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12B.1 1Introduction

In forced convective boiling the boiling crisis* occurs when the heat
flux is raised to such a high level that the heated surface can no longer support
continuous liquid contact. This heat flux is usually referred to as the critical
heat flux (CHF) or dryout heat flux. It is characterized either by a sudden rise in
surface temperature caused by blanketing of the heated surface by a stable vapour
layer, or by small surface temperature spikes corresponding to the appearance
and disappearance of dry patches.

Failure of the heated surface may occur once the CHF is exceeded. High
surface temperatures can be avoided by either operating at heat flux levels
well below the critical heat flux or by operating at conditions where the post-
dryout heat transfer is reasonably effective in keeping the surface temperatures
at moderate levels. It is common practice in the thermal design of reactors
to avoid dryout.

12B.2 Critical Heat Flux

12B.2.1 General

This chapter discussed the critical heat flux (CHF) for pool boiling or
axial flow inside tubes or rod bundles. Axial flow CHF has been extensively
studied and many excellent reviews are available (e.g., Tong, 1972; Hewitt,

1978; and Collier, 1980). Much effort has been spent on correlating the
available CHF data; it is conservatively estimated that over 400 CHF correlations
are currently available. This proliferation of CHF correlations illustrates

the sad state-of-the-art in modelling the CHF phenomenon.

12B.2.2 Dryout Mechanisms

In flow boiling the dryout mechanisms may depend strongly on flow
regime and phase distributions which in turn are controlled by pressure, flow
rate and quality. Figure 1 shows the variation in CHF and dryout mechanisms
with guality. The following dryout mechanisms are expected to be the most
important ones:

Nucleation induced This type of dryout is encountered at high subcoocling where heat

et o o o o e S e e o e

is transferred very efficiently by nucleate boiling; bubbles grow and collapse
at the wall. Some convection will take place between the bubbles.

*
Other terms used to denote the boiling crisis: Dburnout, dryout,
departure from nucleate boiling (DNB).
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Nucleation induced dryout occurs at very high surface heat fluxes. It
has been suggested (Collier, 1980; Tong, 1972) that dryout is due to the spreading
of drypath following microlayer evaporation under a bubble and coalescence of
adjacent bubbles although no definite proof of this is yet available. The
occurrence of dryout here only depends on the local surface heat flux and flow
conditions and is not affected by upstream heat flux distribution. The surface
temperature rise under these conditions is very rapid.

Bubble clouding In subcooled and saturated nucleate boiling the number of
Eﬁﬂgiég—ééﬁéfaEed depends on the heat flux and bulk temperature. The bubble
population density near the heated surface increases with increasing heat flux
and a so-called bubble boundary layer (Tong, 1965,1972) often forms a short
distance away from the surface. If this layer is sufficiently thick it can
impede the flow of coolant to the heated surface. This in turn leads to a
further increase in bubble population until the wall becomes so hot that a
vapour patch forms over the heated surface. This type of boiling crisis is

also characterized by a fast rise of the heated surface temperature.

Annular Film Dryout In the annular dispersed flow regime (high void fraction
%ISGY—Eﬁé_IEQGIa_QEll be in the form of a liquid film covering the walls and
entrained droplets moving at a higher velocity in the core. Continuous thinning
of the liquid film will take place due to the combined effect of entrainment

and evaporation. At the dryout location the liquid film eventually breaks

down. The temperature rise accompanying this film breakdown is usually moderate.
12B.2.3 Prediction Meﬁhods

CHF prediction methods may be subdivided into three types, i.e.:

(i) Local conditions type CHF correlations. CHF = £(P,G,X or o, Cross

section geometry). These correlations are convenient to use for predicting
location and magnitude of the CHF. Effects of axial flux distribution,

spacers, flux spikes and flow transients (e.g., flow stagnation) usually require
a local conditions approach, sometimes combined with techniques which consider
the upstream flow history (e.g., boiling length average approach, F-factor
method, grid spacer factor).

(ii) Global conditions type correlations. The burnout power =-f(P,G,Hin,Lh,
cross—-section geometry). These correlations predict only the burnout power;
they cannot be used to predict the location or magnitude of the CHF. Also,
these correlations are incapable of considering the effect of a variation in
axial flux distribution. They are primarily used to predict burnout power
for a given geometry and axial flux distribution.

(iii) Standard CHF table method. As most empirical correlations and analytical
models have a limited range of application, the need for a more general tech-
nigue is obvious. Attempts have been made in the USSR to construct a standard
table of CHF values for a given geometry (Doroshchuk, 1975). The table approach
has been continued at Chalk River, at CEN-Grenoble and at the University of
Ottawa using the Chalk River data base (10,000 tube CHF data). Table 1 shows
the CHF table for an 8 mm tube and discrete values for P, G and X. Note that
this table has the correct asymptotic trends (e.g., CHF = 0 at X = 1.0 and

CHF = CHFPB at G = 0).
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12B.2.4 Discussion

Most CHF correlations are based on tube data. In general, the CHF in
tubes is greater than the corresponding value in bundles because:

(a) the subchannel with the highest enthalpy usually reaches the boiling crisis
before a subchannel at cross section average conditions

(b) of the cold wall effect: a cold wall reduces liquid available for cooling
heated rods (Tong, 1972b)

(¢) inside a subchannel, significant variation in velocities and near wall void
fraction may occur (Groeneveld, 1973). This is particularly evident in
the gap between adjacent rods of tightly spaced rod bundles. One can thus
expect preferential CHF locations within a single subchannel

(d) upstream or fluid memory effects can become very important, especially in
the net quality region. Large differences in subchannel enthalpy rise rates
can result in significant asymmetric CHF patterns (McPherson, 1971).

Some of the above effects can be partially incorporated in subchannel
codes which predict the flow, enthalpy and pressure in each subchannel. An
excellent review of subchannel type analyses has been presented by Weissman
{1975). Caution must be exercised when using subchannel codes as, frequently,
verification data are lacking. Subchannel CHF correlations, based on bundle
CHF data and predicted subchannel conditions are especially unreliable. Their
application should be limited to the narrow range of their data base. Sub-
channel codes currently under development are based on 2- or 3-fluid models,
(e.g., Tahirx, 1983); they are expected to be capable of predicting the bundle
CHF with a much better accuracy than their predecessors.

Tube and.annuli CHF correlations may be useful in predicting the CHF
behaviour of bundles, especially for well-balanced bundles having wide rod
spacings. Correlation factors should then be used to include specific bundle
characteristics (Groeneveld, 1974).

12B.3 Transition Boiling

12B.3.1 General

Transition boiling is a rather unique heat transfer mode because,here,
the heat flux generally decreases with an increase in surface temperature.
It is basically a combination of unstable film boiling and unstable nucleate
boiling alternately existing at any given location on a heating surface.

The transition boiling section of the boiling curve is bounded by
the critical heat flux and the minimum heat flux (Fig. 2). The critical heat
flux has been extensively studied but, there are still wide ranges of conditions
where data are virtually nonexistent. The minimum heat flux has uhdergone less

study; it is known to be affected by flow conditions, fluid properties and
heated surface properties.

In pool boiling, at surface temperatures just above the boiling crisis
temperature, the heated surface is partially covered with unstable vapor patches,
varying with space and time. The formation of such dry patches is accompanied
by a drastic reduction in heat transfer coefficient corresponding to the change
from nucleate boiling to film boiling; the corresponding reduction in local
vapor generation permits the ligquid to momentarily rewet the heated surface.
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STANDARD CHF TABLE (kW/m2)

TABLE 1

QUALITY
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(cont'd)

TABLE 1

STANDARD CHF TABLE

0.0

.80 .90

.70

.60

QUALITY
-.10 ~-.05 0.00 .03 .10 .15 .20 .25 .30 .40

G
(RG/MZ/8)  =.15

PRESSURE
(KPA)

OO OOONMND OO0

O 20 O O PNOD O DO D
WNIAT OIOD OO0
SN O TNy

MO AT T B ADLC OO 0

A D PR (D DO D

O WM POTNNT T IS
L aka.ad

P HOCN T FUN D O OO W

OO INOOMN 3 IO &3

HOM O VOMNT O VU O
O el

WO O K2 AN M O OO0 O
S IO DO O OO0 0O
Nod F 0 v 0 O Q00 O

AN Mrivd Tt riwivi v

M OOF OWHMO OO0 O
GNOON NN v DO
M) O ilN AT D T oD N

MR SN v N |

A OO OHNININOOD O
W OO0 ONMHO O000
U PO O NDN-ON N IO

QUMM T IMONN NI ded

AM OO POITNHM OO0 O
M-I T FNFOMOMNN

AN OCOO QOO OG0
W = O NN O OO0 O
F HCICHN M JOT O IO

MY 3 UHS OADNF T TN D

MM OO Dt O M o
N OO OO O DO
- ONOT D M0 NIV 94 60 SOV WD

3 WD DU 2 MM

130 IO O D OO O
NINO O ODUNR DD OO
WD AP M NSNS SO I ol

g CAlTTYTITARE g 2C 2 T 4

PIM DO NEO O S Owr
B HOOO DA OCO00
LO AL AN €€ T0DOMD O 4 X P~

R YTV VAT AN T T AN T AN Vo T 2

ITPVOOO QOO QOO
@ T O QOO O ODIO
NEND M WO N WYL P D

M) 3OO SN D R DD D

OGN LOCOOOOOC
O Coooolidtioooo o
O T O U FFICKI N A v 0
N T OOW OO OD DL OO0

O AIDOND DO QOO0
WVNUNOOO OO0 QOO0
FOT LT MNP P
M T UDOD DOOL D GDO N

OO 0O0GO MOV D
D000 OO0 0 NMOa
IO NN N DN
FUANDN B M P P O OR 2O

Werto oo Moo
NOWODO OO NICO
N AT N OO O NDNR A
T UDADAP- N0 LW O MO

DOHOaOaooon O0G e
DO OO0 O OO g
NP IR Ot O COo
MM IU A~

OO0 0 B0
OO CLOCV0O00
WD LIDU 10 LA LW WD VDN D
D I R R e R R La Ea 2]

HOOO000OO0AC o0

VFOIOMNOO OO0
WMINAION D M ODOD 0O
FU WO T DM

WA AHOT I VOO0 00

MU HOMNO HOI DD a0

HRHMNTOMT T 3O
Ralalalod

1 i QN4 O D O oD
QITNINCNONO0D
NONOMMNOMNFOT O

NN v vt Lal

TV P OT M 9 I D OO
NOO N A O . F 0 0 oY
LD =IMIOM . TN

NI e Al it

WO DHAOPPXDIO O
ML COIND WO OO QO
MRV OHINT OO I N

M T F T vd oot ot odrd

Wi oo g oM 0 oo
O LOTHEUMNM M v OO
FOU TN A0 IO © T

M 22 JU TP NN

T OO WIOMND HO 0NN
PO OQEO O A IO i 0y
- ¥41€D O N O N\ DO HD F N

[T 2 JTVTAT o TT R0 S0 2 0 B £ 5V)

O COIOM OISO O
OO O - A OO H 0 O
UM DU N s 0 T 0~ S0 100

LR QTTINTV R TA B 3 25 g6 520 4

PRS- TY <Y o0 B S T oo Pt |
B0 OCHOO F DN 1D OO
WUAN WD A M 3 OO0 O

MEDDINO OIS T 3 I

NFLOOOH AR DOO OO
MNO ORGS0 O
LMD IO IV M) O DU € NS

.2 O DO QI In ing

PNOOQACHC Lo LG
OINE OO0 FHN IO O
O 0 MOLT N 20O NN

#2570 D80 O RN D N

FIO D TIDOED TP CHD I 020
TP OIDOCD HSOEIAO
VO YOLOOCINNG Cn

M3 OOOM N D OWIN AN

QW (H I N F I
MO GOOEW T OO0
M N DOHN P oS T N
Ll (AR IVT S oY o SV T o o e)

OO OO I CHOED 3 OHD
OP OO CIDDCI C OO 30D
DO T WY R 60 G000 W Ot
D TUNDP i e P P b

OSEOAODOO D OSHN HOW
M AUN O LA SO € CHERI LN 04D
I OONBOL FNANN
S UDNAD P 00 €0 80 0 A0 €0 0 W

HOOOOOLBOCAT O
CACODODOCMS OO0
HOM OO NS M CNT ooM
SO P KD VT 0P 0

vt

CoooOatOSOOO0G
B OOORNOOODODO
HAMIINN OV oo o on
Rahalavhr e ST

GO RCOODOOADG
[=lalaY~lalmlolmi=lalale Y alel
QOOWRLLOLLIDO
VT TN T AVENNT AWE ST O RY o1 o VT ¥ N

DOQOOOOONOOSO N0

MO SO OO0 00

A OO QO OO

A YIS0 00 (D O DD DD
i et

O N T H T ORI
T PN LD OR QOO
“MoIIOANohoooN

vt rdrA v ettt

OOIMD FTNOM M OLD D
M O NN AN N OQNNRND
N O N DU TR0\ IS MU

NN v i e et

W AOM OO OO
€ (GO € N G0 OMININ &
MO IR NN v N D

NI IO v iviviviod

M HRoOM IO C e o
WNGOIMOM.S F P
MANONOOUNB OO

NS F-TOMNNN N

oooootPIaoilmooo
W I OQO®W it T FOOWN
F oML NN IAT D

MMT DN M N0 N

WOhnoONMOYNMIOo
MMNOQLOMMOOITMOCD
NMNII AN AN T DN

M) 20 OWOUN T .3 NN

N F OO NN MU T T
- POCOORMRMNNITWON
O O N~ M TN T

M FLOO0 O T FFMIMM

Mmoo oo oM
THAOO M A D0 O N N i
WM DO M N AT H O

M IOOOVOLNINTF TN

HMNOOOINDC OHAIT N
NI OM FO A OO M
WO QMMM TNORNTOOM

MUALAD M OO0 NNV T M

€ P CrD CHo 0 B N O T
COoCOOIF IRV L
WO PO UNCT TS et

FOLOWD P P DWW D O

TR0 IO ONT O
HMOO DN AT OO
O 0O T O ANO M UD T N PN

SISO OIS

oot nedooohos
P WO NS eI O QNG
NG AND OO0 F1O O D 1N I
M) 3N PP 0P P €000 00D

©Q OO NRAOMN F OGO
OO INDOR O OOIMO
O N PO e 2o DDA DN
PO AR P 1 0D s S0P e P

OMooCoRNOo NG
RO INOOO SO
NN INMIM O N SO D
FIDON OO0 M OGN 0

OXGE OO QO U
MO0 COOD
W AN DD TN
FOQENCOCTTQREA

irirted

OOOCoOO00 0OONO0
HOoOOCINOOOOCQO
NGt oo@oin
e TN

CTOOQOOOOIO MDD
COOOOOOOODMOAC
30 ICILND DENID G D
MM IO M) R PR PN PO

CENOCIOOOADIOND

COoOPITMNNODTOOD
DOV FTOVMN OONI DG
MNP L AT 0O O

et el

T OWRLHHOOOWNOO
MPOIANTIMOOOCOOOWL
M I OW T NSM MM

P R e e R i

LINDIIODAHNIMO M D
TAOOITNON OO0
NMOONMMNAMMMOMIN

AN N et vt

T OAN.T OINO OO
FTMOLOOMNYMOOO
Moo IOV L O INN®

FANMNNN vt riviet

O NOOAMNINMI FOOD
NI ONMOOMOONMNC OO
SNV OMDIOOMOON

TIHOUII I UM OO vt v i

NROOLoMmHOMoon
HAGOQ FTONM D HOO S
[TaRYSTTAVER g ge ol SRR SN-TT R Y+

O T PO I OO i O

HNOQONDY I HOOMO
QM COOOWNAMNMNAIN T O
W s M D@ OINV OVID 4 TN

M T M T OMMMNNN

T O DVHICIMIDM) AN T
3 O D@ DD OO TN
O P T OIS P O O

NN 22333 FMNONG

PO D v T O e O
D FOSOOICID HOO LA E
AD T IR NI @O0

MIITVITITITITINMM

QMNOQONNAMNOS S OO0
MROCOMON SNG4
P IO OO DN DD

MIINNITIILIIIN

MG D END ORI O MWD
MO AN DM Ot
M NNG F N0 FOUDIN O

0 F IO TN T TS

NrGOQOMMN QEOFG VW
W FOQOCT O IO T N~
OGO M T U N T DN
AN S DD D NN S T T

CMOUMMOMNONO 0NN
L €0 0083 R OO S v
WA DEOM PO DD T -1
M T OO WOW D UNIDNDN T T

M0 O O GWE F $ M T
NODCAIN D T (A MU D
A T AN T T O T @O
F IO DO G NN O

DoOCOEGOOBITM DY
2 I DI QM) O M D INN
FMIOMND QDN yi T AHDOM)
FINUNMN NN OOV OOONDO

WO DOODONC eic:Q
P ODOOOOOOMC OO0
[eXVela TR e T VLo N T NTTAY: LTS o
F PMON COE 90 o0 DO L OO

BCCOOOOOENIOaOD
NOCORNOOOOOAC
AaUmMinM othooaon

R RS TSVLPRT £ A1

CoQuunfocRuefa
EOCOOQAOOCIMNOc
DDA N LD IR DLN
IITITIIITIIITS

COANOOOODMIOO

cooinvMmioathrooo

QO DOLM O PO AN HINS

UL A D00 T vy N
et

ATV MO OOUHNOO

NOVANDOOOINN N

HONOMEINF O D i M
Avdvivive

WVINOOIO A HHMIMI OO

NON HOMMN v O D

FANC IO MMNNM T
el

OO UM NI VN OD

O NOOOMITOMDINOQ

Lo T-aRa Vel TaY ST NTUR- JUT VT VE. 4 1o
IO

NNOOQ OO OMNOOO

768&31 (23 altei=TaTw]
T W IO TONMAD T OO
NN

M OOONTMINNEDO o
NOOOCOWVMINOHOUMO
W T OONOVDTOINA DO M

A NN NSttt o

WODOQ TR DO OMm
DO SN HD O M
DO FUN D NN LD O MO

ANMI MM DN Hrirs

OO OMNDWOOMIHN D
oo ookNNTO
A NNO AW F NO O NN

DNPF T F I NN

FHAOO O ITINOA O O
W ADRIC QA IM DO DN O
PMONIITONT HAOT T

M ST MMMINNN

DN G TO NGO o
W IO T P NN
WO AP NN OO AT N0 T

M NI I IDINT O

oo oY N o
NOODOD N RO I D
Y D0 (NN T QOO O od
A2 E T IUNT I NN

THO IO QIO OV P MDD
NOODOOIDDOT FTOMOT
- FRGMOHP NN oo
HM T TWNINDIN T TN T

1M M NOO NG T TN
T OONCONOM ADDIN
O O AN 00 DN F 0
1) 2 FUDIBANIODIN G T I T T

e DD OO DD NP M)
O O O IO OND DMK N D
AR CUVD W W PN e dfn O T
F FNBNINDIN § F IO

O DOPDOOMMOVNITO
& M I CTICIN U0 v
B AFOMNOD LDV 0L
S IND OO WA IN N INNWD A 00

N OGO GO O
moobonosodTHan
N ¥ BINOCHAN NP OINID v
SWMNON RN DD 00

DOO00OCOCOOOOD
NCOOQINOO OO0
NN QD OO oW

Rl STV R 473l o8

COoLOOOORONRNO
OOCMO OO OO OO
COOOIOOMGCD OO0
L R NG N N N N

OOODOOOOOO000 O

O JOIVACOWY OO

QORI P P DO O OOD O

UM AN 20 v vt o4
-

QoouanMuoo O o

DD DO MM PN ORI R

NP OV PN TNt v
Ralal

IO P OOOINODIO O

DNONCONOVONNOO O

MIOMMOWONNNIT T &
riefedvd

0O W w4MIINIIN M I €

oMLt NDo O

MR OO M @O AN D
oeivivivd

OO TMIRC OGO
9%555:4“6797000_
FNOOC DT QM NA DO

vl A v -t

VOO ODP O 0BT
Q'3 HO OO IN WO OWDW N
NAC OO O M O NN

v IO e rted i

60T PO P MIP= P00 W0 O RN D
NOOCT OO DS O
DU 04 NN LD P) Tl O

ot OO DL 54 o vl ot ot

WM OOC MO HIDHITOOD
FIOOM LM et~ viDO O
B 00 T PY v 00 WD w4 D RO P~ vt

FACIIII O NI o vty i O

DN OP O ORI NI O
HDO M CUN NPT MO O
AR O N QWO N

NN NN S vl vl i N

O WS DD ) T O O
@ F DR ANORIO W NANWO D
HODRNF AN SO0
TN CUENID MDD 0O NS v O

T O AHD NN MN ATO N
@ 3 19 @M 0 OO M
WP O WM PO NN O
TN DM MM MO NN N

£ D O EI v OO W ) ot
6 VEND N CION N C MWD o 6O
OF N OOV A0 WD NID D
DN D MBI O JOMN W)

QOOOM NN OO
Pre eI T PP i LN LD
DT WO N QWO N
NI FITFTITOINIONI T

T2 e SWNININM FTONN
T OCOUND OOX T 0 P-SIHI U
WINPT I I DO
M-I ITITITITITNODNO

OIS N OM NS N
FARIEICD 4 B IED A B PILN IN
UMD P C Tt €
B TIFOT T -TONON

T DO MO P O OONIN
FOOOD RTINS OON N
HAI DO OGO P T AN
3.7 THDNND T SN OO ©

COOQCOEOCOOMOO
VOO OIINO O @O0 Q
HOC MO OO

T OO U A

OoeoCon@aulRooo
DOOEOCICIOMMO DO O
WOOOOQLLNILOOOOD
[ TSR T Yl =R el el ST ]
ATt tvt wt wd sttt v v it gt

OOONDOIODOOOOO0

CFooTIMMM MMM O
[oAT=TITTLY S N o s Y = ]
THTUND M vt vt vt IO

oLt rOHOQOOLOOO
AU LM D O CILICI IOV
N2 UONO MR NN T .3

QoMo NN OO
QMO TN NN et
PN 0N NN VNSO

IWOM IMNUINI D SO0 OO0

WO M PO DN MM O

MO i IO PO
Lalal

N oMo Moo
NPV HO L OO0
SAEMNOM SN CY

Rakalal Lalal

P OMC MDD O
Mo O W INONOMOW
WD MO i D MDD O NS

Ralalatelel tydod

DOINOOIA M OF PONHNN
S IHINIMNM IO NO DN
PO MO I HOMODOH I

THrietrivtrivd Heivt

MO OORNOMOONGOS
OO OO TN OO
OO S OUFI O OP 10 00 4

rHrtvtrieivrie Ralbal i)

OO OD MO NIMm T
FODACIO N TN DO
AP 00 F PN T T N
Tt A N i vt i N

WO F OO I TP D
PO NS T AN OO
[ 2o 400 ATTeY ST Tea TT o35 K Q- JX. SR J
A AN N il et NN

HOQOIOD L IMOOM HON
MO QONHT O M N
O+t DD O DV O JF O
PRI ND NPT NNV P R P TN

AD HEIES 0 P TV I O
OGN ITINOM TN
QUL g 20 NI OO F OOR-
OGO H SO N TN N N

QOCUNOMNOAHHOFO
MEOOMES N FNODO0
OO II NPT ODO.T
NI IO N DN M T

P DT DIOPM TN
VPO IDOMNOSUDND
OO MO NQ AN O
SN M IO N MMM T

WD VO QOUNNO ©v
SOOCNOGOOTIDIND
QAN N O QN D NDOM
M0 ORI O MMM T FIN

MOOO OO NI O N
AR OOOON OO D
AN PP D T U
MM NN M TN

HORAOOONDO0OK
OO CONOSODOOD
M O IN OO QN
et NP F NP

OOODCoOPworaO oo
GOOEOOOOCODOOOTIO
OO DI DCICICICITY
[T T VA YT oR T I VRTAR T AT TR T IV TA U
vttt v deted vyt et vt o d b

OOOOMNOOOONDONOO

OVRIOXOD D OOMN PO
IR PPO NG T AN
wmre N

VOVDIFTCODHOVO
oMONDOoQOOOMNDN
AT et v A1 D

QO MW ONOOOONMIN
AN OO0 O (N wdvrt o -t 900U U
DT N etrivd ol v vt 00

OIINP FHOHO OO T 0O
DG M WD 0 & KOO M
NNV MO vt e et M

o oviomoanotttoo
T L A T = D Sl
NOMIRFAONAUMNDONN

N 2 OHIDIN vk MM C3d
0 LM AL MR Ty
MNMSDNT OM I DD

-

P @O A 7D T POD N
VOO FOOONOTOWN
GO O IO N TN

rvied

MNOOOMNO OMrHON O
M3 P TN R DT a0 N
OO DO OD FTNE T O O

rivioted

MM AT (UM T
DO 9D v NI OO AND
OO M P P DD D COHN DY v

it

OB DN PN O v IO O N
O D AN P2 T
WP O T A0 Y

R I N\\)

MO CININ O M IO
O AN NC I O F Oon e
S 0 WO C 00 ELAC (D T LM D

Palalat iV I

P PP C ) P O . €O 00
@NANID OCKD O FINO N
CFROTOOTT QTN

PR AR e IS4V ]

NI Lo T OO0
IO TOT B NINC DD
OO LOT O ANNND
et atet it et N O

OOCIT M QDD DO
ORI I RO O OO
OO VI AN O
At vl el vt et et NN N

PO NI N 0 € 20 €IS D
B EOFI.S IO D DM D
Lt rtrid O F - F O
Al et v wivE ot RN

Y T N T T =T
©M T3 NN Al T DD
Ayt et o 54 OO QLA DN 0N
b vl ot i v N P

OO CID I DI I D O
NG D QUND £ OO Q)
MNP D 2O O
T U

GOOABOEOONNOOG
OOEDOACOOODOOOGO
QDD DI DI CID D
QOO LOHREOGO(D
U0 TR P RO IR RS

172R-4h



Liguid contact with the heated surface is frequent at low wall superheats but
becomes less frequent at higher wall superheats. A similar heat transfer
process takes place during low quality convective transition boiling, but here
the convective velocities improve the heat transfer coefficient both in film
boiling and nucleate boiling.

In the high quality region, most of the heat transferred during tran-
sition boiling is due to convection to the vapor and to droplet-wall interaction.
Initially, at surface temperatures just in excess of the boiling crisis temper-
ature, a significant fraction of the droplets deposit on the heated surface,
but at higher wall superheats, the vapor repulsion forces become significant
and repel most of the droplets before they can contact the heated surface.

12B.3.2 Data Trends

A thorough review of the transition boiling literature was conducted by
Groeneveld (1976,1977) and Fung (1978). Parametric trends have been deduced
from the data (Groeneveld, 1976). 1In general, an increase in mass flux increases
the transition boiling heat flux, especially at higher wall superheats because
of its strong positive effects on film boiling heat transfer. The effect of an
increase in subcooling is similar but the effect of quality is less clear.

The data suggest that at low wall superheats, an increase in quality will have

a negative effect on the transition boiling heat flux (similar to its effect

on CHF). At higher wall superheats, the film boiling mode dominates and hence,
the reverse is true. Fig. 3 illustrates the above trends. Note also the change
in slope of the transition boiling curve from a negative value to a positive
value at high flows and qualities. This trend is discussed in greater detail
by Groeneveld (1980a).

12B.3.3 Correlations

Despite the scarcity of transition boiling data, a large number of
correlations have been proposed. They may be divided into three groups:

(i) Correlations_containing boiling and convective components, e.g., Ramu

(1974), Mattson (1874) and Tong (1972a). These correlations usually
have the form

k
h = A exp (-B AT )} + A a Reb Prc
w De v v

where the first term on the right-hand side represents the boiling
component (which becomes insignificant at high wall superheats) and
second term represents the convective component. These correlations
are often claimed to be valid both in the transition boiling and
film boiling region.

(ii) E§§§99§99}9§39§l_EQEEQEQEEQEE' e.g., Iloeje (1974), Tong and Young (1974).
These correlations are based on a physical model of heat transfer in
the transition boiling region. Because of an inadequate physical under-

standing they still contain many empirical constants.
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(ii1) Egpr}gg%_ggg{g}gggggg, e.g., Ellion (1954), Berenson (1960) and McDonough
(1961). These correlations all have a very simple form and generally
cannot be extrapolated outside the range of data on which they are
based. Some of these correlations are based on the conditions at the
boiling crisis (CHF and TcHF)'

12B.3.4 Recommendation

Groeneveld (1976) has shown that frequently (i) the correlations often
do not agree with each other, and (ii) their data base is questionable. Hence
none of the current correlations can be fully recommended. The most reasonable
prediction was obtained by connecting the experimentally determined CHF and
minimum film boiling points by a straight line on a log-log plot of g vs. ATW:

dpp {CHF I vhere n 2 In (AT, /AT )
= ' B T
Inin Inin L Qn(ATmin/A CHF>
or
ATW _ ATCHF n, e o 8 ln(qTB/qmin)
AT . AT . 2 An(CHF/q . )
min min min
If experimental values or predictions for 9min (to be obtained from
h__ AT

B min), ATCHF and ATmin are questionable or unavailable the following

correlation is tentatively suggested:

{

AT

_ CHF)

dpg ~ X L(qFB' CHF(AT j}
w

is tained f = F
where ATCHF obtaine rom ATCHF CH /hCHEN

from an appropriate film boiling model or correlation {(Chapter 12B.5), and ATmin
is obtained from the correlation recommended in chapter 12 .B.4.

(Chen, 19263), qFB is obtained

12B.4 Minimum Film Boiling

12B.4.1 General

The minimum film boiling temperature separates the high temperature
region where inefficient film boiling or vapour cooling takes place, from the
lower temperature region where the much more efficient transition boiling or
nucleate boiling occurs. It thus provides a limit to the application of tran-
sition boiling and film boiling correlations. In the literature, a large
number of terms have been used to describe the phenomenon at the boundary
between transition boiling and film boiling, e.g., sputtering, departure
from film boiling, rewetting, film boiling collapse, Leidenfrost point,
minimum film boiling. Several types of film boiling terminations may be
encountered as is shown in Fig. 4.
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12B.4.2 Prediction Methods

Groeneveld (1982, 1982a) reviewed the minimum film boiling correlations
and divided them into the following groups:

(1) Equations based on the Taylor-Helmholtz hydrodynamic instability theory,
€.9., Berenson (196l), Henry (1974);

(ii) Equations based on the maximum liquid superheat theory using either an
equation-of-state or an equation derived from the classical nucleation
analysis, e.g., Spiegler (1963);

(iii) Empirical correlations based only on minimum flow film boiling data,
€.g., Groeneveld (1982).

The theoretically derived eqguations for Thins Such as Berenson's (1960)

and Spiegler's (1963), are based on the assumption that the heated surface

is isothermal. During the rewetting process, large temperature gradients are
set up. If liquid-wall contacts are intermittent, e.g., at the initiation of
transition boiling during cooling down of a surface, they will be of very
short duration. These contacts are usually not immediately noticeable at the
thermocouple junction, which is normally embedded in the heated surface and
hence measures an average temperature. The difference between the bulk
surface temperature and the true liguid-wall interface temperature can be very
significant and has been included in several minimum film boiling correlations.
It depends on the ratio (k p Cp)y/(k o Cp)y and can only be ignored for high-
conducting surfaces.

12B.4.3 Recommendation

Groeneveld (1982) has compared the prediction trends of various minimum
film boiling correlations and noticed significant differences. The large
differences in predicted values and parametric trends are not surprising
considering the scarcity of the data, and the very different types of film
boiling. Despite these differences, the Groeneveld-Stewart (1982) Tmin
correlation

P < 9000 kPa : Toin = 2847 + 0.441 P - 3.72 x 107° p?

AH x 104

. + 0.
(2.82 0.00122 P)Hfg

P > 9000 kPa : T ., = (AT )

min min, 9000 kPa
. - P
( Pcrlt 1 b
rp . - 9000J sat
crit

is tentatively recommended for the types I-IV film boiling terminations. This
recommendation is based on
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(1) the approximate agreement of this correlation with the data of Fung (1981),
Stewart (1981), Bennett (1966), Bradfield (1967), Lauer (1976), and

(ii) on the correct asymptotic trend of pressure and subcooling. Although

in these experiments thin oxide layers were present, no large correction in
Tpin due to oxide layers was needed and, consequently, corrections such as
suggested by Henry (1974) are thought to be of secondary importance for flow
boiling on engineering surfaces (i.e., Inconel, steel, Zircaloy) .

12B.5 Film Boiling

12B.5.1 General

During film boiling the heated surface is cocoled by radiation, forced
convection to the vapour and by interaction of the liquid and the heated surface.
The vapour can become highly superheated; its temperature is controlled both
by wall-vapour and vapour-liquid heat exchange. The liquid is thought to be
in the form of: .

(a) a dispersed spray of droplets, usually encountered at void fractions in
excess of 80%. The corresponding flow regime is often referred to as the
liquid-deficient regime because insufficient liguid is available to
maintain a wet wall (Fig. 5).

(b) a continuous liquid core (surrounded by a vapour annulus which may contain
entrained droplets) usually encountered at void fractions below 20%. The
corresponding flow regime is sometimes referred to as the inverted annular
flow regime (Fig. 5).

(c) a transition between the above two cases, usually in the form of slug
flow (Fig. 5).

Of the above post-dryout regimes, the liquid deficient regime is most commonly
encountered and has been well studied. Its post-dryout temperature is moderate
while for flow regimes (b) and (c¢) the boiling crisis frequently results in a
failure of the heated surface.

12B.5.2 Post-Dryout Models

Post dryout models are models based on the three conservation equations
for each phase and suitable empirical interfacial correlations. The first
post-dryout models were developed by the UKAEA (Bennett, 1967) and MIT
(Laverty, 1967). In these models, all parameters were initially evaluated at
the dryout location. It was assumed that heat transfer takes place in two
steps: (i) from the heated surface to the vapor, and (ii) from the vapor to
the droplets. The models evaluated the axial gradients in droplet diameter,
vapor and droplet velocity, and pressure, from the conservation equations.
Using a heat balance, the vapor superheat was then evaluated. The wall
temperature was finally found from the vapor temperature using a superheated
steam heat transfer correlation. Bailey (1972), Groeneveld (1972), and
Plummer (1976) have suggested improvements to the original model by including
droplet-wall interaction, by permitting a gradual change in average droplet
diameter due to the breakup of droplets, and by including vapor flashing for
large pressure gradients. Additional expressions for the vapor generation
rate have recently been suggested by Saha (1980) and Jones (1977).

Recently models have also been developed for the inverted annular
flow regime (Fung, 1981; Kaufman, 1976; Elias, 1981; Chan, 1980). They are

basically unequal velocity, unequal temperature (UVUT) models which can

12B-7



account for the non-equilibrium in both the liguid and the vapor phase.
12B.5.3 Post-dryout Correlations
Empirical post-dryout correlations may be subdivided as follows:

(1) TEEE@?E_?EEEEEEEiET-E?EEe}atiQnS These are correlations which assume

that the liquid is in thermal ééaiizbrium with the vapor, and the heated.surface
is cooled by forced convection to the vapor only. These correlations are
basically forced convective correlations where the vapor velocity is evaluated
by assuming either homogeneous flow (Dougall, 1963) or by using a suitable

slip ratio correlation (e.g., Quinn, 1966).

1

Thermal equilibrium correlations usually have the form:

pv.UV.De b c
Nu = a [-———-——-] (Pr )
u v
v

where

P

u, = az—G-—[x+——YS(1—x)]
Py Oy °e

This type of correlation assumes that the liquid and vapor are in
equilibrium, i.e., X = X . This assumption is valid only at high mass flows
and high void fractions where the liquid-vapor heat eXchange is very efficient.

(ii) Empirical correlations Empirical correlations have been developed for
both Eﬁé_iiéﬁia_aéfzciéﬁg_fegime and the inverted annular flow regime. They
generally predict a heat transfer coefficient which is based on the temperature
difference between wall and saturation. They are simple to use but have a
limited range of validity and should not be extrapolated outside their

recommended range.

(1ii) Phenomenological correlations These predictive methods are based on
the tyéiééi"&éEHSHIEEE“&SG@EEIE&"EEis type of heat transfer and use a heat
transfer coefficient based on the vapor temperature. For the liguid deficient
regime, phenomenological correlations usually predict the degree of thermal
non-equilibrium. Values for the actual vapor temperature Tyar Or actual
quality, X5, can be generated from existing post-dryout data, provided the
assumption of forced convective cooling only (i.e., no droplet-wall inter-
action) of the heated wall in the post-dryout region is correct. This
approach has been used by Tong (1974), Plummer (1976), Groeneveld-Delorme
(1976a) , Chen (1979) and Shah (1980).

!

Groeneveld (1983) has presented a summary of recent non-equilibrium
correlations. In general, these correlations are a significant improvement
over the empirical post-CHF correlations. They can be given the correct
asymptotic trends to let them smoothly converge with the single-phase super-
heated-steam cooling correlations.
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Attempts have also been made to develop . phenomenological correlations
for the inverted annular regime (Dougall, 1963; Dalinin, 1969, 1970) and
the slug flow film boiling regime (Chi, 1967; Kalinin, 1970). Due to a
limited data base, they have not yet been verified.

(iv) P99£_f}l@_?9i¥§9§_9955§l§2293§ These correlations are applicable in

pool boiling and low mass velocities. Most of these correlations basically
have the form:

fg
T
1'lv & S -

£(U,A) + hrad

3 -k
[gko(p—p)H' i
vv L v
A
which was originally derived by Bromley (1950) from Nusselt's classical
analysis of filmwise condensation. The latent heat HL is usually modified
to include the vapor superheat, while the velocity ef%gct is included theoreti-
cally or empirically through £(U,A) where X is either equal to the diameter,
the critical wavelength or the most unstable wavelength.

take place, i.e., the wall heat flux is used only for superheating of the vapor
and X5 remains constant. Here the predicted wall temperature is very high
since the vapor becomes progressively more superheated. This prediction is
pessimistic except at lower flows (Bennett, 1967). It is, however, useful

as an upper boundary for the heated surface temperature.

12B.5.4 Discussion

During the past fifteen years, much progress has been made in under-
standing the physical mechanisms governing post-dryout heat transfer. Post-
dryout models have been reasonably successful in predicting the post-dryout
temperature distribution. These models, however, require accurate values of
the dryout quality; they are generally considered useful especially for
predictions outside the data base (provided the assumed physical mechanisms
are still wvalid).

Of the prediction methods discussed in the previous section, the
phenomenclogical correlations are considered the most accurate. They tend
to satisfy the observed experimental data trends, hence they have a much
wider range of applicability than the empirical post-dryout correlations,
but they are generally more difficult to use. Figure 6 shows schematically
the relative temperature predictions of four of the prediction methods.
Note that curve A, based on the "thermal equilibrium after dryout" assumption,
represents a lower boundary while curve B, based on the "no evaporation aftex
dryout" assumption represents an upper boundary for the post-dryout temperature.
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Nomenclature

Cp

CHF

De

Lh

Nu

Pr

Re

Greek

AH

AT

Specific heat at constant pressure
Critical heat flux

Tube diameter

Hydraulic equivalent diameter
Acceleration due to gravity
Mass flux

Enthalpy

Heat transfer coefficient
Thermal conductivity

Heated length

Nusselt number (= h.D/k)
Pressure

Prandtl number (= u.Cp/k)
Surface heat flux

Reynolds number (= p.U.D/u)
Slip ratio (= Uv/Ui)
Temperature

Velocity

Flow gquality (vapor weight fraction)

void fraction

Local subcooling

Temperature difference (usually with respect to

saturation)
Viscosity
Density

Surface tension

12B-14

kJ kg

kw'm_2

kPa

‘K

-1 ~—
-1
-1
-1
N
-1
~—



Subscripts

a Actual

c Critical

do vValue pertaining to onset of dryout condition
e Equilibrium

£ Saturated liquid

fg Difference between saturated liguid and saturated vapor
g Saturated vapor

in Inlet

1,2 Liguid (may be subcooled)

max Maximum

min, mfb Minimum film boiling value

Q Apparent quench temperature

s, sat Saturated

sub Subcooling

v Vapor

w Heat wall
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