boiling) (3)

|2. Tl.e slope of the pow r versus quality
curves becomes less (more negative) with

where Pp is th' peak rod power (kW/m), G is the increased L/D values.ae
2inlet coolant mass flux (kg/m .s), and AT c is thes

inlet subcooling (K) As illustrated in Figure 11,
EquWn (3) accurately predicts (t20%) the

a. The Sihestri37 results indicate L/D effects even when -

inlet / power conditions at the onset of film 33L/D < 20. This is in contrast to the Bergles statement where
boiling, no length effects are reported when L/D >20.

>
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.

Pressure (psi) The opposite effect, however, may have been
1 -

0 '1000 2000 '000 observed during PBF/PCM testing. In

y Test PCM-5, which was a 3 x 3 nine-rod open
'

r bundle test where the. test bundle was contained, ,

within a single flow channel, the peripheral test
g j rods (nearest to the cooler flow channel wall)
5 exhibited " enhanced cooling." This behavior is
$ / illustrated in Figure 14. As shown, the peripheral

*

,

k Range of pressures test rods had a higher average critical heat flux

3 used in Power. 620% higher) than the central test rod (Rod 5,

d Cooling-Mismatch Figure 14).

Test Series _ ,-
During the nuclear heatup phase of test PCM-5,

; I I it is believed that the peripheral test rods bowed
0 5 10 15 20 outward toward the higher neutron flux region.10.

Pressure (MPa) Consequently, the average spacing between the
peripheral test rods and the cooler flow channel

; wall was decreased, perhaps to the. extent of
!- INEL-A-16 144 contact. If bowing occurs, the boundary layer of
4 cooler liquid flowing adjacent to the coolant flow

Figure 12. Effect of pressure on the critical heat flux, channel will be locally disrupted and therefore
;

available to cool the peripheral test fuel rods. In

The L/D range of the vendor CHF correlations is _ addition, the reduction of subchannel area avail-

generally about 15 to 400 (Appendix B). The L/D able for coolt at flow, increases local coolant
) range for the PBF/PCM data is likewise within velocity and enhances the local forced convective-

i this range,87 to 164. If the previously stated L/D heat transfer coefficient. This also contributes to
j influences remain valid at higher pressures (indica- enhanced cooling.
'

tive of PWR pressures), any L/D influences inher-
ent ~in the PBF/PCM ' CHF correlation The nine-rod bundle Test PCM-5 was

-

: [ Equation (2)] should-be indistinguishable from conducted with . the - highest inlet subcooling
the influences inherent within the vendor CHF (ATsc = 25 K) of all PBF/PCM tests. The inlet

; correlations. This appears to be the case where, as subcooling for the single-rod PBF/PCM tests was
illustrated in Figures 8 and 9, the slope of the typically 7 to 16 K. Therefore, the temperature

,
~

{

'CHF versus quality line for the PBF/PCM corre. differential across the flow channel and hence the
.

lation is roughly similar to the slopes of the vendor cold wall influence may be greater for the bundle
! CHF correlations. Therefore, there appears to be test than for the single-rod test. Furthermore, the

little or no L/D influence on the PBF/PCM CHF potential for fuel rod bowing would be less for the
I behavior _ when compared with vendor CHF symetrically positioned single-rod geome_try.

behavior.

The cold-wall factor (Few) used in vendor
3.5.3 Cold-Wall Effect. Liquid which is not critical heat flux correlations (see Appendix B) is,

used directly to cool the heating surface usually empirically based on experimental data where a,

: forms a cooler film along an unheated wall. As a " cold" guide tube was substituted in lieu of a hot
1 result,' the coolant effectiveness within the coolant rod. This geometry is considerably different than
' flow channel is somewhat reduced and the propen- the PBF/PCM single-rod geometries where a cold-

sity for boiling transition increased. This behavior wall (flow shroud) is circumbient or surrounds the
has long been recognized by previous investiga- heater rod. Therefore, the igicability of a-

tors 34,38-40 and attempts to -account for this vendor produced cold-wall factor, such as Few in-

. phenomena have been empirically factored into the Westinghouse-3 CHF correlation, to a single-
!- critical heat f1 ': correlations by the addition of a rod (within a flow shroud) geometry must be

cold-wall factor, Few (see Appendix B). questioned.,

1
/
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$
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4. QUENCHING AND REWETTING

Many postulated nuclear reactor accidents 4,1 overview of Quenching
result in drvou,t or film boil,ing within the nuclear PrOCOSSOS-
core. In c. der to minimize fuel rod daniage and
potential rod failure, safe or lower cladding fuel Fuel rod overheating may occur during a LOCA
tem'peratures musib~eiecitablishidiy encourag. or PCM event due to the inability to'dissigt: ene -

ing > coolant / cladding contact. This process is stored heat in the fuel rod and due to continuing
commonly referred to as quenching or rewetting. fission product decay heat. To prevent over
Although these terms are , often used inter. heating to an unacceptable level, it is necessary to

~

changeably, quench and rewet are distirstly restore sufficient cooling and reestablish adequate
different' phenomena, entailing different modes of heat removal. Generally, the time delay in
heat transfer. ; reestablishing cooling allows the fuel rod

i
' temperature to rise substantially; before the

temperature increase is arrested.Within this section, quenching and rewetting
temperatures are differentiated and defined,'and The current strategy for contair. ment of radio
methods ; of prediction ' are presented. jThe active fission products requires that the integrity
influence of external cladding thermocouples on of the cladding and core fuel elements be main-
these temperatures .is also. discussed. 'Results tained by emergency cort cooling. Two techniques
indicate that the quenching temperature and the are commonly used for emergency core cooling in
rewetting temperature may be estimated from first light water reactor (LWR) designs as illustrated in
principles. Figure 15. The first technique, common to'

.

.

(a) (b) (c)

g

e Quench>

*
( )

g y e| -f| ji

Bottom Top spray Film boiling
flooding cooling destabilization

INEL A 16142

Figure 15. Quenching process.
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pressurized water reactor (PWR) systems, is efforts, considerable attention has therefore been
bottom reflood where the overheated fuel rods are focused on the prevention and mitigation of boil-
quenched by the inundant process. The second ing transition occurrences. Sheuld film boiling

,
technique, common to boiling water reactor occur as a result of a PCM event, safe or lower
(BWR) systems, is top spray cooling where the fuel rod temperatures must be reestablished in
fuel rods are quenched by a falling film of water. order to minimize fuel rod damage and potential
Considerable theoretical and experimental work rod failure. This process is herein referred to as

*

has been conducted to investigate the influence of film boiling destabilization (FBD) (quench) or,
the different operating parameters on the effec- under certain instances, return to maleate boiling
tiveness of these emergency cooling techniques. (RNB) (rewet). The quenching process is illus-
References 41-53 provide recent overviews of the trated in Figure 16. Generally, FBD or RNB is
work in this area. attained by reducing core power while maintaining

or enhancing coolant flow conditions without the
Presently, it is of considerable interest within use of the emergency core cooling system.

the nuclear community to be able to predict and
analytically describe the quench processes. Several
computer codes have been developed to predict 4.2 Quench and Rewet
the quench process and have met with varying Temperatures
degrees of success. In some cases, prediction of
quenching is considered fortuitous and may not
actually model the physics involved.54 Wetting is defined and measured by the angle

formed at an established liquid-solid-vapor triple
in contrast to a LOCA, a PCM event may pre- interface as illustrated in Figure 16. In keeping

cipitate fuel rod overheating without a deficicncy with widely accepted terminology (Refer-
in total coolant inventory. This occurs whet the ences 55-58), wetting is said to occur when the
power-cooling conditions m uch that film boil- contact angle (6), as measured through the liquid.

ing occurs. In present l_WR design and licensing phase, becomes less than 90', with complete

Vapor

- - - -M:_- -s__

Vapor Triple
l interface
y . m........

f
- # ^ ^-^^

. _ =
0 Liquid __ 0, Liquid
i t~

f |||| f Yf// |
'

Solid Solid

|
/

.

Wetting No wetting

6 < 90* 0 ) 90* INEL A 14 743'

,

Figure 16. Contact angle and definition of wetting.
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wetting corresponding to a zero degree contact Where all terms are defined in the Nomenclature.
angle.a Similarly, a contact angle of 180' If kw/kL >> 1, Equation (5) reduces to:
corresponds to complete no-wetting. Wetting
behavior is a complex phenomena influenced by Tsat < Trw 4 Tms (6)
many factors acting simultaneously, a few of the
more common being: The rewet temperature [ Equation (5)] depends

upon the thermophysical nature of the hot surfa,e
1, Temperature and the contacting liquid. Theoretically, the .

maximum superheat of a liquid may be estimated
2. Interfacial absorption or chenisorption from kinetic nucleation theory or from ther-

modynamic considerations. Reference 60 provides
3. Time a brief review, and tabulated values, of maximum

superheat temperatures for a wide variety of
4. Thermophysical nature of the phases. liquids (cryogens, refrigerants, water, liquid

natals) at low pressures. At elevated pressures, the
Rewetting requires that the liquid recentact the I n iting superheat of a liquid approaches its ther-
solid substrate. If the liquid-solid intcrface modyna nic critical temperature (T ) and may, forctemperature attained upon contact equals or a first approximation, be used in lieu of the
exceeds the thermodynamic limiting superheat of maximum superheat in Equation (5). Appendix A
the rewetting liquid, the liquid is repelled from the provides a brief review of maximum superheat
hot surface and rewetting cannot occur. temperatures and associated values for water at

When a liquid of uniform temperature TL
contacts a hot surface at uniform temperature T , The Leidenfrost temperatureb (T eid) is oftenw Lthe mterface temperature (Tg) upon contact considered to be an upper limit for the rewet
rapidly attains a vahte given byS9: temperature. Strictly speaking, this is not

necessarily true since transient liquid-solid

L (k/6 )L
contacts (and temporary rewetting) may existT (k/V6) +T
during Leidenfrost boiling.61,62 For generalW W

T =

I (k/W) + (k/VT) (4) analysis and design purposes, however,
macroscopic rc~etting may be assumed nonexis-

Upon contact, if the interface temperature is less tent if the hot surface temperature exceeds the

than or equal to the saturation temperature of the Leidenfrost temperature.

liquid, a contact angle is established. Likewise, if
the interface temperaturc is greater than the satur- Rewetting of a hot surface by a liquid is not

ation temperature of the liquid, boiling or liquid required for rapid cooling. Effective cooling can

superheating will ensue. Since the limiting super- be attained at surface temperatures considerably

heat of a liquid at a given pressure is its maximum above the maximum rewet temperature [Equa-

superheat (Tms), it follows from Equation (4) that tion (5)]. This process is defined as quenching and
fren my lves complex heat transfer phenomena,the rewet temperature (Trw) must obey the

relationship: The cond'ttons at which quench can occur vary
great y, depending upon the local fluid and hotl

(k/VG) (k/W)b] surface conditior.s. This phenomenon is detailed
rw 5 {T

+
T **

in References 54 and 63.sat <
w

Figure 17 represents a typical cladding
T (k/@L tenwatum Mstory obsmed durbg th latterL (5)

(k/VG) stages of a LOCA with a subsequent reflood or a
-

,

W PCM event following a period of film boiling and

a. For liquid-liquid systems, a lens shaped interface is formed b. The Leidenfrast temperature has its documented origins in
'

upon contact. For inclined or rtical surfaces in a gravita- the 18th century. It is defined as the hot surface tempvature
tional fied, or in the presence of forced consective shear that will prmit a boiling liquid drop. levitated by its own
stresses, advancing and receeding contact angles are formed. vapor. to exist for a matimum period of time (Appendit A).
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is used to illustrate the quench and rewet tempera- certain, however, whether "thermocoupie

i tures. Prior to quench, the cladding temperature effects" influence local behavior only or if their
history is often characterized by a period of influence is felt elsewhere on the rod or adjacent
gradual cooling. Quench is characterized by a rods.
rapid cooling of the cladding at elevated tempera-

'

tures. The quench temperature (T ) is defined as External cladding thermocouples give rise to aq
the cladding temperature at the onset of rapid " fin cooling effect" that may significantly
cooling, where a significant increase in surface decrease the local cladding temperature. Results -

heat transfer has occurred, and is illustrated in from a recent in-pile, nine-rod PCM Test 10 indi-
Figure 17. Such a definition is somewhat arbitrary cate local cladding cooling up to several hundred
since the " onset of rapid cooling" is not precisely degrees (K) at the point of thermocouple attach-
defined. Foi the purpose of this paper, the onset ment. Therefore, it seems likely that the presence
of rapid confing, and thus quenching, is of external thermocouples may abet both
considered to nur when the temperature versus quenching and rewetting phenomena.
time trace (Figure 17) attains a slope of -200 K/s.

. 4.4 Predicting the Quench
The rewet temperature is characterized by direct

coolant / cladding contact and the establishment of Temperature
a liquid-vapor-cladding, triple interface. Usually,
the rewet temperature (Figure 17) is considerably Very little work has been carried out to measure
lower ths.n the quench temperature, and, given or predict the value of the quench temperature. To
sufficient reso!ution, may be detected by a slope the knowledge of the authors, Kim and Lee 66 are
change in the cladding temperature versus time ,he only researchers to have developed an empiri-
trace under certain conditions. Such a slope cal correlation for y edicting the quench tempera-
change, however, saay also be caused by external ture. Their correlation is based on over 300
cladding thermocouple-coolant interactions. out-of.pite data points obtained in low pressure
Investigation into the detection of rewet and the bottom reflood tests, and is given by
influence of external cladding thermocouples is
being done.

/T )O.107
*

Many theoretical predictions of the cooling T = 19 31 T |T |q
process by various models based on one, two, and \ ws /
three-dimensional analytical and numerical

62studies, require a knowledge of either the quench [C G6 )- -0.163
Por rewet temperature

i

/( w

4.3 Influence of External
Cladding Thermocouples Ik P T Q ,o939

_o
ww g

* .On Quenching ( 6c /3 8

The geometry of the quench surface signifi-
cantly influences the quenching process; primarily where all terms are defined in the Nomenclature.
the time, temperature, and cooling rate. Recent The range of experimental parameters used in this
in-pile 64 and out-of-pile 65 tests conclusively correlation are given in Table 2. As shown in
demonstrated that external cladding thermo- Figure 19, all correlated values of the quench
coup!cs attached to fuel rods or simulated fuel temperature [ Equation (6)] fall within 10% of
rods influence the quenching process during low the experimental values.

.

pressure ( 6.9 MPa) blowdown-reflood tests. In
general, the external thermocouples are accredited Interestingly, Equation (7) appears to be valid '

with inducing earlier quenches at higher tempera- well beyond its data base. Figure 19 illustrates a
'

tures. Figure 18 illustrates this behavior, it is not comparison of the predicted quench temperatures

1
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Table 2. . Range of experimental quench parameters

G Te T P Lengthw sc
2(kg/m .s) (K) (K) (MPa) (m) Cladding Reference

Correlation 100 to -400 543 to 1073 10 to 83 0.1 2.3 to 4 SS/Inconel 66
(Equation 4)

PCM-2a 691 to 1435 620 to 1325 14 14.8 0.914' Zircaloy 5

PCM-2Ab 784 866 13 14.6 0.914 Zircaloy 6

PCM-3a 700 to 832 890 to 1078 35 15.4 0.914 Zircaloy 8

PCM-4a 1063 to 1700 620 to 930 14 14.6 0.914 Zircaloy 9
PCM-5C 1016 to 1143 825 to 1300 25 to 29 15.5 0.914 Zircaloy 10

LLR-3d 1050 872 69 1.5 0.914 Zircaloy 67

g LLR-5d 107 1000 to 1015 122 0.25 0.914 Zircaloy 67

a. Four-rod, individual coolant flow shrouds, power-cooling-mismatch (PCM) test.

b. Single-rod PCM test.

c. Nine-rod bundle PCM test.

d. LOFT-lead-rod (LLR), four-rod, individual coolant flow shrouds, LOCA blowdown /reflood test.
,-

e. Peak cladding temperature prior to quench.
_ _ _

, . . . .
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[ Equation (7)] with those determined experimen- vapor-solid triple interface occurs. The rewet
tally from the PBF data (fuel rods with external temperature may span a wide range of values
cladding thermocouples). The range of experimen- depending upon the thermophysical nature of the
tal parameters for the plotted quench tempera- hot surface and the contacting liquid. From theo-

. tures are given in Table 2. As shown, the empirical retical considerations, a range of rewet '

correlation of Kim and Lee 67 [ Equation (6)] temperatures may be calculated and is given by
accurately predicts (110%) the quench tempera- Equa' ion (5). For most applications, the
tures determined experimentally for intact fuel maximum rewet temperature may be considered -

rods. In general, it appears that the influence of synonymous with the Leidenfrost temperature.
external cladding thermocouples on the quench
temperature are within the range of uncertainty of
Equation (7).

Table 3 provides a comparison of the predicted
4.5 Predicting the Rewet m aximum rewet temperatures [ Equation (5)] with

Temperature ihose determined experimentally. The experimen-
tal values were based on Leidenfrost-type experi-

The rewet temperature is defined as the hot ments, unless otherwise indicated. As expected,
surface or heater temperature at which direct the predicted rewet temperature range
liquid solid contact and the formation of a liquid- encompasses experimental rewet temperatures.

Table 3. Comparison of rewet temperatures

Rewet Temperature, T w(K)r

Theory .

Fluid / Surface Experimenta [ Equation (5)]

Nitrogen / Aluminum 91b 77 to 106
Water / Stainless 537 to 593c 373 to 636

'

Water /Zircaloy-4 - 617 to 651d
dWater / Zirconium Oxide 635 to 670 ,e 617 to 670d

Mercurv/ Copper %7f 630 to 1550
Potassium / Tantalum 15888 1030 to 1950

a. Based on Leidenfrost-type experiment at 0.1 MPa, unless otherwise indicated.

b. Kershock and Bell, Advanced Cryogenic Engireering,15, Plenum,p. 271, 1970.

c. Godliski and Bell, Proceedings of the American Institute of Chemical Engineers, 4,1966, p. 51,

d. Pressure of 15.5 MPa.

e. In-pile fuel rods, estimated from cladding temperature vs. time slope change (Ref.10 r..d 66).
~

f. Poppendick, et al., GLR-55, SAN-677-15, Geoscience, LtD., Calif., January 196'.

! g. Poppendick, et al., GLR-42, SAN-409-29, Geoscience, LtD., Calif, January 1966.

32



5. COMPARISON OF DEPARTURE FROM
NUCLEATE BOILING AND QUENCH BEHAVIOR

'

In this section, a comparison is made of the (Pp), inlet coolant mass flux (G), and inlet
thermal-hydraulic conditions at the onset of film subcooling (AT ) as the independent variables,sc
boiling and the conditions at the onset of film the following empirical correlation, which is

*

boiling destabilization (quenching). Based on the identical to Equation (3), was obtained:
experimental data from the PBF/PCM Test Series
(Appendix C), it will be shown that the therms!- 0. W (8)

P - 8 * 24 G AThydraulic conditions at the onset of film boiling P se
are indistinguishable from the conditions at the
onset of film boiling destabilization (quenching).

As illustrated in Figure 11 (Section 3.4), Equa-

5.1 General Considerations tion (8) accurately predicts (120%) the inlet

of Quenching coolant / power conditions at the onset of film
boiling.

As was discussed in Section 4, a wide variety of Inferestingly, Equation (8) also predicts
parameters are known to influence the quenching (i20%) the PBF/PCM quench behavior as well.
on film boiling destabilization process. Liquid Figure 20 illustrates the experimentally determin-
subcooling, coolant mass flux, coolant / vapor ed peak rod powers at the onset of film boiling
distribution, and system pressure are examples of (open symbols) and quenching (shaded symbols)
parameters which significantly influence this versus the predicted peak rod powers

. process. Film boiling may be " prematurely" [ Equation (8)]. As illustrated, the thermal-
destabilized by an external stimulus such as a hydraulic conditions (Pp, G,AT ) at the onset ofse
pressure fluctuation or a physical disturbance of film boiling are virtually indistinguishable from
the stable film boiling vapor blanket. Therefore, those at quenching.

,

film boiling destabilization or quenching does not
necessarily occur at the " minimum film boiling The onset of film boiling and the quenching
point," but may occur well into the film boiling behavior described above may also be illustrated
region. Appendix A briefly defines the on a forced convective boiling curve as illustrated
temperature terminologies commonly used in in Figure 21. At the critical heat flux (Point A),
defining these processes. where departure from nucleate boiling occurs, a

jump discontinuity in wall temperature (to
The parametric trends of the boiling transition Point B) occurs. Upon cooldown, however, the

process are often similar to the parametric trends system follows the same jump discontinuity and
of the film boiling destabilization process. Table 4 returns to nucleate boiling by way of the critical
lists a few of the more common trends. In general, heat flux. Based on the coinciding DNB/ quench
the parameters which inhibit the onset of film data trends previously illustrated in Figure 20,
boiling encourage film boiling destabilization. little or no hystersis is expected while traversing

Path A.B (Figure 21).
In order to make a valid comparison of DNB

and quench behavior, similar or identical heater Return to nucleate boiling via the same path as
geometries and test conditions must be incor. DNB has been reported by other investigators.
porated. The experiments of the PBF/PCM Test McEwan et al.,67 observed this trend, and no
Series are ideally suited for such a purpose. signs of hysteresis, in tests with a heated annulus

section using water at 10.3 MPa (1500 psia).,

Stevens et al,68 wponed similar results using5.2 Similarities
Freon-12,m a um,formly heated tube with upward
vertical flow. Sterman et al.,69,70 found, in tests

'

In Section 3.4 the thermal. hydraulic conditions using a 0.25 cm (0.63 in) diameter heated tube
at the onset of film boiling were empirically 1.39 cm (3.54 in) long with water at low pressures
correlated for the PBF/PCM Test Series data (0.20 to 0.71 MPa), that " prolonged film boiling
(listed in Appendix C). Using peak rod power b: low the burnout flux could not be maintained."
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MacBeth summarizes this behavior by the state- Figure 1. Direct coolant / clad .ing interactions and
ment: "Thus, it seems that in a forced-convection momentary rewetting set the cage for departure
system, a region corresponding to BC (Figure 21) from nucleate boiling. Film boiling destabilization
for pool boiling may or may not be attainable. or quenching, however, generally occurs in a
depending on the system parameters.'*7I higher local quality environment where a

,

metastable vapor filra blankets the het surface.

5.3 Differences Direct cool-:.i/claddm3 contact with rewetting
,

does not occur at the onset of quenchmg.

Obvious differences exist between the onset of The cladding surface temperature at the onset
film boihag and the onset of film boiling of boiling transition is sometimes referred to as
destabilization (quenching) phenomena. The the critical heat flux temperature, TCHF (see
parameters which hinder DNB behavior usually Appendix A). For 'PBF/PCM testing, TCHFSI
abet quenching behavior. This was discussed in numerically somewhat greater than the saturation
Section 5.1 and is partially summarized on temperature of the coolant. The cladding surface
Table 4. temperature at the onset of film boiling destabili-

zation or quenching (T ), however, is oftenq
For PBF/PCM testing, one difference is the several hundred degrees above the coolant satura-

local coolant distribution at the onset of film boil- tion temperature. Therefore, the cladding surface
ing versus the coolant distribution at quench. A temperature at the onset of film boiling is often
low quality (Iow void fraction) bubbly flow several hundred degrees less than the cladding
pattern (subcooled boiling)immediately proceeds surface temperature at the onset of film boiling
the onset of film boiling as was illustrated in destabilization or quenching.

.

Table 4. Parametric trends of film boiling and film boiling destabilization

Effects

Onset of Film
Film Onset Boiling
of Boiling Destabilization

Parameter (CHF) (FBD)

Increase Low P: Increases CHF Encourages FBD
pressure (P) High P: Decreases CHF

Increase inlet increase CHF Encourages FBD
subcooling ( T )sc

External cladding Increase and delay DNB Encourages FBD
thermocouples

Increase coolant increases CHF Encourages FBD
mass flux (G)

Decrease power Discourages DNB Encourages FBD

Heater surface Little influence on CHF Slightly encourages
conditions for forced convective boiling FBD in pool boiling

(oxidation, roughness)
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5.4 Anomalous Departure from coolant is again redistributed and may result in a
"'' d**''^5' f the cooling capacity in adjacent

Nucleate Boiling and regions, which .m turn may induce the onset of
Quench Behav.ior DNB (or the continuation of film toiling) on adja-

cent rods. Such a phenomenon may be summar-*

ized as follows: a change in the local boiling
There were two reported instances of anoma- c nditions (onset of film boiling or return to

lous DNB and quench behavior that occurred
during the PChi Test Series. The first, was ".ucleate boiling) alters the local coolant distribu-*

tion and may influence the boiling behavner ofanomalous DNB behavior that occurred during
adjacent fuel rods.

the nine-rod bundle test PChi-5. The second was
anomalous quench behavior that occurred during 5.4.2 Aiamalous Quench Behavior and Test
the four-rod (individual coolant flow shrouds) PCM-2. Test PChi-2 was a four-rod test, where
Test PChi-2. Within this section, these isolated each fuel rod was contained within its own coolant
cases of anomalous behavior are briefly described. flow shroud, as illustrated in Figure 4 (Section 2).
It is shown that such behavior may be the result of The flow shrouds were hydraulically coupled in
inherent hydraulic coupling or fuel rod bowing. parallel with common talet and outlet plenums.

The details of this test are found in Reference 5.
5.4.1 Anomalous Departure from Nucleate Quenching was consistently m. .tiated on three ofi .
Boiling Behavior and Test PCM-5. Test PCM-5 the four test rods by either decreasing rod power,
was the first nine-rod open bundle experiment in increasing coolant mass flux, or both. During the
the PBF/PCM Test Series. A cross section of the final DNB cycle, however, even with power reduc-
3 x 3 test fuel bundle is illustrated in Figure 14 ti n film boiling on one rod (which did not reach
(Section 3), and the details of this test are found in DNB until very low flow conditions were estab-
Reference 10.

lished) could not be terminated until the flow was
" * "S' I " ' ' * " "" * '#9" # '.~

Film boiling was initiated within the nine-rod quenc t h d er thee & As own m
test bundle by slowly increasing test rod power gum 23, quench a not wcur on hs W as
while maintaining an approximately constant 11ow was , increased. As the flow reached the pre-.bundle coolant mass flux. At some later period 2DNB value of 1460 kg/m s, the cladding surface
during the test, the coolant mass flux was slightly temperature decreased and then gradually
increased and the average test rod power was increased to about 1520 K. Test rod peak power
slightly decreased. As a result, corner rod three was then reduced to 40 kW/m, which resulted in
(see Figure 14) and center rod five quenched, and lower cladding temperatures, but sustained film
commenced return to nucleate boiling. With,ni boiling. Only after test rod power was furtherseconds of when the center rod quenched, decreased, and the coolant mass flux further
however, adj,acent side rod six underwent depar- increased, did quenching occur.
ture from nucleate boiling and remained m film
boiling for almost a minute. This behavior was This unexpected quench behavior may be the
unexpected since the thermal-hydraulic test condi- result of a hydraulically coupled interaction, as
tions (increased coolant mass flux and decreased illustrated in Figure 22, or fuel rod bowing. When
rod power) favored quench behavio 2nd not DNB one (or more) test fuel rod commences film boil-
behavior. Such a phenomenon may be viewed as a ing, the two-phase pressure drop or flow resis-
hydraulically coupled rod-to-rod interaction. tance within that coolant flow shroud is increased.

Since coolant follows the path of least resistance,
Consider two adjacent fuel rods within a bundle the coolant flux is slightly redirected toward adja-

geometry, as illustreed in Figure 22. Initially, the cent or bypass flow channels. As a result, neigh-
rods are cooled t.. sin approximately uniform boring test fuel rods may experience enhanced
coolant distribution with no film boiling cooling, thereby reducing the potential for further

,

(Figure 22a). If film boiling is initiated on one of DNB occurrences. Similiarily, film boiling
the fuel rods (Figure 22b), the coolant is destabilization or quenching reduces the pressure
redistributed and may provide enhanced cooling drop within a coolant channel, resulting in a net

' in adjacent regions. Such a process, of course, decrease in coolant availability for adjacent,
requires a decrease in the coolant mass flux coupled channels. Therefore, the quenching of
through the film boiling vapor layer. Upon quen- fuel rods within hydraulically coupled cooiant
ching and rewet on the rod (Figure 22c), the channels becomes successively more difficult.
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Figure 23. Anomalous rewet behavior during Test PCh!-2.
-

The anomalous quench behavior observed in flowing coolant stream (external cladding thermo-
Test PCM-2 may likewise be the result of fuel rod couples, rod orientation or bowing, instrumenta-
bowing. Inherent within the four-rod geometry of tion and associated lead wires, etc.) can make a
Test PCM-2 is a slight power skewing, where the simple hydraulic system complex. The nature of
highest powers occur at the inner regions (O' loca- the heater surface (clean, oxidized, smooth,
tion) of the test rods. As a result, rod bowing rough, etc.) also adds an element of complexity to
toward the hotter, higher power regions is the understanding of two-phase heat transfer
expected. If the rod bowing is sufficiently great phenomena. A non-uniform radial boiling profile,
and test rod-flow shroud contact is made, local- inherent hydraulic coupling, and resultant local-
iied coolant flow starvation results. This, in tur,, ized pressure lluctuations also contribute to
makes film boiling destabilization or quenchiri - boiling behavior,

more difficult to induce.
Unfortunately, no universal two-phase thermal-

5.4.3 Closing Remarks. Many parameters hydraulic model exists to completely describe boil-
influence the film boiling and quench behavior of ing behavior. This is because the basic physical
a system. In addition to the more common principles of boiling heat transfer, and their inter-
thermodynamic parameters such as pressure, dependency, are not well understood at this time.
temperature, and volume. there are others of Conseqcently, boiling behavior which is now

.
equal or greater importance. Geometry, for exam- termed " anomalous" stems mainly from a lack of

pie, greatly affects the processes of film boiling understanding of the physics which dictates
and quenching. Mechanical protrusions into the boiling behavior.

.

|

|

|
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; 6. CONCLUSIONS AND FINAL REMARKS
i

|

This report has presented a study of film boil- Local quality (X): -0.035 to 0.239
''

! og, quench, and rewet phenomena during high
_

| precsure Power-Cooling Mismatch (PCM) testing Subcooling (AT ): 7 to 25 Ksc
! withia the Idaho- National Engineering
| Laboratory (INEL) Power Burst Facility (PBF). Critical heat flux (tCHF): 840 to

-

| 2000 kW/m2
The results 'of this study led to the following

observations and conclusions: 2. Comparison of observed PBF/PCM
critical heat flux conditions with well-

;

|
1. The critical heat flux ( CliF) behavior known reactor vendor cortelations indi-

' observed . during . PBF power-cooling- cates that the Combustie'i F..igineering
mismatch testing can best be modeled by an (CE-1) or LOFT critical heat . r rcia-
additive empirical correlation of the form: tions best model the observed bs.2 -

4 (+30%) =-0.23 G + 393 P. 3. Quench and rewer are distinctly different
phenomena, entailing different modes of

2
I- - 20.5 P - 32 GX heat transfer. The cladding surface temper-

atures at which quench and rewet occur'

+ 2 GPX (9) may be estimated from Equations (7) and
(5), respectively.

| and is recommended for use in the follow-
ing parameter ranges: 4 On the basis of the PBF/PCM tests

thermal-hydraulic conditions at the o.iset
'

Heated length (L): 0.879 to 0.914 m of film boiling are indistinguishable from
the conditions at the onset of film boiling

Pressure (P): 13.6 to 15.5 MPa destabilization (or quenching). This implies
that return to nucleate boiling occurs via

Coolant mass flux (G): 513 to the same path as boiling transitiun, with no
2750 kg/m s sign of hysteresis.

f

-
\

|

|

.
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APPENDIX A

TEMPERATURE TERhlNOLOGIES COMMON TO THE NUCLEAR INDUSTRY.

Within the nuclear community, a wide variety of terminologies are used
,

to describe specific temperatures. Often a certain temperature is referred

to by several different names; such as the minimum film boiling, Leiden-

frost or rewet temperature. Confusion and misinterpretation often arise as
a result of varied nomenclature.

The purpose of this appendix is to provide a listing and corresponding

definitions of temperature terms common to the nuclear literature. Many of
the temperatures listed have been defined or inferred in various ways by

different authors. Some of the definitions which follow are, therefore,

subject to the interpretation by the authors of this re por t .

TEMPERATURE (T): An index or measure of the molecular activity of matter
which determines, in part, the transfer of heat to or from other

bodies. It is a quantitative measure of the degree of " hotness" or

" coldness" of a body or system. Customary units of temperature are
degrees Celsius, Kelvin, Fahrenheit, or Rankine.A-1

APPARENT REWET TEMPERATURE: See QUENCH TEMPERATURE (T ).

APPARENT QUENCHING TEMPERATURE: See QUENCH TEMPERATURE (T ).

CRITICAL TEMPERATURE (T , Tcrit): The temperature above which a gasc
cannot be liquified by pressure changes alone. It is the highest tem-

perature at which liquid and vapor can coexist in thermodynamic equi-
librium. For pure water, T = 647.2 K.

CRITICAL HE/.T FLUX TEMPERATURE (TCHF, TDNB : ;
e a er su ace.

temperature at the critical heat flux or at the onset of boiling tran-

, sition.

I
|
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FOAM LIMIT TEMPERATURE: See MAXIMUM, METASTABLE SUPERHEAT TEMPERATURE.

HOMOGENEOUS NUCLEATION TEMPERATURE (TliN): The maximum limit of superheat .

for a liquid at a given pressure, free from foreign matter and dis-

allowing the possibility of interfacial vapor formation, as predicted
,

from kinetic nucleation theory. Mathematically defined by the general
A-2rate expression

J = WN exp (-W/kT) (A-1)

where:

the number of critical size vapor nuclei per unitJ =

volume per unit time which grow to macroscopic size

frequency of collision between vapor embryo andw =

individual liquid molecules

-23k Boltzmann constant (1.38 x 10 yjg)=

number of liquid molecules per unit volumeN =

The work of vapor embryo formation, W, is given by the sum of the work
of surface formation, the work to overcome pressure forces, and the
" molecular" work. Mathematically,

W=4nr 0 + 4/3 w r3 ( p' - p") + 4/3 n r32 p" ( p' - p") (A-2)

where:

surface tensionO =
; -

!

i embryo radiusr =

|

.

i
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chemical potentialp =

single prime superscriptliquid =
,

double prime superscript.vapor =
,

At the homogeneous nucleation temperature, J will increase
several orders of magnitude for a change of only a few degrees in
temperature, thus defining T

ilN '

For large volume, slowly heated systems, T curs when
ilN

6J N 10 to 108 (sites /cc s). For small volume, pulse heated sys-

tems, T ccurs when J N10 to 1015 (sites /cc s)A-312
,

HN

Homogeneous nucleation is an explosive type of vapor production
which rarely occurs in practice since surface or heterogeneous
nucleation occura at much lower superheats. Figure A-1 illustrates a
comparison of the saturation (T ), homogeneous nucleation (T

ilN
and maximum, metastable superheat (T ,) temperatures as a
function of pressure. As illustrated, the liquid superheat limit

predicted from a thermodynamic Van der Waals-type equation of state
(see MAXIMUM METASTABLE SUPERHEAT TEMPERATURE) is somewhat greater

than the predicted superheat limit from kinetic theory. At

atmospheric pressure, for example, T , for pure water is about
586 K and T I" "D "' N O "*f*#*""" ^ """* ** Y' **

HN
difference between the two values decreases with increasing pressure
and are equal at the critical point (Figure A-1). Therefore, for a

first approximation, T
HN % T,,x,,.

INCIPIENT BOILING TEMPERATURE (T ): The heater surface temperature atg

the onset of boiling or when vapor nucleation commences.
O

LEIDENFROST TEMPERATURE (TLeid): The minimum heater surface temperature
required to keep a boiling liquid droplet levitated with its own vapor,

(Leidenfrost boiling). Geometry independent, where from theoretical
A-4considerattons :

.

49

I



._ . _ . _ __ _ _ .. - _ . _ .

J

,

;

.

.-

t

i *

Temperature (*F)
.

j -100 200 '300 400 500 600 700 800251 i .I I I I I Ij - 3500

|~
20

Saturation Cntical
curve point - 3000_.

Homogeneous- - - -

nucleation
- 2500

Maximum af
--

; g _

c. 15 - metastable E

|f'
- 2000 S

4

i E superheat a

e, e. '|8 8'

I E 10 - '/ - 1500 $
| 1 E
: I

i // - 1000 .

i 5 -

|,|1.

of
- 500 'is-,

,

? I
,

s''

O I I o
,

300 400 500 600 700

Temperature (K)

:

1! INEL A 16150
!

Figure A 1. Saturation and limiting superheat temperatures for pure water at various pressures.
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'Tsat < Leid T,, (k W ), + (k W )g - T (k N )gg
(A-3)

(k/ N )* .

|
.

A-5,6NOTE: Transient liquid-heater contact and momentary rewetting

may occur at temperatures above T Therefore, the thermo-.

Leid.
physical natures of the' boiling liquii and the heating surface

influence T
uid *

r

LIMITING SUPERHEAT TEMPERATURE: See MAXIMUM, METASTABLE SUPERHEAT

-TEMPERATURE, HOMOGENEOUS NUCLEATION TEMPERATURE OR brONTANEOUS NUCLEA-

TION TEMPERATURE.

MAXIMUM, METASTABLE SUPERHEAT TEMPERATURE (T,, , or T,3): The maximum
thermodynamic limit of liquid superheat at a given pressure as defined

by the intersection of the liquid phase spinodal .nd the corresponding
isotherm. The liquid phase spinodal (Figure A-2) is that curve-in PVT

* space which separates metastable states from: unstable states at densi-
ties greater than the critical density. Also referred to as the

limiting superheat or foam limit temperature.A-7 For liquids which-

obey the Van der Waals Equation of State (EOS), T ' , ca n t,e e s t i-
mated by the following expression:A-7

27
T , %3 c (at low pressure) (A-4)T

where T is the thermouynamic critical temperature. At elevated
pressures, T , is more closely estimated by the empirical relation-
ship:A-8

_

.

8-
3 T -T / T

(1 -
Tsat.3max,s sat , j 1_ } + 0.0905 8*'

(A-5)T \ / Tc c c
.

e
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where T, is the saturation temperature at a given pressure.
Figure A-1 illustrates approximate values for T (as calculated,

from the above empirical relationship) for water at various pressures.-

HELTING TEMPERATURE (T ): The temperature at which heterogeneous
mp

solid-liquid phase change occurs at a given pressure. It is the tem-

perature at which the solid and liquid phases of a substance may exist
together in equlibrium, without either phase changing into the
other.A-9 It is the temperature at which a substance exhibits an
increase in liquidity (or decrease in viscosity) in going from a solid
to liquid state. For an amorphous solid (such as glass) no abrupt
change in liquidity occurs at T .

MINIMUM FILM BOILING TEMPERATURE (ATmin): The minimum superheat

temperature of the heating surface, (T - Tsat} min, requ ed toy

sustain film boiling. It may span a wide range of values depending
upon the thermophysical nature of the heating surface and the boiling*

liquid. The wall temperature at the minimum point, T , may beg ;
viewed as the Leidenfrost temperature or rewet temperature whose range-

may be approximated by Equation (A-3).

QUENCH TEMPERATURE (T ): The heater surface temperature at the onset of

film boiling destabilization characterized by rapid cooling, where a

significant increase in the surface heat transfer has

occurred,A-10,11 also referred to as the apparent rewet tempera-
A-10,12 or apparent quenching temperature.A-14.

ture

REWET TEMPERATURE (T ): The heater surface temperature at which direct

liquid / heater contact occurs and a liquid-vapor-heater triple inter-
face is reestablished. For most applications, microscopic rewetting

may be assumed nonexistent if the hot surface exceeds the Leidenfrost
A-10,11

temperature (T eid)* Also referred to as the wetting tem-'

perature (Twet)*
.
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:

SATURATION TEMPERATURE'(T : e e8Perature at wMeh the Hquid andsat

| vapor phases of a substance are= in thermodynamic equilibrium at a

; .given. pressure. - Figure A-1 illustrates the saturation temperature for '-

pure water.at various pressures.
,

;

.

j SPONTANEOUS NUCLEATION TEMPERATURE (TSN): The maximum limit of superheat
.for a liquid at a given pressure, where possible interfacial vapor

j formation exist, as' predicted from kinetic nucleation- theory: hetero--
f geneous nucleation'(also see homogeneous nucleation temperature,

T
HN *

The effect of interfacial wetting characteristics must be consi-

dered in predicting T This is usually done by multiplying theSN.
work of vapor er.bryo formation, W (see Equation (A-2) by a wetting
factor, f(0):

3 *

f(0) = 2 + 3 cos0 - cos (A-6)4

.

where 0 is the interfacial contact angle. For perfect wetting 0 ='Oj

and f(0) = 1 and, thus, TSN " HN. Only for a high degree of non-

1 wetting is T significantly lower than T For complete nonwet-SN HN.
ting 0 = 180 and f(0) = 0 and, thus, T =-T

SN sat *
i

Therefore, the work required for spontaneous nucleation is less
~

than that for homogeneous nucleation, and:

T <TN sT (A-7)sat S HN
,

t

Values of the spontaneous nucleation temperature for pure water at..
.

atmospheric pressure as a function of ' interfacial wettability are
r given in ".able A-1.

i
.
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TABLE A-1. SPONTANt,0US NUCLEATION TEMPERATURES FOR PURE WATER A'T

ATMOSPildRIC PRESSURE AS A FUNCTION OF INTERFACIAL WETTABILITY i

;
,

.

Contact Angle, Wetting Factor Approximate TSN
(Degrees) f(0), Equation (A-6) (K)

~

0 1 578
90 0.50 568

135 0.060 541
150 0.013 513
180 0 373

.

SPUTTERING TEMPERATURE (T ): The heater surface temperature in the
9

!

region preceding a quench front (sputtering region).A-16 It is

considered to lie between the incipient boiling temperature (T;)
A-16and the critical heat flux temperature (T *

CHF' DNB *

sputtering temperature is often approximated by -17 the LeidenfrostA

temperature or the rewet temperature. It has also been defined as the
heater surf ace temperature at the quench f ront . A-18,19 The sputter-
ing temperature at various pressures is reported in Reference.^'

.
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APPENDIX B

. CRITICIAL HEAT FLUX CORRELATIONS

The prediction of the critical heat flux has resisted all attempts at
,

theoretical analysis from first principics. As a result, data have been

gathered and empirical correlations developed to model the data. The evo-

lution of such empirical critical heat flux correlations has paralleled the

development of the test facilities to generate the necessary data.

Within Section 3 of this report, an assessment was made of the CHF
correlations widely used in the nuclear industry to model the boiling tran-
sition behavior experienced during PBF experiments. A detailed listing of
the more common CHF correlations, applicable to PWR-type conditions, fol-
lows.

~'1. Sabcock & Wilcox, B&W-2-

~ 1.15509 - 0.40703 (De)~
~

8(0.3702 x 10 ) (0.59137G')B'

$CW " (3.0545G')^ _ __12.71

- 0.15208 H G FXg APk

where

0.71186 + (2.0729 x 10-4) (P-2,000)A =

0.834 + (6.8479 x 10-4) (P-2,000)B =

0
G/10G' =

The B&W-2 correlation was developed from rod bundles in water data in

the parametric ranges given by:

.

.
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Equivalent diameter, De 0.2 to 0.5 in.

lleated length, L 72 in.
Pressure, P 2,000 to 2,400 psia -

6 0Mass flux, G 0.75 x 10 to 4.0 x 10
2lbm/ft -hr

.

Local quality, X -0.03 to 0.20

2. LOFT Correlation ~

CHF = 0.ll585G + 800P - 0.27442P - 1.4383GX

+ 0.0002566 GPX

The LOFT correlation is valid in the following parametric ranges:

Pressure, P 2,000 to 2,400 psia
6 6Mass flux, C 0.75 x 10 to 2.5 x 10

.

2Ibm /ft -hr
Local quality, -0.35 to 0.20

,

B-33. Westinghouse Company, W-3

6 2.022 - 4.302 x 10-4P+(0.1722-9.84x10-5p)exp[(18.177$CllF = 1.0 x 10

- 4.129 x 10-3 )X]f (1.157 - 0.869X)[0.1484 + X (-1.596P

0.1729 ABS (X))) G'+1.037f[0.8258c

7.94 x 10-4 (llf - Ilin) ] [0.2664 + 0.8357 exp (-3.151 D )]/F+
e APK

.

9
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1,

:

where
,

,

1

6c/10
" c' -.

' l

]
The W-3 correlation is valid in the following parametric ranges:

.

Equivalent diameter, D . 0.2 to 0.7 in.

Heated length, L 10 to 144 in.
4
.

i ' Pressure, P 1,000 to 2,400 psia
6 6

Mass flux, G 1.0 x 10 to 5.0 x 10 lbm/ft2.hr
Local quality, -0.15 to 0.15

B-4,54. CE-1 Correlation

The CE-1 correlation is based on 731 data points from electrically
heated rod bundles (14 x 14 and 16 x 16) and is given by:

.

1

_

@CHF = 10 (b ) (b3 + b P) |g 4 6
_

4

| (b P + b ! -

^

7 8c 1a \
-(X) -(hfg) / { j-

1010
6 ,

( 6/

where;

h 1.0=

-
:

-3
~b 2.8922 x 10=

g

-0.50749bj 2
=

'

b 405.32=
3

-2-9.9290 x 10b =
4

'

-0.67757bj 5
=

-4
b 6.8235 x 10=

6

,i
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-0b 3.1240 x 10=

-2b -8.3245 x 10=
_

The CE-1 correlation is valid in the following parametric ranges:
.

Pressure, P 1745 to 2415 psia

Local quality, X -0.16 to 0.20

Mass flux, G 1.0 x 106 to 3.0 x 106 lbm/ft -hr2

Inlet temperature , Tin 451 to 633 F

Subchannel wetted 0.3588 to 0.5447 in.

Equivalent diameter, D e

Subchannel heated 0.4713 to 0.7837 in.

Equivalent diameter, DH

lleated length, L 84 to 144 in.

Axial Power Profile Factor (F '

APk

The axial power profile factor is used in calculations for rods with a

nonuniform heat flux and is calculated by the following equation.B 1

DNB,M
A C &(z) exp [-C(L -z dz

g DNB,N

$ ocal [1 - eXP (-C LAPk
1 DNB,EU

where

A

2 (1 - X) 3P A

4(z) = g sin ( ) and, C = .

(G/10 )

.

!
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For B&W-2 For W-3 and CE-1

1.001.025 AA ==
3,

0.150.249 At A ==
2 2

4.31A 7.82 A ==

3 3

0.4780.457 AA ==
4 4

The values of F in Table B-1 were calculated using these values:p

7.07 x 10P =
p g

0.03517 ft.D =

27.6 in,DNB,N =

bNB,EU 13.9 in.=

36 in.L =

'

TABLE B-1. AXIAL POWER FACTOR

Correlation G(Ibm /ft -hr) X APk

B&W-2 1.48 x 106 0.036 1.36
2(2000 kg/m .3)

8.11 x 105 0.094 0.73
2(1100 kg/m .s)

W-3 and CE-1 1.48 x 106 0.036 1.44
2(2000 kg/m .s)

8.11 x 105 0.094 1.52
2(1100 kg/m .s)

Cold-Wall Factor (Few

To compensate for the cold-wall effect believed to be present in our
,

test geometries, the following cold-wall factor was used; ~

.
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=1.0-(1.0-[D
~

) 13.76 - 1.372 exp(1.78X)Fcy
H -

-

-0.0535 0.14

- 4.732 ( 6) - 0.0619 ( 3)
10 10 .

- 8.509 (D ~

H

Using the following values,

0.22 in.
_

D =

0.55 in.D =
H

6 21.48 x 10 lbm/ft .hrG =

2103 psiaP =

0.036=

a cold-wall factor, F f approximately 0.4 is calculated.ew,
.

9
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APPENDIX C

DATA BASE: CRITICAL HEAT FLUX AND QUENCH-

Contained within this apper.iix are the experimental data used in this.

report from all of the power-cooling-mismatch (PCM) and irradiation effects
(IE) tests conducted, up to and including PR-1 (PCM-7 data was not avail-
able at the date of this publication). The PCM and IE tests were conducted
in the Power Burst Facility at the Idaho National Engineering Laboratory.

The parametric ranges of the critical heat flux data in Table C-1 are
as follows:

Masc flux 314 to 2750 kg/m2,

Peak rod power 40.5 to 71.0 kW/m
System pressure 12.7 to 15.6 MPa

Inlet temperature 575 to 610 K*

Local quality -0.035 to 0.239

.

The ranges of the quench data listed in Table C-2 are as follows:

Mass flux 345 to 2112 kg/m2,

Peak rod power 34.1 to 70.5 kW/m
4

System pressure 12.7 to 15.6 MPa

Inlet temperature 590 to 610 K
Maximum cladding temperature 668 to 1300 K

Time in film boiling 2.0 to 687 s

!

.

0
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TABLE'C-1. CRITICAL HEAT FLUX DATA

Peak Rod Coolant
Coolant Power at Mass Flux Local

,

System Inlet Elevation Onset at Onset. Critical !

PCM Fuel Pressure Temperature of DNB of DNB ofgNB ' Heat {1ut Local
Test Cycle Rod (MPa) (K) (m) (kW/m) (kg/m s) (kW/m ) Quality

EPQ4- l' 1 1 15.2 601 0.78 + 0.1 52.0 + 8%- 1143 +:5% 840 + 18% 0.095

PCM-2a,b 8 8 13.6 600 0.686 +-0.05 49.8 + 8% 717 + 8% 1057 + 14% 0.231 ,

8 9 13.6 600 0.787 7 0.05 52.3 7 8% 917 7 7% 855 7 11% 0.208
8 10 13.6 600 0.787 7 0.05 52.7 7_ 8% 975 I'7% 861 _I. 11% 0.195

_ _.

PCM-2Ac 2 1 14.7- 600 d 53.4 + 8% 69) + 7% d d-
4 1 14.7 600 u 44.0 + 8% 693 + 7% d d -

8 'l 14.7 600 d 53.4 + 8% 715 + 7% d d
,

9 1 14.7 600 0.79 + 0.1 59.8 + 8% 809 + 7% 772 + 16% 0.239g

PCM-38 1 21 15.4 600 0.584 + 0.05 49.5 + 8% 971 + 6% 1295 +-16% 0.059 '

3 21 15.4 600 0.686 7 0.05 49.5 7 8% 1127 7 6% 1102 7 14% 0.066
4 21 15.4 600 0.686 7 0.05 49.5 7 8% 1011 7 6% 1102 7 14% 0.089 i

*

5 11 15.4 600 0.737][0.05. 49.5][8% 734}[8% 977}[12% 0.229
5 21 15.4 600 0.686 + 0.00 49.5 + 8% 896 + 7% 1102 + 14% 0.116 !

f

i PCM-4 1 15 15.1 600 0.686 + 0.05 67.9 + 8% 2112 + 3% 1482 + 14% 0.024
2 15 15.1 600 0.635 + G.05. 67.1 + 8% 1973 + 3% 1621 + 15% 0.020
3 15 15.1 600 C-686 I 0.05 58.0 7 8% 1863 7 3% 1267 7 14% 0.019

: 4 14 15.1 600 0.787 7 0.05 70.5 I 8% 1909 7 3% 1105 7 11% 0.063 '

! 4 15 15.1 600 0.686}[0.05 67.1][8% 1967}[3% 1464}[14% 0.032
5 4 16 15.1 600 0.787 + 0.05 67.9 + 8% 1852 + 3% 1063 + 11% 0.062

. PCM-5f 1 1 15.5 593 0.58 + 0.1 59.4 + 12% 1055 + 3% 1612 + 18% 0.019
I

1 38 15.5 593 0.68 I 0.1 62.1 7 12%' 1055 7 3% 1422 7 27% 0.024
i

1 38 15.5 593 0.68 I 0.1 61.7 7 12% 1055 7 3% 1413 7 27% 0.022
i 1 38 15.5 593 0.68 7 0.1 61.4 7 12% 1082 7 3% 1407 I 27% 0.016-
"

1 38 15.5 593 0.63}[0.1 61.4][12% 1092}[3% 1407}[27% 0.014 f
1 '

I

i

-
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TABLE C-1. (continued) >

Peak Rod Coolant-
Coolant Power at Mass Flux Local

System Inlet Elevation Onset at Onset Critical
;

PCM Fuel Pressure Temperature of DNB of DNB 'ofgNB-
~(kW/m{1ux
Heat Local i

Test Cycle Rod (MPa) (K) (m) (kW/m) (kg/m s) ) . Quality

l' 5 15.5 593 0.73 + 0.05h 55.7 + 12% ~1082 + 3% 1116 + 27% 0.010
'

1 -6 15.5 593 0.68[0.1, 59.7[12% 1108[3%- 1366[27% 0.006
1 8 15.5 593 0.68 + 0.11 60.7 + 12% 1055 +-3% 1390 + 27% 0.019

_

,

8-1-RS3 3 1 13.5 600 'O.74 + 0.05 63.9 + 8%k 1341 + 4% 1241 + 12% 0.056
4 1 13.5 600 0.69[0.05 65.9[8%k -1353[4%' 1498[14%' O.053

8-1-RF3 3 1 15.2 600 0.74 + 0.05 59.4 + 8% 605 + 6% 1366 + 12% 0.142 !

4 l' 15.2 600 0.74 7 0.05 60.7 7 8% 600 7 6% 1396 7 12%' O.150
d 5 1 15.2 600 0.74 7 0.05 61.0 7 8% 568 7 6% 1403 7 12% 0.168

, 6 1 15.2 600 0.74 7 0.05 60.7 _7 8% 513 7 7% 1396 7 12% 0.194-
- _

CEF 1 1 15.2 603 0.667 + 0.05 50.5 + 8% 1262 + 3% 1190-+ 14% -0.007
Scoping 3 -1 15.2 603 0.667[0.05 63.3[8% 1387[3% 1494[14% 0.004e

i 4 1 15.2 603 0.533 + 0.05 62.3 + 8% 1364 + 3% 1772 + 16% -0.021
i 5 1 15.2 603 0.667 7 0.05 58.4 7 8% 1368 7 3% 1379 7 14% -0.001

6 1 15.2 603 0.667 7 0.05 61.7 7 8% 1383 7 3% 1456 7 14% 0.003
-

7 1 15.2 603 0.58 + 0.1 60.0[8% 1358[3% 1614[20% -0.015 ;

1 !PR-1 ,m 7 1 12.7 594 d 43.0 590 d d
8 1 15.5 607 d 43.5 530 d d
8 3 15.5 607 d 43.0 509 d d ,

9 3 15.5 610 d 43.0 525 d d
14 3 13.0 593 d 43.5 380 d d -i

14 1 13.0 593 d 41.0 522 d d

15 1 13.1 593 d 44.0 442 d d
16 3 15.5 603- d 41.0 450- d d

-16 1 15.5 603 d 41.0 590 d d

.

i
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TABLE C-1. (continued)
,

Peak Rod Coolant
Coolant Power at Mass Flux Local

System Inlet Elevation Onset at Onset Critical
PCM Fuel Pressure Temperature of DNB of DNB ofgNB Heat {1ux Local

Test Cycle Rod (MPa) (K) (m) (kW/m) (kg/m s) (kW/m ) Quality

17 1 15.6 604 d 41.5 498 d d
17 3 15.6 604 d 41.5 434 d d
17 4 15.6 604 d 41.5 360 d d

1PR-1 ,m 20 3 12.9 593 d 42.3 322 d d
20 4 12.9 593 d 42,0 314 d d
21 1 15.4 606 d 41.On 487" d d
21 3 15.4 606 d 40.5 406 d d
22 1 15.0 575 d 46.0" 890" d d

U 23 1 15.2 605 d 43.0" 550" d d
23 3 15.2 605 d 43.0 340 d d
24 1 15.6 590 d 42.5" 810" d d
25 4 15.5 590 d 52.0 345 d d

IE ST-1 1 1 14.8 600 0.6 1 0.1 67 2090 1890 -0.004

IE ST-2 1 5 15.2 600 0.6 1 0.1 61 1280 1680 -0.035
1 6 15.2 600 0.6 1 0.1 61 1414 1680 a

IE-1 1 7 14.8 605 0 6 + 0.1 68 2520 1950 o
1 8 14.8 605 0.6 1 0.1 63 1690 1810 0.003
1 9 14.8 605 0.6 + 0.1 64 1840 1840 -0.005

_

1 10 14.8 605 0.6 1 0.1 64 2030 1840 -0.016

IE-2 1 11 15.2 606 0.6 1 0.1 65 2550 1830 0.011
1 12 15.2 606 0.6 1 0.1 65 2650 1840 0.008
1 13 15.2 600 0.6 1 0.1 62 2750 1760 0.001
1 14 15.2 606 0.6 1 0.1 61 2750 1730 0.000

.

O
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TABLE C-1. (continued)

Peak Rod Coolant
Coo'. ant Power at Mass Flux Local

System Inlet Elevation Onset at Onset Critical
PCM Fuel Pressure Temperature of DNB of DNB ofgNB Heat {1ux Local

Test Cycle Rod (MPa) (K) (m) (kW/m) (kg/m s) (kW/m ) Quality

IE-3 1 15 15.2 606 0.6 1 0.1 71 2110 2000 0.038
1 16 15.2 606 0.6 1 0.1 65 2160 1830 0.026
1 17 15.2 606 0.6 1 0.1 71 2290 2000 0.029
1 18 15.2 606 0.6 1 0.1 62 2100 1750 0.024

IE-5 1 19 15.2 605 0.6 1 0.1 62 1275 1730 0.080
1 20 15.2 603 0.6 + 0.1 68 1315 1900 0.090

~

1 21 15.2 605 0.6 1 0.1 63 1210 1760 0.092
1 22 15.2 605 0.6 1 0.1 69 1800 1930 0.046

,

d

a. Rod 14 not instrumented,

b. Cycle 8 is the only usable data,
c. Cycle 1 did not reach film boiling, data not available on Cycles 3, 5, 6, and 7.
d. Data from LVDT, no local elevation.
e. No good data available on Cycle 2.
f. Rods 2, 4 not instrumented. Rods 7, 8 had no thermocouples. Rods 3, 9 had no LVDT.
g. Rod 3 underwent four separate DNB cycles.
h. Simultaneous DNB at 0.68 and 0.78 m elevations,

i. Best guess on elevation of DNB.
j. Good data not available on Cycles 1 and 2.
k. Suspected to be high values.
1. Test PR-1 used BWR-type rods,

Average (of four rods) test rod peak power.m.
n. Data from failed rod.
o. Data not available, function undefined (see Appendix D).

- _ _ _
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TABLE C-2. QUENCH DATA
~

Maximum
Coolant ClaJding Cladding. . Coolant Peak Rod' Local Time;

System talet Elevation Tempera t ure Temperature Mass Flux Power Quench in Ftin
PCM Fuel Pressure . Temperature of Quench at Quench during Cycle at Qugnch. at Quench Heat F Boiling

(kW/m{uxTest Cycle ' Rod (MPa) (K) (m) (K) (K) (kg/m s) (kW/s) ) (s)-

PCM-IC

dPCM-2 ,e 3 ._ 8 13.6 600 0.635 1210 1300 .1462 + 4% 43.2 1012 80
.8 8 13.6 600 0.686' -1020 '1870 1634.7 4%' 34.6 733 122

8 9 13.6 600 0.787 910 915 1262 I 5% ~52.3 855 55
*

8 10 13.6 600 0.787 875 875 803 [ 8% 52.7 861 ~ 54

fPCM-2A e8 2 1- 14.7- 600 0.787 645 645- (98 + 9% 53.5 692 372
3 1 14.7 600 0.787 644 644 715 7 8% $6.7 - -733 h
4 1 14.7 600 0.787 648 648 704 7 8% 56.7 733 813'

8 1 14.7 600 0.787 665 668 720[8% 58.1 751 325i'
9 1 14.7 600 0.787 856 859 792 + 8% 59.8 772 208

PCM-3 1 21 15.4 600 0.584 945 945 971 + 6% 49.5 1295 10.0
'

3 21 15.4 600 0.686 755 755 1968 1 63 49.5 1102 5.0
-J 4 21 55.4 .600 0.686 805 805 913 + 7% 40.7 906 5.9*

5 11 -15.4 600 0.635 695, 695, 740[81 49.9 1206 2.0
5 11 15.4 600 0.686) 885) 8853 780 + 8% k k 10.5}
5 11 15.4' 600 0.7373 8901 8903 734[8% k k 21.53

5 21 15.4 600 0.635 810 810 751 1 8% 49.5- 1197 4.5
5 21 15.4 600 0.584 1040 1080 844 1 72 k k 28.0
5 21 15.4 600 0.635 1080 1080 844 + 7% k. k 19.0
5 21 15.4 600 0.686 1108 1108 844 1 7% k k 56.0
5 21 15.4 600 0.889 653 725 769 + 8% k k 24.0|I -

3 PCM-4I i 15 15.1 600 0.635 727 727 2112 1 3% 67.1 1621 22
.t 15 15.1 600 0.686 712 715 2112 + 3% 65.6 1431 42 |

,

2 15 15.1 600 0.635 .703 703 1921 + 3% k k 135
3 15 15.1 600 0.686- 730 730 1794{4% 58.0 1260 195
4 14 15.1 600 0.584 935 935 1678 + 4% 70.5 1850 148
4 14 15.1 600 0.686 860 920 1678[4% 70.5 1538 148

,

4 14 15.1 600 0.787 790 860 1678 + 4% 70.5 1105 148
4 15 15.1 600 0.635 980 1040 1637 I 4% k k 212
4 16" 15.1 600 0.686 !!00 !!00 1637{4% k .k 212

1

i

'

;.

i
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TABLE C-2. (continued)

Maximum
Coolant Cladding Cladding Coolant Peak Rod * Local Time

System inlet Elevation Tempera t ure Tempera t ure Mass Flus Power Quench in Film
Rod Fuel Pressure Temperature of Quench at Quench During Cycle at Qugach at Quench Heat Fgus Boiling

(K) (K) (kg/m s) (kW/s) (kW/m ) (e)Test Cycle Rod (MPa) (K) (m)
.__

PCH-5 1 In 15.5 593 0.58 980-10200 !!?O 1861 + 3% 36.0 977 670
1 la 15.5 593 0.68 798 1290 1414 7 3% 34.1 781 647
1 10 15.5 593 0.78 775-8000 ll20P !!61 I 3% 36.0 609 629
1 3q,r 15.5 593 0.68 800 850 105512% 62.5 1432 26.5
1 39'r 15.5 593 0.68 820 825 !c55 + 3% 62.0 1420 25.5
1 39.f 15.5 593 0.68 835 1010 1119{31 61.4 1406 48

1 39er 15.5 59 3 0.68 845-9050 1060 1098 + 3% 60.6 1388 66
1 3q,r 15.5 593 0.78 880 1050 111313% 6l.2 1035 90
1 5 15.5 593 0.68 900 1120 1098 + 3% 56.1 1285 139
1 5 15.5 593 0.78 770 1110 1108 + 3% 56.4 954 210s
1 6 15.5 593 0.68 850-8750 1000 1108 + 3% 59.3 1359 43
1 8 15.5 593 e t t 110813% 59.0 t 310

8-1-RSk

d 8-1-RF 3 1 15.2 600 0.74 692 692 607 + 6% k k 5
4 1 15.2 600 0.74 689 689 603{6% k k 7

5 1 15.2 600 0.74 662 668 569 + 6% k k 7
6 1 15.2 600 0.74 989 989 514[7% 64.4 1440 44

kCHF Scoping

PR-lu,v 7 1 12.7 594 t t t 424 36.0 t h
8 1 15.5 607 t t t 415 40.8 t h
8 3 15.5 607 e t t 377 41.0 t h
9 3 15.5 610 t t t 472 41.0 t h
14 1 13.0 593 t t t 522 40.8 t h
14 3 13.0 593 e t t 903 40.5 t h
15 1 13.1 593 t t t 482 42.5 L h
17 1 15.6 604 t t t 509 41.5 t h
17 3 15.6 604 t t t 472 41.5 t h
17 4 15.6 604 t t t 415 41.5 t h

PR-lu,v 20 1 12.9 593 e t t 1080W 42.0W t h
21 1 15.4 606 e t t 528W 39.0W t h
21 3 15.4 606 t t t 467 39.0 t h
23 1 l' 2 606 t t t 483W 41.5W t h

_ _ _ _ _ _ _
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TABLE C-2. (continued)

'

,

Maximum
a bCoolas.t Giadding . CladJing' Coolant Peak Rod Locdl Time

In'et. . Elevation Tempe ra t ure Tempe rat ure Mass Flus Power Quench . in FilmSystem .

PCM Fuel Pressure . Temperature Of Quench at Quench Juring Cycle at Qugach - at Quench HeatFgun' Boiling L
Test Cycle . Rod (HPa) (K) (m) (K) (K) (kg/m a) - (kW/m) (kW/m ) (a)

"23 .3 15.2 606. t t t 443 41.2 L h
24 1 15.6 590 t t- t '1096W 43.5" 't h
25 .I '15.5 590 t t t -426" 53.0" t h'
25 2 15.5 590 t t t ,386 52.0 t h '

25 3' L15.5 590 t . c t 406 53.0 t h
25 4 15.5 590 t t t 345 49.0 t h

Ja. Uncertainty on peak rod power is 12%.4 .

b. Uncertainty on local critical heat flum is 122 for PCM-5, 81 for all other tests.' ,

c. .No quench data available, thermocouples failed, flow rate blocked at 920 m. .

d. Cycle 8 is the only good data.
"e. Rod.14 not instrumented.

1
f. Only data from 0.787 m thermocouple was used.
g. Data not-available for cycles'1, 5, 6, 7.

''

. gj h. Data not available.
i. t comes from LVDT data,

j 'j. Time of quench arrived at by using -200, slope method.
k. ' Reactor scram, data not available.
1. Rod 17 not ins t rumented .
m. A!! rods quenched except Rod 16 which rose in temperature from 700 to 1000 K at the time the other' rods quenched (scram).
n. . Total time in film boiling is 687 s.

~

,

o. Based on "best fit of asymptotes" or '"-200 slope method", respectively.
p. Maximum cladding temperature immediately before quench is 880 K. r

q. Rod 3 underwent four separate DNs cycles. ;
,

r. Total time in film boiling for Rod 3 is 229 s. t
,

_s. Total time in' film boiling for Rod 5 is 210 s.

i t. Data from LVDT, no local ~ elevation, no quench temperatures.
u. Test PR-1 used BWR-type rods.

j ' v. . Quench indicated by rapid drop in LVDT trace,
w. . Data from failed rod. t

|
,
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APPENDIX D

MET 110DOLOGY AND CALCULATIONS.

In this appendix the methodology and calculations of quality and error
,

propagation are presented. In addition, a brief table of conversion fac-

tors commonly used in this study is given.

1. CALCULATION OF LOCAL QUALITY

There are several qualities that are of importance in the analysis of
two phase heat transfer. The quality X of a liquid-vapor mixture in a non-
flow system, or where no gross relative motion between the liquid and vapor
phases exists, is defined as

mass of vapor in mixture
g (D-1)total mass of mixture

m

or
,

p A
(D-2)X : (p A +p A)vx L L

where p is density, A is cross sectional area and subscripts y and L refer
to the vapor and liquid phases, respectively.

In a flow system, the quality at a given cross section is defined by

mass-flow rate of vapor
" mass-flow rate of mixture (D-3)

or
,

pAV
vvv.

(D-4)"(pAV +pAV)
y y

81



where V and V are the respective vapor and liquid velocities. Equa-y L
tion (D-4) can be rearranged to give a relationship between quality and
void' fraction (a), including the influence of interfacial slip, as

,

1a= (D-5)
[V )

(1 - X)l- 1Y

.

1+ S I

X / (v )

where S is an interfacial slip parameter. The effect of slip is to reduce

the relative void fraction at a given quality. The interfacial slip para-

meter has been experimentally found to decrease with both system pressure
and the volumetric flow rate and to increase with power density.

The quality which is extensively used within this study is the flow

quality, given by Equation (D-3). In addition, the following assumptions
are made:

.

1. There is no subcooled nucleate boiling

i

2. Vapor superheat is neglected

3. There is no slip at the liquid-vapor interface

4. Perfect cosine shaped power distribution.

In actuality, none of the above assumptions are always true, however, such
assumptions are necessary_to simplify the quality calculation.

The expression for quality at an elevation of Z is given by:

~ -PL nL Y g

X= cos I - cos jg (D-6)P

whg .G pin
,

h,b 'l-

where the nonboiling height L is given by -

9

*
s i
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in essence, the above quality' relationship assumes a homogeneous, equili-
~

'

| t, tium model and may best' be viewed as a liquid-vapor . distribution scaling
parameter. Comparison of Equation (D-5) with quality calculations from4

B-1subchannel code COBRA-IV- indicates favorable agreement.

' Many of the critical heat flux correlations include one or more equi-
~

!

valent diameter terms. The two most common are the equivalent diameter

based on wetted perimeter (D] and the equivalent diameter based on
heated perimeter (D ). The.following equations were used to calculate

H
these quantities:

l
t

; 4A 4A
(D-8)-D =, D =

H P e P +P
c c s,

*
i

'

where
,

flow areaA =

outside-perimeter of claddingt P =

c

j. P, inside perimeter of flow shroud.=

2. ERROR ANALYSIS

Error estimates were made using a linear error propagation
2method. The error is found using the equation

,

I I
(error)2 { BP)| - (cz)2 f

{
3P (cy)2 (D-9)= - + - .,

(BYj (3Y
'

.

where

P .f(Z,y) and.3 is the associated uncertainty..=

.

,
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3. CONVERSION FACTORS4

I
~

,

' Table- D-1 lists the conversion factors commonly used within this study. ,. |

.

TABLE ' D-1. CONVERSION FACTORS,

,

i

'

Btu- -3 kW-1 3.15 x 10=
2 2'

-ft -hr' m

;

lbn 1.36 x 10'3 kg-

1 =
2

i.
ft -hr m,,

i
i 1.kW 3.2808 kW=
4

ft m .

,

.

-2 '1
.

I gpm 6.30 x 10 ~=
s

f

j K 0.556 F + 255.37=

;

: .
. , .

!

]

f

I

6

e e

l .

"
.

i
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I
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