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L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

Phénomènes de transfert de chaleur apparentés
à la crise d1ebullition*

par

D.C. Groeneveld

Résumé

Ce rapport se subdivise en deux parties : Partie I, Crise
d'ebullition et Partie II, Transfert de chaleur, post-CKF. Il renferme
une étude condensée sur l'état actuel des connaissances en matière de
flux thermiques critiques (CHF) et de transfert thermique post-CHF.

La Partie I passe en revue les mécanismes contrôlant la
crise d'ebullition. Les tendances paramétriques observées de CHF dans
un système contrôlé de flux thermiques sont commentées en détail. Une
attention particulière est apportée aux paramètres relatifs au combustible
nucléaire, comme par exemple les effets des entretoises de réseau, l'effet
de la section efficace, l'espacement des barres et la distribution des
flux thermiques. On décrit les diverses méthodes permettant de prédire
la puissance critique. On présente un tableau donnant les corrélations
CHF couramment employées et on commente les tendances asymptotiques des
corrélations CHF.

La Partie II passe en revue les informations publiées au sujet
de 1'ebullition de transition et du transfert de chaleur provenant de
1'ebullition du film dans des conditions convectives forcées. Les données
de 1'ebullition de transition se sont avérées disponibles seulement dans
des gammes limitées de conditions. Les données n'ont pas permis d'obtenir
une corrélation; cependant, les tendances paramétriques ont été isolées à
partir de ces données.

De nombreuses expériences touchant les transferts thermiques ont
été effectuées dans le régime faible en liquide. La plupart des études
ne concernaient que des geometries simples (tubes, anneaux) mais récemment
le comportement post-assèchement des grappes de combustible nucléaire a
également été étudié. Les .méthodes de prédiction applicables au régime
faible en liquide pour les geometries simples se sont avérées relativement
fiables, particulièrement en grand débit et à haute pression.

Peu d'informations sur le transfert de chaleur en régime
d'écoulement annulaire renversé se sont avérées disponibles; quelques
données et certaines corrélations ont été obtenues à partir d'études
cryogéniques; l'extrapolation dans les conditions ambiantes des réacteurs
est discutable. Les données provenant d'études transitoires sont également
considérées et on présente des recommandations pour les méthodes de prédiction.

*Notes destinées à un cours d'ISPRA sur les problèmes thermohydrauliques
concernant la sûreté des réacteurs LWR, mai 1980.
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ATOMIC ENERGY OF CANADA LIMITED

HEAT TRANSFER PHENOMENA RELATED TO THE BOILING CRISIS*

by

D.C. Groeneveld

ABSTRACT

This report is subdivided into Part I, Boiling Crisis, and Part II,
Post-CHF Heat Transfer. It contains a condensed state-of-the-art review of
Critical Heat Flux (CHF) and post-CHF heat transfer.

Part I reviews the mechanisms controlling the boiling crisis. The
observed parametric trends of the CHF in a heat flux controlled system are
discussed in detail. Special attention is paid to parameters pertaining to
nuclear fuel, e.g. grid spacer effects, effect of cross section, rod spac-
ing and heat flux distribution. The various methods of predicting the
critical power are described. A table of currently used CHF correlations
is presented and the asymptotic trends of CHF correlations are discussed.

Part II reviews the published information on transition boiling and
film boiling heat transfer under forced convective conditions. Transition
boiling data were found to be available only within limited ranges of con-
ditions. The data did not permit the derivation of a correlation; however,
the parametric trends were isolated from these data.

A larger number of heat transfer experiments have been carried out
in the liquid deficient regime. Most studies were concerned only with sim-
ple geometries (tubes, annul!) but recently the post-dryout behaviour of
reactor fuel bundles has also been studied. Prediction methods in the
liquid deficient regime for simple geometries were found to be fairly
reliable, especially at high flows and high pressures.

Little information on heat transfer in the inverted annular flow
regime was found to be available; some data and correlations were available
from cryogenic studies; extrapolation to reactor conditions is question-
able. Data from transient studies are also considered and recommendations
for prediction methods are made.

*Lecture notes, ISPRA Course on "Thermohydraulic Problems Related to LWR
Safety," 1980 May.
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1.0 BOILING CRISIS

1.1 INTRODUCTION

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 refer-

red to as the critical heat flux (CHF). 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.

In the case of water-cooled reactors once the fuel element surface heat

flux exceeds the CHF the fuel element may:

- continue to operate without any damage

- experience fuel centreline melting; the accompanying volumetric expansion

may result in fuel sheath failure

- experience differential thermal expansion due to non-uniform heating or

cooling (partial dry sheath). This may result in overheating of the

sheath when two fuel elements touch each other

- experience a significant increase in corrosion rate thus leading even-

tually to a fuel sheath failure.

High sheath 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

fuel sheath temperatures at moderate levels. It is common practice in the

thermal design of reactors to avoid dryout.

*Other terms used to denote the boiling crisis: burnout, dryout, departure
from nucleate boiling (DNB)



To determine the heat transfer limits of a reactor channel, the

dryout or critical heat flux (CHF) must be determined experimentally.

Because of the non-uniform flux distribution and the complicated geometry

of real reactor fuel it is impossible at this stage to accurately predict

CHF.

In the following descriptions of variois aspects of the boiling

crisis it is assumed that the system Is heat flux controlled. Tne CHF

mechanisms and parametric trends In a temperature-controlled system are

similar. However, the consequences of going beyond dryout arc quite dif-

ferent: a drop in surface heat flux Is usually observed accompanied by a

slight increase In surface temperature*

1.2 DRYOUT MECHANISMS

1.2.1 General

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 quality, while Figure 2 Illustrates schematically the

following dryout mechanisms:

1.2.2 DNB (Departure from Nucleate Boiling) Types of Dryout

(1) Nucleation induced

This type of dryout is encountered at high subcoollng where heat is

transferred very efficiently by nucleate boiling; bubbles grow and collapse

at the wall. Some convection will take place between the bubbles.

DNB occurs at very high surface heat fluxes. It has been suggested

(Collier [1], Tong [8]) that dryout is due to the spreading of a drypatch

following mlcrolayer evaporation under a bubble and coalescence of adjacent



bubbles although no definite proof of this is yet available. The occur-

rence 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 (fast dryout)

and usually results in failure of the heated surface,

(ii) Bubble clouding

In subcooled and saturated nucleate boiling the number of bubbles

generated depends on the heat flux and bulk temperature. The bubble popu-

lation density near the heated surface increases with increasing heat flux

and a so-called bubble boundary layer (Tong [3,8]) often fotms a short dis-

tance 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 (fast

dryout). Physical failure of the heated surface frequently occurs under

these conditions.

1.2.3 Helmholtz Instability

In pool boiling the CHF is limited by the maximum vapour removal

rate. Zuber's theory of CHF (as reported by Hsu [6]) assumes the heated

surface to be covered by a rising vapour column with countercurrent liquid

jets flowing downwards to compensate for the removal of liquid by evapora-

tion. Ultimately at very high heat flux levels (vapour removal rates) the

relative velocity between liquid and vapour would be so high that an

unstable flow situation is created, resulting in a CHF condition.



A similar situaticm can be considered at very low flow rates or flow stag-

nation conditions. Very rapid rise in surface temperature (fast dryout)

may be expected under these conditions.

1.2.4 Annular Film Dryout

In the annular dispersed flow regime (high void fraction and mass

flow) the liquid will 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

entraininent and evaporation. Near the dryout location the liquid film

becomes very thin and due to the lack of roll waves (which normally occur

at higher liquid film flow rates) entrainment is suppressed. If the net

droplet deposition rate (M-E) does not balance the evaporation rate (<j>A),

the liquid film must break down. The temperature rise accompanying this

film breakdown is usually moderate (stable dryout). The liquid film break-

down may be enhanced by one of the following mechanisms:

(i) Thejrmocapillary jeffect

If a significant amount of heat is transferred by conduction

through the liquid film and the interface is wavy, the temperature of the

liquid-vapour interface will have a maximum- in the valley of the wave and

large surface tension gradients will be present. The surface tension

gradients tend to draw liquid to areas of high surface tension. Under

influence of this "thermocapillary effect" the liquid film will eventually

break down in the valley of the wave.



(ii) Nuc^eatimi _induced film ^breakdown

Hewitt [9] noticed that nucleation and surface evaporation could

occur simultaneously in the annular flow regime. If the liquid film thick-

ness is close to the maximum bubble size, then the bubble may rupture the

liquid-vapour interface and a momentary drypatch could occur. At high heat

flux levels the liquid film may be prevented from rewetting this spot by

the high drypatch temperatures,

(iii) Minimum wettijig_ ra_te

If in adiabatic two-phase annular flow, the liquid film flow rate

falls below the minimum wetting rate, film breakdown will occur. This film

breakdown, described by Norman [10] and others, is basically a surface ten-

sion effect. In diabatic systems, film breakdown may occur as a combina-

tion of this and the above described thermal effects.

1.2.5 Unstable or Periodic Dryout

The critical heat flux can be considerably reduced due to the

hydrodynamic characteristics of the experimental equipment- Flow oscilla-

tions are frequently encountered in parallel channels, channels experienc-

ing slug flow or in systems having a compressible volume near the inlet.

During an oscillation the velocity at the wall is periodically slowed down,

thus permitting the boundary layer to become highly superheated which may

lead to a premature formation of a drypatch. Unstable dryouts are

accompanied by an oscillation in surface temperature.

1.2.6 Slow Dryout

During a slow dryout the heated surface does not experience the

usual dryout temperature excursions; instead, a gradual increase of temper-

ature with power is observed. A slow dryout Is usually encountered in flow



regimes where the phases are distributed homogeneously such as froth flow

or highly dispersed annular flow at high mass velocities (>2.7 Mg«m~2«s~1)

and void fractions >80%. At these conditions liquid-wall interaction is

significant thus limiting the temperature rise at dryout. Calculations

based on cooling by the vapour flow only indicate that post-CHF tempera-

tures are well below the Leidenfrost temperature; hence depositing droplets

may wet the surface thus increasing the heat transfer coefficient.

1.2.7 Discussion

Differentiation between the several types of dryout, based entirely

on the thermocouple traces, is possible (Figure 3). As the dryout types

fall into certain mass flux-dryout quality combinations, a dryout map

(Figure 4) has been constructed. The shaded areas in this figure indicate

the uncertainty of the boundaries as many data lie in the transition

region. Figure 4 should be helpful in predicting what type of dryout

temperature excursion can be expected for a given mass flux and quality.

This map is based on Freon-CHF data as this was the only single source of

data where all four types of dryout were encountered (Groeneveld [11]).

1.3 PARAMETRIC EFFECTS ON CHF

1.3.1 General

Factors affecting the critical heat flux may be divided into three

groups:

(i) Flow parameters (pressure, mass flux, local quality or inlet

enthalpy)

(li) Geometric parameters (cross section, De, heated length, spacer

effects)



(iii) Miscellaneous (heated surface properties, flux distribution, flow

orientation, etc.)

It is impossible at this sLage to\ correctly predict the effect of

t

the above parameters on CHF over the complete range of conditions. How-

ever, the general trends are known and will be discussed in greater detail

in the following sections. As is common practice, the effects will be

expressed where possible in terms of CHF j's. inlet subcooling (AHin) and

CHF vs. dryout quality (X D Q).

1.3.2 Effect of Quality and Inlet Subcooling

Figure 1 showed the generally decreasing trend of CHF with an

increase in quality. This trend continues until at 100% quality the CHF is

zero. For a uniformly heated test section the CHF vs. X curve can be

transformed into a CHF vs. AH. (= -X. *A) as shown in Figure 5. Because
in xn

of the relatively narrow range of inlet subcoolings covered in most exper-

iments, this curve is frequently observed to be nearly linear, and shows a

continuous increase in CHF with inlet subcooling. Exceptions to these

trends have been observed at very high flows where both the CHF vs. X . and

CHF vs. AH. curves can display a minimum, caused by the occurrence of

upstream dryout. Reference 12 discusses the upstream dryout phenomenon.

1.3.3 Effsct of Mass Flux

Figure 6 illustrates the effect of mass flux on CHF. The CHF vs. G

plot shows a change in slope at low flows, approaching the line
<j> = G'BeO + AH. )/4LT. for a uniform axial heat flux distribution. This

in n

line corresponds to X = 1.0; it thus represents a physical upper limit to

the CHF.



The CHF vs. X plot shows a crossover of constant G lines; at low

X values the CHF increases with G while at high X_^ values the trend is

opposite. This crossover may be explained by considering the CHF mech-

anisms: at low flow dryout is caused by bubble clouding or microlayer

evaporation; an increase in mass flux will result in a more efficient

removal of vapour nuclei from the wall or will sweep away the bubble boun-

dary layer. This tends to delay dryout. At higher qualities, however,

dryout is due to liquid film depletion: the higher flow will result in a

wavier liquid film and hence increased entrainment which leads to an early

liquid film breakdown.

1.3.4 Effect of Pressure

Pressure has a strong effect on CEF primarily because of its effect

on thermodynamic properties. Figure 7 illustrates the effect: for water

the CHF reaches a maximum value between 4 and 7 MPa. The same trend is

valid for pool boiling and can be predicted by Zuber's correlation:

CHF = C«Xp [ag(po-p ) ]
4 (Hsu [6]). Near the critical pressure the CHF

approaches zero since a, A and Pn""P all approach zero while at low pres-

sure p decreases rapidly with a reduction in P thus also lowering the CHF.

1.3.5 Geometry Effects

(i) Effect o_f _hea.ted .length (Figure 8)

For constant cross section average dryout conditions the effect of

heated length in simple geometries is usually small if L /De > 30 for

subcooled inlets or L,,/De > 200 for two-phase inlets. For tightly packed

rod bundles the heated length effect is usually felt over a longer distance

because of reduced subchannel mixing.



(ii) Effe£t jof diameter (Figure 9)

Many experimenters have observed that for round tube geometries, an

increase in diameter results in a reduction in CHF (constant cross section

average dryout conditions), e.g., Lee [13]. No satisfactory explanation is

yet available but the resultant decreases in shear stress near the wall and

higher entrainment rates for larger diameters are expected to be

contributing factors (, Hewitt [2]).

(iii) Eff.60^ .of S.T9.8B. ̂ S^^P^L

A comparison of CHF values obtained in bundle geometries with those

in tubes shows the tubular values to be higher (for the same cross section

average dryout conditions and hydraulic equivalent diameter). This may be

expected as an enthalpy and flow imbalance exists between subchannels due

to differences in heat input and hydraulic resistance. These subchannel

imbalance conditions may be reduced by increasing the rod spacing (result-

ing in improved mixing between subchannels) and decreasing the radial form

factor ( = <j> /(j) ) (resulting in less enthalpy imbalance). Experimental
max avg

results are somewhat ambiguous: some show a significant decrease in CHF

with a reduction in rod spacing (Heron [14], Waters [15]); others show only

a minimal effect (Towell [16], Adorni [17]).

The presence of an unheated surface can also have a significant

effect on CHF: in annular flow the unheated wall is covered by a thick

liquid film which would otherwise be available for cooling of the heated

surface. Experiments in annuli (Jensen [1.8]) and rectangular cross

sections (Tippets [19]) have shown an increase in critical heat flux (at

equal dryout qualities) if both opposite surfaces are heated instead of

only one surface.
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1.3.6 Effect of Rod Spacing Devices

A number of researchers have investigated the effect of spacing

devices on CHF or critical power. Figure 10 shows the various types of

spacers used in these studies. Although these studies do not always agree

with each other, the following trends may be observed:

(a) In general a significant increase in local CHF was observed just
downstream of the spacers. This increase decayed slowly with
distance downstream as illustrated in Figure 11.

(b) A minimal effect on critical power was observed for ferrule-type
spacer grids made up of concentric rings fitting tightly around the
heater rods. This type of spacer will result in two opposing
effects: (i) the rings will strip the liquid film off the heated
rods thus lowering the critical power, and (ii) the reduction in
flow area at the spacer will generate turbulence and crossflow
downstream. This mixing will reduce the subchannel enthalpy and
flow imbalance in neighbouring subchannels and hence increase the
critical power. Gaspari [20] used spacers of this type and
observed small effects on critical power.

(c) The largest increase in critical power does not necessarily corres-
pond to the grid spacer producing the largest flow blockage. This
is clearly illustrated by the results of. Gaspari [20,21]. His
plate-type spacers with a flow blockage of 50% resulted In an 8%
lower critical power than his ferrule-type spacers with a flow
blockage of only 10%.

(d) The maximum increase in critical power due to grid spacers usually
occurs at high flows, high qualities and short axial grid spacings.
The majority of the studies (Groeneveld [24]) support this argu-
ment. Kobori's results [22] show an opposing trend: a maximum

' increase In CHF was observed at low flows and low qualities. Most
studies show that at low flows the effect of spacers on critical
power is minimal (e.g., Becker [23] and Groeneveld [24]).

(e) Although an increase in critical power due to rod spacing devices
was observed in most studies, detrimental effects can also be
present. Both Ginoux [25] and Janssen [26] reported up to 20%
reduction in CHF in a 16-rod bundle due to egg-crate type spacers
while Shiralkar [27] demonstrated the potential of a detrimental
effect in an adiabatic study. In most studies the detrimental
effect of spacers on CHF (due to tripping the liquid film, stagna-
tion of the flow just upstream of the spacers, etc.) Is usually
overshadowed by the much larger beneficial effect (due to improved
mixing and phase distribution downstream of the spacer).
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(f) In the majority of experimental studies CHF was found to occur
preferentially just upstream of a rod spacing device. Only
Ginoux [25] reported preferential CHF occurrence just downstream
of a rod spacing device.

1.3.7 Effect of Heat Flux Distribution

Many experimenters have studied the effect of j.xial f_lux distribu-

tion (AFD) on critical power (e.g., Collier [1], Tong [4], Todreas [28],

Groeneveld [29]). The common observation in all these studies is that the

AFD effect is strongly dependent on the dryout mechanisms:

Dryout Quality Dryout Mechanisms

Negative (sub- DNB, aicro layer
cooled dryout) evaporation

High quality Film dryout

AFD Effect

0 - low quality Bubble clouding

- Dryout occurs when heat flux
exceeds CHF for uniform heating
on CHF vs. X D 0 plot

- No effect of upstream flux
distribution on local CHF

- Strong effect of AFD on critical
power for constant inlet
subcooling

- Strong effect of upstream flux
distribution on local CHF

- Magnitude and location of CHF
difficult to predict

- Smaller effect of critical power
on AFD for constant inlet
subcooling

- In between above effects.
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Figure 12 illustrates the AFD effect on critical power, CHF and

dryout location. Note that in general short flux spikes have no effect on

a film-type dryout but have a strong effect on a DNB-type dryout. In

general the optimum AFD is one where dryout occurs simultaneously along the

complete heated length. In practice this is approached by an AFD having a

flux peak near the inlet (Figure 12, flux distribution 1).

The optimum radial fJLux distribution (RFD) is also one where the

CHF occurs simultaneously on all elements. Experiments by Gaspari [30] and

Becker [31] suggest that the preferential location of initial dryout occur-

rence in a rod cluster having a uniform RFD is the central region. The

presence of a flux depression across the rod cluster tends to shift the

location of initial dryout outwards and increases the critical power

(Gaspari [20]). This increase in critical power is strongly dependent on

the radial form factor (<j> /<j> ) and rod spacing which both affect the
ymax Yavg

subchannel enthalpy imbalance.

1.3.8 Other Effects

The effect of test section inclination on CHF Is insignificant if

the gravitational forces are small compared with the flow inertia forces.

This is generally the case for flows >3000 kg^nT^s"1. Hewitt [32] has

recently reviewed several relevant papers. The CHF was found to decrease

with inclination angle (from the vertical) and reaches a minimum value for

horizontal flow. A comparison of CHF during upflow and downflow showed a

slightly reduced CHF for downflow.

Heated surface roughness can have opposing effects on the CHF.

At subcooled conditions the CHF is generally increased by roughening the
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surface because of improved near-wall mixing (e-g., Durant [33],

Burck [34]). At high qualities roughening the wall usually decreases the

CHF (Kunsemiller [35], Polomik [36]) since the protrusions from the heated

surface either act as liquid film trippers, or distort the liquid film flow

such that the entrainment rate increases drastically. The deposition of

crud -nay have a similar effect on the CHF.

1.4 PREDICTION OF CRITICAL POWER

1.4.1 General

The complexity of predicting the critical power in a nuclear fuel

bundle may be best understood by considering first the prediction of CHF of

a simple experimental setup; a single fluid flowing at a steady rate verti-

cally upwards in a uniformly heated tube. Here the CHF is a function of

the following independent variables:

CHF = f(L_, De, G, AH. , P, E)
ii in

where E takes into account the effect of the heated surface, I.e., surface

roughness, therma.1. inertia, etc.

Despite the simplicity of the experimental setup, over 87 tube CHF

correlations were already in existence in 1966 (Clerici [37]). The present

proliferation of correlations illustrate the sad state-of-the-art in model-

ling the CHF phenomenon. The only area where CHF modelling has met with

some success is the annular film dryout model (Hewitt [2]) which appears to

predict the CHF with reasonable accuracy in the annular flow regime.

Prediction of the critical power in complex fuel bundle geometries

remains unreliable. Effects of flux distribution, grid spacers and bundle
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array dimensions are not well understood. Nevertheless a number of empir-

ical prediction techniques have been developed and will be discussed next.

1.4.2 Overall Power Hypothesis

This hypothesis states that, for a given geometry and inlet

conditions, the critical power is independent of axial or radial heat flux

distribution or

N D 0 = f ( P i n ' Gin' Tin' c / s' V - ( 1 )

This will permit the use of CHF correlations derived from uniformly heated

bundle data for the prediction of dryout power in non-uniformly heated

bundles of identical geometry (i.e., identical cross section and heated

length).

This technique is a reasonable one for obtaining a first estimate

of dryout power; it gives reasonable estimates of dryout power in the

annular flow regime for symmetric flux profiles and low form factors

(~ Q /q )• However, it does not permit the prediction of the location
^max Havg y

of dryout.

1.4.3 Local Conditions Hypothesis

This hypothesis states that the local CHF is dependent only on the

local conditions and not on upstream history. In principle, the local

conditions hypothesis is sound if it is based on the true local conditions

(which must, include radial distribution of void, liquid and vapour veloc-

ity, liquid temperature and turbulent velocity fluctuation near the wall)*

Hence Ideally

CHF - f (a(r), T£(r), u£(r), u ^ r ) , uĵ (r) .... P, (c/s)} ... (2)
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In practice only the local cross section average pressure, flow and

quality are known and the assumption that

CHF = f(P, G, XUQ, c/s) ... (3)

Is often made. Most of the CHF correlations of the above form are based on

data obtained with uniform AFD's. This may be sufficient to predict the

CHF for long, uniformly heated test sections provided the cross section

geometry is similar but generally does not apply for non-uniform AFD's

especially for large form factors*. Nevertheless this approach is offered

as an option as several design correlations are expressed in terms of local

cross section average conditions only.

The local conditions hypothesis does not permit the direct

evaluation of dryout power. In this study the following procedure is

recommended:

(i) Obtain initial estimate of the dryout power (e.g., by using the
overall power approach)

(ii) Plot the axial heat flux distribution corresponding to the Initial
estimates of dryout power on a ij) vs. X basis (by transforming
length into a quality coordinate)

(iii) Plot the CHF vs. X 3 0 on the same graph (Figure 13)

(Iv) Calculate the ratio RQ = (local heat flux/CHF) at each quality. If
the minimum value of RQ, RQmin *-s outside the range 0.99 - 1.01,
revise
factor
0.99<RQmln <"T.O1 at which point the CHF curve is considered
tangent to the axial flux distribution and the heat flux
distribution can be integrated to obtain the critical power.

the dryout gower estimate by multiplying the. power by a
(l/RQmin) ; repeat steps (ii) and (iv) until

*An exception is the subcooled region. De Bortoli [38] found no effect on
the AFD on the CHF at negative dryout qualities in simple geometries.
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1.4.4 Boiling Length Hypothesis

The boiling length hypothesis states that, for a given mass flux,

pressure and geometry, a unique relationship exists between boiling length,

Lg, and dryout quality which is independent of the axial heat flux

distribution

Lfi = f(G, P, XD0, c/s) ... (4)

The boiling length is defined as the distance between the location

where the cross section average thermodynamic quality equals zero and the

dryout location. From a heat balance it can be siown that

(5)
D0 qBLA

where ^-.TA J "" $$h s the boiling length average heat flux

/ ^
L Y - n B •" <5a>

After substitution of equation (5) into equation (4) and

rearranging the terms, the following expression is obtained:

q B L A = fl(XDO« P' G> C / S ) •'• ( 6 )

Equation (6) is identical to equation (3) for uniformly heated channels.

Lahey [39] and Bertoletti [34] have shown that in the annular flow regime a

boiling length average heat flux correlation gives a better prediction of

the dryout power of non-uniformly heated channels than local conditions

type correlations. Howev r, for highly subcooled conditions (X D 0 « 0)

DeBortoli's results [38] suggest that local conditions type correlations

apply.
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The critical power evaluation using the boiling length average

hypothesis is similar to the four steps outlined in Section 1.4.3. The

only difference is in the definition of RQ: for negative qualities RQ is

defined as before but for positive qualities RQ . is defined here as the

ratio of the boiling length average heat flux (defined by equation (5a)) to

the CHF as calculated from local conditions type correlations (Figure 13).

1.4.5 F-factor Approach

Tong [3,4] developed a semi-theoretical approach to the prediction

of the critical heat flux for a non-uniformly heated test section. By

assuming that the boiling crisis was due to the liquid superheat near the

wall reaching a limiting value, he derived a correction factor, F, which is

the ratio of an equivalent uniform CHF to a non-uniform CHF.

The correction factor F was expressed as

DO,NU

and C is an empirical function of a mass flux and dryout quality.

Hence the F-factor approach tends to modify th«? CHF correlation for

uniform heating as opposed to the boiling length average flux approach

where the flux distribution is modified. Lahey [39] has shown that the two

techniques are similar, yield similar answers and are reasonably successful

in predicting various non-uniform AFD's.

1.4.6 Subchannel Approach

The previous four mechanisms used cross-sectional average condi-

tions to predict the CHF or critical power. The subchannel approach is
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basically different in that it predicts the axial variation in flow and

enthalpy for each subchannel. This permits an evaluation of the CHF at

each axial location for each subchannel using tube CHF correlations modi-

fied for use in subchannels. Figure 14 shows the two types of subchannels

presently used. The conventional approach defines subchannel boundaries by

lines between rod centre and is used in subchannel codes such as COBRA

(Rowe [40]) or HAMBO (Bowring [41]). The rod centered approach defines

subchannel boundaries by lines of zero stress between rods and is used

primarily to predict CHF in the annular flow regime (using Hewitt's [2]

annular flow model or an equivalent CHF correlation). An excellent review

of subchannel prediction methods is presented in reference 42.

1.4.7 Discussion

A very large number of bundle CHF correlations are available but

they are usually valid only for a fixed bundle geometry over a narrow range

of conditions. The most accurate method of predicting bundle dryout power

is based on using experimental data obtained from a correct or a similar

bundle configuration. If relevant data are unavailable, correlations

should be used which are based on the geometry and flow conditions which

match the fuel bundle as closely as possible.

Most bundle CHF correlations are based on uniform AFD data. When

applied to a non-uniform AFD, these correlations generally predict the CHF

or critical power more accurately when used in conjunction with the boiling

length average flux and the F-factor approach instead of the overall power

or local conditions hypothesis.
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Table VII presents a number of CHF correlations currently recom-

mended for use in reactor safety analysis codes. Despite this, caution

should be exercised in using the correlations as their data base only

covers a small section of the recommended "range of applicability". Also,

many of the correlations do not have the correct asymptotic trends: for a

quality approaching 100% the CHF should approach zero and for a mass flux

approaching 0 the CHF correlation should gradually change over into a pool

boiling correlation.

1.5 CONCLUSIONS AND FINAL REMARKS

1. There is no single dryout mechanism. Instead, the mass flux vs. void

fraction graph can be subdivided into regions, having their own pref-

erential dryout mechanisms. For a heat flux controlled system each

mechanism corresponds to a certain type of dryout temperature excur-

sion.

2. Presently no CHF correlation exists that can predict the CHF over a

complete range of flow, pressure and inlet subcooling. If such a

correlation did exist it would have to satisfy the following

asymptotic trends:

(i) At low flows and uniform AFD the CHF approaches the line

<}> = G De(A + AH )/4£H which corresponds to X = 1.0
c xn IKJ

(ii) At ^ = 1.0 CHF = 0

(iii) At P = P c r l t CHF = 0

(iv) At G = 0 CHF = CHF n , ...
pool boiling

(v) For horizontal stratified flow CHF = 0
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3. Prediction of the CHF for rod bundles is complex, strong effects of

AFD, RFD and cross-sectional geometry have been noted.

4. Frequently the effect of rod spacing devices on CHF has been ignored.

Recent experiments have demonstrated increases in CHF over 150% due

solely to rod spacing devices. Maximum increases in CHF have been

observed with plate-type grid spacers and short grid spacings.

5. In the annular flow regime, the CHF is strongly affected by upstream

conditions (AFD, single or two-phase inlet). In the subcooled boiling

region the upstream history effect is small.

6. In any prediction of CHF, it is recommended to use relevant experimen-

tal data. In the absence of such data one should use correlations

whose data base match the test conditions and geometry as closely as

possible.

7. Excellent reviews of the boiling crisis phenomenon may also be found

in References 1 to 7.
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1I.0 POST-CHF HEAT TRANSFER

1I.I INTRODUCTION

Due to the poor heat transport properties of the vapour, high

heated surface temperatures are often encountered in the post-CHF or post-

dryout region. Although nuclear reactors normally operate under conditions

where dryout does not occur, accidents can be postulated where dryout

occurrence is possible. The most serious of the postulated accidents is

thought to be the loss-of-coolant accident (LOCA) caused by a rupture in

the primary coolant system. Accurate prediction of the consequences of a

LOCA requires precise calculation of fuel-coolant heat transfer during

(1) the blowdown phase (when the fuel channel is voided), and (2) the

subsequent emergency-core-cooling (ECC) phase.

Heat transfer regimes, encountered during a LOCA or any other

incident where the fuel dries out, depend on the fuel sheath temperature.

The boiling curve (Figure 15) illustrates this dependence. In general, the

heated surface is wetted intermittently in the transition boiling region

while in the film boiling region the heated surface is covered by a stable

vapour blanket.

The post-CHF sheath temperature can be predicted from empirical

correlations or from theoretical models. Since the theoretical models are

rather complex and the physical mechanisms on which they are based are not

yet fully understood, predictions are usually based on empirical correla-

tions.

In this paper various physical mechanisms governing post-CHF heat

transfer are discussed. A survey of experimental studies and prediction

methods is also presented for each of the post-CHF regimes. Finally, our



27

current knowledge of post-CHF heat transfer is discussed and recommenda-

tions are made for tentative prediction methods and for areas requiring

further experimentation.

II.2 PHYSICAL MECHANISMS

II.2.1 Forced Convective Transition Boiling

As the name implies, transition boiling is an intermediate boiling

region. Berenson [1] has provided a concise description of the transition

boiling mechanism: "Transition boiling is a combination of unstable film

boiling and unstable nucleate boiling alternately existing at any given

location on a heating surface. The variation in heat transfer rate with

temperature is primarily a result of a change in the fraction of time each

boiling regime exists at a given location."

The transition boiling section of the boiling curve is bounded by

the critical heat flux at D and the minimum heat flux at E. The critical

heat flux has been extensively studied and can be predicted by a variety of

correlations. The minimum heat flux has undergone less study; it is known

to be affected by flow, pressure, surface properties, fluid properties and

heated surface parameters.

In pool boiling or low flow boiling systems the boiling crisis is

reached when the flow of vapour leaving the heated surface is so large that

it prevents a sufficient amount of liquid from reaching the surface to

maintain the heated surface in the wet condition. The phenomenon that

limits the inflow of liquid is the Helmholtz instability which occurs when

a counterflow of vapour and liquid becomes unstable. Zuber [2] and

Kutateladze [3] have derived equations for the CHF based on the Helmholtz
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instability theory their predictions agree with the CHF values measured in

pool boiling systems. At surface temperatures in excess of the boiling

crisis temperature, the heated surface will be partially covered with

unstable vapour patches (varying with space and time). The formation of

such dry patches will be accompanied by a drastic reduction in heat trans-

fer coefficient; the corresponding reduction in local vapour generation

will permit the liquid to momentarily rewet the heated surface. Liquid

contact with the heated surface will be frequent at low wall superheats but

becomes less frequent at high wall superheats (Ruckensteln [4]).

Bankoff [5] and Stock [6] have shown that liquid-solid contact is of very

short duration at high wall superheats: an explosive formation of vapour

occurred when the liquid contacted the heated surface; the subsequent

vapour thrust forced the liquid away from the surface*. There is no agree-

ment in the literature regarding the question of liquid-solid contact near

the minimum of the boiling curve. Hesse [8] and Stock [6] believed that

the vapour film, which may be in violent motion, will be maintained at wall

superheats less than AT while Berenson [9] and Ruckenstein [4] believed
min

that liquid-solid contact will occur up to AT . .
min

In forced convective boiling the critical heat flux is no longer

controlled by the Helmholtz instability. Instead the boiling crisis is due

to an agglomeration of bubble nucleation sites (Collier [10], high subcool-

Ing), bubble-clouding (Tong [11], slight subcooling or low quality) or film

depletion (Hewitt [12], annular dispersed flow). Ellion [13] studied

*Westwater [7] did not believe that liquid-solid contact occurred in
transition boiling; he did observe explosive formation of vapour when
the liquid approached the heated surface.
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forced convective transition boiling in subcooled water and observed fre-

quent replacement of vapour patches by liquid. Although this may seem

similar to transition pool boiling as described above, the introduction of

the convective component will improve the film boiling component by reduc-

ing the vapour film thickness and changing the heat transfer mode, whether

dry or wet, from free convection to forced convection. This will result in

an increase in <j) and also might increase AT (if AT is
min min min

hydrodynamically controlled).

In the high quality region most of the heat transferred during

transition boiling will be due to droplet-wall interaction. Initially, at

surface temperatures just in excess of the boiling crisis temperature, a

significant fraction of the droplets will deposit on the heated surface but

at higher wall superheats the vapour repulsion forces would become signif-

icant in repelling most of the droplets before they can contact the heated

surface. The repelled droplets will contribute to the heat transfer by

disturbing the boundary layer sufficiently to enhance the heat transfer to

the vapour. The heat transferred to the droplets was found to depend on

droplet size (Wachters [14]), droplet velocity (Pedersen [15]), impact

angle (McGinnis [16]) and surface roughness (Wachters [14]). These vari-

ables also affect the minimum heat flux and corresponding surface

temperature.

II.2.2 Minimum Film Boiling Temperature

Rewetting commences at the minimum film boiling temperature and, as

a rule, rapidly proceeds until nucleate boiling is established at a much

lower wall temperature. Predicting the minimum temperature as a function
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of the system parameters is thus very important since heat transfer coeffi-

cients on either side of the minimum film boiling temperature can differ by

two orders of magnitude- Generally, the minimum film boiling temperature

is defined as the temperature at the minimum heat flux.

Two theories have been proposed for the mechanism responsible for

initiating transition boiling (or partial rewetting). One theory says that

the minimum temperature is a therraodynamic property of the fluid (i.e.,

maximum liquid temperature) and thus is primarily a function of pressure.

The other theory suggests that rewetting commences due to hydrodynamic

instabilities which depend on the /elocities, densities, and viscosities of

both phases as well as the surface tension at the liquid-vapour interface.

During fast transitions, where insufficient time is available to fully

develop the hydrodynamic forces, rewetting is expected to be therraodynamic-

ally controlled while for low flows and low pressures, where sufficient

time is available and the volumetric expansion of the fluid near the wall

is large, rewetting is more likely to be hydrodynamically controlled. Once

rewetting has occurred locally, the rewetting front can then propagate at a

rate which is primarily controlled by axial conduction (e.g.,

Thompson [17]). Both theories can be modified to include the thermal

properties of the surface.

There is no general consensus on the effect of the various system

parameters on the minimum film boiling temperature under forced convective

conditions. These effects are included in correlations for the minimum

temperature which have been tabulated by Gardiner and Groeneveld [18].
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II.2.3 Film Boiling

II.2.3.1 General

During film boiling the heated surface is cooled 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 liquid is avail-

able to maintain a wet wall (Figure 16a).

(b) a continuous liquid core (surrounded by a vapour annulus which may

contain entrained droplets) usually encountered at void fractions

below 30%. The corresponding flow regime is sometimes referred to as

the inverted annular flow regime (Figure 16b).

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

flow (Figure 16c) .

Of the above post-dryout regimes, the liquid deficient regime is most com-

monly 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.

11.2.3.2 Liquid Deficient Regime

In the liquid deficient regime the vapour temperature is control-

led by wall-vapour and vapour-droplet heat exchange. Due to the low super-

heat of the vapour near the dryout location or rewetting front the vapour-
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droplet heat exchange is small and most of the heat transferred from the

wall is used for superheating the vapour. At distances further downstream,

however, an "equilibrium" vapour superheat can be reached, i.e., the amount

of heat transferred from the wall to the vapour may approximately balance

the amount of heat absorbed by the droplets (from the vapour) and used for

evaporation of the droplets.

Near a heated surface the heat exchange between vapour and droplets is

enhanced due to the temperature in the thermal boundary layer being well

above that of the vapour core (Cumo [19]). If the temperature of the

heated surface is below the minimum temperature, some wetting of the wall

may occur resulting in an appreciable fraction of the droplets being

evaporated (Wachters [14]). At temperatures above the minimum temperature

only dry collisions can take place (collisions where a vapour blanket is

always present between surface and droplet). Little heat transfer takes

place to small droplets which resist deformation and bounce back soon

following a dry collision (Wachters [14], Bennett [20]). However, the dry

collisions disturb the boundary layer thus improving the wall-vapour heat

transfer. Larger droplets are much more deformable and tend to spread

considerably thus improving both the wall-vapour and vapour-droplet heat

exchange (Cumo [19], Wachters [14]). This spreading may lead to a breakup

into many smaller droplets if the impact velocity is sufficiently high

(McGinnis [16]). The vapour film thickness separating the stagnated

droplets from the heated surface is difficult to estimate but must be

greater than the mean free path of the vapour molecules in order to

physically separate the liquid from the heated surface.
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Attempes to evaluate the direct heat flux to the droplets due to

interaction with the heated surface have resulted in the postulation of

many simplifying assumptions, e.g., Bailey [21], Groeneveld [22],

Plummer [23]. These assumptions may be questionable when applied to liquid

deficient cooling. However, due to lack of direct measurement of droplet-

wall interaction during forced-convective post-dryout conditions no other

approach can be taken.

11.2.3.3 Jjwerted Annular_ J?l£W

In the inverted annular flow regime few entrained droplets are

present as the bulk of the liquid is in the form of a continuous liquid

core which may contain entrained bubbles. At dryout the continuous liquid

core becomes separated from the wall by a low viscosity vapour layer which

can accommodate steep velocity gradients. However, the velocity distribu-

tion across the liquid core is fairly uniform. Once a stable vapour

blanket has formed, the heat is transferred from the wall to the vapour and

subsequently from the vapour to the wavy liquid core. Heat transfer across

the wavy vapour-liquid interface takes place by forced convective evapora-

tion. This mode of heat transfer is much more efficient than the single-

phase convective heat transfer between smooth wall and vapour; hence it is

assumed that the bulk of the vapour is at or close to the liquid core tem-

perature (i.e., saturation temperature). The low-viscosity, low-density

vapour flow experiences a higher acceleration than the dense core flow.

This results in an increased velocity differential across the interface

(which may lead to liquid entrainment from the wavy interface). It may

also lead to more interaction of the liquid core with the heated surface
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through dry collisions and will increase the turbulence level in the vapour

annulus. The resulting increase in wall-vapour and wall-core heat transfer

will lower the wall temperature; if the wall temperature drops below the

minimum film boiling temperature rewetting may occur. Rewetting can also

occur at higher temperatures if it is caused by a propagating rewetting

front (Thompson [17]).

II.2.3.4 Slug Flow Film Boiling

Slug flow film boiling is usually encountered at low flows and

void fractions which are too high to support inverted annular film boiling

but too low to support dispersed flow film boiling. In tubes, it is formed

just downstream of the inverted annular flow region where the liquid core

breaks up into slugs of liquid in an otherwise vapour matrix. The predic-

tion of the occurrence of slug flow in position and time during bottom

flooding ECC is important because considerable downstream cooling is

obtained from the resulting dispersed flow long before the quench front or

collapsed liquid front arrives.

Several theories for the breakup of inverted annular flow into

slug flow have been proposed. Data of Chi [24] suggest that the liquid

core will break up into slugs which are equal in length to the most

unstable wavelength of interfacial waves. Subcooling tends to stabilize

the liquid-vapour interface, and thus inhibits the formation of slug flow.

Smith [25] measured the location of slug flow as the point of minimum heat

transfer coefficient in the film boiling region. In doing so, he is sug-

gesting that the core is broken up by the hydrodynamic forces of the vapour

on the liquid. If the vapour velocity is high enough to break up the
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liquid core then it is also high enough to considerably Improve the heat

transfer coefficient. Kalinin [26] observed another possible mechanism for

the onset of slug flow in their transient tests. Immediately after the

Introduction of liquid to their test section, the sudden increase in vapour

volume due to vapour generation at the leading edge of the liquid caused a

back pressure which decelerated the flow. The higher pressure and lower

flow rate caused a decrease in vaporization and the flow surged forward.

This cycle was repetitive with a liquid slug separating from the liquid

core with each cycle.

II.3 FORCED CONVECTIVE TRANSITION BOILING

II.3.1 Experimental Studies

The most widely used system in forced convective boiling studies is

a heat flux controlled system where the heat output of an electrically

heated element is increased gradually. Such a system, however, does not

permit the measurement of transition boiling data except at high flows and

high vapour qualities (Fung [27]). Instead, a variety of temperature

controlled systems have been used in transition boiling studies.

The earliest reported forced convective transition boiling study

(Ellion [13]) utilized a 2.5 cm OD annulus, centrally heated by an elec-

trical tubular heater and cooled internally by a stabilizing fluid to avoid

dryout temperature excursions. Although this technique is potentially very

promising, the choice of stabilizing fluids which have sufficiently high

heat transport properties is limited. The same is true for systems where

the heat is supplied directly by circulating fluids. Both McDonough [28]

and Ramu [29] used such systems using liquid metals. Peterson [30] used a
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more novel approach: in his forced convective study, heat was supplied by

an electrically heated platinum wire whose temperature was controlled by

electronic feedback. More recently, transition boiling data have been

derived from temperature-time transients during quenching of high thermal

inertia test sections. Iloeje [31] obtained transition boiling data for

water at high pressure from a thick Inconel test section while Cheng [32],

Newbold [33] and Fung [34] have done so for atmospheric pressure using a

thick short copper test section. Newbold [33] and Fung [34] indicated that

some axial conduction was present in their test section due to revetting

being initiated at the inlet and/or outlet of their test section. To

eliminate this, Newbold installed guard heaters on both sides of their test

section.

A search of the literature produced only nine studies dealing with

forced convective transition boiling. Table I summarizes the studies; they

all suffer from serious shortcomings and cover only narrow ranges of condi-

tions. The data are not considered sufficiently accurate and plentiful to

serve as a basis of deriving a correlation. The parametric trends have

be,en deduced from the data (Groeneveld [41]). In general, an increase in

mass flux increases the transition boiling heat flux and shifts the wall

superheat at the minimum heat flux to higher temperatures. The effect of

an increase in subcooling is similar but the effect of quality is less

clear: it is expected that at low wall superheats an increase in quality

will have a negative effect on the transition boiling heat flux while at

higher wall superheats the reverse is true. Figures 17-19 illustrate the

above trends.
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II.3.2 Prediction Methods

Despite the scarcity of transition boiling data, a large number of

correlations have been proposed (Table II). They may be divided into three

groups:

(i) Correlations containing boiling and convective components, e.g.,

Ramu [36], Mattson [37] and Tong [38]. These correlations usually

have the form

k
h = A exp(-BATs) + ^ a Re PrC

s De v v

where the first term represents the boiling component (which

becomes insignificant at high wall superheats) and the second term

represents the convective component. The correlations are usually

claimed to be valid both in the transition boiling and film boiling

region,

(ii) Phenomenological correlations, e.g., Iloeje [39], Tong and

Young [40]. These correlations are based on a physical model of

heat transfer in the transition boiling region. Because of an

inadequate physical understanding they still contain many empirical

constants,

(iii) Empirical correlations, e.g., Ellion [13], Berenson [9] and

McDonough [28]. 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 condi-

tions at the boiling crisis (CHF and T C H F ) .
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II.3.3 Comparison of Data with Correlations

A limited comparison of some of the correlations with the data was

carried out by Groeneveld 2nd Fung [41] and Fung [34]. In general, corre-

lation of the low pressure data was not unreasonable i^ a Berenson type

correlation was used (i.e., assuming CHF and Tgjjp are known). A value

of the exponent n between -1 and -2 seemed to give the best fit to the data.

A comparison of some of the "^relations and the FLECHT data is presented

in Figure 20. Hsu's [42] correlation is tentatively recommended as it is

based on simulated fuel bundle data and also agrees with the data of

Ellion [13].

II.4 INVERTED ANGULAR AND SLUG FLOW FILM BOILING

II.4.1 Experimental Studies

Most of the experiments in these flow regimes have been carried out

on cryogenics and refrigerants. Recently, because of the interest in LOCA

heat transfer, some of these studies have also been carried out in water.

Due to the high CHF in these flow regimes, post-CHF temperatures are very

high. Hence experimental data can only be obtained in temperature

controlled systems (Smith [25], Elliori [13]) or from transient tests

(Newbold [33], Cheng [32], Fung [34]).

Table III presents a summary of the studies carried out. As in

transition boiling, most of the data are not considered reliable. However,

recently a novel approach has been developed at Chalk River for obtaining

subcooled film boiling data. Using the so-called hot-patch technique

steady-state subcooled and low quality film boiling data have been obtained

in a heat flux controlled system at heat flux levels well below the CHF.
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Figures 21 and 22 show some of the results. As expected, the heat transfer

coefficient increases with mass flux because of the higher turbulence level

and more intense liquid-wall interaction. An increase in subcooling also

improves the heat transfer, presumably due to a thinning of the vapour film

because of the subcooled liquid absorbing heat to the detriment of

evaporation.

II.4.2 Prediction Methods

Because of the scarcity of water data at low qualities and

subcooled conditions, most proposed correlations are based on cryogenic or

refrigerant film boiling data only. The correlations and their range of

applicability are tabulated in Table IV. They may be subdivided into:

(i) Correlations applicable to pool boiling and low mass velocities

(e.g., Bromley [43], Berenson [44], Andersen [45]). These

correlations basically have the form:

rr3

h = A
c

p (p0 - p )h
V l V fS f (u,X) + h

, p AT
>— v sat

rad

which was originally derived by Bromley [43] from Nusselt's classi-

cal analysis of filmwise condensation. The latent heat h1 is

usually modified to include the vapour superheat while the velocity

effect is included theoretically or empirically through f(U,X)

where A is either equal to the diameter, critical wavelength or the

most unstable wavelength.

(li) Modified McAdams type correlations, e.g., Kalinin [46]. These

correlations are basically of the form

Nu » a Re Prc.F where F is often a function of quality or sheath

temperature.
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(ill) Phenomenological prediction methods, based on mechanisms governing

this type of heat transfer. Examples of this are Dougall-

Rohsenow's [47] model which used a universal velocity distribution

in the vapour flow, and Chi [48] who used a time-averaged pool

boiling and convective boiling correlation to represent heat trans-

fer during slug flow.

Groeneveld [22] and Kaufman [49] developed a semi-theoretical model

predicting variation of local parameters such as vapour velocity, liquid

velocity, and film thickness. These models are not in their final form

because of lack of data to verify that the model's assumptions are correct.

11.4.3 Comparison of Data with Correlations

The pool film boiling case has been well researched and one can

predict heat transfer coefficients with a good deal of confidence. For

flows over external surfaces, Hsu [42] has shown that Berenson's [44] cor-

relation employing Bromley's [43] empirical constant of 0.62 gave reason-

able agreement with the FLECHT data. Caution should be exercised, though,

in applying this correlation to cases of high velocities or subcooled

liquids. The correlations, proposed to fit data obtained with flowing

cryogenic or refrigerant fluids, may not be valid for low quality film

boiling in water. The void fractions of the data upon which these correla-

tions are based are not well documented and the form of the correlations

suggest that they may only be suitable for dispersed flow film boiling.

Most correlations predict heat transfer coefficients which are

approximately independent of wall superheat while recent results have shown

the heat flux in the film boiling region to remain constant over a fairly
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wide range of wall superheats. Further work remains to be done to

incorporate this feature in the correlations.

II.5 LIQUID DEFICIENT HEAT TRANSFER

II.5.1 Experimental Studies

Heated surface temperatures in the liquid deficient regime are

usually much lower than those obtained in the inverted annular flow regime,

especially if the temperatures are obtained at high flows, high pressures

and high qualities. Hence experiments can be carried out on the simple

heat flux controlled systems such as direct electrical heating of a sheath

without excessive danger of test section overheating. Table V summarizes

the reported experiments. Most of the experimental effort has gone into

studies of simple geometries (tubes, annuli); the studies by Bennett [20]

and Herkenrath [50] are the most extensive ones.

The data obtained in bundles are analyzed assuming one-dimensional

homogeneous flow. Some of these data were obtained from in-reactor ex;er-

iments; such experiments are very scarce but provide valuable information

on sheath thermal behaviour. However, caution must be exercised in

interpreting post-CHF bundle results, especially from in-reactor tests,

because of effects of rod spacing devices (e.g., Era [51]), methods of

thermocouple attachments, limited number of thermocouple locations and

uncertainties in axial, radial and peripheral heat flux distribution

(in-reactor tests). In a previous paper, Groeneveld [60] has listed a

number of reasons, such as above, which render the experimental results

unsuitable for correlation development.
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II.5.2 Prediction Methods

II.5.2.1 General

Post-dryout temperatures for steady flow can be predicted from a

semi-theoretical model or from empirical equations. The semi-theoretical

model was initially developed independently by the UKAEA (Bennett [20]) and

MIT (Laverty [53]). In this model all parameters are initially evaluated

at the dryout location. It is assumed that heat transfer takes place in

two steps: (i) from the heated surface to the vapour, and (ii) from the

vapour to the droplets. The heated channel is subdivided axially and the

axial gradients in droplet diameter, quality, vapour velocity and droplet

velocity are calculated at each node. Using a heat balance, the vapour

superheat can then be evaluated at each node. The conditions at the down-

stream nodes are found by stepwise integration along the heated channel.

The wall temperature is finally found from the vapour temperature using a

superheated steam heat transfer correlation. Bennett's approach agrees

with post-dryout measurements obtained in steam-water at 7 MPa in uniformly

and non-uniformly heated tubes (Keeys [54]). Bailey [21], Groeneveld [22],

a,nd Plummer [23] have suggested improvements in 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

vapour flashing for large pressure gradients.

Empirical post-dryout correlations may be subdivided as follows:



11.5.2.2 Thermal Equilibrium

These are correlations which assume that the liquid is in thermal

equilibrium with the vapour, and the heated surface is cooled by forced

convection to the vapour only. These correlations are basically forced

convective correlations where the vapour velocity is evaluated by assuming

either homogeneous flow (i.e., S = 1, Dougall [47]) or by using a suitable

slip ratio correlation (e.g., Quinn [55]):

v A _ _ " ! • * » • i » *-i • 1 I T \ I f ~\ \

I U « 1

V

This type of correlation assumes that the vapour is at saturation, i.e.,

X = Xe« This assumption does not agree with experiments (Mueller [5f],

Polomik [57], Bennett [58]) except for the following cases:

(i) at high mass flows where the liquid-vapour heat exchange is very

efficient

(ii) near the dryout location where the vapour has had insufficient time

to become superheated

(iii) in the inverted annular flow regime.

This type of correlation is useful since it predicts the lower boundary for

the post-dryout temperature.

11.5.2.3 No Evap or at̂ oii £fte£ Dryout

These are correlations which assume that no evaporation takes

place in the post-dryout region, and the heated surface is cooled by forced

convection to the vapour only. Although here the same forced convective
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correlation is used as above, the predicted sheath temperature is much

higher since the vapour becomes progressively more superheated. The degree

of vapour, superheat can be determined from a heat balance. The no evapora-

tion assumption also results in the Reynolds number remaining virtually

constant in the post-dryout region. This type of correlation is pessimistic

except at lower flows (Bennett [20]): however, it can be used to predict an

upper boundary for the heated surface temperature.

11.5.2.4 Thermal. Non-Eqtii_1 ibrjLum

These are correlations which predict the degree of thermal non-

equilibrium. Values for the actual vapour temperature or actual quality in

the post-dryout region can be generated from existing post-dryout data

provided the assumption of forced convective cooling only of the heated

wall in the post-dryout region is correct. This approach has been used by

Tong [40], Quinn [55], Plummer [23] and Groeneveld [59].

Groeneveld's [59] non-equilibrium prediction method is based on

six sets of experimental data and has been found to agree with other sets

of data. It also has the correct asymptotic trends: (i) the thermal non-

equilibrium gradually disappears when Xfi is increased above 100%, (ii) an

increase in mass flow reduces the thermal non-equilibrium, (iii) when Xe

is negative (subcooled film boiling) Xfl becomes small but remains

positive. Because of these features its range of applicability is

considered wider than other non-equilibrium correlations.
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11.5.2.5 Empirical Forced Convective JNast-Dryout Ctorrelatioivs

The correlations of Table VI are of this type. The- generally

predict a heat transfer coefficient which is based on the temperature dif-

ference between wall and saturation. They are simple to use but have a

limited range of validity and should not be extrapolated outside the recom-

mended range. If extrapolation is unavoidable, one should check that the

predicted temperatures fall between the maximum and minimum post-dryout

temperatures as discussed under II.5.2.2 and II.5.2.3 above-

II.5.3 Comparison of Data with Prediction Methods

Theoretical post-dryout models such as those by Bennett [20],

Bailey [21], Groeneveld [22] and Plummer [23] Still require some refine-

ments but may eventually predict post-dryout heat transfer for round tubes

with greater accuracy than empirical correlations. The models, however,

require reasonably accurate values of the dryout quality, especially at the

low mass flows. The usefulness of the models in predicting post-dryout

temperatures in annular and bundle geometries may be limited as the film

flow on the unheated surface and the flow and enthalpy distribution in

partially dry bundles are unknown. Also, the model requires the subdivis-

ion of the heated channel length in a large number of nodes, which may be

too time consuming for thermal hydraulic computer codes.

Four empirical prediction methods were discussed in the previous

section; the methods described under II.5.2.4 are considered the most accu-

rate. They have a much wider range of applicability than the post-dryout

correlations of Table VI but are more difficult to use. Figure 23 shows

schematically the relative temperature predictions of the four prediction
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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 after dryout" assumption represents an upper boundary for

the post-dryout temperature.

Most correlations of Table VI are based on only a few sets of data

covering a fairly narrow range of experimental data. The data- sets

(Table V) contain many data that are not reliable. The sources of errors

have resulted in post-dryout temperature measurements lower than what this

author considers to be fully developed film boiling. In the derivation of

equation 18 (Groeneveld [60]) care was taken that the data subject to pos-

sible errors were not included. This could be the reason why Groeneveld's

correlations seem conservative compared with some other post-dryout corre-

lations (Slaughterbeck [61]).

II.6 DISCUSSION

II.6.1 State-of-the-Art

11.6.1.1 Farced Convective Tran^iUon Boi.Hng

Table I shows that the available data cover only narrow ranges of

conditions; of the available data sets, none can be considered sufficiently

reliable to be used for developing a correlation. Caution must be exer-

cised when using the correlations of Table II since (i) the correlations do

not agree with each other, and (ii) their data base is highly questionable.

In comparing data with correlations differences of an order of magnitude

were frequently encountered. A lack of understanding of the physical

mechanisms governing forced convective transition boiling does not yet

permit the development of an analytical heat transfer model.
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The scarcity of data is primarily due to the difficulty in meas-

uring transition boiling data. The latest approach of using high thermal

inertia test sections made of copper is promising but still requires fur-

ther refinement to ensure a uniform axial heat flux distribution.

1I.6.1.2 Inverted Annula£ Flow a/i<[ £lug Flow £ilm Boiling

The situation in this heat transfer regime is only slightly bet-

ter as visual studies on cryogenics and refrigerants have helped our under-

standing of the mechanisms governing this type of heat transfer. Still

reliable data for water are lacking because of the complexity of using tem-

perature controlled systems. Another possible approach is the so-called

hot patch technique; it has been used by this author (Groeneveld [62]) to

measure post-dryout temperatures in Freon-12.

The prediction methods cannot be expected to be accurate for

water except at low flows where use of the pool boiling correlations seems

reasonable. Present correlations also do not adequately account for the

effect of subcooling and flow. For the inverted annular flow regime the

development of an analytical model seems feasible, provided details of the

velocity distribution in the liquid and vapour phase can be obtained.

1I.6.1.3 Liquid Deficjtent Regime

During the past ten years much progress has been made in under-

standing the physical mechanisms governing this type of heat transfer. In

an ideal experimental setup such as a vertical, uniformly heated round

tube, semi-theoretical models have been reasonably successful in predicting

the post-dryout temperature distribution. These models require empirically

derived constants; they are generally considered useful especially for
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predictions outside the data base provided the assumed physical mechanisms

are still valid-

Table V shows that, even in this relatively well studied post-CHF

heat transfer regime, data are non-existent at low flows, low pressures and

low qualities. This again is due to the excessive high post-CHF tempera-

tures encountered when using the conventional heat flux controlled system.

Despite the many suggested correlations, no satisfactory method of predict-

ing post-CHF temperatures is available at these conditions, even in simple

geometries.

II.6.2 Post-CHF Heat Transfer in Rod Bundles

Most post-CHF experiments have been carried out on simple geom-

etries such as tubes or annuli (e.g., see Tables I, III, V ) . Experimenta-

tion in bundle geometries is much more cumbersome because of (i) large and

expensive loop facilities, (ii) extensive instrumentation of the bundle,

and (iii) increased likelihood of heater failure. Direct application of

post-CHF test results to bundle geometries would be warranted if it were

possible to predict local flow conditions throughout the bundle. However,

present subchannel codes are not yet capable of predicting the local flow

and enthalpy in partially dry bundles.

Because of questionable correlations, especially in the transition

boiling and subcooled film boiling regime, the use of experimental data

rather than correlations is advisable. The lack of available film boiling

data is illustrated in Figure 24; except for data at high pressure, high

flows and reasonably high qualities, virtually no data are available.
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Caution must be exercised when using correlations in the region where no

data are available.

Prediction methods based on tube data have frequently been found to

overestimate sheath temperatures in fuel bundles. This is not surprising

as

(i) Tubes do not contain rod spacing devices (warts, grid spacers)

which usually result in improved downstream heat transfer (e.g.,

Era [51]). Frequent grid spacers (short spacer pitch) also prevent

high vapour superheats, thus reducing sheath temperatures,

(ii) Partially dry bundles could result in a subchannel type oscillation

due to large differences in friction pressure gradients in wet and

dry subchannels (e.g., Groeneveld [63])-

(iii) Film boiling experiments in bundles are often terminated at a power

level just above the dryout power to reduce the chance of heater

failure. At such low power levels film boiling heat transfer is

not yet fully developed (Groeneveld [63]).

Virtually all post-CHF correlations are based on steady-state data while

frequently the correlations are applied to transient conditions. Post-CHF

heat transfer is expected to be somewhat higher during fast transients as

compared with steady-state conditions because of the higher CHF, more

intense mixing and low vapour superheat.
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II.7 CONCLUSIONS AND FINAL REMARKS

1. Post-CHF heat transfer correlations developed for the liquid-

deficient regime can be used with reasonable confidence except at

low flows and low pressures Correlations for the transition

boiling region, and for the low quality or subcooled film boiling

region, should be suspected because of the lack of a reliable data

base.

2. Present thermohydraulic reactor analysis usually ignores the tran-

sition boiling heat transfer mode. Instead, it is assumed that

during reflood the film boiling mode will suddenly be replaced by

the nucleate boiling mode (or vice versa during dryout occurrence).

In both cases the assumption that film boiling rather than transi-

tion boiling takes place will result in an overprediction of the

calculated surface temperature.

3. Stable film boiling can only be maintained if the heated surface

temperature is above the minimum film boiling temperature. The

minimum film boiling temperature, however, is not constant but

depends on the properties of the liquid, the surrounding atmos-

phere, and on the heated surface properties. The velocity, impact

angle and liquid mass approaching the heated surface also affect

this temperature.

4. In general, rewetting of a heated surface can only occur if the

wall temperature is below the minimum film boiling temperature. If

a liquid front exists somewhere on the heated surface, then conduc-

tion from the dry to the wet surface can be very efficient in



51

reducing the dry surface temperature locally and permitting the

liquid revetting front to propagate.

5. Improvement in the post-CHF temperature prediction in bundles may

be made if the subchannel flow and quality could be predicted.

However, present subchannel codes need extensive modification

before being applied to partially dry bundles.

6. To remove the uncertainty in the prediction of post-CHF heat

transfer the following studies need to be carried out:

- measurement of vapour superheat or degree of non-equilibrium

during film boiling in tubes

- measurement of liquid temperature (subcooling) during film

boiling in tubes

- development of analytical heat transfer model for inverted

annular flow film boiling

- measurement of boiling curve at low pressures, low flows and

subcooled conditions.
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TABLE II TRANSITION BOILING DATA OF WATER IN A FORCED CONVECTIVE SYSTEM

GEOMETRY

Annulus
0.64 cm ID
6.35 cm OD

Tube
De «
0.386 cm

Annulus
0.013 cm ID
1.21 cmOD

Tube
De -=
1.25 cm

AnnuluB
1.37 cm ID
2.54 cm 0D

Rod
Bundles
De •=
1.27 cm

Tube
De -
1.27 cm

Tube
De-1.27 cm

Tube
De-1.27 cm

REFERENCE

Ellion [13]

McDonough
et al. [28]

Peterson
[30]

Plummer [23]

Ramu &
Weisman [29]

Westinghouse
FLECHT
Cadeck et
al. [64]

Cheng & Ng
[32]

Fung [34]

Newhold et
al. [33]

RANGE OF DATA

P

MPa

0.110-0.413

5.51
8.27

13.78

0.101

6.89

0.172-0.206

0.103-0.620

0.103

0.101

0.303

G •: 1 0 3

kg-nT^s"1

0.33-1.49

0.27-2.04

0.64-1.93

0.07-0.34

0.02-0.05

0.05-0.25

0.19

0.068-1.35

0.016-1.25

$ T 10 3

kW.m"2

1.47-1.96

0.32-3.78

0.41-1.99

0.06-0.27

0.03-0.26

0.01-0.27

0.016-0.158

0.008-1.89

0.016-0.948

Subcooling
C°C) or
Quality

28-56"C

Subcoolec
and low
quality

"saturated

X = 0.30-
1.00

X = 0 -
0.500

0-78°C

0-26°C

O-76°C

0-80*C

COMMENTS

|J> - controlled system
with stabilizing
fluid, Ifl - 7.62 cm

NaK used as heating
fluid. T w inferred
from heat transfer
corr'n for NaK.. Data
no longer available.

Heat flux controlled
by electronic feed-
back, Ii[i • 5.08 cm

Transient test
LJJ - 10.16 cm

Hg used as heating
fluid. X not
reported. Limited
range in T w

Transient test.
AT . or X unknown,

sub

Transient & steady
state test, high
inertia. Copper
block, LJJ * 10.16 cm

Similar tests to
Cheng & Ng [32]

Similar tests to
Cheng & Ng [32] how-
ever guard heaters
were employed to
reduce axial
conduction
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TABLE I I ; TRANSITION BOILING CORRELATIONS FOR WATER

EQUATIONS AND REFERENCES

RANGE OF APPLICABILITY FOR HATER

Subcooling SC

or Qual i ty

Geometry

(De)

Annulus
(5.72 en!

Based on da t a obtained In
steady state teats with
7.5 cm heated length and a
secondary stabilizing fluid

CHF - 730eJ
lCHF

McDonough [ 28]

5.51 -
13.79

0.2 -
2.G4 CHF

554

Tube
(0.38 co

10 5 L/D £ 62 . Eased on dec.
tron a heat flux controlled
systen

CHF

Berenson [9]

Pool boiling correlation;
n - -3 (Peterson [30]}
ti • -1 (Groencveld {41])

" 7 0 0 ° " P t " 0 . 0 0.38 •
5.23

3Z1 -
832

Agree* with data fro»
quinn [651 and Bennett [20]
vith rma error • 18Z

feS* 4"
Tong [381

h-_ - 9000 exp(-0.0054 AT ) + h + h . 0.103 -
0.620

0.05 •
0.25

9, 100-
rod

1 - 0.6a
1.25 - 0.15a

T 4 - T 4

V i

Correlation of baccam flood-
Ing data (FLECKT). Extra-
polation outside range is
tentatively permitted.

tons [38]

hTB - \ + hc

1^ - 0.5 Shm[exp[-0.OO78(t-TcllF)]+exp[-O.O698(T-TcllF)J]

h • 0.023^\f*\ \sm If^sf i+ - 1 ^ F*

up to
critical

0.31
3.49

. IT1

fk Iff )Ol"fr ,)m fGDeX l°'6ro-15 + 0-" *1
0 < X < 0.2

Raau 4 Uelaun [36]

lube I
Annulua

Convectlve component correla-
tion due to quinn [551.
Boiling component fitted to
data of Hench [66], Polo.lt
[67], Cuao [68], Nobel [69]
with aupprMaion factor S
(due to Chen [70]): n based
on critical heat flux data
of Add°>e [71] (pool boiling)

At low flow and hl|h quality,
they replaced S ^ by

to be a function of Che void
fraction only.

,0.269/ \3.67

4.13 -
21.53

0.68 -
5.16

[HCpf Oe"0'3

O.5O5f ,4.56

MatCBQn at al. [37]

Rod
bundle

Correlations obtained from
rcgrctslon analysli. 2BZ rm»
error.

25.UJ rm* error
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TABLE II: TRANSITION BOILING CORRELATIONS FOR WATER (ccr.L'd)

EQUATIONS AND

[R JCp.p.T |

,T

•5

+ 0.023 j^ppf*,. + (1

•a

j
C 6 7 h - - 3 - 2 " "10 2.93 + 4.4

7.361
CJe

125000 ]/
term dominates.

tlie second rerta dominates-

lloeje [39)

-

-

T

n " I-0 + dX~PXe~ *V

R£FEREMCES

f M8

4Ts If
/ CX^ ,2

<h«e the flr.t

P
°v

0.8

n - 1.0 for fiT < 200°F or c/106 > 2.5

Xj - ExplcjCO.05 + C/106)°'n

JJ- - C4(0.05 + G/loV'
12

for C/10° £ 0.7 C 3 - -0.26;

0.8 < C/106 < 2.5 C 3 - -0.57;

0.7 < c/106 < 0.8 Xx »"d^j-

*T« " *•> -0.012 - S — — '
fdxj llOO

U1

a +

Tong » , ^ [40) ' ' .

N-B * °'6'

+ A

A - 1456P£

k3»v"J£-(>»'h
f|i 1

« w 2'
L • v

exp(- B4Ia)

.558

B - 3.758 » 10"3 p O l i ; 3 3

Hsu [42]

C^ - 0.49

C^ - -0.29

obtained by linear
Interpolation

0.0016 &Ts)~j

/g(P l-P v)~|

y •

RANGE OF APPLICABILITY FOR WATER

P

KFa

6.S9

61)90

3,45 -
9.05

0.103 -
0.620

G : 103

kg.m-J,sTl

0.41 -
1.70

0.41 -
5.16

0.68 -
4.21

0.05 -
0.25

Subcoollng °C

or Quality

0.1 - 0.7

0.2 - 1.15

0.15 - 1.10

12 - 83

T

°C

5.J6 1

?56

5.56 S.

556

Geometry

Tube

Tube

Annulus &
rod bundle

100 rod

COHMESTS

3-step model of dispersed
vertical flow heat transfer.

Based on data of Bennett (20)
and Era et al. [511.
rms error - 13.BZ

Based on data of
Croeneveld [73], Pwloaik J673
and Bennett et al, [74].
nus error • Vi.ZX

Correlation based on FLECHT
data. Development of hp B

based on Taylor's Instability.
Relations of A And B were
plotted by Hsu and correlated
by Groeneveld And Fung [41],
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TABLE III: LOW QUAL:TV FILM BOIL?;NG EXPERIMENTS

AUTHORS

Bromley, LeRoy,
and Robbers [75

Murphy, Kermode,
and Zahradnlk
U6]

Rankln [77)

Dougall and
Rohaenow [47]

Motte and
Bromley [78]

Kalinin [26]

Elllon [13]

Fung [34]

Cheng and Ng
132]

Newbold [33]

Smith *25]

Fung, Gardiner
and Groeneveld
[106]

GEOMETRY

Vertical flow

cylinder
O.D. - 9.8 mm

- 12.6 nun
- 16.2 tnm

Horizontal plate

Vertical tube
I.D. - 26.9 mm
length - 1.22 m

Vertical tube
I.D. - 10.2 ram

4.6 nun
length - 386 mm

Vertical flow
over horizontal
cylinders
O.D. - 9.8 mm

- 32.6 mm
- 16.2 mm

Downward flow In
a vertical tube
I.D. - 4 nun

to 20 mm
length - 100 mm

Upward flow in a
vertical annulus
O.D. - 63.5 mm
I.D. - 6.4 mni
length - 76,2 mm

Upward flow in a
vertical tube
I.D. - 12.7 nun
length - 101.6 mm

Upward flow in a
vertical tube
I.D. - 12.7 mm
length - 57.15 mm

Vertical tube
upward and down-
ward flow.
I.D. - 10 mm
length - 77 mm

Vertical tube
I.D. - 12.5 mm
length - 1.22 m

Vertical tube
I.D. - 11.94 am
length - 700 ran

FLOW CONDITIONS

N-hexane, CCI4,

alcohol wer^ used.
Mass fluxes of 0 to
6.56*1O3 kg'nT^s-1

were tested.

Hexane, benzene,
and methanol were
used. Mass fluxes
of 0.67 * 103 to
4.04x 103 kg-m-^s"1

were tested.

Freon-113 and
methanol at mass
fluxes of 0.36 x 103 to
4.04 x 103 kg-nr^s-1

0.45 xio3 to
1.11 *103 kg-nT^s"1

Freon-113

0 - 6.56 xio3

kg-m-^s-1 of
N-hexane, CCl^,
benzene* and ethyl
alcohol with sub-
coolings of 0-45°C

6.32 xio3 -18.9 xio3

kg'nH's-1 of
nitrogen with 0 - 38°C
subcoolinga in
transient tests.

O.336*1O3 to 1.53
x 103 kg'nT2«s-1

of water with 28DC
to 56°C subcooling.

0.068 xio3 to 1.35
* 10s kg-nH'B-1 of
water with 0 - 76°C
subcoolings in
transient tests.

0.19 xio3 kg'nT^s-1

of water at aub-
cooling of 0 ' 26*C
in transient tests.

0.016 xio3 to
1.245 xio3 kg-nr*«s-1

of water in transient
tests.

O.Q25*1O3 to 0.152
x 103 kg-m-^a-1

of vater.

Steady state tests
in water
P « 1 bar
50- 500 kg-nr^a-1

MAIN OBSERVATIONS

Tor U//gD < 1.0, hc is independent of velocity

and for V/SgO > 2.0, tv is proportional to U .

coefficient with velocity.

No effect of velocity in film boiling region.

No effect of velocity on film boiling.

Subcooling increased the heat transfer coef-
ficient by as much as a factor of 4. The
effect of subcooling Increased with increased
velocity.

Tenfold increase in heat transfer at highest
subcooling over saturated conditions.
Threefold increase in heat flux over mass flux
range tested.

boiling heat transfer.

Heat flux increased fourfold at highest sub-
cooling over saturated conditions. Heat flux
Increases tenfold at highest flow.

Heat flux increased sixfold for highest sub-
cooling. Noted a sudden dip in Che boiling
curve near the minimum film boiling tempera-
ture at 26'C subcooling.

Order of magnitude Increase in wall heat flux
over mass flux range tested.

Too few data points at the same subcoolings
and pressure to draw any conclusions on
velocity effect.

Heat flux controlled system using hot patch
technique. Film boiling heat flux « CBF.
Strong effect of G, ATsub and axial location
on hpDO-
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TABLE IV: LOW QUALITY AND SUDCOOLED FILM BOILING CORRELATIONS

RANGE OF APPLICABILITY

SUBCOOLINC *C
OR QUALITY

brotoley
175 ,79]

Nitrogen

n-pencane

carbon eetra-

chloridi
ethyl a]echo

Horizontal
carbon
cylinders
QD - 6.A mi

- 9 . i mi
- 11.7 mi

Pool film
boiling frc
external
surfaces.
Laminar
theory.

Berunson Horizontal
surfacu

(SO]
Water
water plus
detergent

Horizontal
cylinders
OD - 3.2 mm

- 6.A mm

Pool boiling Correlated
their data
Well over the
entire range
of sub-
coolings.

AnJerson et
145]

0.3321 i C . i Q.5496

Gives slightly
higher heat
transfer coef-
ficient than
Berenson's
equation for
6TS > 200"C
Theory only.

Vertical

OD - 63.5 nun
ID - 6.4 mm
length -

76.2 mm

Kalinin ec al.
[46]

a) Inverted Annular Flou

I) Muzomodel region

Ku - 0.00121—-Ipr ' l l+1.22 exp( - 0.038 -)

II) non-autoaodel region

„ , . ".0.7S

Downward
flow in a

tical tube
ID - 4 mm
to 20 mm

length -
100 mm

Hodel required
to evaluate
the filB
thickness

+ 1.3 exp( - 4 - 1 0

0.7

^

b) Slug Flow

Stv - 39 »e^°-25[lt0.25 cxpf-O.OS jjj

1
St

P . « . , •>«

g
Rohsenou
(41

Vertical tube
ID - 10.2 am
and 4.6 no
length -
3R1.D mm

0.45-1.11)
» 10'

Exit quality
up to 102
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TABLE V : POST-DRXOUT DATA

GEOMETRY

Tube

Armulua

bundle*

REFERENCE

Parker [81]

Bennet t (20J

Bailey [21]

Keeys [54]

Bishop [82 , 83]

Mueller 156]

Poloalk {67]

Brevi {84]

Bercoletti [85, 86]

Era [51]

Uerkenrach 150]

Swenson (67]

Schmidt [88]

Lea [89]

Mlr?pol'aklly [90]

Faraan [91]

Janssen (92]

Polomlk [93]

Foloaik [94]

Bennett [58)

Era [51]

Era [72]

Croeneveld [73]

Ufnch [66, 95]

Kunsealller [96]

Groenevtld [35J

Adornl [97]

Matzncr [98, 99j

HcPherson [100]

Matzner [101]

Croeneveld (63)

P
MPa

0.204

7.03

16.3- 18.3

7.03

17.0- 21.9

7.03

7.03

5.09

7.13

7.13

14.1- 25.5

21.1

21.9

14.3- 18.3

4.08-22.4

15.5

0 . 7 1 - 7.13

5.60-9.88

7.03

3.57-7.03

7.13

5.09

4.16-8.46

4.18-9.88

4.18-9.88

6.42

5.09-5.60

7.03

H . I - 2 2 . 1

3.46-8.46

6.93-10.4

• i 103

kU m-2

0.01-0.06

0 30 1 90

0.08 - 0.80

0.80-1.50

0.30-2.00

0.50-0.85

0-55 - 1.10

0.38-1.50

0.10- 1.60

0.10-1.30

0.10- 2.05

0.28-0.57

0.32-0.85

0.30-1.40

0.25-1.10

2.0-3.47

0.03-1.00

0.60-2.20

0.75 - 2.30

0.60-1.80

0.13-1 04

0.20-0.60

0.50- 1.40

D. 45-1.90

0.55- 1.0Q

0.33-1.16

0.20-1.50

0.80-2.35

0.60-1.45

0.78-1.15

0.0B- 1.20

RANGE OF

G
ku

0.0b

0.67

0.70

0.70

0.70

0.70

0.47

1.00

1.10

0.70

0.95

0.

1.00-

1.00-

1.36-

0.13-

1.00-

0.35-

0.70-

0.80 -

0.60-

1.35-

0.39-

0.39-

1.10-

0.80-

0.70-

-0.10

-2.70

-4 .10

-3 .25

- 1.00

-1 .35

-3.00

-4.00

-3.00

3.25

1.35

42

4.00

2.00

3.40

1.00

2.56

2.70

2.70

3 Bo

2.20

4.10

2.70

1.35

2.20

3. SO

2.70

0.70-4.10

0.70-

0.63-

1.40

1.35

DATA

0.89

0.2O

0.15

0.10

0.62

0.80

0.40

0.40

0.20

o

0.20

0.10-

0.30-

0.20-

0.009-

0.60-

0.15-

0.15-

0.20-

0 30 -

0 .20-

0.10-

0.20-

0.30-

0.30-

0.20-

0.17-

0.2B-

a

- 1.00

-1 .00

- 0.90

-0.95

-1.00

- 1.00

-1.00

- 0.90

-1.00

1.00

0.90

0.90

0.70

1,00

O.9B9

1.60

1.00

0.65

1.00

1 00

0.90

0.50

0.90

0.7O

0.60

0.90

0.60

0.53

0.23-0.38

0.35- 1.00

De
cm

2.54

1.2B

1.27

0.254, 0.508

1.S7

1.57

0.65, 0.93

0.50, 0.90

1.6

1.0, 2.0

1.07

0.6

0.9, 1.3

0.8

1.27

1.26

0.152, 0.305

0.338

.0.33

0.20 0.50

0.30

0.405

1.03

1.12

0.344

0.B30

0.780

0.670

T~ '

COMMENTS

50 cm hea ted l e n g t h
rewetting of wall?

U-tube

Cosine heat flux

Also measured vapor superheat

Non-steady tenperaturea

Oaca in graphical form

Data must be derived froa
graphs

Transient bloudown teats

Results affected by spacers

Uniformly and non-unlforsly
heaced

Two heated section* •cparcted
by unseated aectloa

2-rod

3-rod

3-rod, effect of ctud
in-reactor experiment

7-rod, mainly unsttady
temperatures

19-riK,, mainly unsteady
temperatuxes

28-rod, mainly unsteady
temperature*

19-rod segmented bundle

36-rod, ia-reactor experiment
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TABLE VI: POST-DRYOUT CORRELATIONS

RENCE

1. Nuf - O.0O136(Ref)
01 853 'rj'3[pjl f—)

Polomlk [93}

Polooik [93]

3. Nu, " 0.023 Re ' Pr' j~V"f $ '

9 in Bcu/h.CE2

Polomlk 193]

4. Nu - 0.00115(He )° l 9 Pr0'3

8 8 8

T in "F

Poloffilk [67]

-0.15

S. Nu • 0.0039 Re (X + -* Cl-X)]8 ]_ si Pt JJ
Poloailk [67]

m -' 1.284- 0.00312 C

c _ _1_ ̂ 0.01665 G

389

Collier [102]

P 0 2 0 8*1 ,0.921
7. # De /(CX) •* 0.018(T "7 )

Collier [102]

8. Nuf - 0.0193 Re°'
8 Plj-^f-2

Blsnop [831

0.06B

' 0.197

9. »ot - 0.033 R»°
l8Ffi'25(^}

p p -iO.738

Bishop [831

10. Nu - 0.09B Be ^ U + ̂ U-X)]
" L « l » JJ

Bishop [821

11. „»,. 0.055^) _|X+ J<l-«Jj

Ilsbop [82]

P
HP«

5.60 - 10.2

5.60 - 10.2

4.08 - 10.2

4.08 - 10.2

7.03

7.03

4.08 - 21.9

4.OS - 21.9

16.8 - 21.9

16.S - 21.9

G = 10-*

1.00 - 2.45

1.00 - 2.45

1.00 - 2.45

0.70 - 2.70

0.70 - 2.70

> 1.00

comnencs

0.70 - 3.40

0.70 - 3.40

1.35 - 3.40

1.35 - 3.40

X

0.40 - 0.70

0.40-0.70

0.40 - 0.70

0.20 - 1.00

0.20 - 1.00

0.15 - 1.00

0.15 - 1.00

0.07-1 00

0.07 - 1.00

0.10 - 1.00

0.10 - 1.00

GEOMETRY

2-rod

Round Cubes
and annult

••

Round tubes

EQUATION
AGREES WITH
DATA FROM
REFERENCE

93

93

,3

66

66

93, 85

93. 85

93, 83, 87,
103, B2, 90

93, 83, B7,
103, 32, 90

87, 82, 90

82

COMMENTS

Exponents and coeffl-

1-3 obtained frow

uslng data from [93]

Has additional tempera-
ture parametet to allow

at the heater wall £201
variation with data
from ref. [66]

110Z variation with data
from ref. [66]. Bettet
than above equ&Elon.

Tv - Ts must be below

200DC.

Correlation nay be used
l£ either G <: 106 or
T - T > 2OO*C.
v s

Based on high pressure
data.
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TABLE V I : POST-DRYQUT CORRELATIONS ( c o n t ' d j

EQUATION AND REFERENCE

RANGE OF APPLICABILITY OF EQUATION EQUATION
AGREES WITH

DATA FROM
REFERENCE

• i2
Based on da ta obtained
on 1.3 cm ID i n d i r e c t l y
heated tube

Y - 1 - 0 . 1 F - if (1-X)U

Miropol'sViy [90]

empir ical]) '

BreH (10 'J

15. Nu - 0.06

G -10J kg.m S '
o

Kerkenrath [50]

Nutf-0.005

long [1051

Design equation. To be
used only at low quality
or subcooled conditions.

17. Nu - 1.604 «
" 0/ 'Jj.

k~ 1-0.508

• In Btu/h.ft

Slaughterbeck [61J

V - 1-O.l^i- lj (1-X)°

1) a - 1.85 *10"4 b • 1.00
c - 1.57 d - -1.12
d - 0.131

a - 1.09* 10~3 b - 0.9B9
c - 1.41 d - -1.15
e • 0

11) a - 1.30" 10"2 b - 0.664
c - 1.68 d - -1.12
e " 0.133

a - 5.20*10~2 b - 0.688
c - 1.26 d - -1.06
e - 0

Hi) a - 7.75* 10~4 b - 0.902
c • 1.47 d - -1.54
a - 0.112

a • 3.27*10":J b - 0.901
c * 1.32 d - -1.50
e " 0

Groeneveld [60]

Tubes and
Annul1

20, 51, 82
83, 85, 86
87, 88

51, 58
73, 93

20, 51, 58
73, 82, 83
85, 86, 87
88

20, 51 , 54 Correlation also valid
for cransitlou boiling
region if * reporced
In [40) Is used.

4^. transition bolldrg heat flu:

V̂  near wall mixture velocity

Tong [40]
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TABLE V I I : CHF CORRELATIONS ( C o n t ' d l

REFERENCE

Bowring
Correlation
[51]

Bo wring
Slowdown Dryout
Correlation
[52J

CORRIiLATION

( A - B H , X)
CKF(8) - — SS

C

where:
2.317 (0.25 Hf Dh G)Fj

(1+0.0143 F2 Dh ̂  C)

8 - 0 .25 Oh G

0.077 F Dh G
C • J V

(1+0.347 F4(G/1356)D)

D - 2 . 0 - 0 . 5 Pr

Pr - 0.145 xlO~3 F

if P <
I P r 1 8 ' 9 4 2 e 2 0 ' 8 9 ' 1 " ? r ) + 0 . 9 1 7 )

j895 F • ' ' '
1 1.917

[ p r 1 . 3 1 6 e 2 . 4 4 4 ( 1 - P r ) + 0 3 M )

F l 2 1.309

[ p r 1 7 . 0 2 3 e 1 6 . 6 5 8 U - P r ) + 0 ( . 6 7 |

3 1.667

If P > 6 8 9 5 F i , P r - 0 - 3 6 8 e 0.648(1-Pr) .

CHF(9) -

where: 1

A - EHfE X

f, 12620 B }
C+Z Y I 1 ' G Dhe 1J

3154.6

7.0363 Fj G Dhe

M •

i 3 r f°-8 F
O

 Dh n
68.22 F, Oh 1 + 0.0OO7373G E - - 1

2 y L 1 •% U
B • 0.00312 G Dhfi e" * x

C - 69.448 Dhy°-57 G0-27
1 - 1

0.0007373 G + I

Z - heated length to dryout point

F • radial heat flux peaking factor - t It

average flux from entry to Z

local radially averaged flux at Z

Fj - (1 - 5.8028 xlO"6P (1+9.8913 x l0~ 9 p2)1*!2

If P i 2861 F2 - 0.45+ 1.8134 xXO"4 P

2861 < P <. 4482 F2 - 0.424 + 2.8419x10"' P - 3.2746xl0~8 P2

P > 4482 F2 - (3.2 -0.14507 x l0~ 3 P) (0.32+1.958 x!0~5 P)
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TABLE V I I : CHF CORRELATIONS

CORRELATION

Tang W-3
DNB Correlation
[43,44]

CHF(l) = 2.002-0.0000624P +(0.1722-0. £18.177 - X - 0.000599PX~[.

(0.1484-1.596X+ O.1729X| X|) O.OOO7374G + 1. 037 •

1.157 -0.869X 0.2664+0.S357e"124"1 Dhy • fo.8258+3.41x10"' ' AH^

Zuber
Correlation

CHF(2) - (l-cOO.131 p Hf

o-g(pf -0 ) "1 0.25

B-K 2
Correlation
[46J

CHF(3)
1.155 - 16.03 Dh

4.03 xl03(2.25 xlO"3G)A
. 7 x 1O7(4. 36 x 10"4G)B -48. 22 X Hf -G j

.-5,where: A - 0. 712+3 x 10 (P - 13790)

B - 0.834+9.9 xlO"5(P-13790)

Macbeth
Correlation
[47]

CHF(4)
8.585 Hf CG/1356)0'51 (1-X)

(1.444 Dh ' l i

RELAP4-M0D7
Correlation
[48]

CHF(5)
25487(G/1356)' ••"

« + l ) 3 - 3 9 0 6
0 . 5 3 5 6 P 0 ' 3 2 3 4 R P F 1 - 0 5 3

RFF B maximum radial power factor for bundle

Hsu and Becker
Correlation
[49]

CHF(6) - CHF(l)| 'A.76(0.96 - a )

X = 0

qdry * 'Vttus-Boelter (TCHF " TSAT

Eiasi Correlation
(50] CHF(7) » greater of

(1) (low X)

(2) (high X)

(1)
1.883 x 104

1000 Dh ) (G/10) -167 "I

(2)
f 3.78x10

0 Dh y ) "

where: n - 0.4 if Dh 2. 0.01

n - 0.6 If Dh < 0.01

f - 0.7249 + 0.99 x 10"3 P • exp(-0.32 xl0"3P)

h" - -1.159 + 1.49 x lO"3
 ?B°-™*1<>-3* + - i

P
10 -
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A. NUCLEATE BOILING REGIME B. ANNULAR FLOW REGIME

MICROLAYER EVAPORATION

W

*-7.

ANNULAR FILM DEPLETION

BUBBLE CLOUDING

HELMHOLTZ INSTABILITY

/ / / / / / / / / / / 7///
\ t \ \ \\w\\\ \

4>
NUCLEATION INDUCED DRYOUT

THERMO CAPILLARY EFFECT

FIGURE 2 : CHF MECHANISMS FOR FORCED CONVECTIVE CONDITIONS
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FIGURE 3: EXAMPLES OF THERMOCOUPLE TRACES OBTAINED AT DRYOUT IN FREON-12
(% Indicates Increase in Test Section Power)
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X- -SLOW
&- -STABLE/SLOW TRANSITION
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6.^.-f-~OATA OBTAINED WITH TEST SECTION I

UNSTABLE OR SLOW DRYOUT

FAST DRYOUT

FIGURE 4: DRYOUT MAP FOR FREON-12 BASED ON DIRECTLY HEATED TUBE RESULTS
(De = 0.78 cm, P = 1.07 MPa, LH = 58-180 cm)
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CHF = F(P,G,AH1N, GEOM) = F(P,G, Xno,GEOM)

'IN

INLET

HEATED LENGTH ,Lh

OUTLET

X ' N = " X

FIGURE 5 : TRANSFOKMATION OF CHF v s . AH INTO CHF v s . X
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FIGURE 6: EFFECT OF MASS FLUX ON CHF

ssSMPo

FIGURE 7: EFFECT OF PRESSURE ON CHF
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/D>30
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FIGURE 8: EFFECT OF HEATED LENGTH ON CHF

X
o

MN '00

FIGURE 9: EFFECT OF DIAMETER ON CHF
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•

m

rSSi rftft u

J

HONEYCOMB-
TYPE SPACER

EGG CRATE
TYPE SPACER

FERRULE TYPE
SPACER

CANOU
SPACERS I

TYPE
VEAR PADS

HELICAL
•IRE WRAP

PLATE TYPE
SPACER

FIGURE 10: TYPES OF ROD SPACING DEVICES

CHF FOR BUNDLE WITH ROD SPACING DEVICES

FIM
ROD SPACING DEVICE

FIGURE 1 1 : EFFECT OF ROD SPACING DEVICES ON CRITICAL HEAT FLUX



I. SUBCOOLEO ORYOUT H ANNULAR FILM DRYOUT

LOCATION OF DRYOUT

CHF CHF

MEASURED CHF CONDITIONS

- v « X X = O — X 0 0

FIGURE 12: EFFECT OF AXIAL FLUX DISTRIBUTION ON CRITICAL POWER, CHF AND
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VS. X

XIM(-ve)

A LOCAL CONDITIONS APPROACH

V S , X

AD0

B. BOILING LENGTH AVERAGE HEAT FLUX
APPROACH

FIGURE 1 3 : DETERMINATION OF THE DRYOUT LOCATION AND THE MAGNITUDE OF CHF

a) CONVENTIONAL SUBCHANNELS b) ROD-CENTERED SUBCHANNELS

FIGURE 1 4 : FREQUENTLY USED SUBCHANNEL BOUNDARIES
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IX.

CRITICflL HEAT FLUX

1 H ( N SURFftCE TEHPERflTURE

FIGURE 15: BOILING CURVE

(a) (b) (c)

FIGURE 16: FLOW REGTM£S DURING FILM BOILING:
(a) LIQUID DEFICIENT FLOW
(b) INVERTED ANNULAR FLOW
(c) SLUG FLOW
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P = 103 kPa

!N = 5 8 ° C

DATA

100 200 300 H00

20: COMPARISON OF TRANSITION BOILING CORRELATIONS
WITH "FLECHT" DATA
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FIGURE 21: EFFECT OF INLET SUBCOOLING ON THE
FILM BOILING CURVE (P = 100 kPa)

FIGURE 22: EFFECT OF MASS FLUX ON THE FILM
BOILING CURVE (P = 100 kPa, T = 80°C)



P O O

v a

sat

1.0

POST DRYOUT TEMP. T

VAPOUR
SUPERHEAT

POO

A - THERMAL EQUILIBRIUM
B - NO EVAP'N AFTER 00
C - THERMAL EQUIL + CORR'N FACTOR
D - EMPIRICAL PDO CORR'N

— EXTENSION OF PREDICTION IF Xoo IS UNKNOWN

'DO

0.0

ACTUAL QUALITY
BEYOND DRYOUT

I B
* ! ...

- c
I

0.0 1.0

FIGURE 23: VARIOUS PREDICT XWS FOR POST-DRYOUT PARAMETERS
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FIGURE 24: RANGE OF AVAILABLE FILM BOILING DATA
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